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Abstract 

Diabetic foot ulceration is a global health problem that often leads to amputation. 

While peripheral vascular disease and neuropathy are common risk factors for foot 

ulcers, excessive mechanical stress would directly cause the breakdown of plantar 

tissue. Once the skin is broken, many factors may contribute to defective healing and 

putting one at greater risk for ulceration. Clinical measurement of plantar pressure 

distribution, therefore, is commonly used to identify feet at risk of ulceration. 

However, plantar pressures are poor predictors and there is evidence that shear load 

is at least equally important in ulcer development. Compared to the numerous 

commercial systems available for plantar pressure distribution measurement, only a 

few experimental devices exist for shear distribution measurement. These are 

typically either too large for high spatial resolution measurement or expensive to 

manufacture, limiting their suitability for routine clinical use. 

The aim of this study was to develop a low-cost multi-axial load transducer array to 

measure the distribution of stress beneath the human foot during walking. A pre-

existing piezoelectric-based load transducer and several novel transducer designs 

using hydraulic, optoelectronic and magnetic-based technologies were manufactured 

and their performance relative to 29 criteria evaluated. The magnetic-based design 

was found to possess the highest performance (accuracy <3%RC, hysteresis <4%RC, 

non-linearity <2%RC) and physical characteristics (sensing area 10×10mm). 

Subsequently, an array consisting of 20 discrete magnetic-based transducers was 

constructed. In a single subject trial, the total shear load measured by the array was 

<2N of that measured by a Kistler® force platform. Although the array was capable 

of measuring biaxial shear load distribution, further work is required to expand the 

current design to measure load distribution beneath the entire plantar surface. Once 

realised, such a system has the potential to provide valuable biomechanical data that 

may help clinicians identify diabetic feet at risk of ulceration.  
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Chapter 1  

Thesis overview 

 

 

1.1 Thesis statement 

The goal of this thesis was to design, manufacture, evaluate and identify the most 

suitable transducer design for low-cost multi-axial load distribution measurement 

under the plantar surface of the foot. The device was designed to collect data in a 

walking environment and was built from an array of discrete multi-axial load 

transducers mounted as a floor platform. Each transducer in the array was calibrated 

and the calibrated data were analysed for information about the performance of the 

system. Results of the preliminary gait analysis using the system were compared to 

those from a conventional Kistler® force plate. A miniaturised version of the discrete 

shear transducer was also built demonstrating the potential of the transducer for in-

shoe measurement. 
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1.2 Motivation 

The burden of diabetic foot disease cost health care systems around the world 

billions of dollars each year. Foot ulceration is a common complication of diabetes 

that often leads to infection and subsequent amputation resulting in prolonged 

hospitalisation and the need for extensive rehabilitation and home care. The 

prevalence of diabetes is increasing along with increasing longevity. Therefore, foot 

ulceration in diabetes will continue to have a heavy social impact, both in terms of 

quality of life to the patients and their families, as well as economic costs worldwide. 

Clinical care of the diabetic foot is of paramount importance in the management of 

diabetic foot disorders and the prevention of amputation. Early identification is the 

key to allow prompt healing of any lesion on the foot, and once healed, to prevent its 

recurrence. Excessive mechanical loading is thought to result in tissue damage and 

ulceration. Consequently, the measurement of plantar pressure distribution beneath 

the foot has been advocated and is currently a well established technique for 

identifying feet that may be at risk for ulceration. 

Many scientists believe foot ulcers can be managed better by offloading the affected 

sites on the foot. However, there is emerging evidence in the literature that suggest 

plantar pressures are suboptimal predictors of foot ulcers. Some studies have shown 

that foot ulcer occurs at sites of high plantar pressure, while others have shown it was 

not the case and suggested shear load would be at least equally relevant in 

determining potential trauma at the plantar surface of the foot. These hypothesises 

can only be investigated in greater detail using information gained from a multi-axial 

load distribution measurement device.   

Compared to the numerous commercial systems available for plantar pressure 

distribution measurement, only a few experimental devices exist at present for shear 

measurement. All of these devices were either too large for high spatial resolution 

measurements or they were too expensive to be incorporated in clinical laboratories. 

Therefore, there is a need for a low-cost device for measuring multi-axial load at the 

foot-ground interface as well as at the foot-shoe interfaces. The development of a 
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multi-axial load distribution measurement device in the current study has been 

greatly enabled by the many recent and on-going advances in sensor technologies 

and miniature integrated circuits that have resulted in transducers which are small 

and inexpensive. 

 

1.3 Thesis organisation 

This study sought to create a low-cost device capable of measuring multi-axial load 

distribution beneath the human foot during the most common task; walking. Such a 

system has the potential to be highly informative by allowing data collection during 

gait under the plantar surface of the diabetic foot, thus providing valuable 

biomechanical data for identifying feet that may be at risk of ulceration. 

This thesis contains 8 chapters. Chapter 2 outlines the clinical need for multi-axial 

load distribution measurement (Section 2.1) and extensively reviews current methods 

of load measurement used during gait analysis (Section 2.2). Finally, our current 

understanding of the effect of diabetes on foot biomechanics is reviewed (Section 

2.3) and a comprehensive list of the requirements of a system for multi-axial load 

distribution measurement outlined (Section 2.4.1). 

Chapter 3 reviews the basic principles underlying the operation of the many load 

sensing methodologies currently available. This review leads to the identification of 

4 technologies that showed most promise and could potentially be used in the 

construction of multi-axial load transducers (Section 3.10). The 4 technologies are 

piezoelectric, hydraulic, optoelectronic and magnetic-based load sensing 

technologies. Chapter 4 outlines methods of evaluating the technical performance of 

multi-axial load transducers and describes an effective calibration rig for the 

calibration of multi-axial load transducers (Section 4.5). 

Chapter 5 describes the design, development and preliminary evaluation of various 

multi-axial load transducers based on the 4 different load sensing technologies. This 

evaluation identifies the design of the optoelectronic and magnetic-based transducers 
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showing the best potential to satisfy the requirements of the current study. Chapter 6 

outlines the further development of these 2 transducers and reports in detail their 

technical performance relative to the system requirements outlined in Section 2.4.1. 

The most appropriate transducer, the magnetic-based design, was subsequently 

identified (Section 6.4). Chapter 7 discusses the design and manufacture of a small 

magnetic-based biaxial shear transducer array. The device was evaluated (Section 

7.2) and the results from a preliminary subject trail were validated against data from 

a conventional Kistler® force plate system (Section 7.3). 

Chapter 8 discusses the overall strength and limitations of the developmental process 

and highlights areas for further research. Future potential development of the device 

for triaxial load distribution measurement has been proposed (Section 8.2.5). The use 

of the transducers developed during the current study in other clinical and industrial 

applications has also been recommended (Section 8.3). 

 

1.4 Summary of contributions 

The work completed for this thesis has resulted in the following: 

1. The development of techniques for calibration of multi-axial load 

measurement systems under static and dynamic conditions. 

2. The design, manufacture and evaluation of a discrete triaxial load transducer 

using hydraulic-based load sensing technology. 

3. The design, manufacture and evaluation of a discrete biaxial shear transducer 

using optoelectronic-based load sensing technology. 

4. The development of a miniature discrete biaxial shear transducer using 

magnetic-based load sensing technology. 

5. The development and preliminary evaluation of a robust biaxial shear 

distribution measurement device using the magnetic-based transducer above. 

6. Proposed implementation for a triaxial load distribution measurement device.  
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Chapter 2  

Background 

 

 

This chapter outlines the clinical need for a multi-axial load distribution 

measurement device to identify feet that may be at risk for ulceration. First, the 

literature exploring the global burden of diabetic foot disease and the pathological 

mechanisms underpinning diabetic foot ulcers are summarised. Current methods of 

load measurement used during gait and our current understanding of the effect of 

diabetes on foot biomechanics are then discussed. Finally, the aim and objectives of 

this research are presented with a comprehensive list of system design requirements 

for the development of a multi-axial load distribution measurement device.  

  



 

~ 6 ~ 

 

2.1 Clinical need – diabetic foot 

The current study emphasises on one particular area where load distribution 

measurement might be beneficial for clinical diagnosis and exploration in diabetic 

foot ulceration. In the diabetic population foot ulceration is a possible complication 

and presents difficulties for the patient in terms of pain, reduced mobility and 

infection risk. The following sections highlight the global concern in diabetic foot 

problems. The pathway to foot ulceration and possible strategies for tackling the 

problem are discussed. 

2.1.1 A global problem 

The problem of diabetic foot ulceration has been researched previously by many 

investigators around the globe (Gefen, 2007, Gordois et al., 2003, Jeffcoate and 

Harding, 2003, Abbott et al., 2002, McAlpine et al., 2005, Boulton, 2006). Foot 

disease and ulceration is a major global burden associated with diabetes and has been 

estimated to cost billions to health care systems worldwide (Boulton et al., 2005). In 

Scotland alone, there were around 247,000 people diagnosed with diabetes in 2011 

and has been estimated to increase by around 10,000 each year (NHS, 2011). 

Diabetes prevalence was as high as 20% in regions of South and Central America as 

well as in the Caribbean (Boulton et al., 2005). It was estimated 16 million persons in 

the United States had diabetes in 1984 (Frykberg, 1998) and a more recent study in 

2005 estimated the overall prevalence had increased to 20.8 million, or 7% of the 

nation‟s population (Frykberg et al., 2006). As the sixth leading cause of death in the 

US, diabetes contributes to more than 224,000 deaths per year (Frykberg et al., 

2006).  

Foot ulceration accounts for more hospital admissions in the diabetic population than 

any of the other long-term complications (Young et al., 1993, Cheer et al., 2009, 

Kengne et al., 2009). In the UK alone, the total annual costs of treating people with 

diabetic peripheral neuropathy and its associated complications was estimated to 

~£252 million in year 2001, of which 90.4% was attributable to foot ulceration 

(Gordois et al., 2003). In a Barbados hospital 75% of its surgical beds were occupied 
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by patients with diabetic foot lesions (Boulton et al., 2005). Diabetic foot ulcers have 

resulted in almost 10,000 hospitalisations during year 2004 to 2005 in Australia 

(AIHW, 2008). Diabetic foot ulceration and amputations were estimated to cost US 

healthcare payers $10.9 billion in 2001 (Boulton et al., 2005).  

Foot ulceration is a diabetic complication that often leads to infection and subsequent 

amputation resulting in prolonged hospitalisation, need of rehabilitation and home 

care (Boulton et al., 2005, Anichini et al., 2007). The presence of foot ulcers could 

increase the risk of lower extremity amputations by six-fold and therefore at the same 

time increase the risk of cardiac death (Davis et al., 2006). Amputation rate is also 

higher in the diabetic population than those without diabetes (Williams and Airey, 

2002). Of those who have an amputation, about 30% will experience a progression to 

a higher level of limb loss or subsequent amputation of the other limb (Dillingham et 

al., 2005). They also have a mortality rates ranging from 39 to 80% at 5 years 

(Reiber and Ledoux, 2003, Moulik et al., 2003). It has been estimated that every 30 

seconds a lower limb is amputated somewhere in the world as a consequence of 

diabetes (Boulton et al., 2005).  

The lifetime risk of a person with diabetes developing a foot ulcer could be as high 

as 25% (Singh et al., 2005), and it is likely to become more common since the 

prevalence of diabetes is increasing along with increased longevity (Anichini et al., 

2007, Frykberg et al., 2006). Moreover, as many as 2% of patients with a history of 

foot ulceration may develop new foot ulcers each year (Abbott et al., 2002) and the 

rates of recurrence of existing ulcers can be greater than 50% after 3 years (Boulton 

et al., 2005). As a result, foot ulceration in diabetes will continue to have a heavy 

social impact, both in terms of quality of life to patients and to their families, as well 

as economic costs worldwide. 

2.1.2 The pathway to foot ulceration 

This section will cover the major routes to foot ulceration and provide a brief 

overview of the development of the disorder. Interested readers are directed to other 

literature detailing the background on diabetes and other mechanisms underlying foot 
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complications associated with diabetes (Levy and Valabhji, 2004, Levy and Valabhji, 

2008, Guyton and Saltzman, 2001, Jeffcoate and Harding, 2003). 

Foot ulcers can occur in anyone, they are defined as lesion on the skin or open sores 

that will not heal or often keep returning. There are many risk factors that contribute 

to the formation of foot ulcers (Figure 1). Both intrinsic factors, such as neuropathy, 

vascular disease and structural deformity as well as extrinsic factors such as high 

mechanical impact, high pressures,  thermal and chemical injury have been identified 

(Frykberg, 1998, Leymarie et al., 2005, Gefen, 2007). As the investigators have 

suggested, it is often a combination of factors that ultimately lead to ulceration and 

eventual amputation. Since ischaemia and neuropathy are common complications of 

diabetes underlying foot ulcers, they are often defined as two types: neuropathic 

ulcers and ischemic ulcers.  

 

Figure 1 - Pathways to diabetic foot ulceration. (Modified diagram from Boulton, 2006) 

The diabetic population is at an increased risk for developing foot ulcers. There are 

two major types of diabetes mellitus: Type 1 describes an autoimmune disease that 

destroys beta cells in the pancreas hence the body cannot produce insulin to help 

glucose get into the cells of our bodies; Type 2 describes a metabolic disorder in 

which body cells fail to use insulin properly or unable to produce enough insulin, 

causing elevated sugar levels in the bloodstream. Foot ulcers occur in both Type 1 

and Type 2 diabetes, and it has been well established that improved glucose control 
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can be effective in reducing the risk of the development or progression of numerous 

diabetic complications (DCCT, 1993, NHMRC, 2005, Frykberg et al., 2006). The 

consequences of poorly controlled hyperglycemia could lead to ischaemia and 

neuropathy (Figure 1), which are the most common complications of diabetes that 

cause foot deformities and ulceration (Clayton and Elasy, 2009). As such, foot ulcers 

are often defined as two types: neuropathic ulcers and ischemic ulcers. 

Ischemic (or neuroischaemic) ulcers are caused by peripheral vascular disease 

(Figure 1) and often occur when already ischemic tissues are exposed to prolonged 

occlusion, either partially or fully, of the underlying blood vessels. Continuous 

occlusion of blood would cause deficiency of oxygen and nutrient supply and waste 

removal from the tissue. Consequently, the tissue would degenerate and eventually 

dies due to the accumulation of toxic metabolic by-products produced by the cells 

(Chang and Seigreg, 1999).  

As many as 90% of diabetic foot ulcers are caused by neuropathy alone or in 

combination with ischaemia. The incidence of neuroischaemic ulceration has 

increased to became the most common cause of lesions seen in many foot clinics in 

the UK (Boulton, 2006). Neuropathic ulceration is a common end-result of peripheral 

neuropathy which is frequent in diabetic patients (Boulton, 2006, Watkins, 2003). In 

the absence of pain sensation, patients with neuropathy are unable to sense high 

pressure areas under the foot when walking. The resultant repetitive mechanical 

loads cause the plantar tissues of the foot to breakdown (Gefen, 2007). As a result, 

the development of calluses at high pressure locations would eventually result in the 

breakdown of tissues and therefore ulceration (Figure 1), which may occur without 

the patient noticing any pain. 

Other investigators reviewed that the time required for skin ulceration was inversely 

related to the level of pressure with a parabolic relationship (Chang and Seigreg, 

1999), and neither high pressure values nor abnormal shear forces are necessary to 

cause ulceration (Guyton and Saltzman, 2001). So perhaps there is not one threshold 

level of load that would lead to foot ulceration (Armstrong et al., 1998), and that the 

load duration may be more important. Patients without neuropathy who are able to 
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sense pain are likely to reposition their foot to provide intermittent mechanical relief 

(Guyton and Saltzman, 2001). Those who cannot feel pain or are physically disabled, 

repeated or prolonged exposure to ordinarily tolerable loads could lead to ulceration 

(Guldemond et al., 2007a). Section 2.3 will discuss in more details these results 

reported in the literature. To characterise all relevant elements of mechanical loading, 

the magnitude of the load, its variation with time and its direction would have to be 

characterised. Vertical and horizontal load components are referred as plantar 

pressure and shear, respectively. If both direct pressure and shear loading were 

important factors in the generation of ulcers then both these load components would 

have to be measured.   

2.1.3 Care of the diabetic foot 

While clinical care of the diabetic foot remains the mainstay in the management of 

diabetic foot disorders, early recognition of individuals at risk of ulcerations has been 

widely advocated as a key preventative strategy in combating the financial and 

personal burden associated with diabetic foot ulcerations (Anichini et al., 2007, 

Frykberg, 1998). The National Health Service in Scotland recommends that all 

patients with diabetes should be screened to assess their risk of developing a foot 

ulcer (SIGN Guideline 116: Management of diabetes, March 2010, Scottish 

Intercollegiate Guildelines Network). It has been estimated that an effective risk 

identification and education program could reduce the formation and recurrence of 

foot ulcers by up to 50%, thereby negating the need for, and high costs associated 

with, amputation (Boulton et al., 2005, Boulton, 2006). 

It is generally considered appropriate to manage foot ulcers by offloading the 

affected sites and redistributing the load to other foot regions (Boulton, 2006, Bus et 

al., 2009, Boffeli et al., 2002, Frykberg et al., 2006, Owings et al., 2009, Cavanagh et 

al., 2000). Section 2.3.3 discusses how it is believed the role of plantar shear load 

and its relief would be important in the treatment of diabetic foot problems. The 

utilisation of a triaxial load distribution measurement device in the clinic settings 

would allow a quantitative analysis for identifying the specific regions of a patient‟s 

foot at risk of ulcer formation. 
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2.2 Methods of load measurement during gait 

Loading on the foot appears to have a role in the process of neuropathic ulcer 

formation in diabetes. Being able to measure this loading in a quantitative manner 

across a number of sites beneath the foot would allow examination of the important 

factors that lead to ulcer formation. Moreover, information about the triaxial load 

distribution could also be used to direct treatment and intervention strategies (Section 

2.1). This section provides an overview of the current state-of-the-art in methods for 

measuring load under the plantar surface of the foot. An understanding of the 

limitations of these methods is necessary to compare biomechanical data collected 

using these techniques (Section 2.3) and provides fundamental information on the 

physical requirements of a multi-axial load distribution measurement system for gait 

analysis (Section 2.4.1). 

2.2.1 Uniaxial and multi-axial load measurement 

Mechanical stresses are generated on our feet with each walking step. The 

mechanical stress vector can be decomposed into three components, namely vertical 

(pressure) and two horizontal (shear) components. To fully assess the role of 

mechanical load in the formation of diabetic foot ulcers, both the vertical and shear 

force components beneath the plantar surface of the foot should be measured. The 

ideal measurement device would allow simultaneous measurement of triaxial load; 

vertical (Z) and two shear (X and Y) components. An alternative would be a 

compound instrument constructed by superimposing a uniaxial load (Z) measurement 

device on a biaxial shear (X and Y) measurement device (Giacomozzi and Macellari, 

1997, Giacomozzi et al., 2000, Giacomozzi et al., 2008, Heywood et al., 2004). A 

more time consuming alternative would be to record biaxial shear and vertical load 

separately using different system in separate trials (Laing et al., 1992). 

As summarised in previous reviews of the topic (Cobb and Claremont, 1995, Urry, 

1999, Gefen, 2007), vertical load beneath the foot has been researched extensively, 

largely because there are numerous commercial systems and experimental techniques 

available for measuring the distributional of vertical load under the foot. However, 
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the study of plantar shear distribution has lagged behind primarily due to the lack of 

technology for its measurement. There are only a few experimental devices in 

existence at present that are capable of measuring the distribution of shear loads 

beneath the human foot. The many commercial systems for uniaxial load 

measurement and other experimental devices for multi-axial load measurement will 

be discussed in more details in Chapter 3. However, some discussion regarding 

fundamental aspects of force and pressure measurement is warranted, prior to a more 

in depth discussion of current measurement systems and their limitations. 

2.2.2 Differences between force and pressure measurement 

„Load‟ can be referred to as friction, moments, pressure or any other type of force. 

Although „force‟ and „pressure‟ are related to one another, they are not the same. It is 

important to distinguish between the terms force and pressure in order to categories a 

load measurement device. Both classifications, however, may be valid in a system 

that uses different methodologies for multi-axis load detection. For example, a 

triaxial load measurement system (Davis et al., 1998) can be designed to measure 

axial pressure and two shear forces. Certain types of transducers, such as some force-

sensitive resistors (Urry, 1999), fall between these two categories and are sensitive to 

force and the area of contact independently. 

The concept of pressure can be observed if one is asked to press both ends of a pencil 

with equal force. The sharp end with smaller surface area results in a greater pressure 

and therefore more pain to a finger. This means pressure takes into account the area 

over which the force is acting.  The bigger the force, the bigger the pressure for a 

given contact area, hence Pressure = Force / Area. It is obvious that the same force 

applied to the foot may or may not damage its tissue depending on the area over 

which the force is acting. Therefore, care should be taken when comparing plantar 

pressure and plantar force data, such as those discussed in Section 2.3. The area of 

the surface being loaded must be known in order to perform conversion between the 

two terms. 
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Depending on the method used in the calibration of the transducer and hence its 

intended use, a transducer can be classified as a force or pressure measurement 

device. Force transducers are often calibrated by applying loads through a rigid 

structure. An ideal force transducer would respond identically to two equal loads 

regardless of the area or the location of the applied force. Whereas the output from 

an ideal pressure transducer, under constant force conditions, would be inversely 

proportional to the area over which the load was applied. Calibration loading to a 

pressure transducer is usually applied via a compliant structure, such as an air-filled 

membrane, to ensure an evenly distributed load across the transducer‟s sensing 

surface. Transducer calibration methods are discussed in more detail in Chapter 4. 

In most clinical and engineering literature, pressures are specified using standard 

international (SI) units. The SI unit for force is the Newton (N), and for pressure the 

Pascal (Pa), which is equal to one Newton per square meter (N/m²). However, other 

units are often found in the literature for reporting pressures, such as kg/cm² and 

millimetres of mercury (mmHg). All pressure data given throughout this text include 

the original units reported within the literature, as well as the equivalent measure in 

Pascal (Pa) for standardisation and convenience. 

2.2.3 In-shoe and floor platform data collection methods 

There are two distinctive methods for collecting plantar load data: 1) inside a shoe, 

and 2) barefoot on the floor. People from different cultural backgrounds may prefer 

to walk barefoot or with shoes. Force plates or force platforms, are large 

commercially-available floor-mounted load measurement devices, which are widely 

adopted for gait analysis to provide independent measurement of total vertical and 

shear forces. Although they are not capable of measuring the distribution of triaxial 

load beneath different sites of the foot, they have been developed to a high level of 

performance and therefore are often regarded as the 'gold standard' against which 

other load measurement systems are evaluated (Cobb and Claremont, 1995, 

Catalfamo et al., 2008). Force plate manufacturers include the Kistler Group 

(Switzerland), AMTI Inc (USA) and Bertec Corp. (USA). A typical force plate has a 

sensing area of 600×400mm, non-linearity and hysteresis <±0.5%RC (Rated 
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Capacity), crosstalk between output channels <±2%, sampling frequency 1000Hz, 

rated capacity of typically 20kN for vertical forces and ±10kN for shear forces 

(Kistler Group, Switzerland). 

The limitations of these force plates are their size, costs and inability to measure 

distribution of load beneath different parts of the foot. To overcome this limitation, 

devices have been developed to measure load distribution by the use of an array of 

small transducers - effectively an array of miniature force plates. The most successful 

example of this is the experimental platform developed by Davis et al. (1998) 

capable of triaxial load distribution measurement. Due to the relatively large number 

of elements included in their array, this device can be seen as the current „gold 

standard‟ in triaxial load distribution measurement. A more in-depth description of 

the device is given in Section 3.2.4.2. Briefly, the platform device consisted of 16 

transducer elements, with non-linearity ±5%RC, hysteresis ±7.5%RC, accuracy of 

±5%, crosstalk between shear channels 5% and 13% between vertical and shear 

channels, sampling frequency 37Hz, rated capacity of typically 165N for vertical 

forces and ±67N for shear forces. 

Since the introduction of electronic plantar pressure distribution measurement 

platforms (or pressure plates) at relatively lower cost, the majority of research 

involving the  diabetic foot has been focused on plantar pressure measurement during 

bare foot walking (Guldemond et al., 2007a). Examples of manufacturers of pressure 

plates are Novel GmbH (Germany) and RSscan International (Belgium). Although 

the devices can only measure uniaxial (vertical) pressures, some systems have more 

than 6000 transducer elements for high-resolution load distribution measurement – 

covering an area of around 470×320mm, with up to 4 sensor elements/cm². While the 

performance of these devices does not match that of „gold standard‟ force plates, a 

typical pressure plate has a hysteresis <3%RC, accuracy ±5%, sampling frequency 

up to 400Hz, with a rated capacity of typically about 1300kPa (Novel GmbH, 

Germany). 

The major limitation of all platform systems is that they can only measure load 

during a single step and training may be required for the subject to walk naturally in 
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a restricted path and onto the sensing area of the device (Guldemond et al., 2007a, 

Gefen, 2007, Colin E. Thomson, 2002). This may be particularly problematic in the 

high risk diabetic foot where multiple trials may result in ulceration (Bus and Lange, 

2005). Data collection using single step trials is more time consuming and the data 

may not truly reflect the loading conditions beneath the foot, due to inter-walk or 

step-to-step variability within or between subjects (Hosein and Lord, 2000).  

While several consecutive strides may be examined by using triaxial force 

measurement treadmills (Kram et al., 1998), treadmill locomotion is known to induce 

small difference in kinetic, kinematic and electromyographic data compared to over-

ground locomotion (Prosser et al., Rosenblatt and Grabiner, 2010, Parvataneni et al., 

2009, Riley et al., 2008, Riley et al., 2007, Warabi et al., 2005, Wank et al., 1998), 

raising questions as to its validity for plantar pressure measurement. An alternative 

would be to attach discrete multi-axial load cells beneath the shoe (Faber et al., 

2010). However, additional devices are needed to accurately detect the position and 

orientation of the system, if force data are required relative to a ground-reference 

system (Liedtke et al., 2007). The same applies to in-shoe measurement systems. 

Commercial devices for in-shoe pressure distribution measurement (or pressure 

mats) became available from the 1990s (Guldemond et al., 2007a) and have provided 

researchers with the opportunity to collect data from multiple steps per trial. 

Manufacturers of in-shoe pressure systems include Novel GmbH (Germany) and 

Tekscan Inc. (USA). As demonstrated by these manufacturers, the same load sensing 

technology used in an in-shoe measurement system can also be used to form a 

platform system. A commercially available in-shoe pressure mat typically has an 

insole thickness of <2mm, an allowable bending radius of ~20mm, contains around 

80 sensors per insole depending on shoe size, has a non-linearity ±3%RC, hysteresis 

~7%RC, sampling frequency <100Hz, and a rated capacity of about 800kPa. 

Despite the fact that a large amount of research has been conducted with these 

pressure measurement devices, the method by which the data are collected are not 

standardised and often vary between investigations (Chevalier et al., 2010). Different 

pressure distribution systems, both platforms and in-shoe type devices, have different 
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sensor characteristics, spatial resolution and sampling frequency. Differences in 

measurements may also be found even when the systems are from the same company 

and based on the same load sensing technology (Chevalier et al., 2010). Therefore, 

interpretation of the absolute pressure values should take into account the potential 

influence of different load sensing technology (Bosch et al., 2007).  

Comparison of data should also be made based on the same reference axes system, 

because the alignment of the insole device to the subject‟s foot may vary between 

investigations (Lord and Hosein, 2000, Chesnin et al., 2000). It should also be noted 

that the operating temperature inside the shoe is different to that of barefoot testing 

on force platform systems. A typical commercially available pressure platform has a 

working temperature range of 10°C to 40°C, while the operating temperature inside 

the shoe may vary between 30°C to 40°C (Razian and Pepper, 2003) and beyond 

after running (Cruickshank et al., 2007). The performance of in-shoe measurement 

devices may be influenced by temperature (Razian and Pepper, 2003, Cavanagh et 

al., 1992), and therefore the characteristics of the devices must be taken into account 

when comparing results between in-shoe devices or data measured from platform 

systems. 

There are other challenges associated with in-shoe load measurement methods. The 

more obvious reason is the restriction of space within a shoe. The spatial resolution 

of in-shoe systems are generally lower than those of a platform system (Gefen, 

2007). There are also general restrictions on the thickness of the device with 

researchers typically using transducers with thickness ranging between 1mm and 

4mm (Akhlaghi and Pepper, 1996, Razian and Pepper, 2003, Tappin et al., 1980, 

Lord et al., 1992, Laing et al., 1992, Lebar et al., 1996, Wang et al., 2005, Kärki et 

al., 2009). While a more recent study successfully mounted several transducers of 

thickness 10mm into female high heel shoes (Cong et al., 2011). However, uneven 

surfaces inside the shoe and bending forces, resulted in crosstalk between elements, 

raising questions as to the accuracy of the data may lead to erroneous outputs (Cobb 

and Claremont, 1995, Razian and Pepper, 2003). 
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Correct fitting and alignment of the instrument can be physically challenging (Hosein 

and Lord, 2000) and ill-fitting transducers may adversely alter gait patterns and 

hence the load distribution beneath the foot (Kong and De Heer, 2009). Structural 

and musculoskeletal differences found between subjects and variations in footwear 

designs would also affect the loading conditions inside the shoe (Hosein and Lord, 

2000, Chevalier et al., 2010). Some investigators have questioned whether in-shoe 

data measured during walking in a laboratory settings on level ground were 

representative of plantar loads during daily activities (Guldemond et al., 2007a, Kong 

and De Heer, 2009), while others believed pressures at the foot-shoe interface is the 

one that most resembles real life walking (Colin E. Thomson, 2002). Nonetheless, 

the current study aims to identify a method for load measurement inside the shoe 

because the same transducer design could also be used to form a platform system. 

2.2.4 Device configuration - discrete or multiple transducer array 

Commercially available pressure distribution measurement devices (Section 2.2.3) 

are configured using an array of transducer elements that is capable of covering the 

whole plantar surface of the foot. One could imagine the large volume of data 

contained in each trial from a pressure distribution measurement device, let alone a 

system that could measure triaxial load distribution. Some may argue (Nevill et al., 

1995) that plantar load should only be measured at selected anatomical sites to 

reduce the amount of redundant information and to simplify the analytical task to be 

carried out by the clinicians. 

Discrete in-shoe transducers can be placed at specific locations to allow localised 

load measurement under regions of the foot (Razian and Pepper, 2003, Hosein and 

Lord, 2000, Lord and Hosein, 2000, Akhlaghi and Pepper, 1996, Nevill et al., 1995, 

Razian and Pepper, 1998, Cong et al., 2011). However, prior knowledge regarding 

the area of interest is required in order to determine placement of each individual 

transducer. The use of a pressure mat to locate the site of peak pressure beneath the 

feet for the purpose of subsequently locating the discrete transducers has been tried 

(Hosein and Lord, 2000, Lord and Hosein, 2000).  
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The mounting of each discrete transducer within the shoe to allow reliable data 

collection could be physically challenging. Each transducer would ideally be as small 

as possible to allow them to be placed side-by-side if necessary (Hosein and Lord, 

2000). A relatively large transducer would require extra-depth shoe or inlay area for 

mounting (Hosein and Lord, 2000, Cong et al., 2011). As reviewed previously (Urry, 

1999), the locus of the peak load on the foot may displace by at least 7mm during 

walking. Therefore the position of the transducer with respect to the peak load is 

important, to avoid erroneous reading when the peak load is situated at the junction 

of two or four adjacent transducers.  

A study (Lord, 1997) suggested the peak pressure measured by a transducer with an 

area of 10×10mm can be underestimated by as much as 70% of the true peak, 

depending on the sharpness of the peaks. However, the pressure measurement device 

used in the study suffered from poor accuracy (~10% error) and creep (5% error in 

30seconds). Another study estimated a 10×10mm transducer could measured peak 

pressure almost as well as those with 5×5mm (Davis et al., 1996). In the study, a 

commercial pressure distribution measurement system (EMED, Novel GmbH, 

Germany) comprised an array of 5×5mm transducers was used, each transducer with 

an accuracy rated better than 5%. A more recent study (Pataky, 2012), conducted 

based on the modelling method presented in Lord (1997), suggested that the critical 

sensor widths required to achieve 90% accuracy ranged from 1.7mm to 17.4mm. 

However, measurement accuracy is also dependent on the positioning of the sensor 

and as such there is no particular spatial resolution can yield a constant measurement 

accuracy across common plantar load measurement tasks. 

Platform systems constructed from a single or multiple discrete transducers can also 

be found in the literature (Davis et al., 1998, Chen et al., 2010). The advantage of 

these systems is that each transducer can be detached from the assembly for 

calibration or repair when necessary. Localised load measurement under specific 

regions of the foot is also achievable on a platform system by the addition of a video 

system (Chen et al., 2010). However, studies conducted using multiple triaxial load 

transducers have shown that peak plantar pressure and peak shear sites may differ in 

diabetic patients (Yavuz et al., 2007b, Cong et al., 2011, Hosein and Lord, 2000). 
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Since pressure distribution measurement systems are readily available, therefore, 

there is a need for a transducer array capable of biaxial shear distribution 

measurement before one can confidently select and eliminate anatomical sites for 

evaluation. 

 

2.3 Diabetic foot biomechanics and foot ulcers 

A summary of current methods of measuring load under our feet has been discussed 

together with suggestions on how the measured data should be interpreted (Section 

2.2). The volume of biomechanical studies of the foot in diabetes continues to grow, 

but as highlighted earlier (Section 2.2.1), there is relatively little published research 

regarding plantar shear data, presumably due to a lack of technology for its 

measurement. Nonetheless, the following sections provide a summary of our current 

understanding of the loading patterns beneath the human foot during walking, with or 

without shoes. The differences in loading patterns between normal and the diabetic 

population are discussed. This review would provide the information to assess the 

technical requirements for the design and development of a triaxial load distribution 

measurement system (Section 2.4.1). 

2.3.1 Frequency content of plantar load profile 

Any load transducer will have a natural frequency of oscillation. Large dynamic 

measurement error will occur if a dynamic load is applied to a transducer with a 

frequency component at the natural frequency of oscillation of the transducer. It is 

important that the frequency content of the loading patterns under the feet is taken 

into account when selecting or specifying a measurement device. The transducer 

must not have a natural frequency within the expected input signal range. Moreover, 

based on the Nyquist sampling theorem, the sampling rate of the measurement device 

should be at least twice the highest significant frequency contained within the plantar 

loading signal. 
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During barefoot walking, Antonsson and Mann (1985) found that 98 % of the signal 

power in the vertical load was contained in the range 0 to <10 Hz. The researchers 

used a Kistler force plate system with a high sampling rate (2kHz) to measure the 

frequency content of the load beneath the entire foot during barefoot walking. 

Similar findings have been reported elsewhere (Kram et al., 1998, Harris et al., 

1996). There are, however, components of the loading on the foot that exhibit higher 

frequencies. For example the heel strike transients have been reported to contain 

frequency components at around 75Hz for barefoot walking and 60 Hz for shod 

walking (Harris et al., 1996). 

Dominant frequencies of <4Hz were found in the shear load directions, both during 

barefoot and shod walking (Harris et al., 1996). Higher dominant frequencies in the 

shear axes of <9Hz was reported in another study with the subject walked on an 

instrumented treadmill (Kram et al., 1998). The latter study did not indicate whether 

the subjects were wearing shoes, and peak ground reaction forces measured in 

treadmill gait tend to be less than those measured during overground walking (Riley 

et al., 2007, Parvataneni et al., 2009). Nonetheless, it appears that a sampling 

frequency of approximately 50Hz would be adequate to characterise the majority of 

the foot-floor interactions during walking (Kärki et al., 2009, Orlin and McPoil, 

2000). However, for full characterisation of hard foot impact, such as during running, 

a sampling rate of up to 200Hz or more would be required (Nevill et al., 1995). 

2.3.2 Ground reaction forces and forces inside the shoe 

Ground reaction forces (GRF) are equal in magnitude but opposite in direction to the 

forces the body exerts on the supporting surface through the foot. Force plates 

(Section 2.2.3) are widely used to measure GRF during barefoot and shod trials. 

Figure 2 illustrates typical GRF data measured by a force plate during normal 

barefoot gait. Vertical and shear forces of up to 110% and 20% of body weight, 

respectively, can be expected during barefoot gait (Harris et al., 1996, Keller et al., 

1996), whereas forces of up to 3 times the body weight could occur during barefoot 

running (Nilsson and Thorstensson, 1989, Kram et al., 1998, Keller et al., 1996). 
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GRF measurements provide an indication of the magnitude of load that a 

measurement device may need to withstand. 

 

Figure 2 - Ground reaction forces measured during normal gait. Vertical force and anterior-posterior 

shear force are illustrated. Force data are normalised to body mass. (Modified diagram from Kirtley, 2005) 

It is recognised that biomechanical factors, both load and its distribution, play an 

important role in the development of diabetic foot ulcers. Since force plates can only 

measure the overall GRF on the foot, pressure plates and in-shoe pressure mats are 

commonly used to identify high pressure regions within the foot which are 

considered to be at high risk for foot ulceration (Section 2.2.3). 

During barefoot walking at a preferred speed, peak pressures between 165kPa to 

1100kPa have been reported in individuals with diabetes (Drerup et al., 2008, 

Armstrong et al., 1998, Bus et al., 2005). Barefoot peak pressure as high as 1253kPa 

have been recorded in one particular diabetic patient  (Guldemond et al., 2007b). 

However, peak pressures reported during barefoot walking were not apparent during 

shod gait. Lord and Hosein (2000) found in-shoe peak pressure values during gait 

were slightly higher in their diabetic patient group but not significantly when 

compared to a healthy control group (diabetes 273kPa vs. normal 228kPa). Another 

in-shoe study also found a small overall mean differences of 28kPa in forefoot 

plantar pressures between patients with or without neuropathy (Guldemond et al., 

2007a). In-shoe peak pressure in patients with per cavus was found at the forefoot 

region to be about 40N/cm² (or 392kPa) (Crosbie and Burns, 2008). 
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The wide spectrum of pressure values found in the literature between normals and 

patients, as well as between patient groups, may be caused by several factors. 

Pressure measurement devices from different manufacturers have different spatial 

resolution, thus absolute pressure values recorded are likely to vary between systems. 

The maximum value recorded would depend on the spatial resolution and whether 

the sensing element was placed precisely at the high pressure point, otherwise 

underestimation of the true maximum value would result (Section 2.2.4). Between-

subject differences in walking speed would affect their plantar pressure values. 

Reducing the walking speed would cause a reduction of peak pressures in all plantar 

regions (Drerup et al., 2008, Rosenbaum et al., 1994). Patients with diabetic 

neuropathy may have used a more cautious gait pattern due to reduced feedback (Eils 

et al., 2002, Guldemond et al., 2007a) therefore making it difficult to compare 

between groups. Alternations in the movement or position of different parts of the 

foot in diabetes, for example clawtoes, which result in depressed (relatively 

plantarflexed) metatarsal heads, might contribute to altered pressure patterns beneath 

the foot (Gefen, 2007, Boffeli et al., 2002). Peak pressure have been found to be 

nearly two times higher in diabetic patients with toe deformity compared to those 

without toe deformity (Bus et al., 2005). Footwear has also been shown to moderate 

plantar foot pressures, with lose fitting shoes found to decrease peak pressures 

(Fiedler et al., 2011), while sports shoes with soft midsoles may reduce loading rates 

due to better cushioning (Hagen and Hennig, 2009). 

While results published previously have suggested that patients with diabetic 

neuropathy typically experience higher plantar pressure and that increased peak 

pressure would increase the likelihood of ulceration (Veves et al., 1992, Shaw et al., 

1998, Stokes et al., 1975, Frykberg et al., 1998, Uccioli et al., 2001, Pataky et al., 

2005), researchers are currently unable to identify a critical magnitude of peak 

plantar pressure that can predict with certainty when soft tissue ulceration will occur. 

Studies have attempted to establish an injury threshold: Armstrong et al. (1998) 

established one at about 700kPa with sensitivity of 70.0% but may be only 65% 

specific; while Lavery et al. (2003) suggested the threshold at 87.5 N/cm² (or 

873kPa) yielding a sensitivity of 63.5% and a specificity of only 46.3%. In a large 
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study of 251 diabetic patients, 42% of the ulcerated patients did not have high foot 

pressure (Frykberg et al., 1998) and in another study only 38% of the ulcers 

developed under peak pressure locations (Veves et al., 1992).  

When used in isolation, foot pressures have been suggested by to be poor predictor of 

plantar foot ulcers (Cavanagh et al., 2000, Lavery et al., 2003) as it does not provide 

sufficient information to differentiate between neuropathic and non-neuropathic 

diabetic feet (Hayes and Seitz, 1997). Researchers have suggested other factors; such 

as the accumulation of pressure with time (pressure-time integral) (Hayes and Seitz, 

1997, Lavery et al., 2003, Maluf and Mueller, 2003) and shear load (Lavery et al., 

2003, Cavanagh et al., 2000) might also be implicated in the development of foot 

ulcers. While further research on pressure-time integral in diabetes can be conducted 

using commercial pressure measurement systems (Section 2.2.3), a multi-axial load 

distribution measurement device that can measure load continuously throughout the 

gait cycle would be necessary to fully assess the role of shear load in the formation 

of foot ulcers. 

2.3.3  Shear load under our feet 

Although the measurement of plantar pressure distribution is currently well 

established, the link between the resultant pressure profiles and foot ulceration is not 

clear (Section 2.3.2). This has led researchers to investigate other factors, specifically 

plantar shear loading. The topic of shear force in the formation of ulcer is 

increasingly being discussed at healthcare conferences (congresses of the 

International Foot & Ankle Biomechanics (i-FAB) community) and special interest 

groups such as the National Pressure Ulcer Advisory Panel (NPUAP). In 2005, an 

international consensus group, the Shear Force Initiative (SFI) was created by 

NPUAP together with the European Pressure Ulcer Advisory Panel (EPUAP) and 

Japanese Society of Pressure Ulcers (JSPU) to help shape future research. The 

NPUAP has also updated their definition of ulcer based on current research to 

include the term shear: “A pressure ulcer is localized injury to the skin and/or 

underlying tissue usually over a bony prominence, as a result of pressure, or pressure 

in combination with shear and/or friction” (Black et al., 2007). 
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Shear stress in the plantar tissue can be caused by various loading methods including 

direct shear or pressure applied perpendicular to the plantar surface. The application 

of a force parallel to the plantar surface (direct shear) would cause shear stresses and 

deformation in the plantar tissue (Figure 3a). Pressure and shear are intimately linked 

hence pressure applied on the plantar surface alone would also cause some degree of 

shear through tissue distortion (Figure 3b). The relative movement of the skin and 

underlying tissues causes shear stresses to develop in the soft tissues overlying bony 

prominences. The compression of the tissues would also distort adjacent tissues 

causing pinch shear (Figure 3b). 

 

Figure 3 – The deformation and stresses in plantar tissue due to the application of direct shear load (a), or 

pressure on the plantar surface (b). (Diagrams adapted from Wounds International, 2010) 

A steep pressure gradient across a small plantar surface area is likely to produce high 

shear stresses that may exceed tissue tolerance causing deep tissue injuries. This 

leads to many researchers to hypothesis that it is also likely for ulcers to initiate from 

deeper tissue layers (Lott et al., 2007)(Wounds International, 2010). However, 

internal stresses are difficult to predict by means of interface pressure measurements 

alone (Gefen, 2009a, Gefen, 2009b). Perhaps measuring the displacement change of 

the skin in combination with pressure could be one solution. However, methods for 

measuring skin deformation are beyond the scope of the current project. With today‟s 

technologies, it is only realistically possible to measure the shear load being applied 

at skin surface interfaces. Internal stresses are difficult and unethical to measure 

directly in vivo, but based on load transfer principles, these stresses will be 

distributed over the plantar surface of the foot. As such, computer models could be 

used to estimate internal stresses from load measurement data obtained at the plantar 

surface (Atlas et al., 2009, Lott et al., 2008, Mueller et al., 2008). Therefore, 
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measuring shear load (or in combination of pressure) over the plantar surface could 

further assist in solving the link between tissue stresses and the development of foot 

ulcers. 

The hypotheses that shear load at the skin surface interfaces also have an important 

role in ulcer formation can be supported by studies conducted on animals. Excessive 

shear forces have previously been shown to cause hyperkeratosis in mice tissues that 

could lead to ulceration (Mackenzie, 1974). While another study conducted on rat 

forepaws has been shown that repetitive loading of ordinarily tolerable shear forces 

could also lead to ulceration (Brand, 1991). Studies on pigs has demonstrated that 

with the present of shear load, the pressure necessary to occlude blood vessels was 

almost half (Bader et al., 2005) and tissue breakdown would occur earlier when shear 

forces were increased (Goldstein and Sanders, 1998). 

Similarly in studies on human, as referenced in Chang and Seigreg (1999), a study 

conducted in 1968 (Palmer et al., 1968) found that adding shear force after long 

periods of exposure to pressure, reduced the pressure threshold that causes tissue 

damage. Another study has also found that with the presence of a shear stress as little 

as 10kPa, the pressure required to produce ischemia of the skin reduces by a factor of 

up to two (Bennett et al., 1979). This shear-induced effect was apparent even in 

young healthy adults (Goossens et al., 1994).  

Compared to the numerous commercial systems and experimental techniques 

available for plantar pressure distribution measurement, only a few experimental 

devices currently exist for shear measurement. Prototype devices consisting of an 

array of transducers for measuring shear distribution have been reported previously 

(Christ et al., 1998, Davis et al., 1998, Mackey and Davis, 2006), as well as discrete 

transducers for shear measurement on the ground or inside the shoe (Akhlaghi and 

Pepper, 1996, Razian and Pepper, 2003, Tappin et al., 1980, Chen et al., 2010, Lord 

et al., 1992, Laing et al., 1992, Lebar et al., 1996, Wang et al., 2005). All of these 

devices were either too expensive (B.Davis, Cleveland USA, pers. comm.) or too 

large (>10mm²) to be incorporated in a large array for a high spatial resolution load 

distribution measurement device. As a result, none of these devices is currently 
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capable of measuring the distribution of shear forces over the entire plantar surface 

of the foot. Moreover, each of these experimental devices employed a different load 

sensing technique, and hence they possessed very different system characteristics in 

terms of transducer dimensions and measurement accuracy.  

Studies employing floor mounted shear distribution measurement systems to evaluate 

walking in healthy adults have found that the highest shear loadings occurred 

beneath the metatarsal regions of the foot (Davis et al., 1998, Chen et al., 2010). The 

maximum shear load was found to be about 5% of body weight (~88kPa) in one 

study (Chen et al., 2010), and approximately 25% (~92kPa) of the applied vertical 

pressure in another (Davis et al., 1998). Similar results have been reported in-shoe, 

where shear loads were 30% of vertical pressures on average in healthy individuals 

walking at their preferred speed (Laing et al., 1992). However, in-shoe shear values 

as high as 75% to 100% of vertical pressure have been reported by others when 

testing healthy individuals under similar conditions (Razian and Pepper, 2003).  

Average maximum shear of ~73kPa was found in a group of patients with diabetic 

neuropathy, with the highest reading of 122kPa for an individual in the group (Lord 

and Hosein, 2000). With the same device in a separate study with normal subjects 

(Hosein and Lord, 2000), the average maximum was found to be higher at ~87kPa 

shod walking without hose or ~31kPa when wearing nylon hose. Others measured 

shear load between 6kPa to 52kPa at varies region of the foot (Perry et al., 2002); 

(Lebar et al., 1996) and up to 200kPa was found in the metatarsal and hallux regions  

(Akhlaghi and Pepper, 1996). However, the latter results suffered from error due to 

bending of the transducer (Section 5.1). Some researchers attempted to calculate 

shear from plantar pressure data (Lott et al., 2008) and from finite element modelling 

(Dai et al., 2006). Computational models are often based on the theory of elasticity 

and assuming subsurface tissues to be homogeneous, isotropic and linear elastic (Lott 

et al., 2008, Zou et al., 2007), but they all should be verified with real-life 

measurements. 

Since there is no standard practices in shear measurement, devices from different 

manufacturers have different characteristics and spatial resolution, hence the absolute 
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shear value may vary between systems. Researchers could easily underestimate shear 

loads if discrete transducers were not located precisely at the region of interest on the 

foot, which may be due to relatively large transducer size (Hosein and Lord, 2000). 

Due to technical limitations, some devices could only record <5 seconds of data 

(Lord and Hosein, 2000, Hosein and Lord, 2000, Davis et al., 1998). Some 

investigators may have had their transducers orientated referring to the foot and not 

to the walking direction (Lord and Hosein, 2000), which can make comparison 

between studies difficult. The speed of walking, shoe design and its fitting could also 

influence shear measurement during gait (Lord and Hosein, 2000, Hosein and Lord, 

2000). 

As well as the peak load measurement, it is also important to consider the loading 

profile and time of load application. Diabetic subjects who walked slower were 

found to have higher shear-time integral values than non-diabetic subjects (Yavuz et 

al., 2008). The location of high shear value in relation to high pressure values should 

also be examined. Skin breakdown and the reduction in skin blood flow likely occur 

at far lower loads, when pressure is simultaneously applied with shear (Pinzur, 2004, 

Parish et al., 2007, Ming and Roberts, 1993). Researchers have also suggested that 

the direction of shear force should be investigated to examine whether plantar tissues 

are being tensioned (stretched) or compressed (bunched) during walking (Davis et 

al., 1998). 

A critical review of the articles discussed above would reveal that the real clinical 

need for a shear load distribution measurement device can only be identified if there 

is more significant data available on interface shear and its relationship to ulcer 

development. From our understanding of the physical and mechanical principles, it is 

a fact that the shear component is always present when the foot is mechanically 

loaded. It is unfortunate that there is currently not a well accepted or validated device 

for measuring shear distribution over the plantar surface, and researchers were 

therefore not able to fully evaluate this variable. However, animal models 

(Mackenzie, 1974, Brand, 1991, Bader et al., 2005, Goldstein and Sanders, 1998) 

have provided some level of evidence that the present of shear would increase the 

risk of ulcer formation. Studies conducted on other parts of the human body (Palmer 



 

~ 28 ~ 

 

et al., 1968, Bennett et al., 1979, Goossens et al., 1994) also demonstrated similar 

evidences that the presence of shear load at the skin interface would increase the risk 

of tissue damage. Once the skin is broken, many factors may then contribute to 

defective healing and putting one at greater risk for ulceration.   

On the other hand, reports of the distribution of shear load under the foot and the 

interaction of these to ulceration are very limited or non-existent. Several studies 

have used different experimental devices to measure interface shear during gait. 

Some studies were conducted on a single (Chen et al., 2010, Akhlaghi and Pepper, 

1996, Razian and Pepper, 2003), or up to ten non-diabetic subjects only (Laing et al., 

1992). The purposes of these trails were only to show the utility of the devices and 

provide representative normal subject data in addition to their calibration data. One 

research group has utilised the same device on nine normals (Hosein and Lord, 2000) 

and six diabetic patients (Lord and Hosein, 2000). However, the subject group is too 

small to give truly representative data, and the discrete transducers are limited to 

certain sites on the foot which cannot provide a full picture of what was occurring on 

the plantar surface of the foot. Nonetheless, these preliminary results provide some 

indication of the main characteristics and magnitude of shear load under our feet, 

which is valuable for constructing the design requirements for the current project to 

develop a new multi-axial load transducer. Once realised, such a system has the 

potential to provide valuable biomechanical data that may help improve our 

understanding of the role of mechanical load in the formation of foot ulcers. 

 

2.4 Project aim and objectives 

This chapter has highlighted the global concern in diabetic foot ulceration. 

Neuropathic ulcers are widely believed to occur in response to the mechanical 

overloading of plantar tissues and the measurement of plantar pressure distribution 

has become a well established clinical technique to aid in the identification of 

individuals at risk of ulceration. However, scientific support for this premise is 

controversial. While early studies indicated that foot ulcers occur at sites of high 
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plantar pressure, more recent studies as well as studies conducted on other animals 

have shown this is not the case and proposed that plantar shear and the duration of 

exposure to both pressure and shear may be more useful in identifying people at high 

risk of developing diabetic foot ulcers. Such hypothesises can only be scientifically 

tested with the aid of a multi-axial load distribution measurement device that can 

measure load continuously throughout the gait cycle. 

The ideal device should be capable of triaxial load distribution measurement, both 

inside or outside the shoe. However, since various pressure distribution measurement 

devices are commercially available, there is specific need for a device that is capable 

of biaxial shear measurement. Such a device would ultimately improve our 

understanding of the role of mechanical load in the formation of diabetic foot ulcers. 

The aim of this research, therefore, was to develop a novel, low-cost multi-axial load 

transducer that can be used in-shoe or incorporated in an array for measurement of 

the distribution of load beneath the human foot during gait. 

To fulfil this aim, the following objectives needed to be met: 

Objectives: 

1. To identify essential and desirable system design requirements for the 

development of a multi-axial load distribution measurement device. 

2. To identify load sensing technologies with the greatest potential to meet the 

requirements outlined in Objective 1. 

3. To establish an efficient and effective method of calibrating multi-axial load 

transducers. 

4. To identify the optimal transducer design to be incorporated in a multi-axial load 

distribution measurement device against the design requirements in Objective 1. 

5. To design, manufacture and evaluate a multi-axial load distribution measurement 

device against the design requirements in Objective 1. 

2.4.1 System design requirements 
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To achieve the aim of the current study, the design and development of the multi-

axial load distribution measurement device was required to meet certain physical and 

technical requirements. The minimum requirement of being capable of measuring 

biaxial shear load had to be met. Additionally, there were 28 specific design 

requirements which had to be met to make the system of practical use. Most of these 

design requirements can commonly be found in technical specifications of other 

commercially available force measuring systems, while other  requirements have 

been developed based on previous literature and considerations for the practical 

implementation of a load distribution measure system for the foot (Sections 2.2 and 

2.3). The requirements are detailed within four categories in Table 1 below: 

Table 1 - System requirements for a multi-axial load distribution measurement system. 

Essential requirement: 

Transducer must be capable of  

biaxial shear measurement or triaxial load measurement 

continuously over the time of one gait cycle. 

 

 

Category A: Transducer performance 

 

# Requirement Condition Description/Information 

1 Rated Capacity Vertical load: 

2500kPa 

Shear load: 

300kPa 

The rated capacity of the load transducer 

must be equal to or greater than the 

largest load expected during walking. 

Commercially available pressure 

platforms have a rated capacity of 

typically up to about 1300kPa (Novel 

GmbH, Germany) (Section 2.2.3), and 

previous work has shown highest 

pressure can be expected about 1250kPa  

(Guldemond et al., 2007b) (Section 

2.3.2).  

Shear load ~122kPa can be expected 

(Lord and Hosein, 2000) (Section 2.3.3). 

The device must withstand the weight of 

a person (780N). Potential mechanical 

abuse was also considered and a safety 
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factor of >2 was preferred. 

Conditions are given in unit of pressure 

(kPa), which should be converted to 

Force (N) in respect to transducer 

surface area (#19) for force transducers. 

2 Resolution <10kPa This is the ability of the device to 

distinguish between two load levels. 

Commercially available pressure 

platforms have a pressure resolution 

typically about 10kPa (Novel GmbH, 

Germany) (Section 2.2.3). 

3 Accuracy <±5% RC The accuracy of the system should be 

comparable, if not better, than those 

typically found in commercially 

available pressure plates (Novel GmbH, 

Germany) (Section 2.2.3). 

4 Frequency 

Response 

Error of  

<±5% RC 

below 75Hz 

The frequency response of the sensor 

should reflect the ability to adequately 

pass the frequency content of the input 

load signal in walking with minimum 

error – accuracy not less than that stated 

in #3 above. 

Data previously reported has indicated 

that foot contact transients were reported 

to be around 75 Hz (Harris et al., 1996) 

(Section 2.3.1). 

5 Hysteresis <±3% RC Comparable to commercially available 

pressure plates of 7%RC (Tekscan Inc., 

USA).  (Section 2.2.3). 

6 Non-linearity <3% RC Comparable to commercially available 

pressure plates of <3%RC (Novel 

GmbH, Germany) (Section 2.2.3). 

7 Combined error <3% RC Hysteresis and non-linearity (see 

definition in Appendix A). 

8 Signal noise <10kPa Error caused by electromagnetic 

interference and other noise sources. 

Signal noise should not deteriorate the 

measurement resolution (#2) of the 

device. 

9 Cross-talk <5%RC 

between all 

channels 

Comparable to the triaxial load 

distribution measurement device current 

found in literature (Davis et al., 1998) 

(Section 2.2.3). 

10 Error due to off- <5%Reading Comparable to the triaxial load 
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axis loading distribution measurement device current 

found in literature (Davis et al., 1998) 

(Section 3.2.4.2). 

11 Repeatability <10kPa Agreement between the readings of 

successive measurements of the 

transducer output. 

This should agree or better than the 

measurement resolution (#2) of the 

device. 

12 Drift/Creep <5% Reading 

in 10 seconds 

The device is intended for gait analysis. 

However, potential static loading 

conditions would be likely if subjects 

were to stand on the device before each 

walking trial. The author foresees a static 

condition of ~10 seconds before/after 

each trial. Moreover, rapid creep 

characteristics of commercially available 

pressure measurement systems tend to 

occur within 10 seconds after the load 

was applied (Hachisuka et al., 1998). 

This value should be comparable to other 

sources of error, such as #10 Error due to 

off-axis loading. 

13 Temperature 

sensitivity 

<10% Reading 

between  

10°C to 40°C 

A working temperature range of 10°C to 

40°C is typically found in commercially 

available pressure plates (Novel GmbH, 

Germany)(Section 2.2.3). 

Temperature effect of up to 10% error 

was considered to be acceptable for in-

shoe force measurement (Razian and 

Pepper, 2003).  

1% error per 1°C increase in temperature 

can be expected from a commercial 

pressure system (Hachisuka et al., 1998) 

and more than 10°C change inside the 

shoe may be expected (Cruickshank et 

al., 2007). 

 

Category B: Hardware 

 

14 Sampling 

frequency 

≥200Hz Commercially available pressure mats 

can sample up to 100Hz (Section 2.2.3). 
Ideally, sampling frequency should 
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exceed 200Hz to capture loading 

transients associated with foot impact 

activities (Nevill et al., 1995) (Section 

2.3.1). 

15 Power 

consumption 

<22W This requirement is more specific in the 

design of in-shoe load transducers. For 

safety, it should be noted that large 

currents should be avoided for in-shoe 

transducer systems. Power consumption 

should be kept as low as possible for 

mobile devices. 

The device should continuously operate 

for at least 30 minutes. A typical 9V, 

1200mAh Lithium battery estimated to 

provide about 11W per hour, therefore 

22W for 30 minutes. 

16 Multiplexing 

capability 

1:1 raw output 

to load output 

720 transducer elements (each with a 

sensing area of10×10mm) are required to 

cover an sensing area of 300×240mm. 

Visual targeting a force measurement 

platform of this size had minimal effects 

on force parameters (Wearing et al., 

2000). 

The outputs from each transducer 

element in the array must be multiplexed 

to minimise the final size of the device. 

Ideally the transducer should only 

produce 1 voltage output for 1 axis load 

reading, so the number of multiplexer 

circuits can be minimised. 

If software processing is required instead 

of electronic hardware, computation of 

load should be manageable via a laptop 

computer with typical specifications. 

A complete pressure distribution 

platform costs around £65000 (Novel 

GmhH, Germany). Therefore, each 

transducer element should cost <£18 for 

an economically desirable multi-axial 

system (assuming 80% cost towards 

external electronics and computers, and 

total 720 elements in an array). 

17 Computational 

requirements 

Laptop friendly 

18 Hardware Cost <£18 per 

transducer 

element 
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Category C: Physical requirements 

 

19 Transducer 

sensing surface 

area 

≤10 x 10mm Previous study have shown that minimal 

underestimation of load can be expected 

from a transducer size of 10×10mm 

(Davis et al., 1996)(Section 2.2.4). 

20 Transducer 

thickness 

≤5mm Although transducer thickness of 10mm 

has been used for in-shoe applications 

(Cong et al., 2011), other experimental 

transducer designs were no thicker than 

4mm (Section 2.2.3). 

This requirement is more specific in the 

design of in-shoe load transducers. 

21 Suitability for in-

shoe applications 

YES An ideal transducer would be suitable for 

both in-shoe and measurement on the 

ground. 

Method for load measurement inside the 

shoe could also be used to form a 

platform system (Section 2.2.3). 

22 Easy to 

mount/wear 

YES This requirement is specific to the design 

of discrete in-shoe load transducers. 

External signal conditioning circuits that 

might be required to be worn by the user 

during use must not affect the gait of the 

user. Transducer and cabling should 

allow easy in-shoe mounting. 

23 Transducer 

sensing surface 

allowable 

movement 

<±0.75mm This will directly affect the gap size 

between adjacent transducers in an array 

configuration. The gap between each 

transducer, however, should be 

minimised to avoid pinching of the 

plantar tissue (for user‟s safety and 

comfort) and to allow good spatial 

resolution in the load data. 

The current „gold standard‟ device for 

triaxial load distribution measurement 

(Davis et al., 1998) (Section 2.2.3) has a 

spacing of 1.5mm between adjacent 

transducers, and did not have the 

problem of pinching the skin during use 

(B.Davis, Cleveland USA, pers. comm.). 
Hence each transducer could move 
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±0.75mm. 

24 Spatial 

Resolution 

>1 transducer 

per 

11.5×x11.5mm 

area 

This condition directly relates to #19 and 

#23. 

Currently, pressure plates have a spatial 

resolution from 1 to 4 elements per 

10×10mm area (Novel GmbH, 

Germany) (Section 2.2.3). 

25 Reusability and 

Life span 

Year(s) Life span of the device should be more 

than a year if the chosen load sensing 

technology is not economically desirable 

to be disposable after >1 use. 

Some commercial pressure distribution 

measurement system was found to have 

a life span of only 30 gait cycles 

(Nicolopoulos et al., 2000) 

 

Category D: Manufacturing requirements 

 

26 Batch production Fast and low-

cost 

Cost and time required to manufacture 

and assemble a large transducer array is 

important. It is not desirable to have each 

transducer element manufactured by 

hand.   

27 Matrix 

arrangement 

capability 

YES For load distribution measurement, 

transducer elements should be mountable 

next to each other.   

28 Cabling ≤5 wires per 

transducer 

 

This condition directly relates to #16. 

Ideally each transducer should have less 

than 5 wires (1 wire per load output plus 

2 wires for power), unless the 

multiplexing technique (#16) allow 

overall fewer wires. 

 

Note:  RC = Rated Capacity 
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Chapter 3  

Existing methods for load sensing 

 

 

In developing a load measurement device, it is useful to understand the basic 

operation of the load sensing technologies to be used, their advantages and their 

limitations. This chapter presents a literature review of current methods used in load 

sensing with specific emphasis on the area relevant to this research, particularly in 

electronic technologies for the measurement of plantar foot forces. Given the system 

design requirements (Section 2.4.1), approaches that cannot record temporal loading 

events were not considered. Interested readers are directed to a comprehensive 

review of non-electronic load measurement methods (Urry, 1999). There are many 

techniques for load sensing and they are used with instrumentation of varying 

complexity. Although it is not within the scope of this thesis to provide a 

comprehensive description of all load sensing principles, relevant background is 

given when appropriate. The purpose of this chapter is to explore, review and thereto 

identify potential techniques that could be used to develop a low-cost multi-axial 

load measurement system. 
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3.1 What is a load measurement device 

„Load‟ is a term frequently used in engineering to refer to „any type of force‟ exerted 

on a surface or body (Section 2.2.2). A load measurement device, or load 

„transducer‟, is a device that provides an output quantity that is directly related to the 

parameter being measured, force or pressure in this case. When external load is 

applied to a stationary object, stress and strain are the result. Stress is the object‟s 

internal resisting forces, and strain is the amount of deformation per unit length of 

the object when a load is applied. Therefore, by definition, any matter can be 

calibrated as a mechanical load transducer if one is able to measure its deformation 

under loading conditions. 

Unfortunately, minute deformation (submillimeter) can be physically challenging to 

quantify. However, some materials when subjected to load would change other 

physical quantity other than its physical dimensions. For example, the electrical 

resistance of copper wire is directly related to its dimensions, thus copper can be seen 

as an electrical resistive-based load transducer. Materials which have a physical 

quantity that is easier to detect than its deformation may only withstand very small 

load before failing. However, it might be possible to develop a new load transducer 

by combining different transducers with these attributes as one. For example, copper 

wire could be bonded on a stiffer load-responsive material to be used as an electrical 

load transducer - provided there is a mean to measure the changes in it electrical 

resistance as the combined transducer is subjected to load. 

A transducer may have a physical quantity that may not be understandable to the 

user. In that case, a „sensor‟ is required to measure such physical quantity and 

converts it into a signal that is readable by the observer or by an instrument. 

Typically, such a signal is electrical, but optical, hydraulic, and auditory signals are 

not uncommon and they all, in turn, could be converted to electrical data. 

As the current study was aimed at developing a novel device, it was necessary to 

keep an open mind and considered any approach that could potentially allow 

continuous load measurement. For the purpose of this thesis, a load measurement 
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device was operationally defined as any physical quantity detection device, 

comprising of a transducer or a combination of transducers, that is sensitive to said 

load-responsive physical quantity, and if necessary with a sensor, connected to the 

output of said transducer as input and converts it into an electrical signal which can 

be read and stored by an instrument continuously. 

 

3.2 Electrical resistive based transducers 

This section explores and provides a critical assessment of load measurement 

techniques that use electrical resistive-based components. 

3.2.1 Principle of operation 

Load measurement devices based on electrical-resistive principles are often classified 

into two categories: 1) strain gauges, and 2) force-sensing resistors. All strain gauges 

are piezoresistive – their resistance changes in response to mechanical stress. To 

avoid confusion, the term "strain gauges" is used throughout the text to refer to foil 

strain gauges only; the term “piezoresistive is used to refer to any other devices or 

material that exhibit the same behaviour. 

Strain Gauges 

There are various types of resistive strain gauges that can be used to measure the 

strain experienced by an object with the application of load. Fundamentally, all 

resistive strain gauges are designed to convert mechanical motion into an electronic 

signal. Foil strain gauges are based on Ohm‟s law and consist of metallic wire in a 

zigzag grid pattern (Figure 4). A tensile strain would cause the wire to elongate and 

become thinner, and consequently increases its resistance. Conversely, a compressive 

strain causes a decrease in resistance. If such a metallic wire grid is typically bonded 

to an elastic structure element under strain then the change in resistance could be 

measured and be calibrated to measure load. The zigzag grid pattern maximises the 



 

~ 39 ~ 

 

amount of wire subject to strain parallel to the grid length (Figure 4). As such, 

accurate positioning of strain gauges is paramount to accurate load measurement. 

 

Figure 4 - A typical foil type strain gauge. (Image reproduced from 

http://www.sensorland.com/HowPage002.html) 

A foil strain gauge usually consists of a metal foil pattern on an insulating flexible 

backing (Figure 4). Usually the backing is marked to allow the gauge to be installed 

appropriately aligned with the strain field. Typical backing materials include epoxy, 

which also provides electrical insulation between the foil and the elastic structure 

element. Gauges are usually manually bonded to structures using adhesives, but 

some are manufactured backed with an adhesive layer to reduce time in assembling. 

The use of a bonding agent, however, unavoidably influences the strain transmission 

from the structure to the gauge. 

Thin-film strain gauges are a type of resistive strain gauge that eliminates the need 

for adhesive bonding. The strain gauge is molecularly bonded to the underlying 

deformable structure directly by thermal evaporation or sputtering techniques (Witt, 

1974). The manufacture of thin-film strain gauges may be accomplished by laying 

down many layers. In its simplest form, an electrical insulation layer would first be 

deposited onto the structure‟s surface, and then a thin-film of metal is deposited onto 

this insulating layer. Thin-film strain gauges are relatively more cost effective in 

batch productions than foil gauges due to the manufacturing techniques involved. 

In contrast to other resistive strain gauges, semiconductor strain gauges are based 

upon the piezoresistive effects of the gauge material, such as silicon. The bulk 

resistivity of a piezoresistive material is influenced by the applied mechanical stress. 
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Hence, when a semiconductor strain gauge is unloaded, its resistance is very high. 

This type of gauge is relatively small and less expensive than foil-type gauges, and 

they exhibit higher unit resistance and sensitivity. The gauge factor (K) is a measure 

of the change in resistance (R) for a given strain:   
    

    
, where ∆R is change in 

resistance from its unstressed resistance value (R), and ∆L is change in length from 

its original length (L). The gauge factor is typically 100-150 for a semiconductor 

strain gauge and 2-4 for a foil type strain gauge. Although semiconductor strain 

gauges exhibit negligible creep and hysteresis, they are non-linear with strain and 

sensitive to temperature changes (National Physical Laboratory, 2010). 

Force-sensing resistors 

Force-sensing resistors (FSR) are made of polymers that exhibit the piezoresistive 

effect. FSRs vary in design, but a typical FSR consists of a polymer that contains 

both electrically conducting and non-conducting particles which are encapsulated 

between two electrodes (Figure 5). Applying a load causes the conductive particles to 

contact each other and the electrodes, thereby decreasing its resistance. The 

manufacturing of FSR is very cheap as the conductive polymer or ink can be applied 

to substrates by screen printing. FSRs are also very small in size with thickness 

typically less than 0.5mm. However, FSRs have low precision (~10% reading) and 

could be damaged under prolonged loading conditions. 

 

Figure 5 - Typical construction of a force-sensing resistor. (Modified image from www.tekscan.com) 
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3.2.2 Signal conditioning 

As with all resistive based transducers, the change in resistance due to external load 

is often very small (micro-ohms). Resistive transducers, whether strain gauge-based 

or FSRs, are often connected to a Wheatstone bridge circuit along with other signal 

conditioning electronics that provide amplification to convert the resistance change 

into a voltage output suitable for external data collection systems. Signals from 

resistive-based transducers are usually small (in millivolts) and their transmitting 

systems require substantial insulation from external noise. Figure 6 illustrates a 

typical quarter Wheatstone bridge circuit connected with an active strain gauge. 

Assuming the resistance value R =R1=R2=R3=R4, and that the active strain gauge 

resistance varies from R to R+∆R due to the induced strain, the output voltage ∆V 

due to the strain is given as     
  

      
 , where E is the excitation voltage. The 

output voltage is then often fed to a signal conditioning circuit for further 

amplification. 

 

Figure 6 – A quarter Wheatstone bridge circuit to measure strain and provide temperature compensation 

using the addition of a ‘dummy’ strain gauge. (Modified diagram from 

http://www.allaboutcircuits.com/worksheets/bridge.html) 

There are three types of Wheatstone bridge configurations: quarter-bridge, half-

bridge, and full-bridge. The number of active gauges, that is 1, 2 and 4 active 

elements, determines the kind of bridge configuration, respectively. Each 

configuration has its own advantages and limitations. The quarter-bridge is simple in 

design and only requires the installation of one strain gauge therefore saving space 

and installation time. Due to the quarter-bridge circuit arrangement, a load transducer 

would produce non-linear outputs for the changes in resistance. A „dummy‟ resistor 

is required to form a half-bridge for temperature compensation (Figure 6). The active 
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element should be mounted in the direction along the strain field, whereas the 

dummy gauge is mounted in close thermal contact but not directly on the specimen 

or usually mounted perpendicular to the principle axis of strain. Strain gauges are 

often installed at various locations on the structure specimen, thus wire management 

could be physically challenging for a full-bridge configuration within a miniature 

load transducer. That said, full-bridges are often chosen for their superior 

performance in terms of high sensitivity in strain, allow temperature compensation 

and can be configured to reject side loads or other loads that are not along the 

principle axis of strain. 

3.2.3 Transducer construction 

The construction of a uniaxial load sensing FSR is relatively simple (Figure 5). On 

the other hand, strain gauges must be bonded or constructed on to the surface(s) of an 

elastic structure. The geometric shape of the structure and its material properties 

determine the magnitude of the strain field produced by the external load, hence the 

sensitivity of the load sensing system. Materials such as steel or aluminium are often 

chosen for their robustness and their linear relationship between stress and small 

strain. The design of the structure and the precise locations of the strain gauges are 

paramount to minimise the effect of cross-talk for accurate load measurement. 

Precise installation of foil gauges is time consuming and wiring between active 

gauges could be physically challenging particularly if full-bridge circuits were used 

(Section 3.2.2). Moreover, bulky amplifier circuits are also required, which are often 

connected externally to the transducer. 

3.2.4 Current state-of-the-art 

Strain gauges are frequently found in the heart of commercially available load cells 

and pressure transducers. These systems typically have a sampling rate greater than 

1kHz, and an accuracy and non-linearity better than 0.05% (FUTEK Advanced 

Sensor Technology Inc. USA). Commercially available triaxial force/moment load 

cells have previously been instrumented beneath shoes to measure ground reaction 

forces (Faber et al., 2010, Liedtke et al., 2007, Schepers et al., 2008, Schepers et al., 

2009, Veltink et al., 2004, Veltink et al., 2005). The increase in height and the total 
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weight of the shoe associated with attachment of the transducers, however, represent 

major limitations of such an approach. Moreover, this technique is not suitable for 

measuring load distribution (Figure 7). 

 

Figure 7 - Picture of an instrumented shoe with two triaxial force/moment transducers beneath the heel 

and the forefoot. (Image reproduced from Schepers et al., 2008) 

Many experimental transducers designed for specific applications have also utilised 

strain-gauge technology. The Department of Bioengineering has extensive 

experience using strain gauges in the construction of 6-components load transducer 

for the biomechanical analysis of lower limb prostheses (Magnissalis et al., 1992). 

Similar devices have also been used in full-bridge configuration to measure triaxial 

force on prosthetics during amputee gait (Berme et al., 1976). Others have 

instrumented beds and seats  (Goossens et al., 1993) as well as robotic grippers (Kim, 

2007b, Kim, 2007a, Kim et al., 1999, Kim et al., 2008) with strain gauges to measure 

interactive forces. These devices tended to be relatively large in size (>74mm²) and 

required larger numbers of strain gauges (>8 gauges) for accurate measurement of 

triaxial load. Despite accurate construction of the transducer structure and precise 

installation of the gauges, output error from strain gauge-based transducers may 

increase >16 fold (from 0.2% to 3.3%) when a combined load is applied to the 

transducer rather than when load is applied along only one axis (Hirose and Yoneda, 

1990). 

Miniature resistive-based transducers are usually constructed using gauge materials 

that exploit piezoresistive characteristics (Katragadda and Xu, 2008). These materials 

have been integrated on cantilever beam structures and connected into Wheatstone 

bridges for triaxial load measurement (Cranny et al., 2005, Jin and Mote, 1998). A 

flexible circuit, housing a 2×2 transducer array in a 10×10mm space, capable of 
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triaxial force measurement has been demonstrated (Beccai et al., 2005). Although the 

device was intended for measurement of triaxial forces at the stump-socket interface 

of a prosthetic device, it was only tested up to loads of 2N which is significantly 

lower than the expected load under the plantar surface of the foot (Section 2.3). 

Others have developed similar piezoresistive-based devices for shear measurement of 

loads up to 40N (Lin and Beebe, 2002, Wang and Beebe, 2000). However, the size 

and number of wires required for each transducer element were large in comparison 

to the sensing surface of the transducers themselves (Figure 8), which would limit 

the spatial resolution of a potential array of transducers. As a result, the design is not 

suitable for incorporation with an array for load distribution measurement. Moreover, 

it can be difficult to avoid exposure to humidity to a piezoresistive micro-

electromechanical transducer system (MEMS) during use, in particular for in-shoe 

applications. Moisture vapour entering through gaps in the transducer could 

condense as liquid droplets. The capillary force due to surface tension caused by the 

droplet could cause damage or bending forces to the transducer micro-structure 

resulting an unacceptable voltage shift (Chiou et al., 2003). 

 

 

Figure 8 - The piezoresistive based 3-axial force sensor by Beccai et al. (2005). 

Conducting polymers which display piezoresistivity have been deposited onto plastic 

substrates to form FSRs (Section 3.2.1). These polymers can also be used to coat on 

fabrics (Calvert et al., 2007, Campbell et al., 2007) or can be directly knitted into 

fabrics (Huang et al., 2008a, Huang et al., 2008b) to measure loading. However, 

sensing performance of piezoresistive polymers has been shown to be inconsistent 

due to cracking of the polymer surface and non-predictive contacts between 

conducting fibres within the textile (Calvert et al., 2007). Moreover, polymer-coated 
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transducers often display inherent instability with changing environmental conditions 

such as temperature, humidity and deteriorate following long storage period (>9 

months) (Campbell et al., 2007, Li et al., 2005). Nonetheless, polymer-based plantar 

pressure distribution measurement systems are commercially available for use in gait 

laboratories. These systems are discussed further in the following sections together 

with other existing resistive-based devices suitable for multi-axial plantar load 

measurement. 

3.2.4.1 AMTI strain gauged systems 

Force platform systems from AMTI Inc. (USA) are capable of measuring 6-

component forces and are currently regarded as one of the „gold standards‟ force 

measurement tools which have been used extensively to measure ground reaction 

forces in gait analysis (Bhatt and Pai, 2009, Bisiaux and Moretto, 2008, Yung-Hui 

and Wei-Hsien, 2005, Tsai et al., 2007). These platform systems use strain-gauge 

technology for load sensing. These platform systems have often been used as the 

reference to test the accuracy and reliability of other load measurement systems 

(Low and Dixon, 2010, Chesnin et al., 2000, Catalfamo et al., 2008, Davis et al., 

1998, Veltink et al., 2004, Clark et al., 2010). These force platforms are typically 

large in size (600×400×83mm) and, as such, are not suitable for in-shoe applications. 

But because of their build quality, their characteristics would give an indication of 

the level of reliability that one may expect in a strain gauge-based load measurement 

device. As specified by the manufacturer, their systems typically can measure shear 

in the order of 1000N and vertical load of 2000N with <2% crosstalk between all 

channels and a natural frequency of ~400Hz. Their systems also have minimum 

hysteresis (±0.2%) and non-linearity (±0.2%). 

3.2.4.2 Davis’ strain gauged system 

Davis‟s group at the Cleveland Clinic Department of Biomedical Engineering 

(USA), has developed a strain-gauge based device for simultaneous measurement of 

vertical pressure and the anterior-posterior (AP) and medial-lateral (ML) distributed 

shearing forces under the plantar surface of the foot (Davis et al., 1998). The 
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platform measurement system consisted of 16 individual transducers arranged in a 

4×4 array to measure the distribution of loads beneath the foot. As with other strain-

gauged devices, it relied on a mechanical structure: in this case 16 hollow cylindrical 

aluminium columns, each fitted with two sets of T-strain gauge rosettes, and within 

each set four rosettes are equidistantly spaced around the column for AP and ML 

shear measurement. An „S‟-shape cantilever instrumented with four rosettes was 

fitted on top of each column to measure compressive forces (Figure 9). Each 

transducer was anchored to a 20mm thick aluminium base plate. The sensing surface 

area of each transducer measured 25×25mm with 1.5mm spacing (Figure 9). The 

overall thickness of the system was approximately 160mm. 

 

Figure 9 - Davis's pressure and shear measurement device. Schematic representation of the transducer (a), 

and the fully assembled device consisting of 16 transducers in 4×4 array (b). All measurements are in 

centimetres. (Images extracted from Davis et al. (1998) 

A full Wheatstone bridge configuration was used for all strain gauges, four bridges 

for shears and two bridges for vertical pressure on each transducer. The authors used 

32 multiplexors and 16 analogue-to-digital converters to sample all 96 bridges. The 

resonant frequency of the unloaded device was reported to be 350Hz. The system 

had a sampling frequency of 37Hz but could record for 2 seconds only. Although the 

reason for the short limited recording capacity was not published, it is likely that 

memory storage and the speed of the electronics used restricted the amount of data 

that could be acquired. Such limitation restricted the loading responses that could be 

investigated during gait. Moreover, the size of the external signal conditioning circuit 

was not published, but is expected to be large and consume considerable power. 
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The overall sensing surface (105×105mm) of the array was not large enough to cover 

the entire plantar surface. Recently, the system has been improved and now consists 

of 80 transducers arranged in an 8×10 array (Figure 10). The structure of the 

transducers remained the same (Figure 10), but the size of each transducer was 

decreased from 25×25mm to 10.27×10.27mm (Yavuz et al., 2007a, Yavuz et al., 

2007b), thereby improving the spatial resolution of the system. However, the overall 

size of the device still restricted the area of analysis to only a portion of the foot. 

Although it was not a critical requirement for a platform system, the overall 

thickness of their new system was not published. The method of securely mounting 

each transducer in position within the array was not described. Due to the large 

number of wire connections required for the many (six) Wheatstone bridges on each 

transducer, wire management for the system though not discussed was likely to be 

difficult (Figure 10). Manufacturing time and costs for the construction of the device 

was “exorbitantly expensive” (B.Davis, Cleveland USA, pers. comm.).   

 

Figure 10 - Davis' new pressure and shear system. The fully assembled device consisting of 80 transducers 

in an 8×10 array (top left). The wire connections beneath the system are illustrated (top right). A single 

transducer (bottom). (Images reproduced from Davis (2010)) 

Each transducer in the array was statically calibrated with compressive and shear 

loads up to 165N and 67N, respectively. A representative transducer in the array was 

tested under multi-axial loads against a commercially available strain gauge-based 
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load cell. On average, a difference of 3N, or 5% of the applied load, was found under 

dynamic loading conditions. Hysteresis was determined to be ±7.4%. Point-loading 

tests at extreme corners of the transducer resulted in the greatest error (3.8N), which 

equated to 14% of the applied load measured at the centre of the transducer (27.2N). 

Average cross-talk in the shear channels was 5.2% (3.2N) of the applied vertical 

load, while average cross-talk on the vertical channel was 13.3% (4.8N) with AP 

shear, and 4.3% (2.3N) with ML shear. A maximum error of ±12% was observed on 

the compression channel when torsion force was introduced. The output of the 

transducer array was also compared to that of an AMTI force plate (Section 3.2.4.1) 

during clinical gait trails. Although the force profiles from each system appeared 

similar, results for each system were obtained from separate gait trials, and 

consequently could not be directly compared.  

3.2.4.3 Goodyear’s strain gauged systems 

Although not designed for the field of biomechanics and gait analysis, a patent for a 

triaxial force pin sensor array was filed by The Goodyear Tire & Rubber Company 

(Triaxial force pin sensor array, US6536292 B1, 2003). Their design utilities strain 

gauge technology to measure forces generated at the footprint of a car tyre. The 

transducer design was somewhat similar to Davis‟ system, with an „S‟ shaped 

structure on top of a long column (Section 3.2.4.2). The Goodyear system differed 

primarily in its modular design, where stacks of transducers were combined as one 

module, to facilitate exchange of faulty transducers. 

 

Figure 11: A modular design for a triaxial force distribution measurement system. (Figures extracted from 

Gary William Richards (2003)) 
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3.2.4.4 Chen’s strain gauged system 

A gait platform described in Chen et al. (2010) allowed localised measurement of 

both the vertical and shear forces under any specific region of the foot during 

barefoot walking. The design principle of the force transducer was identical to that of 

the Davis‟ system described earlier (Section 3.2.4.2), and used strain gauges in 

combination with an „S‟ shaped structure positioned on top of a long column (Figure 

12). The gait platform had only one triaxial load transducer but incorporated a high-

speed camera system, which by identifying a single anatomical landmark on the 

plantar surface of the foot, allowed for the determination of which part of the foot 

made contact with the transducer (Figure 12). 

 

Figure 12 - Gait platform with single triaxial force sensor and high-speed camera. (Images extracted from 

Chen et al. (2010)) 

The transducer was fabricated using a single piece of aluminium bar with a flat top 

sensing surface of 19×19mm. 5 sets of strain gauges rosettes, in temperature 

compensating Wheatstone-bridge circuits, were bonded onto the sensor body to 

capture the triaxial forces independently. Transducer outputs were collected at a 

sampling rate of 100Hz. Calibration of the transducer in the vertical and shear axes 

was conducted dynamically using a material testing machine (Model 5848, Instron, 

USA), up to loads of 200N and 50N, respectively. Cross-talk effects were found to 

be less than 0.6% in all cases. Frequency response analysis revealed that transducer 

output was within 2% of the applied load up to 50Hz loading conditions. 

 



 

~ 50 ~ 

 

3.2.4.5 Molton Corp.’s strain gauged device 

The PREDIA is a commercially available device from Molton Corporation, 

Hiroshima, Japan. It is specified by the manufacturer that the PREDIA device is 

capable of measuring pressure and shear force simultaneously. According to their 

patent (Bedsore man-factor measuring device, US7090647 B2, 2006) which 

describes the underlying operation principle, the device is constructed by combining 

an air-filled pressure transducer on top of a strain gauge-based shear sensing 

transducer (Figure 13). The application of uniaxial shear load would move the top 

and bottom substrates of the transducer away from each other therefore pulling on 

the strain gauge (Figure 13). The concept of biaxial shear measurement using the 

same shear sensing principle has been described in the patent, however, their product 

only utilised a single strain gauge for uniaxial shear measurement (Figure 13). In the 

manufacturer‟s specifications it is stated that the PREDIA device is capable of 

measuring pressure from 0 to 150mmHg (±2mmHg), or 20kPa over an area of 

36×66mm, and 0 to 50N (±1N) shear over an area of about 80×40 mm. The device 

has been used recently to investigate shear and pressure characteristics at the 

interface of wheelchair seat cushions (Akins et al., 2011). However, there is limited 

evidence of the characteristics of the system in the literature. 

 

Figure 13 – The pressure and shear force transducer parts (a) and the completed PREDIA system (b). 

(Modified images from patent file US7090647B2 and manufacturer’s datasheet) 

3.2.4.6 FSR-based systems 

Force sensing resistors (FSR) are currently employed in numerous commercially 

available devices, specifically for uniaxial plantar pressure distribution measurement. 

These companies include, but are not limited to, Tekscan Inc. (USA), RS-Scan 
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International (Belgium), Paromed GmbH & Co. (Germany), Sensor Products Inc. 

(USA), and T&T Medilogic GmbH (Germany). The products vary from single 

discrete transducers to large arrays suitable for uniaxial pressure distribution 

measurement on chairs. FSR transducers, such as those from Tekscan Inc., are often 

manufactured using screen-printable polymer inks on substrates that are thin and 

flexible (Lowe et al., 2007). Large transducer arrays can be multiplexed easily by 

parallel conductive tracks orthogonally placed one over the other (Macellari and 

Giacomozzi, 1996). However, due to the total numbers of outputs, pressure 

distribution measurement systems often have a restricted sampling rate of no greater 

than 100Hz. 

The performance of FSRs that utilise conductive elastomer is subject to mechanical 

creep (the gradual deformation of the substrate material under constant load) and, 

therefore, are not suitable for analysing forces under static conditions (Macellari and 

Giacomozzi, 1996). These transducers have also been shown to underestimate high 

impact and propulsive forces (Low and Dixon, 2010) due to their poor frequency 

response at high frequency loads. FSRs that use printable polymers, in contrast, often 

suffer from poor repeatability (Cobb and Claremont, 1995), poor accuracy (30% 

error) (Nicolopoulos et al., 2000) and are non-linear and have large hysteresis 

(Fernandes et al., 2003). Researchers have recommended that FSR users to estimate 

and calibrate the transducer with similar pressure level for more accurate results. 

Errors in measuring peak pressures, as large as 33.9%, have been shown with FSRs, 

leading some to suggest that calibration at the specific pressures to be recorded is 

required (Hsiao et al., 2002). Moreover, shear loading has been found to affect the 

accuracy of FSRs, with errors in the vertical pressure values increasing from 5.1% to 

92% with prolonged shear loading (20N for 20 hours). This error could be reduced to 

only 2.8%, if compressive calibration of the transducer is done following the 

prolonged application of shear load (Hall et al., 2008). The elimination of shear 

sensitivity was believed to be caused by the permanent deformation of the polymer 

during prolonged shear loading (Hall et al., 2008). The sensitivity to compressive 

loads would also degrade after prolonged use of the transducer hence FSRs usually 

have a short life span of typically 30 gait cycles (Nicolopoulos et al., 2000). It should 
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be noted that these limitations apply to pressure mats and in-shoe systems for those 

manufacturers who utilities the same FSR technologies in both product range. To the 

best of the author‟s knowledge, there is no other document reporting any 

improvement on the life span typically experienced with FSR after Nicolopoulos‟ 

paper. 

3.2.4.7 Noda’s piezoresistive-based system 

In theory, any uniaxial vertical load measurement device could be used to measure 

shear load instead if the device was placed on its side. In fact, this was recently 

demonstrated in a biaxial shear measurement system (Noda et al., 2006). The system 

had piezoresistive material deposited on silicone substrates, which essentially mimic 

devices for commonly used for vertical load measurement (Cranny et al., 2005, Jin 

and Mote, 1998). However, the substrates were then etched and fabricated as 

standing cantilevers. Orthogonally arrayed standing cantilevers were embedded in an 

elastic material (20×20×1.5mm) to allow biaxial shear measurement (Figure 14). A 

similar design was also used in a triaxial load measurement device (Huang et al., 

2010), where the cantilevers were curved rather than straight. The sensitivity of such 

a transducer design would be heavily dependent on the characteristic of the elastic 

material (Noda et al., 2006, Huang et al., 2010). Moreover, the life span of such 

devices would be questionable due to the constant deformation of the cantilevers 

under loading conditions. It has been estimated that the transducer could be damaged 

after 300 times of repeated load or is subjected to stress above 150kPa (Huang et al., 

2010), therefore the design is currently not suitable for gait analysis.   

 

Figure 14 – Standing cantilevers with piezoresistor arrayed orthogonally for shear load measurement. 

(Image reproduced from Noda et al. (2006)) 



 

~ 53 ~ 

 

3.2.5 Critical review 

As demonstrated previously in various experimental transducer designs and Molton 

Corp.‟s commercially available device, it is clear that strain gauge technologies could 

be used in the design of a transducer that would meet the essential requirement of the 

current study – the ability to measure biaxial shear or triaxial load (Section 2.4.1). 

In terms of transducer performance, strain gauge-based transducers constructed using 

metallic materials are robust, can withstand high loads and can perform linearly with 

load with low hysteresis and non-linearity. High levels of accuracy are also 

achievable even at high frequencies. Performances of piezoresistor or FSR-based 

systems, in contrast, are very much dependent on the substrate material on which the 

resistive substance is deposited and often have performance characteristics inferior to 

strain-gauged devices. While FSRs can be multiplexed easily, thus substantially 

reducing hardware costs, FSRs tend to suffer from poor repeatability, accuracy 

(~30% error) and exhibits nonlinear relationship with high hysteresis (±5%) 

compared to strain-gauged devices (±0.2%). 

On the other hand, strain-gauged devices connected in Wheatstone bridge circuits 

may require relatively bulky external circuits. More physical space would be 

required for electrical connections between gauges to complete each Wheatstone 

bridge and routing to the amplifier circuits. The lower sensitivity of strain gauges 

compared to FSR systems may require higher quality amplifiers and higher power 

consumption. Although surface mount amplifier technologies may be available, the 

provision of power may be an issue for in-shoe measurement. However, the foil 

gauges themselves must not be permitted to bend during in-shoe measurement, 

otherwise there could be an output due to bending which will combined with that 

caused by the vertical or shear loads. This is true for all resistive based technologies 

including FSR. 

In terms of the physical requirements, FSR or piezoresistor-based transducers can be 

readily made into miniature sizes suitable for in-shoe applications. Transducer 

sensing surface dimensions of less than 10×10mm would be readily achievable, 
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yielding a system with good spatial resolution. Although foil strain gauges are often 

installed on bulky structures for load detection, the dimensions of the gauges 

themselves are small and thin. A novel way of installing foil strain gauges would be 

required if it were to be used for in-shoe applications, otherwise, the thickness of the 

transducer would only be suitable for incorporation within a platform system. That 

said, relatively large transducers could facilitate easy handling and mounting. A 

modular system approach, such as that used in the Goodyear system, has the 

advantage of allowing rapid replacement of defective transducer elements and easy 

detachment for cleaning the gaps between elements to prevent dirt or contamination 

from affecting force measurement. Foil-gauged metallic transducers usually have a 

long life span. But due to constant deformation under loads, piezoresistor or FSR-

based sensing elements are not be suitable for prolonged load measurement and are 

subject to premature degradation in performance due to physical deterioration with 

repeated loading. 

FSRs‟ suitability of being incorporated into arrays and the fact that they can be batch 

produced at low-cost matches the manufacturing requirements of the current study, 

but as mentioned above, they perform poorly in comparison to other resistive-based 

technologies. The transducer structure which the strain gauges or piezoresistors are 

adhered to has to be designed as to allow easy access and easy alignment during the 

installation of these sensing elements. Manual application of gauges is time 

consuming and therefore costly. Thin-films may be an alternative method but still 

would require complex wiring between gauges within the transducer structure and 

therefore would not be ideal for volume production. Therefore, strain-gauge 

technologies are not realistic alternative for the development of transducer array and 

are not suitable for in-shoe applications. 

 

3.3 Piezoelectric based transducers 

This section explores and provides a critical assessment on load measurement 

techniques that use piezoelectric-based components. 
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3.3.1 Principle of operation 

In 1880, Pierre Curie and Jacques Curie demonstrated that surfaces of certain 

crystalline material will become electrically charged when subjected to mechanical 

stress (Arnau, 2008). These piezoelectric materials, therefore, can be used as a load 

transducer, if the electric charge generated with the application of load can be 

measured. 

The ability of certain non-symmetric dielectric materials to generate an electric 

charge in response to applied mechanical stress is called the piezoelectric effect. The 

application of force to a piezoelectric material deforms its lattice structure. For 

example, in a quartz crystal, such deformation will result in a shift of its positively 

charged silicon and negatively charged oxygen ions. The shift in the centre of 

positive and negative charges, in turn, results in the generation of an electric charge 

between opposite faces of the crystal. The density of the charge generated on the 

surfaces of the crystal is proportional to the force exerted, and would disappear with 

it (Arnau, 2008). When tension changes to compression, the external electrical field 

changes sign (Figure 15). 

 

Figure 15: Piezoelectric effect in quartz. (Image reproduced from Brown (2001))  

The piezoelectric effect only takes place if the applied stress acts along the polar axes 

of the piezoelectric material. For example in the case of a Quartz, depending on how 

it is cut or manufactured (Figure 16), three main modes of operations can be 

distinguished (Kistler.com, 2010): 
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Figure 16: Ways of cutting a Quartz piezoelectric crystal. (Image reproduced from Kistler.com (2010)) 

Transverse effect: The charge output develops on the unloaded surfaces of the 

piezoelectric element, which is perpendicular to the direction of the applied force 

(Figure 17). The amount of charge generated is dependent on the geometrical 

dimensions of the piezoelement. 

Longitudinal effect: The charge output occurs and can be measured from the 

surfaces to which the force is applied (Figure 17). The amount of charge produced 

depends only on the amount of force applied and not the dimensions of the crystal. 

Several piezoelements can be connected mechanically in series and electrically in 

parallel in order to increase the charge output. 

Shear effect: The charge output develops on the loaded surfaces of the piezoelement 

(Figure 17). The amount of charge generated is dependent on the amount of force 

applied and not the dimensions of the piezoelement. 

 

Figure 17: The three main modes of operation in piezoelectric material. Illustration of electrodes on the 

surfaces of the piezoelement where charges are generated and arrows indicates the directions of applied 

load. (Images extracted from Kistler.com (2010)) 



 

~ 57 ~ 

 

The Curie brothers first demonstrated that quartz crystal and Rochelle salt exhibited 

the most piezoelectricity ability. Naturally grown quartz crystals were the first 

commercially exploited material used in transducers for measurement, while 

scientists continued to search for materials with higher performance. Today, there are 

two main groups of materials used in piezoelectric transducers: 1) natural single 

crystal materials, and 2) man-made piezoelectric materials (Wharton, 2006). More 

detailed information on the different groups of piezoelectric materials can be found 

elsewhere (Barron, 2009). 

Briefly, man-made crystals such as Gallium orthophosphate are similar to natural 

crystals in that sensing elements of different modes of operations can be 

manufactured out from a single crystal (Figure 16). Compared to natural crystals, 

man-made materials such as polycrystalline piezoceramics and polymers can be 

manufactured easily, in large quantities, and at low cost with an unlimited 

availability of sizes and shapes. However, they must undergo the poling process for 

the piezoelectric phenomenon to occur. An unpoled material consists of many 

randomly orientated domains and thus has no net polarisation. Application of a high 

electric field would force each dipole to orient in the field direction and the dipoles 

remain fairly aligned after the electric field has been removed leading to a permanent 

polarisation of the material (Sirohi and Chopra, 2000). 

Piezoceramics can produce higher charge output since their sensitivity can be two 

times higher than those of single crystal materials (Wharton, 2006). Moreover, man-

made piezoelectric polymers, such as polyvinylidene fluoride (PVDF), can be readily 

manufactured with mixed composition suitable for multi-axial load sensing (Kärki et 

al., 2009, Razian and Pepper, 2003, Sirohi and Chopra, 2000). On the other hand, 

natural single crystal materials have a much higher, almost infinite, long term 

stability and excellent temperature behaviour. Curie temperature for Quartz is about 

550°C, whereas it is about 120°C for PVDF. Curie temperature is the temperature 

above which the material loses its piezoelectric behaviour.  

Piezoceramics and piezoelectric polymers are not only piezoelectric but are also 

pyroelectric. The pyroelectric effect reflects the deformation of the lattice structure 
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of the material caused by a change in temperature. The additional charge associated 

with change in temperature, therefore, may confound load measurement. When 

comparing the potential performance of different piezoelectric materials it is 

therefore necessary to take into account both effects: quartz crystal does not exhibit 

pyroelectric effect like piezoceramics and polymers if they are cut in the appropriate 

way to avoid the axes that exhibit the pyroelectric effect, but piezoceramics and 

polymers exhibit greater (>100 times) piezoelectricity ability than quartz (Razian, 

2000, Wharton, 2006). 

3.3.2 Signal conditioning 

Piezoelectric materials are active sensing elements – they required no power supply 

to operate and the electric charge generated can be collected via electrodes attached 

to the sensing element. Piezoelectric materials generate a charge only when force is 

applied to or removed from them. The amount of electric charge generated is 

proportional to the force acting on the material. The charge output is required to 

travel through the piezoelectric measurement chain before reaching a read-out 

device, such as a computer screen or a data recording device. The measurement chain 

consists of the actual piezoelement, a charge amplifier and the connection cables 

between these components. 

Because no material can offer infinite electrical insulation, the charge output from 

the piezoelement that travels through the measurement chain would eventually leak 

to zero. In effect, when a static force is applied to a piezoelectric force sensor, the 

charge output initially generated will eventually leak back to zero yielding an 

inaccurate signal. The rate of this drift, or time constant, in the output signal is 

dependent on the lowest insulation resistance path in the measurement chain. It is 

also possible that a slow speed dynamic force becomes quasi-static and the charge 

leakage is faster than the rates of charge build up due to the changing force. 

Therefore, the time constant that determines the measurement limit or the low cut-off 

frequency of the device could deteriorate due to insufficient insulation. 

Environmental contaminants such as moisture or grease can reduce the insulation 
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resistance of connection sockets, therefore all cable connections must be kept as 

clean as possible. 

Piezoelectric materials themselves are insensitive to electromagnetic fields and 

radiation, enabling measurements under harsh conditions. However, the electronics 

required for these materials to work can be sensitive to noise. In many cases, high 

impedance cables are required to minimise noise in the signal. Piezoelectric sensors 

require no offset even after frequent load cycles. The sensing element can be reset to 

zero prior to each new measurement process by discharging any electric charge 

generated by factors such as initial load. This automatically eliminates the effect of 

any static or slow changing mounting conditions without affecting the measurement 

accuracy. 

There are two circuits commonly used for signal conditioning in piezoelectric 

sensors: 1) Voltage mode, and 2) Charge Mode. Both circuit designs serve the same 

general functions, which include: 1) conversion of the output to a useful low 

impedance voltage signal and 2) signal amplification. While more detailed 

comparison between the two modes of operation can be found elsewhere 

(Dytran.com, 2011, Karki, 2000). Table 2 summaries the typical configuration, 

advantages and limitations of each operation mode: 

Table 2 - Typical configuration, advantages and limitations of charge mode and voltage mode piezoelectric 

systems. 

Charge mode system Voltage mode system 

Configurations: 

Output from the piezoelement is a charge 

and is routed to the signal conditioning 

circuits placed externally to the 

transducer via low-noise cables. 

Configurations: 

Output from the piezoelement is 

modelled as a voltage source. 

Amplification and signal conditioning 

circuits are set close to the piezoelement, 

often built within the transducer housing. 

Advantages: 

1. All electronics are placed externally 

to the transducer housing, allowing: 

 The piezoelectric material to 
operate in harsh environments 

or at high temperatures 

Advantages: 

1. High impedance circuitry is protected 

within the transducer, ensuring: 

 Low impedance output signal 
from the transducer can be 

transmitted over long cables 
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(>500°C is possible). 

 Selective system 

characteristics, such as 

sensitivity and frequency 

range, via external switching 

components. 

 Dimensions of the transducer 
to be minimised. 

 Minimisation of the amount 
of cables. 

through harsh environments 

with no loss in signal quality. 

 Can function with ordinary 

cables eliminating the need 

for expensive low-noise 

cabling. 

Disadvantages: 

1. High impedance signal output  

 Requires signal conditioning 
prior to being 

recorded/analysed. 

 Greater potential to be 
contaminated by noise 

(includes triboelectric effect 

by cable movement, electro-

magnetic and radio 

interference). 

2. Requires external signal conditioner. 

3. Requires high quality low-noise 

cabling. 

 Often cannot be repaired but 
must be replaced if damaged. 

 Expensive. 

Disadvantages: 

1. Built-in electronics are sensitive to 

shocks; care must be taken to ensure 

they are not damaged due to high 

mechanical shocks at heel strike. 

2. Electronics are within the transducer. 

 Increasing the overall 
dimensions of the transducer. 

 Requires power supply to the 
transducer – increasing the 

amount of cabling. 

 The characteristics of the 
transducer are fixed and are 

independent of supply 

voltage. 

Although it is beyond the scope of this thesis to describe the different circuit 

configurations possible in different modes of operation (Karki, 2000), both voltage 

mode and charge mode transducers are essentially resistor-capacitor (RC) circuits. 

The schematic (Figure 18) indicates a simple RC circuit in charge mode.  
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Figure 18 – A simplified model of a typical charge amplifier circuit. 

The time constant (TC) of a RC circuit is determined by the product of the capacitor 

and the resistor: TC = RC. TC is defined as the time (in seconds) required for the 

transducer system to discharge its signal output to 37% of its original value. After a 

step input applied to the transducer, the charge across the capacitor immediately 

begins to discharge through the resistor and then follows the exponential RC 

discharge curve as shown in Figure 19. Typical values for the time constant range 

from less than 1 second to up to 2000 seconds (PCB Piezotronics, 2010).  

 

Figure 19 - The basic RC discharge curve. (Figures extracted from PCB Piezotronics (2010)) 

Due to the actual RC characteristics of an amplifier circuit, it can be understood that 

piezoelectric force transducers are not ideal for static load measurements (Mack, 

2007). The general rule of thumb is that output signal loss and time elapsed over the 

first 10% of a TC have a one to one relationship. For a transducer with TC of 100 

seconds, 10% of the original signal will have decayed over the first 10 seconds. For 
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1% accuracy, data should be taken in the first 1% of the TC, or 10% of the TC if 

10% accuracy would be acceptable. Figure 20 graphically demonstrates the event 

with a square waveform input. If the static load was held, the signal output would 

naturally decay towards zero in approximately 5 TC. If the load was removed, the 

output signal would fall below the initial baseline reference point and eventually 

decay upwards toward zero until equilibrium in the circuit was observed (Figure 20). 

The magnitude of the fall below the initial reference point would be the same as the 

decay that occurred during static loading. This would result in a constantly changing 

baseline and therefore the absolute transducer output value could not be used as a 

direct measure of the applied load, unless an expensive charge amplifier and 

conditioning circuit was used to lengthen the TC thereby allowing quasi-static load 

measurements (Lord and Smith, 1983). 

 

Figure 20 - Typical square function response from a piezoelectric-based transducer. (Figure reproduced 

from http://www.pcb.com/techsupport/tech_force.php) 

3.3.3 Transducer construction 

The construction of a piezoelectric load transducer can be very simple. A structure or 

a thin membrane could be used to guide and transmit the external load to the 

piezoelement (Figure 21). Since piezoelectric materials are active sensing elements 

they required no power supply to operate, but a power supply to the transducer 

housing would be required if it were to operate in voltage mode with electronics built 

within the transducer (Section 3.3.2). The electric charges generated are collected via 

electrodes attached on the piezoelement and fed to the amplifier and other electronic 
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circuits (Figure 21). The attachment locations of the electrodes on the piezoelement 

depend on the mode of operation of the piezoelectric material, whether the transverse 

effect, longitudinal effect or shear effect is utilised (Section 3.3.1). The active 

elements and electrodes are usually enclosed and protected from electromagnetic 

noise in a metallic housing (Figure 21). 

 

Figure 21: An example of the construction of a piezoelectric force sensor. (Modified diagram from 

Wharton (2006))  

Although brittle, piezoelectric materials typically have a high modulus of elasticity 

and stiffness – in the order of           (Wharton, 2006). In other words, 

piezoelements show very small levels of deformation when subjected to external 

load. However, as piezoelements are often thin in comparison to their cross sectional 

area, care must be taken when bending moments or other external load exists, 

otherwise the system would be prone to mechanical induced error (HBM, 2010). The 

high natural frequency and high load capacity enabled by the stiffness of 

piezoelectric material makes it ideally suited for dynamic measurements (National 

Physical Laboratory, 2010). However, charge leakage associated with piezoelectric 

circuits renders them less suitable for static measurements. While this effect can be 

negated, to some extent electronically, it requires expensive amplification and 

conditioning circuits (Section 3.3.2). 

3.3.4 Current state-of-the-art 

In 1969, Kistler Group (Switzerland) introduced the world‟s first piezoelectric 3-

component force transducer. Triaxial force transducers can be manufactured by 

stacking a piezoelement sliced to exploit the longitudinal effect, together with two 

elements sliced to exploit the shear effect (Section 3.2.1). The charge from each 
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element is then collected via their individual electrodes inserted into the stack. Each 

piezoelement must be aligned precisely so that the orientation of the active axis 

coincides with the axis of the force component to be measured. Each piezoelement 

will produce a charge proportional to the force component specific to that particular 

element. Kistler‟s force platforms are capable of measuring 6-components of force 

and are currently regarded as one of the „gold standard‟ devices. These systems have 

been used extensively to measure ground reaction forces in gait analysis (Shaw et al., 

1998, Antonsson and Mann, 1985, Gefen et al., 2000, Giacomozzi et al., 2000) and 

have often been used as the reference to test the accuracy and reliability of other load 

measurement systems (Sumiya et al., 1998, Nicolopoulos et al., 2000). 

Due to high stiffness of the piezoelectric crystal and the metallic transducer housing, 

the typical natural frequency of a Kistler transducer is of the order of 1000Hz, as 

specified by the manufacturer. The rated capacity of the transducers for vertical load 

is typically 17kN and ±8kN in shear loading. The cited non-linearity and hysteresis 

of the transducer is <±0.5%RC. However, like any piezoelectric-based system, 

outputs from Kistler‟s transducers exhibit drift even when connected to expensive 

charge amplifiers. The cited maximum drift in Kistler‟s amplifiers is 10mN/s and 

5mN/s for the vertical and shear axes, respectively. Other commercially available 

piezoelectric transducers also exhibit output drift. Quartz-based transducers from 

HBM GmbH (Germany) have a maximum drift of 25mN/s (HBM, 2010). Triaxial 

piezoelectric force transducers from PCB Piezotronics (USA) have previously been 

used to measure pedal forces during recumbent cycling (Johnston et al., 2008). These 

typical transducers can typically measure 6kN vertical and 3kN shear forces, with a 

resolution of about 0.6mV/N and a time constant of 1000 seconds.  
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Figure 22 - Triaxial load transducer consists of 4 separate PVDF sensing elements. (Image reproduced 

from Kärki et al. (2009))  

Quartz-based triaxial load transducers that use stacks of crystals can be used to 

measure heavy loads (3000kN) in applications such as shipbuilding (Li et al., 2009a, 

Li et al., 2009b, Li et al., 2009c). Large transducers and commercially available 

devices mentioned above usually have the piezoelement enclosed in a metallic 

housing for adequate protection from electromagnetic noise. Experimental miniature 

transducers that use a stack of four PVDF elements covered with plastic sheeting, 

also exist for triaxial load measurement (Kärki et al., 2009). The desired triaxial 

force signals, both vertical and two shear components, were obtained as difference 

signals between PVDF elements (Figure 22). The overall dimensions of the 

transducer were 30×30×2.4mm, and it was calibrated up to 4.5N (~5kPa) and 1.15N 

(~1.3kPa) in the vertical and shear directions, respectively. However, the calculated 

sensitivity values from the calibration were used to calculate the measurement at 

higher load (~165kPa vertical load and ~50kPa shear) in a preliminary subject trial. 

However, it was a preliminary prototype transducer with poor manual construction. 

Double-sided tape was used to attach each PVDF element together. Moreover, the 

accuracy of the measured data was not validated against a reference load 

measurement standard. 

A flexible plantar pressure distribution measurement system consisting 64 

piezoelectric sensing elements has also been demonstrated previously at the 
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Biomechanics Institute of Valencia (Martínez-Nova et al., 2007, Martínez-Nova et 

al., 2010). While each of the circular sensing elements was 5mm in diameter and 

0.5mm thick, no published information is available regarding the characteristics and 

the construction of the device. 

A more developed and reported in-shoe triaxial load transducer has been 

demonstrated by the research group at the University of Kent (Razian and Pepper, 

1998, Razian and Pepper, 2003). The potential of an in-shoe uniaxial plantar pressure 

measurement system, utilising a single element of piezoelectric film, was first 

reported by the group (Nevill et al., 1995). The design was then modified for biaxial 

shear measurement (Akhlaghi and Pepper, 1996) and advanced to a tri-axial force 

transducer using a single copolymer film (Razian and Pepper, 1998, Razian and 

Pepper, 2003). The copolymer film had a mixed composition of PVDF and 

trifluoroethylene (TrFE) and was sandwiched between three printed circuit boards to 

form a complete transducer. The triaxial load transducer measured 13×13×2.7mm 

and operated in charge mode with an external charge amplifier (Nevill et al., 1995). 

To the best of the author‟s knowledge, the Kent‟s system is currently the only 

piezoelectric-based device consisting of multiple triaxial load transducers for 

measuring triaxial load under various discrete locations beneath the foot. The system 

was calibrated up to 700N for vertical and 400N for each shear axis under quasi-

static loading condition. The average full-scale non-linearity was found to be of the 

order of 1%, hysteresis <2%, average crosstalk ~2%. Variation in temperature 

ranging between 30°C and 40°C was expected to introduce a maximum measurement 

error of about 2% (Razian and Pepper, 2003). The performance of Kent‟s system has 

been evaluated in the current study and is discussed further in Section 5.1. 

3.3.5 Critical review 

The utilisation of piezoelectric material in multi-axial force transducers have been 

well established for over 40 years. While quartz has been traditionally used, triaxial 

force measurement was only possible by using three piezoelements, each cut 

according to an identified crystal axis direction. Recently, however it has been shown 

that piezoelectric copolymers have properties that provide the potential to develop 
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triaxial load transducers with a single piezoelement. Although thin film of 

piezoelement may be difficult to mount or manually handle, transducer dimensions 

of around 13×13×3mm which is suitable for in-shoe applications have been 

demonstrated. Due to the stiffness of the piezoelectric material, negligible 

deformation of the transducer can be expected. Therefore, the gap between adjacent 

transducers can be minimised, potentially allowing high spatial resolution load 

distribution measurement from a transducer array. However, care must be given 

when working with PVDF and its copolymer. Copolymer is brittle and could shatter 

if bent. Additional bending will also introduce deformation which will in turn 

develop charge therefore generating false outputs. 

The relatively stiff piezoelectric material would also ensure the system has a high 

natural frequency (of the order of 1kHz) that is suitable for measuring the foot strike 

transients. Other transducer performance requirements such as hysteresis (<2%), 

non-linearity (1%) and rated capacity (700N vertical, 400N shear) could also be 

easily achievable in a piezoelectric-based transducer. However, the accuracy of the 

device is highly dependent on the amplification circuit, as well as the quality of the 

transducer construction. Piezoelectric materials theoretically display zero cross-talk, 

however, imperfections in transducer construction could potentially lead to other 

stress being transmitted to the active element thereby causing erroneous results. 

Moreover, charge leakage associated with all piezoelectric systems requires 

relatively expensive amplifier circuits. The amplification circuit maximise the decay 

time constant and directly influences the low pass frequency response of the device. 

Although a relatively short time constant may be sufficient in a platform system for 

dynamic load measurement over the period of a single gait cycle, the time constant 

should be as long as possible for in-shoe applications when quasi-static conditions 

may be possible during testing. Moreover, sufficient insulation and protection from 

environmental contaminants along the whole piezoelectric measurement chain is 

paramount to avoid signal noise and deterioration in the time constant value. 

In terms of hardware and manufacturing requirements, cables required per transducer 

can be minimised if the system was to operate in charge mode. However, the cost per 

transducer is typically very high due to the need for expensive low-noise cables. 
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Suitability for low-cost batch production and the capability for the transducers to be 

incorporated in an array are unclear and would require some novel solutions. Manual 

fixation of the piezoelement on the transducer structure and precise attachment of 

electrodes may be necessary. As such, the reliability and life span of the system 

would depend on the quality of the bonding of the piezoelement and the installation 

of wires. Any environmental contaminants such as dust and moisture could 

potentially alter the intended load transmission to the piezoelement thus causing 

output errors. Due to the RC characteristics of an amplifier circuit, the constantly 

changing baseline in the signal means that the absolute output value could not be 

used as a direct measure of the applied load. A circuit with a long TC (2000 seconds) 

would be possible but likely to be expensive. 

 

3.4 Capacitive based transducers 

This section explores and provides a critical assessment of load measurement 

techniques that use capacitive-based components. 

3.4.1 Principle of operation 

Capacitance has a unit of Farad (F) and is a measure of the ability of a system to 

store electric charge. A basic system consists of two conductive and electrically 

charged plates (electrodes) that are parallel and separated by an insulting dielectric 

medium (Figure 23). The capacitance C is given by C= εA/d, where ε is the 

permittivity of the dielectric, A the area of the overlapping area of the plates and d 

their distance. Therefore, there are three basic factors that determine the amount of 

capacitance in a system: 1) overlapping area of the plates, 2) the gap distance 

between the plates, and 3) the dielectric material used. 
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Figure 23 - A basic capacitor with a dielectric medium between two conductive plates, each of area A and 

with a separation of d. Graph showing the non-linear relationship between capacitance (C) and distance 

(d). 

A simple load transducer can be realised by using an elastic material as the dielectric 

medium which separates the electrodes. With all other factors unchanged, when 

external load is applied to the assembly, the elastic layer deforms, which decreases 

the distance between the electrodes and results in a capacitance change proportional 

to the magnitude of the applied load. A load transducer could also work by allowing 

one of the electrodes to move with external load, thereby altering the overlapping 

area of the plates. In this case, the variation in the overlapping area of the plate 

would change the capacitance of the system. Alternatively, the dielectric material 

could be made movable between the two electrodes while other variables remain 

constant. 

3.4.2 Signal conditioning 

There are many circuit designs suitable for measuring capacitive change and it is 

beyond the scope of this thesis to describe the many possible configurations. Briefly, 

an AC circuit is typically used to measure the change in capacitance in a transducer. 

Greater sensitivity to changes in any two of the three basic factors (area, gap space 

and dielectric material of the capacitor system) can be achieved in a transducer 

working in differential mode (Figure 24). The „twin-T‟ circuit configuration can be 

used as the measurement circuit for differential capacitive transducers and is less 

influenced by the effect of stray capacitance (Kuphaldt, 2002), which may be due to 

undesirable capacitance between wires or between electronic components and the 

transducer chassis. Otherwise, compensatory measures, such as the use of a Faraday 

shield, are required to minimise the effect of stray capacitance in the system (Guinta, 

1996). 
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Figure 24 - Differential capacitive transducer varies its capacitance by changing: area of overlapping 

electrode (a), distance between electrodes (b), or dielectric between the electrodes (c). (Diagrams extracted 

from Kuphaldt (2002)) 

Capacitance measurement is also possible using circuits based on the charge-

balancing principle as described elsewhere (Zhu et al., 1991, Zhu and Spronck, 

1992). However, regardless of the capacitance sensing circuit used, additional 

linearization techniques would be necessary to convert the non-linear capacitance 

change (Figure 23) to a linear load-capacitance output if desirable (Yamada et al., 

1992). 

3.4.3 Transducer construction 

As mentioned above (Section 3.4.1), a basic uniaxial load transducer can be 

constructed with two parallel electrodes that are separated by an insulting elastic 

material (Figure 23). Moreover, it is obvious that a differential capacitive transducer, 

such as those shown in Figure 24a and c, are suitable for shear load measurement. It 

can be understood that capacitive transducers can be extremely thin (<2mm) and 

theoretically be made into any shape. The electrodes need not to be bonded to the 

dielectric material allowing easier and quicker manufacturing. However, the 

electrodes would then need to be encapsulated within an elastic housing. Such 

housing should also provide adequate shielding to minimise the effect of stray 

capacitance and possible influence in the capacitance output due to the conductive 

property of the plantar skin (Lee, 2006).  

3.4.4 Current state of the art 

Capacitive-based uniaxial pressure distribution measurement devices are not new. 

Novel GmbH (Germany), founded in 1978, developed the world‟s first commercially 

available device for the measurement of plantar pressure distribution. Today, 

capacitive-based plantar pressure distribution measurement systems are available 
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from other manufacturers, such as AmCube (UK). Fundamentally, their systems are 

based on two parallel plates of fixed area with a gap space that will vary with the 

load applied. The dielectric in Novel GmbH‟s systems is a rubber-like elastomer. 

Platform devices as well as in-shoe transducers are currently available from Novel 

GmbH, and have been used extensively in gait analysis (Bertsch et al., 2004, Bosch 

et al., 2007, Drerup et al., 2008, Chen et al., 2007) and for evaluating plantar pressure 

distribution in the diabetic population  (Armstrong et al., 1998, Bacarin et al., 2009, 

Bus et al., 2006, Bus et al., 2005, Guldemond et al., 2007a, Guldemond et al., 2007b, 

Hayes and Seitz, 1997). Novel GmbH‟s platform system has a spatial resolution of 4 

sensing elements per cm² and is capable of sampling at up to 400Hz. However, the 

company has not specified the frequency response of their system. 

Novel GmbH‟s in-shoe systems displayed good accuracy and precision with error 

less than 3%, but only when the system was: 1) less than 1 year old, 2) measurements 

were taken shortly after calibration of the system, and 3) measurements were taken 

within a few seconds after pressure was applied (Hsiao et al., 2002). It is not 

recommended that a subject stands on the device for a prolonged period either before 

or after measurements are taken. While the manufacturer specifies that the 

transducers are not designed to measure pressure less than 15kPa (Novel 2010 

product catalogue), due to poor accuracy (up to 57% error), measurement below 

35kPa was not recommended by others  (Hsiao et al., 2002). Long-term (hours) 

plantar load measurement may be required to monitor patient‟s daily activities, but 

prolonged use of the system resulted in 9.6% drift after 20 minutes of static load 

(50kPa). Prolonged cyclic load also resulted in error up to 8% and as much as 22% 

for loads under 300N (Hurkmans et al., 2006). The visco-elastic properties of the 

dielectric elastomer used in the transducer is likely to blame for such time-dependent 

characteristics of the system. However, these errors did not appear to affect outcomes 

in clinical measurement when tests lasted less than 10 minutes. 

Commercial capacitive-based devices were compared to commercial resistive-based 

pressure distribution measurement systems described earlier (Section 3.2.4.6). In 

terms of linearity, hysteresis and measurement error, Novel GmbH‟s capacitive-

based system had the highest performance (Giacomozzi, 2010), and the capacitive-
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based system from AmCube suffered from low performance on all of these 

parameters. The reliability of Novel GmbH‟s platform system in repeated plantar 

pressure measurements during gait across multiple testing sessions over >5 days was 

found to be satisfactory with a coefficient of variation of <10% for peak pressure 

measurements (Gurney et al., 2008, Maetzler et al., 2010). 

Based on the differential capacitive principle (Section 3.4.2), Chu et al., (1996) 

demonstrated a transducer capable of measuring triaxial load. Their prototype device 

was a 10mm² chip containing 3×3 triaxial load sensing elements, with overall 

accuracy of 2% and non-linearity of 1% but could only measure forces up to 1g 

(0.01N). A transducer based on the same triaxial load sensing principle, but on a 

larger scale, has been reported by Novel GmbH (Christ et al., 1998). Their system 

consisted of 64 sensing elements, each with an area of 15×15mm, in an 8×8 matrix 

configuration. The principle of the transducer is illustrated in Figure 25. The vertical 

load (Fv) was measured by the increased capacitance due to the decrease in distance 

between plates 1&2 and plates 1&3. The shear load (Fh), directed towards the right 

as illustrated, would have led to an increase in capacitance between plates 1&3 but a 

decrease between plates 1&2, thus shear (Fh) could be calculated by finding the 

differences in capacitances between the two pairs of plates. 

 

Figure 25 - Principle of measuring vertical and horizontal forces with the capacitor plates 1,2 and 3. 

(Diagram reproduced from Christ et al. (1998)) 

The device had a thickness of approximately 1mm, and is 1mm thinner than their 

commercial in-shoe uniaxial pressure system. The company proposed that hysteresis 

would be <2% but did not provide data to support the claimed performance. No 

further updates on the progress of this triaxial measurement systems have been 

published by Novel GmbH since the document by Christ et al. (1998). 



 

~ 73 ~ 

 

 

Figure 26 - The end view of the structure of a capacitive-based shear force sensor showing the 

displacement of the pillar when shear force is applied. (Diagram reproduced from Tiwana et al. (2011)) 

Other experimental devices (Heywood et al., 2004) have attempted to measure shear 

loads by effectively placing a vertical differential capacitive system in a sideways 

position. The device could measure up to 15N shear, with a non-linearity of 8.3% 

and hysteresis <12%. The same design concept (Figure 26) was also found in the 

work of Tiwana et al. (2011) but their system could only measure shear load of up to 

4N. Due to height, and therefore area, of the capacitive plates, the capacitance of the 

transducer was relatively low and would require circuits with high resolution to 

detect the relatively small changes in capacitance (Tiwana et al., 2011). 

3.4.5 Critical review 

Capacitive-based pressure distribution measurement is now a well established 

technique in the field of biomechanics. However, because commercial capacitive-

based transducers employ an elastomeric medium as the dielectric layer, the 

frequency response of the transducer is anticipated to be less than other load sensing 

technologies, such as piezoelectric-based transducers (Sections 3.3). Accuracy was 

found to be poor for low load measurement (up to 57% below 35kPa) and in some 

cases it was not possible to measure pressure less than 15kPa. Due to the non-linear 

nature of capacitive sensing, additional linearization circuitry or software 

compensation techniques are required for optimal measurement performance. 

Compared to strain-gauge-based technologies (Section 3.2), capacitive-based 

transducers have potentially superior physical characteristics, such as minimal 

transducer thickness (<2mm) and high spatial resolution (5×5mm sensing area) 
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making them suitable for in-shoe applications. Batch production of capacitive-based 

transducers and their ability to be incorporated within an array has been proven. 

However, these were only true for systems capable of uniaxial pressure 

measurement. A novel method of identifying the location of the capacitive plates 

would be require for a combined pressure and shear measurement device to have the 

same physical characteristics. 

Moreover, it is questionable whether capacitive load sensing technology could be 

used for biaxial shear or triaxial load measurement. Although various experimental 

triaxial designs have been investigated, more than 10 years after the publication from 

Novel GmbH, there is still currently no commercially available system capable of 

measuring shear. It was believed the concept of shear measurement using parallel 

plates separated with an elastomeric material posts many technical problems. One 

could imagine that if a load were applied to the side of such transducer it would 

cause the top electrode plate to tilt at an angle thereby causing erroneous output. The 

problem cannot be solved even if the top electrode was in a circular shape, but then 

in theory the transducer would not be sensitive to torsion caused by off-axis shear 

loading. Accurate shear measurement using capacitive-based sensing technology 

would be challenging. 

 

3.5 Optoelectronic based transducers 

This section explores and provides a critical assessment on load measurement 

techniques that use optoelectronic-based components. 

3.5.1 Principle of operation 

Light, in the visible or invisible spectrum, exhibits many properties such as intensity, 

wavelength and interference. As such, there are various methods for the manipulation 

of light appropriate for load sensing. Nonetheless, all optoelectronic-based 

transducers consist of a light source and a light (or photo) sensor. The purpose of the 

photo sensor is to convert the optical signal to an electrical signal that can be read 
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and stored by an instrument continuously. Examples of some methods for the 

manipulation of light are discussed below: 

Light intensity 

One of the most obvious and best understood methods for the manipulation of a light 

source is the shutter method. The movement of a load-sensitive membrane or 

structure could be used to convert the load into a mechanical displacement, which in 

turn could be used to drive a shutter that blocks the light from reaching a photo 

sensor (Figure 27a). Other simple light source and photo sensor configurations, as 

proposed by Hirose and Yoneda (1990) could also be used to change the light 

intensity due to applied load, these includes: 1) the change in light intensity due to 

the relatively movement of the light source and the photo sensor (Figure 27b), 2) the 

installation of multiple photo sensors to measure X and Y direction movements by 

determining the ratios of the light intensity received by the photo sensors (Figure 

27c), 3) the use of a mirror to increase the light intensity due to movement of the 

mirror, which effectively represents the opposite of the shutter method (Figure 27d), 

and 4) the use of a converging lens or pinhole set in front of the light source to allow 

increased sensitively in the Z-directional distance (Figure 27e). Fundamentally, all 

these optical configurations are displacement sensors but a load transducer can be 

materialised when holding such an optical unit within elastomeric members. Minute 

displacements produced by external load, therefore, could be measured and 

calibrated. 

 

Figure 27 - Several types of optical sensor proposed by Hirose and Yoneda (1990). (Image reproduced 

from Hirose and Yoneda (1990)) 
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The light intensity in an optical fibre can also be altered. Optical fibres rely on total 

internal reflection to confine light to their core, which is only valid if the propagation 

of light in the fibre hits the boundary of the fibre at an angle larger than the critical 

angle for the boundary. Scattered light within the fibre is more likely to exceed this 

critical angle once the fibre is bent (Figure 28). If an external load results in bending 

of a fibre, the change in intensity received at one end of the fibre could be calibrated 

to measure such a load. 

 

Figure 28 - Light loss in an optical fibre due to bending. (Modified diagram from 

http://faxswitch.com/Definitions/telecom_dictionary_m.html) 

Wavelength 

Fibre Bragg Gratings (FBG) are fringes in the core of an optical fibre created by 

intensive UV light. The periodic spacing structure of these fringes result in the 

reflection of light at a specific narrow band wavelength, called the Bragg wavelength 

(Figure 29). All other wavelengths are transmitted through the grating without being 

reflected. An external load or stress applied to the fibre causes the period of the 

grating to shift, and so the peak reflected wavelength is shifted too. Therefore, a load 

transducer can be realised by detecting the shift of the Bragg wavelength.  

 

Figure 29 – Fibre Bragg grating schematic. Typical fibre diameter of 125µm and the reflected Bragg 

wavelength (λ). (Modified diagram from Kreuzer (2007)) 
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Optical interference 

Optical interference is a phenomenon whereby two light waves interact. When two 

light waves interact the resultant wave may be of greater or lower amplitude 

depending on the type of interaction, either constructive or destructive interference, 

respectively. This property of light waves has the potential to be put in use for load 

detection. For instance, photoelasticity is one of the many possible methods based on 

optical interference, which allows the stress distributional in a material to be 

graphically represented (Figure 30). The light transmitted is altered based on the 

deformation of the material. The resultant light pattern could be captured via a video 

recording device, thus studying the light pattern one could determine the state of 

stress across the whole surface of the material. 

Alternatively, video recording devices could be used to track the changes in colour 

from a stress sensitive material that would change colour depending on the  load 

being applied  (Stucke et al., 2012) 

 

Figure 30 – Stress patterns visualised using optical interference in a plastic model of a crane hook with 

hanging weights and photographed through polarised white light. (Credit: Peter Aprahamian, Sharples 

Stress Engineers Ltd, Science Photo Library) 

3.5.2 Signal conditioning 

The simplest optoelectronic circuit would be for the measurement of light intensity. 

A photodiode is usually used for such a purpose. The design of a photodiode circuit 

is beyond the scope of this thesis. For more details, interested readers are referred to 

a textbook dedicated for the design of photodiode circuits (Graeme, 1995). One 

could see a photodiode as a solar cell, which requires no power to operate but is 
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capable of converting light energy into either current or voltage, depending upon the 

mode of operation (Graeme, 1995). Photodiode circuits are commonly used in a wide 

range of applications, including precise laser or mirror alignment and inside laser 

printers for precise detection of the printer head location. Figure 31 illustrates a 

typical quad-photodiode amplification circuit used for precise detection of the X and 

Y position of a laser source. Circuit boards with built-in quad-photodiode arrays with 

sum and difference amplifiers are commercially available. Circuit boards of sizes no 

larger than the photodiodes themselves (about Ø10mm) are available and have a 

typical bandwidth of more than 150kHz for high speed detection.  

 

Figure 31 - Typical circuit used with multi-element photodiodes for detecting the X and Y position of a 

light spot with respect to the centre of the multi-element photodiode. (Figure reproduced from OSI 

OptoelectronicsInc (2010)) 

Fibre Bragg Gratings (FBG) systems usually work by injecting light from a 

broadband source into the fibre. The grating reflects a narrow spectral component at 

the Bragg wavelength, or in transmission this component is missing from the 

observed spectrum. The detection of change in wavelength from a light source is 

relatively complex than measuring light intensity and there are several different 

principles for analysing such optical variable. The reader is directed to other 

literature for an in depth description on the operating principle of some wavelength 

interrogators (Kreuzer, 2007). Most optical interrogators consist of multiple 
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photodiodes and mathematical algorithms are then applied to interpret the shift in 

wavelength and relate it to the applied load. 

For systems based on optical interference or photoelasticity, a video camera would 

be necessary. The image sensor within a video camera is simply a large array of 

photodiodes (or pixels) multiplexed together. If colour detection was desired, such as 

in the case of photoelasticity, an array of colour filters that passed the three primary 

colours to selected photodiodes would be used. Today, low-end image sensors 

typically contain 1280×720 pixels with speeds of up to 60 frames per second in 

continuous recording mode. High-end cameras with speed in the order of >500 

frames per seconds are commercially available but are expensive, with fewer pixels 

and in some cases can only record a few seconds worth of data. 

The same multiplexing circuit used in video cameras, such as active-matrix 

addressing, is also applicable in transducers that are based on detecting the changes 

in light intensity. Hence, the construction of a load distribution measurement system 

containing large numbers of photodiodes would be possible. The multiplexing 

capability of FBG systems is discussed in the next section (Section 3.5.3). 

3.5.3 Transducer construction 

The construction of an optoelectronic based transducer differs dramatically 

depending on its operating principle. Light-emitting-diodes (LEDs) are often selected 

over incandescent light sources because they are relatively cheap, consume relatively 

little power, have a longer life span and are available in various sizes. A simple 

uniaxial load transducer, for example based on the shutter method (Section 3.5.1), 

could be constructed with a LED and a photodiode enclosed in an elastic structure. A 

multi-axial load transducer could potentially be realised using multiple photodiodes. 

The LED and photodiodes need not to be placed within the transducer housing. 

Instead, fibre optics could be used to guide the light into and out of the transducer 

part to photodiodes located externally from the transducer structure. This would 

further increase the resistance to electromagnetic noise making the transducer 

suitable for load measurement in a magnetic resonance imaging facility, for example. 
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In fact, the transducer structure could simply be the fibre optic cable itself if the 

principle of fibre bend loss could be utilised in a multi-axial load transducer design. 

As such, the thickness of an optoelectric-based transducer would likely be suitable 

for in-shoe applications. For platform systems, photodiode amplifier and data 

processing circuits are commercially available and they are no larger than the 

photodiode chips, hence all the electronics could be embedded within the transducer 

housing without compromising the spatial resolution of the system. 

The construction of a load transducer using optical fibres with Fibre Bragg Gratings 

would be very similar to using resistive strain gauges (Section 3.2.3). The bonding of 

FBG on surface(s) of an elastic structure for vertical or shear load sensing would be 

time consuming. Similarly, the design of the structure and precise locations of the 

FBGs would be paramount to minimise the effect of cross-talk for accurate load 

measurement. In contrast to strain gauges, a bridge circuit configuration is not 

necessary for FBG systems. Also, more than one FBG could be integrated in a single 

optic fibre. 13 sensor points per fibre are currently recommended by a FBG 

manufacturer (HBM GmhH, Germany). In other words, a 4-channel FBG 

interrogator (Section 3.5.2) could measure the change in wavelengths in as many as 

52 sensor points along 4 separate FBG optic fibres. This multiplexing capability of 

FBG is attractive for a load distribution measurement system where wires, or in this 

case the number of fibres, could be minimised. However, FBG technology is 

relatively new and the interrogators are currently very bulky in size and expensive to 

operate (>£14000, PXIe-4844 interrogator, National Instruments Corps., Ireland). 

Theoretically, a single fibre with numerous FBGs could be used to form a layer of 

distributed shear transducers large enough to cover the entire plantar surface of the 

foot. However, a typical fibre would suffer from a loss in light intensity, hence signal 

intensity, if the fibre were bend with a radius <10mm. 

A load transducer that was based on optical interference would only be suitable as a 

platform system. The construction of which would require a video camera to be 

situated beneath the platform, unless a mirror configuration was to be used. 
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3.5.4 Current state-of-the-art 

The shutter method has been used in an experimental miniature force transducer for 

an advanced computer pen (Clijnen et al., 2003b, Clijnen et al., 2003a). The 

transducer consisted of a mechanical shutter structure which converts the applied 

load into linear displacement of the shutter, which in turn blocks the LED-

photodiode pair. Three LED-photodiode pairs were used to measure triaxial load. 

The overall transducer dimensions were Ø12×45.6mm, with a rated capacity of only 

±2N, accuracy of 1%, but with a high resonance frequency of 360Hz. A non-

shuttered LED and photodiode pair was also situated in the transducer to compensate 

for potential thermal effects 

A low-cost miniature optoelectronic-based transducer (Ø15×3.8mm) has also been 

demonstrated previously but was only capable of uniaxial shear measurement (Lebar 

et al., 1996). The thickness of the transducer was largely determined by the 

dimensions of the photodiode (5×2.5×0.6 mm), but it was not clear why the width 

was relatively large, when the LED was small (3×1.5×1.5mm). The transducer relied 

on a spring structure made of naval bronze material, which was specifically selected 

for its non-reflective characteristics. The spring and silicone adhesive used in the 

construction of the transducer provided the restoring force for the moving shutter 

situated between the LED-photodiode pair. The transducer was calibrated up to 91N 

in shear and hysteresis was found to be different between opposite shear directions. 

The authors hypothesised the different performance between shear axes was caused 

by poor construction of the spring structure. At worst, average non-linearity was 

7.6% and hysteresis was 21%. Temperature sensitivity was 3.5% full scale/°C, but 

could theoretically be eliminated using a dummy pair of LED-photodiode as 

mentioned above. The inherit speed of optoelectronic circuits allowed the transducer 

to have a sampling frequency of 500Hz. 
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Figure 32 - The use of 3 LED & quad-photodiode pairs in a 6-channel force transducer Hirose and Yoneda 

(1990). 

Hirose and Yoneda (1990) described a 6-channel force transducer based on 3 pairs of 

LED & quad-photodiode pairs and evaluated the transducer against a resistive strain 

gauge-based transducers. The authors found the compliance of the transducer 

(100µm at rated capacity) was not as good as strain gauge type transducers (typically 

20 to 100µm at rated capacity) due to the need for greater displacement change when 

load was applied. Measurement accuracy (0.3%), however, was comparable to strain-

gauged transducers, whereas the weight was as much as 5 times less even with the 

amplifier electronics built inside the transducer. Moreover, the authors estimated the 

cost of the overall system to be at least 15 times cheaper than strain-gauged 

transducers. While the size of the transducer was large (Ø76×40mm), it highlighted 

that the single LED-quad-photodiode pair could potentially be used for accurate 

measurement of triaxial load in a small transducer package. 

The concept of triaxial load measurement based on bend loss in optical fibres has 

been demonstrated previously (Wang et al., 2005). The conceptual design consisted 

of a mesh of optic fibres orthogonal to each other (Figure 33), which allowed 

pressure measurement. The location of the applied load could be tracked by 

measuring the loss of light from each x-axis and y-axis fibres. For shear 

measurement, two of these fibre meshes were aligned and bonded on top of each 

other. The location of the load measured by the top and bottom mesh would be 

different when shear load was applied due to the displacement change of the top 

mesh relative to the bottom mesh. The authors constructed a prototype consisting a 

2×2 array of fibres. However, it is questionable whether this concept could be 

expanded to an array of more than 2×2 because the location of the applied load could 
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not be tracked if multiple locations of the mesh were loaded simultaneously. 

However, FBGs have the potential to overcome this limitation. 

 

Figure 33 - The principle of pressure measurement based on bend loss in optic fibres (Wang et al., 2005).  

A high spatial resolution uniaxial pressure transducer array using FBGs has been 

described (Heo et al., 2006). The 3×3 transducer array covered a sensing area of 

10×10mm. The transducer consisted of 3 optic fibres each with 3 FBGs, each 5mm 

apart. Vertical load was measured via a bridge-like structure that would extend the 

FBG with the application of load (Figure 34). The transducer displayed linear 

response, high accuracy (99.9%) and had a resolution of about 0.001N. An additional 

dummy FBG along the fibre was used to compensate for any temperature change in 

the system. This feature might be viewed as a disadvantage, since measuring the 

change in wavelength is currently very expensive. Moreover, FBGs post other design 

challenges (Heo et al., 2006), namely: 1) light loss caused by bend loss of fibre that 

are within or outside the sensing area has the potential to decrease the intensity of the 

reflected light to the point when the Bragg wavelength cannot be measured, 2) 

chirping is when a non-uniform load is distributed along the fringes of one FBG 

which causes distortion of the Bragg signal, and 3) more design effort is required to 

ensure the load that is applied to a specific FBG must not affect other FBGs along 

the same fibre. 

 

Figure 34 - Bridge-like structures that can be extended symmetrically in the optical fibre direction when a 

vertical load was applied. (Diagram extracted from Heo et al. (2006)) 
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Shear measurement using FBG in conjunction with another transducer design was 

details by Suresh et al. (2004). In contrast to the mesh design discussed above, the 

optical fibre was bonded to two carbon composite materials (CCM) with the FBG 

embedded in a deformable silicon rubber layer at an angle of ~1° (Figure 35). The 

transducer (50×20×1.8mm) only had one FBG and was tested for measuring uniaxial 

shear up to 40N. It displayed good linear response (R² = 0.997) but failed at shear 

load of 67N due to the bonding of the fibre on the CCM.  

 

Figure 35 – Deformable layer between two layers of CCM to increase the shear force sensing range using 

FBG. (Diagram extracted from Suresh et al. (2004)) 

High-resolution pressure distribution measurement was possible with a platform 

system based on the interferometry technique (Hughes et al., 2000). A camera of 

500×700 pixels and a speed of 25fps, was used to obtain images of an area of 

60×90mm at a spatial resolution of 70pixel/cm². The camera was located on the side 

of the platform and imaged the underside of a Perspex plate via a mirror. An 

interferometry pattern of the Perspex plate was taken prior to the application of any 

pressure was applied. The original pattern was then compared to the changing 

interferometry pattern when the subject walked across the platform. The platform 

was designed to measure pressure of up to 1MPa, however, the authors did not report 

the measurement resolution and the accuracy of their image processing software. 

Their results appeared that the measurements were not linear and suffered from 

hysteresis. Perhaps, with more advanced camera systems available today, such a 

pressure distribution measurement systems could potentially be upgraded to include 

a faster camera with higher pixels count ensuring the whole plantar surface of the 

foot is captured. However, image processing would require heavy computational 

effort, thus such a method is unlikely to provide real-time load data to the user if 
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required. A novel technique would be required to obtain an interferometry pattern 

that could be used for shear measurement. 

 

Figure 36 - Schematic view of the membrane-based pressure transducer using an interferometry load 

sensing technique. (Diagram extracted from Ceyssens et al. (2008)) 

Instead of using a video camera, a simple LED-photodiode pair was used to construct 

a discrete pressure transducer based on the principle of interferometry (Ceyssens et 

al., 2008). The LED and photodiode were located outside the transducer housing, 

light was directed to and from the sensing structure which consisted of a light 

reflection membrane that deformed when subjected to pressure (Figure 36). Optical 

interference occurred in the cavity formed by the optical fibre and the reflective 

silicone, therefore changing the intensity received by the photodiode. The membrane 

was of the size of 2mm² but the overall transducer dimensions and response 

characteristics were not reported.  

It should be noted that the optoelectronic sector is still growing fast, with vast 

potential for more novel techniques in load measurement. Manufactures claimed that 

photonic devices such as light emitters and detectors can be printed onto bendable, 

disposable and ultra thin surfaces (Nanoident Technologies AG, 2006). These 

miniature components could potentially be inkjet printed using liquid conductive and 

semi-conductive materials making a cost-effect way to manufacture large transducer 

arrays for load distribution measurement. Also, advances in the development of 

stretchable substrates for optoelectronics may allow the construction of flexible in-

shoe transducers. The researchers have embedded miniature inorganic LEDs and 

photo-detectors in waterproof substrates which allowed them to be flexed and 

stretched while maintaining their electrical connection (Kim et al., 2010). 
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3.5.5 Critical review 

Simple light intensity based multi-axial load transducers have been previously 

developed by using multiple light emitter and photodiode pairs. Although the 

stiffness of an optoelectronic-based transducers may not be as good as strain-gauged 

transducers, their measurement accuracy, linearity and other characteristics are 

comparable if not superior to any other load sensing technologies. However, care 

must be taken when selecting the material for the construction of the transducer, 

which would affect the frequency response and temperature sensitivity of the system. 

Temperature effects, on the other hand, could be compensated but at the cost of using 

an additional dummy optical sensor part. 

In terms of hardware requirements, LED and photodiode circuits are low-cost and 

have relatively low power consumption. The fast response time with optoelectronics 

allow high sampling frequency (>500Hz) and high multiplexing capability has been 

previously demonstrated with video camera systems. However, computational 

requirements would be high for a load distribution measurement system that contains 

numerous photodiodes or consists of a video recording system with large pixel 

values at fast frame rates.  

The size of the light emitter and photodiode determines the overall physical 

dimensions of the transducer. But the size of the sensing structure can be 

miniaturised by using optical fibres or potentially with the advancement in print-able 

optoelectronics. FBG transducer may be thin and small but wavelength interrogators 

are big and expensive, making this approach not fit for purpose. Similarly, high-

speed video-based systems are also expensive and are not suitable for in-shoe 

applications. However they would likely have the highest spatial resolution. 

Transducer thickness and sensing surface area could be kept to a minimum by using 

a load-sensitive optical fibre, such as those based on bend-loss or FBG. However, 

optic fibres cannot be bent to a small radius without significant intensity loss and so 

would be difficult to be incorporated inside a shoe where space is limited. The 

concept of using a single FBG fibre to cover the whole plantar surface area of the 

foot would be extremely challenging or impossible with today‟s fibre technology. 
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Moreover, the reliability and life span of optic fibres under repeated stress during 

gait would require further research. 

FBG may be batch produced and be incorporated in a matrix arrangement for load 

distribution measurement. However, as mentioned above, routing the fibres across 

the whole sensing area would be physically challenging. Moreover, adhering the 

FBG to transducer structures would be time consuming and costly. Using LED-

photodiode pairs may be an alternative method and batch production would be 

relatively easy with commercially available amplifier and signal processing circuits. 

These circuit boards are small and can be incorporated within the transducer, but 

additional cabling would be required in comparison to FBG-based systems. 

Nonetheless, low-cost batch production of miniature optoelectronic device can be 

expected in the near future, especially given the rapid technical advancement of this 

sector. 

 

3.6 Magnetic based transducers 

This section explores and provides a critical assessment of load measurement 

techniques that use magnetic-based components. 

3.6.1 Principle of operation 

There are several means of using the phenomena of magnetism in load sensing and 

some common techniques are outlined below: 

Magnetoelasticity 

The magnetoelastic Villari effect describes the change in the magnetic properties 

when a ferromagnetic material is subjected to mechanical stress. The technology is 

often used in displacement transducers (MTS Systems Corp., USA). For more 

information on the principle and the use of the Villari effect in transducers, the reader 

should refer to the documentation available on the manufacturer‟s website 

(MTSsensors.com). Ferromagnetic materials such as iron, nickel and cobalt exhibit 
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the Villari effect. A load transducer can be realised if one could measure the change 

in magnetic field of such material under loading conditions.  

Magnetoresistance and Hall-effect 

Magnetoresistance and the Hall-effect are different but two related phenomena that 

could be used for magnetic field sensing. Magnetoresistance (MR) involves the 

change in electrical resistance of a conductive material within an applied magnetic 

field. The change in resistance of the conductive material is proportion to the square 

of the sine of the angle ( ) between the magnetisation vector and the direction of 

current flow (Figure 37a). The Hall-effect is characterised by the production of a 

voltage in a conductive material that is perpendicular to both the current flow 

through the material and the direction of the magnetic field applied across the 

material (Figure 37b). 

 

Figure 37 – The magnetoresistance principle (a) with the magnetisation vector (M) and direction of current 

flow (I);  and the Hall-effect principle (b) with magnetic field (B) applied perpendicular to the current (I) 

passing through the conducting material causing a voltage output (V) across the orthogonal axis. 

(Diagrams reproduced from Honeywell-Inc. (2011a) and Honeywell-Inc. (2011b)) 

For maximum sensitivity in the change in magnetic field, the active element and the 

magnetic field should be aligned as shown in Figure 37. The MR active element 

responds to parallel fields, while the Hall-effect element responds to perpendicular 

fields. Therefore, the mounting of each sensing element in relation to a magnet 

would be different (Figure 38).  
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Figure 38 - The physical application differences between Hall-effect and magnetoresistive sensors. 

(Diagrams reproduced from Honeywell-Inc. (2011b)) 

MR devices are roughly 200 times more sensitive than silicon Hall-effect devices 

(Honeywell-Inc., 2011a). However, MR devices have a non-linear response and 

saturate with a high magnetic field strength. Outputs from Hall-effect devices, in 

contrast, are typically low (of the order of microvolts) but the voltage signals that are 

generated can be easily amplified. Moreover, Hall-effect devices are known to have a 

highly linear response to magnetic field strength, with negligible saturation effects 

even in high-strength magnetic field (Honeywell-Inc., 2011a). However, the output 

voltage of Hall-effect devices is also sensitive to the strain experienced by the active 

element, known as the Kanda effect (Kanda and Yasukawa, 1981). Therefore, care is 

required to ensure Hall-effect devices are not subject to mechanical stress or thermal 

stress if its intended purpose is to measure fluctuations in magnetic field strength. 

Fortunately, both MR and Hall-effect technologies are compatible with integrated 

circuit processing, thus many commercial Hall-effect devices (Honeywell Sensors, 

USA; Allegro MicroSystems Inc., USA; and Melexis Microelectronic Systems, 

Belgium) have built-in circuits to compensate for the effect of mechanical stress and 

temperature. 

3.6.2 Signal conditioning 

Custom signal conditioning for the design of a magnetic-based transducers is not 

necessary, given the availability of commercial sensor chips. Miniature ICs (around 

3×3×1mm) with built-in signal amplification capability and temperature 

compensating circuitry are available at low-cost from various microchip 

manufacturers. As discussed above (Section 3.6.1), the output from a Hall-effect 

active element does not saturate even within strong magnetic fields. However, due to 

the amplifier circuits typically used in a commercial Hall-effect IC, its output would 
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saturate if the magnetic field was higher than the started maximum rating specified 

by the manufacturer. Multiplexing voltage outputs from an array of sensor ICs would 

be relatively easy with the same active-matrix addressing approach used for 

optoelectronic-based devices, which also produce a voltage output (Section 3.5.2).  

3.6.3 Transducer construction 

The magnetic flux produced by a material that exhibits magnetoelasticity or from a 

permanent magnet at any point in space is affected by many factors including its 

length, cross-sectional area, shape and composition. Magnetic flux can also be 

affected by other substances placed within the path of the flux. Although a complete 

discussion on designing magnets is beyond the scope of this thesis, it is important to 

understand that the physical configuration of a magnetic system can influence the 

output of a magnetic sensor.. 

When working with magnetoelastic materials, the magnetic sensor must be located as 

close as possible to the material for maximum sensitivity. Ideally, the sensor should 

be bonded to the surface of the magnetoelastic material. The orientation of the 

magnetic sensor would depend on the type of sensor used and the flux lines produced 

by the material during loading conditions. For systems with permanent magnets, an 

elastic structure would be required to hold the sensor IC and the magnet. Ideally, the 

elastic structure should also allow relative movement between the components under 

load conditions. Magnetic-based load sensing is a contactless technique hence the 

electronic components are not subjected to damage associated with wear and tear. 

Thus, magnetic-based transducers can be expected to have a long life span. 

The following discussion focus on the use of Hall-effect sensor ICs, but the same 

operating principles are also applicable to MR-based sensor ICs. Although the sensor 

IC used may produce a linear output proportional to the applied magnetic field, the 

field produced by a permanent magnet is not linear, hence the output from a sensor 

IC may be considered linear only for relatively small movement of the magnet 

(Figure 39). The output voltage from the IC is directly related to the total effective 

air gap (TEAG), which is the gap between the face of the magnet and the active 
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element inside the IC. The TEAG is the sum of the active area depth (ADD), the 

depth of the active element below the face of the IC and the air gap (AG), the 

distance between the IC and the face of the magnet (Allegro Micro Systems Inc., 

2011). 

 

Figure 39 - Definition of total effective air gap (TEAG), active area depth (AAD), air gap (AG) and 

demonstration of the effect of a permanent magnet on the output signal from a Hall-effect sensor IC. 

(Diagram reproduced from Allegro Micro Systems Inc. (2011)) 

There are many possible paths of motion, or modes of operation, for a magnetic-

based sensor system. Figure 39 illustrates the output from the sensor IC with the 

magnet moving in „head-on‟ mode, where the poled face of the magnet moves 

perpendicular to the face of the IC (Figure 40a). Another common operating mode is 

the „slide-by‟ mode (Figure 40b), which provides relatively steep output slopes 

compared to „head-on‟ mode and is very linear around the centre portion of the 

magnet. The use of more than one magnet can further enhance the sensitivity of the 

system. For instance, the „push-pull‟ approach is when two magnets with opposite 

poles facing each other, whereas the push-push approach has the same magnetic pole 

facing each other. They can be used to provide greater field strength than a single 

magnet for a steeper voltage output slope. Both arrangements can be applied in the 

head-on or slide-by mode (Figure 40c and d) but are less-sensitive to lateral motion.  

Flux concentrators can be used to provide a low reluctance path for the magnetic 

field thereby increasing the flux density at the active element. Although a complete 

discussion on the design of flux concentrators is beyond the scope of this thesis, the 
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reader is directed elsewhere for a more detailed discussion of the characteristics of 

the different modes of operations and the use of flux concentrators (Allegro Micro 

Systems Inc., 2011). 

 

 

Figure 40 - Demonstration of head-on mode (a), slide-by mode (b), push-pull head-on mode (c), push-pull 

slide-by mode (d) and the use of a flux concentrator in the head-on mode (e). (Diagrams extracted from 

Allegro Micro Systems Inc. (2011)) 

3.6.4 Current state of the art 

Displacement transducers based on magnetoelastic principle are commercially 

available from MTS Systems Corp. (USA). The use of the same principle in load 

sensing has been demonstrated in the work of Garshelis and Tollens (Garshelis and 

Tollens, 2010). Their experimental transducers were constructed using 60mm long 

tubular beams of a magnetoelastically active material with outside diameter 15.9mm 

and inside diameter 12.7mm. A commercial Hall-effect integrated circuit was 

cemented to the surface of the centre of the tube and was oriented for maximum 

sensitivity to the magnetic field. Calibration loads of up to 1500N were applied to the 

centre of the tubular transducer structure. The output response from the Hall-effect 

IC displayed good linearity (1.4%) and hysteresis (2.2%). Although the dimensions 

of their transducers were large in size, the same load sensing principle could 

potentially be applied on miniature transducers. 

Magnetoresistive-based transducers, designed for the measurement of uniaxial shear 

on the sole of the foot have been reported previously (Tappin et al., 1980, Laing et 

al., 1992). The design were later expanded and modified for biaxial shear (Lord et 

al., 1992) and triaxial load measurement (Williams et al., 1992). However, vertical 

load measurement was only made possible by integrating a strain-gauged diaphragm 
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on top of the biaxial shear transducer. The need for an alternative load sensing 

technique for measurement of vertical load is not clear. However, it is possible that 

either the magnetoresistive-based sensor was not sensitive to vertical movement of 

the magnet or that the vertical movement of the magnet was limited, resulting in 

minimal change in magnetic field strength. Nonetheless, the work has demonstrated 

the potential of a hybrid transducer design that combines various load sensing 

technologies in one transducer for multi-axial load measurement. Given that load 

measurement using strain-gauges has been previously discussed, this section will 

concentrate on the magnetic-based shear measurement capability of the system. 

The biaxial shear transducers constructed by the researchers mentioned above were 

based on the same hardware design but in different sizes. Each transducer consisted 

of 3 disks separated by an elastic material, such as silicone or rubber (Figure 41). The 

direction of movement of each disk was constrained by ridges and corresponding 

grooves that were etched on the adjacent surfaces of the disks. The middle disk 

housed a magnet at its centre, and each of the outer disks contained a 

magnetoresistive-based sensor. Stainless steel and aluminium were used for the disks 

for their strength and non-magnetic properties. 

 

Figure 41 – Exploded assembly of the biaxial shear transducer. (Diagram extracted from Williams et al. 

(1992)) 

The dimensions of their transducer were Ø16mm×3.8mm with the additional vertical 

load sensing structure. Shear load was calibrated up to 50N and transducer response 

appeared to be linear but with 8% hysteresis. Natural rubber was used as the elastic 
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medium in the transducer, which resulted in a 5% creep during static loading (30N 

for 30 seconds). The magnetoresistive sensing elements were not an integrated 

circuit chip, but were connected in a bridge circuit, similar to those described earlier 

for resistive-based transducers (Section 3.2.2). The voltage outputs from the bridge 

circuit were then fed to a custom built amplifier circuit. The measurement resolution 

of the transducer was 0.2N but was reported to be limited only by the signal-to-noise 

ratio of the output signal. Although the authors published only limited performance 

characteristics of the transducer (Williams et al., 1992), the work demonstrated that 

magnetic-based transducers could have high sampling frequencies (in the order of 

1000Hz) making them suitable for dynamic gait measurement. Moreover, it should 

be noted that the magnetoresistive sensing elements used by the investigators could 

be easily be replaced by the use of more-linear Hall-effect sensor ICs. 

3.6.5 Critical review 

As demonstrated by several research groups, biaxial shear measurement can be 

readily achieved using a magnetic-based sensing technique. However, alternative 

load sensing technologies may be required for triaxial load measurement. This would 

depend on the movement of the magnet and the sensitivity of the sensing element, 

hence whether the changes in magnetic field were large enough to be detected. 

Alternatively, the magnetic field in the vertical direction could potentially be 

enhanced by using more than one magnet or adding a flux concentrator to the 

magnetic system. However, this could increase the overall dimensions of the 

transducer. Depending on the construction of the transducer, a material that exhibit 

magnetoelasticity could possibility be used. However, this would depend on the 

amount of flux that could be „generated‟ under load. 

A linear response can be expected from a magnetic-based load transducer with good 

measurement resolution (~0.2N). The performance of experimental transducers 

developed previously has suffered from creep and hysteresis, but these effects could 

likely be minimised by selecting materials with more appropriate mechanical 

properties. Magnetic-sensors may include temperature compensation circuits, but the 
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temperature sensitivity of systems that utilise elastomeric materials in their 

construction would need to be investigated. 

In terms of hardware requirements, a linear output can be expected from magnetic 

field sensor circuits. High sampling rate (>1000Hz) has also been demonstrated. 

Hardware costs could be minimised by using commercial magnetic sensor ICs. 

Given analogue voltage output is commonly found in magnetic-based circuits, they 

could be multiplexed with ease using methods such as active-matrix addressing.  

The physical dimensions of a magnetic-based transducer would depend on the 

arrangement of the magnet(s) and sensor(s) but transducers with a thickness of 

<4mm have been demonstrated previously and would be suitable for in-shoe 

application (Williams et al., 1992). Relatively small transducer sensing surface area 

would be possible with miniature commercial magnetic sensor ICs (about 3×3×1mm 

each), thus the arrangement of multiple transducers could be optimised for high 

spatial resolution load distribution measurement. A magnetic-based transducer would 

also be expected to have a long life span (years) since it involves non-contact load 

measurement. 

Moreover, low-cost production would be possible using off-the-shelf sensor ICs. 

Minimum cabling would be necessary since each sensor IC would have a single 

output. That said, the amount of outputs per transducer would depend on how many 

ICs are required for triaxial load measurement. Nonetheless, multiple sensor ICs 

have the capability of being multiplexed allowing transducers to be incorporated in a 

matrix arrangement for load distribution measurement. 

 

3.7 Pneumatic and hydraulic based transducers 

This section explores and provides a critical assessment of load measurement 

techniques that use pneumatic-based or hydraulic-based components. 

3.7.1 Principle of operation 
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A hydraulic-based load transducer typically consists of a liquid concealed within an 

elastic structure. The application of load to the structure would increase the fluid 

pressure which would be measured, often with a pressure transducer. The pressure 

transducer could be based on any of the load sensing technologies discussed 

previously throughout this chapter. The operating principles of a pneumatic-based 

load transducer would be the same as those a hydraulic-based load transducer, but 

with gas instead of liquid. However, gas is much more easily compressed than liquid, 

hence hydraulic-based transducers would be inherently stiffer than pneumatic ones. 

3.7.2 Signal conditioning 

Amplification circuits and signal conditioning requirements for a hydraulic-based 

transducer would depend on the chosen pressure sensing technology. Alternatively, 

commercial pressure sensors with integrated amplifier circuits can be used. 

Dimensions of commercial pressure sensor ICs vary dramatically depending on their 

rated capacity and whether integrated signal conditioning circuits are included. A 

pressure transducer with rated capacity ranging from 50mmHg (7Pa) to 500psi 

(3450kPa) with built-in amplification typically measures about 13x11x10mm (40PC-

250G1A, Honeywell, USA). These transducer ICs can provide an analogue voltage 

output that is linearly related to the applied pressure with high degree of accuracy 

(~0.2%). Sampling frequencies in the order of 1kHz is also possible. Voltage outputs 

could be multiplexed easily as discussed earlier (Section 3.5.2). 

3.7.3 Transducer construction 

Theoretically, any structure containing liquid or gas can be used as a load transducer, 

provided the compartment is connected to a pressure transducer. Because any 

material would deform when subjected to load, a load transducer is realised if the 

pressure sensor is sufficiently sensitive to detect the changing pressure within the 

structure. If a special liquid or gas filled hose is used, the pressure transducer used to 

monitor the change in pressure can be located away from the sensing structure. The 

sensing part of a hydraulic or pneumatic-based load transducer can be self-contained 

and would require no external power. Consequently, they can be used in a magnetic 

resonance imaging facility. However, care would be required to ensure any 
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movement or external load applied to the hose would not confound pressure 

measurement. 

3.7.4 Current state of the art 

Hydraulic based force transducers are commercially available from various 

companies (such as TST Instruments Ltd, Canada; MGS Ltd, UK; Procter & Chester 

Measurements Ltd, UK) with typical accuracy <1%RC but are typically large in size 

(Ø50×30mm) for high load applications (>250kN). A miniature device for measuring 

interface pressures was previously available from Talley Oxford, UK. The system 

had been used for the assessment of contact pressures on a mattress (Buckle and 

Fernandes, 1998). The system consisted of multiple fluid filled bags that could be 

mounted separately. The fluid in each bag was channelled to its pressure transducer 

via hoses. Although the performance characteristics of the system were not published 

within the literature, the instrument could measure pressures at least up to 246mmHg 

(~32kPa). 

A commercial hydraulic-based system (Paromed GmbH, Germany) is currenly 

available for in-shoe plantar pressure distributional measurement and has been used 

in several published gait studies (Bisiaux and Moretto, 2008; Luninghake et al., 

2002). Depending on the size of the shoe, the system from Paromed GmbH consists 

of up to 36 measuring points across the plantar surface of the foot and has a thickness 

of 3.5mm. Each measurement point consists of a fluid-filled cell embedded with a 

micro-pressure transducer. The transducer converts the measured pressure to an 

electrical signal routed to a recording unit strapped on the waist of the user. The 

relatively small numbers of transducers in comparison to other commercial plantar 

pressure systems (Sections 3.2.4.6 and 3.4.4), and the speed of the measurement 

circuits allowed the Paromed system to have a sampling frequency of up to 300Hz. 

The hydro-cells, theoretically, are sensitive to both vertical pressure and shear load. 

However, the system could not be used to differentiate the individual force 

components. The performance of the system was assessed and measurements 

compared to a „gold standard‟ force platform (Section 3.2.4.1). Chesnin et al. (2000) 

reported that the device could measure stresses of up to 625kPa with accuracy of 
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±2% full scale at a resolution of 2.5kPa. Minimum hysteresis (0.05%), non-linearity 

(±0.42%) and no apparent drift was observed. The overall centre of pressure data 

calculated from the Paromed system had good correlation with, and small RMS error 

(~1.4cm) compared to, a strain gauge-based reference force plate system.  

Previous researchers has used hydraulic-based load transducers to measure interface 

pressure on mattresses (Clark and Rowland, 1989) and hand-grip force (Liu et al., 

2000). A pneumatic-based transducer has also been used to measure hand-grip force, 

by connecting an air-filled elastomeric tube to a commercial piezoresistive pressure 

sensor IC (Del Maestro et al., 2011). Liu et al. (2000) demonstrated the remote 

sensing capabilities of these sensors by employing a 9 metre nylon hose (Ø3mm 

diameter) between the sensing structures to the pressure transducer, which allowed 

measurement of handgrip force during a magnetic resonance scan. The design used 

distilled water as the fluid medium and air bubbles were removed to avoid 

measurement error. The handgrip measurement device consisted of a handgrip device 

linked to a piston which would compress the liquid in the tube leading to the pressure 

transducer. Highly linear output was observed (R²=0.999), but only over a force 

range of 80N to 800N. The authors hypothesised that the friction between moving 

parts of the handgrip device might have introduced the error and non-linearity at the 

low force range (<80N). 

3.7.5 Critical review 

The measurement of uniaxial load could be achieved easily with a hydraulic-based 

transducer design. A simple load transducer could be realised using a deformable 

tube filled with liquid or gas connected to a commercial pressure transducer. Current 

systems based on this design are sensitive to both vertical pressure and shear load. 

However, the design does not allow individual force components to be differentiated. 

Therefore, a novel transducer structure would be required to measure multi-axial 

load using hydraulic-based components. For example, three deformable tubes filled 

with liquid could be positioned within a transducer structure to measure each 

individual force components.    
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There are currently a large number of commercial transducers available for accurate 

(~0.2%) measurement of pressure over a range as low as 7Pa to as high as 3450kPa. 

These transducers are simple to operate and often come with built-in amplifier 

circuits that will provide a voltage output that is linearly proportional to the applied 

pressure. However, it should be noted that the characteristics of the load transducer 

would be highly dependent on the elastic material used to construct the transducer 

structure. Further research is required to evaluate the frequency response of 

pneumatic or hydraulic devices for gait laboratory applications. Nonetheless, 

commercial plantar pressure measurement systems have been demonstrated using 

hydraulic devices can provide minimum hysteresis, non-linearity and drift. The 

expansion of gas or liquid due to temperature changes would affect measurement 

accuracy, but the principle of using a dummy transducer would be sufficient to 

negate this confounding effect (Sections 3.2.2 and 3.5.4). 

In terms of hardware requirements, linear output can be expected from commercial 

pressure sensor ICs. High sampling rate (>1000Hz) is also possible. Hardware costs 

would be relatively low by using off-the-shelf components but would depend on the 

numbers of ICs required for multi-axial load sensing. Analogue voltage output from 

these circuits could be multiplexed with ease, using methods such as active-matrix 

addressing, but will also depend on the total number of channels. 

Commercial multi-sensor pressure measurement systems have demonstrated that 

hydraulic-based transducers with minimum thickness (<3.5mm) are suitable for in-

shoe applications. In theory, the sensing surface area of the measurement device 

could be as small as desired (~1mm), provided the applied load to the structure 

would cause a pressure change detectable via the pressure transducer. Consequently, 

high spatial resolution (>1 transducer per 11.5×x11.5mm area) of an array of 

hydraulic transducers would be feasible. The movement of the transducer sensing 

surface may be relatively large if a compliant structure were used to contain the 

liquid or gas.  

Although a load transducer could be realised by simply connecting a commercial 

pressure transducer to a gas or liquid filled structure, seals must be applied carefully 
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during production to avoid leakage. Air bubbles in any hydraulic systems should also 

be avoided. Minimum cabling would be required and each sensor IC would be likely 

to have a single voltage output that could be multiplexed. Incorporation of special 

hoses to route the gas or liquid to the transducer, however, could be physically 

challenging when creating an array of transducers. 

 

3.8 Alternative methods for triaxial load sensing 

Some load sensing technologies discussed above in this chapter may not be suitable 

or practically impossible to be used for triaxial load measurement under the plantar 

surface of the foot. This section explores alternative methods for triaxial load 

measurement 

3.8.1 Using several measurement systems 

A particular load sensing technology may be suitable for load sensing in one 

particular direction, vertical or shear. A compound instrument constructed by 

combining two transducers as one could be possible in order to accomplish the 

ultimate goal of triaxial load measurement. This approach has been adopted by 

several researchers previously. 

As described earlier (Section 3.6.4), a magnetoresistive-based transducer suitable 

only for shear measurement has been previously combined with a strain-gauged 

transducer to measure the additional vertical load. In another example, a miniature 

pressure transducer was placed on top of a capacitive shear transducer  (Heywood et 

al., 2004). A pressure distribution measurement platform was secured on the surface 

of a „gold standard‟ force platform during several studies (Macellari and 

Giacomozzi, 1996, Giacomozzi and Macellari, 1997, Giacomozzi et al., 2000, 

Giacomozzi et al., 2008). The force platform provided the resultant triaxial load and 

the pressure distribution measurement device provided the contact area and 

additional pressure data during gait. Consequently, this compound instrument 

allowed the researchers to estimate the triaxial load on sub-areas of the foot. 
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However, the misalignment between the measurement axes of the two systems would 

increase measurement error. 

In one case, the recording of shear and vertical load were conducted in separate trails 

(Laing et al., 1992). Plantar shear measurement was measured using a magnetic-

based transducer during one trial, and pressure distribution measurement was 

recorded in a separate trail using a capacitive-based device. 

3.8.2 Computer modelling 

Many researchers have attempted to estimate plantar shear load using mathematical 

computer modelling. Shear stress is often predicted based on plantar pressure 

distribution data because they are readily available (Chen et al., 2003, Lott et al., 

2008, Dai et al., 2006). Some also attempted to estimated local triaxial load acting on 

the foot based on the local plantar pressure distribution data and the global ground 

reaction force obtained from a force plate (Giacomozzi et al., 2008). However, as 

much as 28% error was observed when comparing real pressure data with those 

predicted using this technique (Bullimore and Burn, 2007, Fong et al., 2008). As 

pointed out by many researchers (Sanders, 1995, Yavuz et al., 2007a, Gefen et al., 

2000), any mathematical models must first be proven valid against experimental 

measurements before they can be considered accurate predictors of the loads under 

the foot. 

3.8.3 Critical review 

It would be ideal to use the same load sensing technology in a single transducer to 

measure triaxial load. If not possible, a hybrid transducer combining two or more 

load sensing technologies to measure multi-axial load would be an alternative. The 

likely disadvantages of developing a compound transducer includes: 1) the final 

transducer would be larger in size, 2) more cabling would be expected because 

different power supply input and transducer output may be required for each 

technology, 3) precise alignment of the loading axes is required, and 4) 

manufacturing a combined transducer would likely require more time and incur 
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greater costs. Computational models should be verified with real-life measurements. 

Therefore, a multi-axial instrument is needed to develop and validate such models. 

 

3.9 Discussion 

The basic operation of 7 different load sensing technologies has been explored, 

namely: resistive, piezoelectric, capacitive, optoelectronic, magnetic, pneumatic and 

hydraulic-based technologies. The signal conditioning and electronic circuit 

requirements that are likely to be required in each technology were considered. This 

provided an indication of the complexity of utilising a particular technology in a load 

measurement system. Possible ways of constructing a load transducer based on any 

one particular technology were also discussed. Some of the existing load 

measurement devices were explored to provide an insight into how each load sensing 

technologies can be utilised and the possible characteristics of the transducers. 

Alternative methods of combining two load measurement systems to measure multi-

axial loads were also explored. The advantages and limitations of each method have 

been critically reviewed.  

This section will summarise the findings and compare all 7 technologies against the 

requirements of this study (Section 2.4.1) with the aim to identify those appropriate 

for the development of a low-cost multi-axial load distribution measurement device. 

A scoring system is used to compare the potential of each technology to meet each of 

the requirement categories (Section 2.4.1): ranked from 1 to 7, where 7 is scored to 

the technology with the highest potential and 1 to the least. The scores from each 

requirement category are summed to identify the technologies with high potential. 

The scoring process inevitably involved a degree of subjective judgement. The 

author has given the scores with minimum impact from any potential bias. However, 

higher scores have been awarded in favour to technologies that could perform well in 

an in-shoe measurement system. 

 Essential requirement: biaxial shear or triaxial load measurement 
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Resistive-based and piezoelectric-based force platforms are currently regarded as the 

„gold standard‟ in triaxial load measurement and have been used extensively in gait 

analysis. However, resistive-based device often require large transducer structures 

which are unsuitable for in-shoe measurement. Although miniature transducers have 

been demonstrated, their sensing elements are subjected to mechanical wear and tear. 

Thus, the life span of these devices was expected to be relatively low. In comparison, 

negligible deformation can be expected in piezoelectric-based devices. But 

piezoelectric materials are relatively more sensitive to bending forces and edge 

loading effects which would affect the accuracy of triaxial load measurement, 

especially during in-shoe measurement. Capacitive-based devices are also sensitive 

to off-axis loading or unevenly distributed load. Such a problem could potentially be 

solved by strategically mounting piezoelectric materials that are only sensitive to a 

particular load axis in a transducer. However, currently there are no potential 

solutions for capacitive-based devices. Simple optoelectronic-based triaxial load 

transducers have been demonstrated by using multiple light emitter and photodiode 

pairs. Their performance was found to be comparable to resistive-based devices but 

with the advantage that they could be miniaturised. Miniature biaxial shear 

transducers based on magnetic-based technology have been previously used for in-

shoe applications and when combined with other load sensing technology have the 

potential for in-shoe triaxial measurement. There is currently no pneumatic-based or 

hydraulic-based transducer capable of multi-axial load measurement. However, the 

simplicity of using a gas or liquid filled deformable tube as the sensing element 

makes it an attractive option for multi-axial load sensing. 

Technology Resistive Piezoelectric Capacitive Optoelectronic Magnetic Pneumatic Hydraulic 

Score 2 5 1 6 7 3 4 

 Category A: Transducer performance 

Performance of resistive-based devices is very dependent on the sensing element 

used for load sensing: high accuracy (~3%), low hysteresis (~2%) and non-linearity 

(~2%) can be expected from strain gauge-based transducers, but this is not 

necessarily the case for FSR-based devices. Frequency response in strain gauge-

based device was high (~400Hz) provided the transducer was constructed from 
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material with high stiffness. This is also the case in piezoelectric-based devices, 

where the active element is typically stiff, making it suitable for measuring high 

frequency loads (~1000Hz). However, the inherent charge leakage that is 

characteristics of piezoelectric-based systems render them less suitable for static load 

measurements. Piezoelectric-based devices can perform well in terms of hysteresis, 

non-linearity (~0.5%) and rated capacity (~17kN vertical load, ~8kN shear load), but 

measurement accuracy is highly dependent on the design of the amplifier circuit. 

Without expensive circuit components, the drift in signal would severely affect the 

accuracy and usefulness of the absolute measurement output from the device. 

Capacitive-based devices were found not suitable for low load measurement 

(<15kPa), and the output response is inherently non-linear and requires compensation 

via circuitry or software. It is likely that an elastomeric medium would be required 

between the capacitor plates. Therefore, the frequency response of the transducer 

would be inferior to other load sensing technologies. Like any other method, 

performance of optoelectronic-based devices are dependent on properties of the 

materials used in the construction of the transducer structure. The compliance of 

optoelectronic-based devices may be inferior to strain-gauge-based devices but may 

still be sufficiently stiff to ensure a high frequency response. Accuracy (~0.3%) and 

linearity of optoelectronic-based devices can potentially be better than other load 

sensing technologies with careful transducer design and selection of transducer 

structure material. The same is also true for magnetic-based transducers, where linear 

response and high measurement resolution (~0.2N) can be expected when 

appropriate structural materials are used. Commercially available magnetic field and 

pressure sensor chips can provide easy and accurate measurement of these physical 

quantities. As such, pneumatic-based and hydraulic-based devices can also benefit 

from these commercial sensors for accurate (~0.2%) load measurements. Pneumatic-

based transducers, however, are more likely to suffer from low frequency response 

than hydraulic-based transducers due to the compressible nature of gas. Although 

resistive and piezoelectric-based systems are the current gold standard for platform 

systems, their performance may not be retained in a system for in-shoe measurement, 

hence their lower scores below.   
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Technology Resistive Piezoelectric Capacitive Optoelectronic Magnetic Pneumatic Hydraulic 

Score 5 2 1 7 6 3 4 

 

 Category B: Hardware 

The sampling frequency of the system is independent of the technology used for load 

sensing. It depends on the total number of transducers in the system, the number of 

signal outputs from each transducer and the sampling rate of each transducer. 

Existing devices have demonstrated that sampling frequency adequate for gait 

analysis (≥200Hz) is achievable using resistive-based or FSR-based technology. 

However, depending on the characteristics of the strain gauges used, power 

requirements and hardware costs may be high for strain gauged devices. The 

provision of power may also be an issue for in-shoe measurement. Although 

piezoelectric-based sensors may not require a power source and may reduce cabling 

requirements, expensive low-noise cable connections are necessary between 

piezoelectric circuit components. Expensive charge amplifiers are also required to 

minimise error caused by the inherit drift in the signal output. Capacitive-based 

transducers, in comparison, are theoretically cheap to make just requiring two 

conductive and electrically charged electrodes. The signals from capacitive-based 

transducers can also be multiplexed easily as demonstrated by commercial devices 

capable of load distribution measurement. Similarly, multiplexing capability for 

optoelectronic-based transducers is also assured by using the same technique used in 

video camera sensors. Depending on the number of photodiodes, high sampling 

frequency is possible with optoelectronic circuits. Considerable computing power for 

data processing would be required if a high-pixel count video technique is used for 

load measurment. LEDs and photodiodes, in contrast, are relatively low-cost and 

would consume relatively low power in comparison to strain-gauged devices. Power 

consumption can be expected to be even lower if commercially available magnetic-

field and pressure-sensor chips are to be used. These chips can be used in magnetic-

based transducers and pneumatic-based or hydraulic-based devices, and in addition 

to being low-cost, they provide high sampling rates and their voltage output can be 

multiplexed. Although pneumatic and hydraulic systems may still require the use of 
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resistive-based transducer to convert pressure changes to an electrical signal, they do 

not necessarily carry the same disadvantages of these technologies. That is because 

the electronics used to monitor the change in pressure can be located away from the 

sensing structure.  

Technology Resistive Piezoelectric Capacitive Optoelectronic Magnetic Pneumatic Hydraulic 

Score 2 1 7 3 6 4 5 

 Category C: Physical requirements 

Miniature FSR or piezoresistive-based transducers already exist, but strain gauge-

based designs are unlikely to be suitable for in-shoe applications. That said, strain 

gauge-based transducers that are long but with relatively small sensing surface area 

(10.27×10.27×160mm) have been demonstrated previously in platform-based 

systems with good spatial resolution (1.5mm spacing between transducer). While 

strain gauges are bonded to structures that often show little deformation, 

piezoresistors or FSRs would be subjected to wear and tear, thus their life span 

would be expected to be relatively low (~30 gait cycles). Piezoelectric-based 

transducers displayed negligible deformation, so adjacent transducers could be 

placed near each other for high spatial resolution measurement. Small and thin 

transducers (13×13×2.7mm) based on one or several piezoelectric materials have 

been demonstrated previously. Due to their small dimensions, manual handling and 

manufacture of the transducer may be difficult. The reliability and life span of the 

system would depend on the quality in the manufacturing process - bonding the 

piezoelement and electrode connections. In contrast, capacitive-based transducers 

have superior physical characteristics because they can have a very simple structure, 

where two thin electrode plates would be sufficient. As such, capacitive-based 

transducers could potentially be very thin (1mm) with small sensing surface area that 

would allow high spatial resolution measurement (5×5mm sensing area). The 

advancement in flexible miniature optoelectronic components or the use of optical 

fibres may allow the manufacture of miniature transducer for in-shoe applications. 

However, optic fibres cannot be bent to a small radius (<10mm) and the life span of 

flexible circuits under repeated stress during gait would require further research. 

LEDs and photodiodes themselves are small in size (~2mm), thus transducers with 
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small sensing surface areas and transducer arrays with good spatial resolution could 

potentially be developed. Magnetic-based transducers with minimal thickness 

(3.8mm) suitable for in-shoe application have been demonstrated previously. Small 

transducer sensing surface area (~10mm²) would be possible with miniature 

magnetic sensor ICs that are commercially available. Also, a relatively long life span 

would be expected from a magnetic-based transducer because it is a contactless load 

sensing technique. Hydraulic-based transducers that are suitable for in-shoe 

applications are currently commercially available. The design of pneumatic or 

hydraulic-based transducers could be customised and adopted easily for high spatial 

resolution measurement because they could perform similarly to optical fibres if the 

gas or fluid-filled structures were small deformable tubes. 

Technology Resistive Piezoelectric Capacitive Optoelectronic Magnetic Pneumatic Hydraulic 

Score 1 2 7 6 5 3 4 

 Category D: Manufacturing requirements 

The time consuming process of adhering strain gauges makes these types of 

transducer relatively expensive to manufacture. Thin-films may be an alternative 

method, but the many wire connections necessary for a resistive-based transducer 

would also make the construction of an array time consuming. FSR-based systems, 

in contrast, are suitable for low-cost batch production. The manufacturing of 

piezoelectric-based transducers, however, could be expensive as precise bonding of 

the piezoelement and precise attachments of electrodes are required. On the other 

hand, piezoelectric-based transducers are different from other sensing techniques in 

that they are active sensing elements and require no power supply, hence cabling 

time could be minimised. Batch production of capacitive-based transducer arrays can 

be achieved. However, this may only be applicable to systems capable of uniaxial 

pressure measurement, unless a novel way of arranging the capacitive plates for 

shear measurement could be developed. The same applies to FBG transducers; 

locating FBG fibres in a transducer structure for shear measurement would require 

some novel design ideas. However, FBGs can be batch produced and be incorporated 

in a matrix arrangement with ease. Transducers using LED-photodiode pairs with 

commercially available amplifier and signal processing circuits would require less 
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time to manufacture too. These circuit boards are small and could be built inside the 

transducer, saving space and allowing transducers to be arranged next to each other. 

Off-the-shelf sensor ICs are available for magnetic-based transducers. These ICs are 

small in size and require minimum cabling time. Pressure sensor ICs are also 

available for pneumatic and hydraulic-based transducers. However, care must be 

taken during the manufacturing of hydraulic-based transducers to avoid air bubbles 

and leakage, which require extra time for quality inspection. 

Technology Resistive Piezoelectric Capacitive Optoelectronic Magnetic Pneumatic Hydraulic 

Score 1 2 6 5 7 3 4 

The overall scores for each load sensing technology have been calculated and are 

further discussed in the next section (Section 3.10) to identify those worth 

investigating for their suitability for the development of a low-cost multi-axial load 

distributional measurement device. 

3.10 Conclusion 

The overall score for each of the load sensing technologies is shown below. 

Technology Resistive Piezoelectric Capacitive Optoelectronic Magnetic Pneumatic Hydraulic 

Essential 

requirement 

2 5 1 6 7 3 4 

Category A 5 2 1 7 6 3 4 

Category B 2 1 7 3 6 4 5 

Category C 1 2 7 6 5 3 4 

Category D 1 2 6 5 7 3 4 

Total 11 12 22 27 31 16 21 

It can be seen that several load sensing technologies might be considered to have 

potential for use in the development of a low-cost multi-axial distribution 

measurement device. Magnetic-based and optoelectronic-based techniques displayed 

the highest potential for fulfilling the objectives of this study. Capacitive-based 

technologies had a relatively high overall score, but failed to meet the essential 

criteria of being suitable for multi-axial load measurement. Consequently, capacitive-

based technologies were not investigated further. Pneumatic-based and hydraulic-

based methods were found to have similar characteristics and their design could be 

interchangeable by replacing liquid with gas or vice versa. However, hydraulic 

systems are inherently stiffer and hence they possess higher frequency response than 
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pneumatic systems. The potential for developing a relatively simple load distribution 

measurement device using hydraulic-based system is clear. This technology was 

therefore selected for further investigation. Both resistive-based and piezoelectric-

based technologies had the lowest scores, partly due to hardware requirements, cost 

and difficulties associated with batch production. However, piezoelectric-based 

systems scored reasonably in the pre-condition requirement in that they have one of 

the highest potentials for development of miniature devices for triaxial load 

measurement. Moreover, a piezoelectric-based triaxial load transducer was made 

available during this study which allowed a comprehensive evaluation of such 

technology. It was concluded that transducers using the following 4 technologies 

would be investigated further: 

1. Piezoelectric-based transducers 3. Optoelectronic-based transducers 

2. Hydraulic-based transducers 4. Magnetic-based transducers 
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Chapter 4  

Calibration Methods 

 

 

Calibration procedures for load transducers have to be accurate and time effective, 

especially for a load distribution measurement device where hundreds of individual 

transducer elements may require calibration independently. The basic calibration 

procedure simply involves taking a measurement while applying a known reference 

load. However, there are many techniques used in the application of the reference 

load that could influence the performance of the calibrated transducer. This chapter 

explores the many standard practices and procedures currently used in the calibration 

of load transducers. The objective of examining the methods used in the literature 

was to provide guidance for the current study. Finally, a novel and effective 

calibration device and its operating procedures for the calibration of multi-axial load 

transducers has been proposed and utilised in the current study. 
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4.1 Primary and secondary force calibration standards 

Force standard machines are machines for undertaking force calibration on load 

transducers and can be categorised as either primary or secondary. The performance 

of a primary standard machine can be verified through physical principles directly to 

the fundamental base units such as mass (kg) and time (s). For example, a machine 

that uses deadweight of known mass suspended in the earth‟s gravitational field to 

generate a load on the transducer to be calibrated would be a primary standard 

machine.  

Secondary standards are machines which rely on the reproduction of forces that can 

be compared to primary standards by the use of a calibrated reference force 

transducer, which are sometimes also referred to as force transfer standards. A 

reference force transducer is often placed in a materials testing machine in series 

with the load transducer to be calibrated. 

The use of the primary standard and handling of heavy weights could be problematic 

especially when numerous transducers would require calibration during this study. 

Therefore, the current study used the secondary standard and calibrated the 

transducers against reference load cells. The instruments and procedures used will be 

discussed in the following chapters. 

 

4.2 Static, dynamic and multi-axis calibration 

Static and dynamic calibration techniques are both commonly used in the calibration 

of load measurement instruments. Static calibration, also referred as step loading, is 

usually achieved by applying known loads using deadweight and recording the 

transducer output. Whereas dynamic calibration is commonly conducted using 

material testing machines to apply a loading-unloading cycle to the transducer within 

a specific time interval. The loading regime should be representative of the loading 

conditions that the transducer will be subjected to in real-life situations. Material 
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testing machines can also be instructed to carry out static calibration by applying step 

loads. 

There are various documents and international standards (e.g. ASTM E 74 and BS 

EN ISO 376) currently available that cover the calibration of uniaxial force 

instruments in static mode. In the absence of standardised procedures for dynamic 

force calibration, many of the published plantar load measurement devices were 

calibrated statically (Davis et al., 1998, Berme et al., 1976, Cong et al., 2011, 

Heywood et al., 2004) and the results were assumed to be applicable for dynamic 

force measurements. Very few systems were calibrated under dynamic mode (Chen 

et al., 2010). A static calibration process would not necessarily require a costly 

material testing machine and the procedure can be simple for any transducer that has 

a linear response. However, dynamic calibration is more desirable for systems with 

time-dependent characteristics. While the ability of a transducer to respond to high 

frequency loads can be evaluated by analysing its impulse response, care must be 

taken to avoid damage to the transducer when subjected to large impulse loads.  

Multi-axis calibration is usually identical to single axis calibration but done once for 

each axis. Again, there is no standard currently available for the calibration of multi-

axial load instruments in either static or dynamic mode. However, proper mounting 

for precision alignment and orientation of the transducer is critical to its calibration 

and performance during use. All multi-axial transducers suffer from crosstalk (see 

definition in Appendix A), which is the effect on different axis component than the 

one where the load was applied. Any off-axis load applied along one axis, the other 

axis component would be subjected to a real load in addition to crosstalk. Therefore, 

the transducer should be mounted between smooth, flat and parallel surfaces during 

calibration. The correct alignment between the transducer and the contact surfaces is 

paramount to prevent non-uniform loading or bending moments. There are many 

factors that would cause non-uniform loading and thus poor measurement results, 

these include but are not limited to: 1) surface not parallel, 2) surfaces not flat, and 3) 

there are surface deflects, such as chips, fractures, dimples or spikes on the surfaces. 
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4.3 Differences in pressure and force calibration  

Load measurement devices can be classified as „pressure transducers‟ or „force 

transducers‟, and it is important to distinguish between the two. Although a certain 

type of transducer may fall between these two categories, their classification is 

dependent on how they were calibrated and hence their intended use. 

Force transducers are often calibrated by applying loads through a rigid structure, 

thus their output may be considered estimates of force (Urry, 1999). An ideal force 

transducer would respond identically to two equal loads regardless of the area or the 

location of the applied load. Calibration load to a pressure transducer is usually 

applied via a compliant structure, such as an air-filled membrane to ensure an evenly 

distributed pressure across the sensing surface of the transducer (Urry, 1999). In that 

case, the transducer output is a reflection of the pressure. An ideal pressure 

transducer, under constant loading conditions, would produce output that is inversely 

proportional to the area over which the load was applied. 

 

4.4 Existing calibration methods 

This section explores the many methods currently used in the calibration of multi-

axial load transducers. The basic calibration procedure for vertical load involves 

taking a measurement from the transducer while applying known loads directly on 

top of the transducer. The two outputs would then be used in a mathematical 

algorithm through a least-square optimisation to estimate the calibration matrix. 

Crosstalk in the shear axes would be investigated by simultaneously taking the 

output from the shear channels during vertical loading compared to their 

corresponding output at its rated capacity. However, as discussed above (Section 

4.2), there is currently no international standard for the calibration of shear or multi-

axial load transducers in either static or dynamic mode. In contrast to uniaxial 

vertical loading, it is physically more challenging to conduct tests along the shear 

axes. As a result, various methods have been used by different investigators. 
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Pulley systems are widely used to apply shear load during calibration (Laing et al., 

1992, Tappin et al., 1980, Lebar et al., 1996, Davis et al., 1998, Cong et al., 2011). A 

pulley system was also used for in-situ calibration of a force plate system (Hall et al., 

1996). In a pulley system, a cord often attached via a cap or directed to the sensing 

surface of the transducer and aligned along the surface of the transducer would run 

over the top of a pulley and down where weights are hung. Increasing or decreasing 

weights are hung from the pulley to perform calibrations. The orientation of the cord 

would determine the direction of the applied shear load. Sufficient lubrication of the 

pulleys and the alignment of the cord to transducer axes are important for accurate 

shear measurement. The pulley system has its advantage being simple and requires 

only apparatus that are often readily available in the laboratory. However, precise 

attachment and alignment of the cord to the transducer, and the handling of heavy 

weights (~350N) in a pulley system would be time consuming when numerous 

transducers would require calibration during this study. 

Ideally, a transducer system intended for multi-axial load distribution measurement 

during gait should be calibrated in dynamic mode to simulate real-life conditions. 

Shaker systems (Physikalisch-Technische Bundesanstalt, Germany) have been 

previously employed in the evaluation and dynamic calibration of a multi-axial 

force-moment transducer (Park et al., 2002). The shaker system was a primary 

standard method of calibration based on Newton‟s law. Figure 42 illustrates the 

operating principle in uniaxial vertical calibration, but the same applies to shear 

calibration by mounting the transducer sideways (Park et al., 2002). A mass was 

attached to the sensing surface of the transducer and the assembly was mounted onto 

the shaker machine. The shaker, or vibration exciter, was then used to generate 

dynamic excitation to the transducer base. The inertia of the seismic mass would 

generate dynamic force to the transducer. A laser-doppler-interferometer was used to 

detect the acceleration of the known seismic mass, and the force was subsequently 

calculated using Newton‟s law (Figure 42).  
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Figure 42 - Shaker system at the PTB for dynamic calibration. (Images from Dr. Andy Knott, National 

Physical Laboratory (NPL), UK, pers. comm.) 

To avoid the costs and technical complication associated with using laser-doppler 

interferometer (Hoiting, 2005), the calibration procedure could be modified to a 

secondary standard by using reference load cells instead of measuring acceleration. 

As demonstrated in Kärki et al. (2009), a shaker or a material testing machine can be 

used to generate dynamic excitation, but instead of tracking the acceleration of the 

seismic mass, reference load cells are attached to the transducer and their respective 

outputs are used for calibration purposes.  

Mounting of the transducer in its sideways positions for shear measurement, 

however, could be challenging especially for miniature transducer that have no 

mounting mechanisms. Consequently, double sided adhesive tape has been 

previously used for mounting transducers to the calibration rig (Kärki et al., 2009). 

Instead of repositioning the transducer between vertical and shear calibrations, an 

alternative would be to use several actuators/exciters to apply load from different 

directions. A block on top of the transducer is used to allow forces to be transmitted 

through to the transducer (Figure 43). Two actuators with built-in load measurement 

capability were then used to apply each component of forces separately to the block 

(Li et al., 2009a, Li et al., 2009b, Li et al., 2009c). Similar setup of using multiple 

actuators to apply multi-axial load is also used by manufacturers (Kistler Group 

(Switzerland), AMTI Inc (USA), pers. comm.) for calibrating their force plates.  
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Figure 43 – Diagram of calibration for measuring dynamic vertical load and shear: 1) actuator mechanism 

with built-in load transducer, 2) detachable block, 3) the transducer to be calibrated. (Modified diagram 

from Li et al. (2009b))  

There are other methods than using a least-squares linear fit of characterising the 

relationship between the device output and that of the applied load via the calibration 

instrument. It should be noted, however, that least-squares methods are only suitable 

for transducers with linear response. Neural-work based calibration methods (Lu et 

al., 1997) and additional calibration adjustments, such as the use of higher order 

functions, have been advocated that may bring the transducer into a state of 

performance more suitable for its use (Hirose and Yoneda, 1990). These methods 

often require additional tests to be conducted on the transducer and, as such, are 

more time consuming. Calibration adjustment is specific to the design of the 

transducer being tested. Extra calibration steps may be time consuming and the 

improvement in transducer measurement accuracy should be weighed against these 

extra time and resources implications. 

4.5 Calibration apparatus for this study 

A custom designed calibration rig was constructed to allow calibration and 

evaluation of different experimental transducer designs that were manufactured in 

the current study. The design used in the current study was not too dissimilar to that 

shown in Figure 43, in that actuators were used to apply static or dynamic load to a 

stationary transducer. The calibration rig was designed to facilitate transducer 

calibration in three different conditions: 1) uniaxial vertical calibration, 2) uniaxial 

shear calibration, and 3) simultaneous application of vertical and shear load (biaxial 

loading).  
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Table 3 - Relevant specifications of the Nano25 load cell. 

Axis Vertical load axis (Z) Shear load axes (X and Y) 

Rated Load Capacity ±500N ±125N 

Load resolution 0.06N 0.02N 

Measurement error  0.05% full scale 0.03% full scale 

The aluminium calibration rig was designed to be manually operated and consisted 

of three main parts (Figure 44): 1) a six-channel reference load cell (Nano25, ATI 

Industrial Automation, USA) which was mounted onto a translation stage along the 

base plate of the rig; 2) a vertical linear bearing with a steel rod (Loading rod) 

installed on a movable tower platform; and 3) a linear bearing (DryLin® RTA-01-20, 

Igus Ltd, UK) with another steel rod situated on an adjustable tilting platform via two 

friction window hinge joint. These parts and other components of the calibration rig 

are listed in Appendix B. The specifications of the reference load cell can be seen in 

Table 3. 

 

Figure 44 - Adjustable calibration rig for uniaxial calibration in the vertical direction (a) and for 

simultaneous vertical and shear load (b). 

A flat aluminium plate (Mounting platform, 39×39mm) was secured onto the 

reference load cell to allow transducers of larger sizes to be mounted on its upper 

surface. During vertical calibration, the vertical loading rod (Figure 44a) was 

positioned in line with the vertical axis of the reference load cell. A ball bearing 

attached in series with the loading rod was used to apply vertical load to the 

transducer. A flat aluminium plate placed in between the ball bearing and the 
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transducer was used for spreading the load across the effective area of the transducer. 

Dynamic calibration could be conducted either manually applying load to the top end 

of the loading rod (Figure 44a), or automatically using an alternative loading 

mechanism such as a motor-driven actuator. A compression spring allowed the 

loading rod to recover to its initial position following the removal of load. Dead 

weights of known mass can be placed on top of the dish for static calibration. 

During shear calibration, the adjustable tilting platform was lowered so its linear 

bearing was aligned along the shear axis of the transducer to be calibrated. Shear 

load was then applied via the loading rod towards the edge of the transducer or to the 

sides of the loading block that was attached to the top of the transducer. The 

transducer was mounted in different orientations allowing calibration of all four 

shear directions in separate tests. To simultaneously apply vertical and shear load to 

the transducer, the tilting platform was raised at an angle of 45° (Figure 44b). An 

angled adaptor was attached to the bottom end of the vertical loading rod. The other 

end of the tilted rod has a point contact with a 45° loading block that was secured 

onto the sensing surface of the transducer (Figure 44b). The 45° loading block 

allowed a combined vertical and shear load to be transmitted to the transducer. 

Dynamic calibrations were conducted by hand in an uncontrolled manner, but dead 

weights of known mass can be placed on top of the dish for static shear calibration. 

The signal outputs from the reference load cell were fed to a data acquisition (DAQ) 

system (USB-6225, National Instruments Corps, Ireland) connected to a laptop 

running LabView software (Version 8.6). The DAQ system was controlled via a 

LabView program which was provided by the load cell manufacturer to ensure 

reliable acquisition and accurate voltage-to-force output conversion. The LabView 

program was modified to allow storage of data from the reference load cell together 

with any other outputs from the transducers to be calibrated. The calibration rig 

provided an effective way of generating vertical and/or shear load in a repeatable and 

controlled manner. The way in which each experimental transducer was secured to 

the mounting platform during calibration is described in Chapter 5 below. 
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The calibration rig described above provided a quick and easy method for the 

calibration and evaluation of transducer prototypes that were manufactured in the 

current study. While it allowed controlled application of static loads, dynamic 

calibrations were not well controlled. Consequently, once each prototype design was 

optimised, a more controlled loading system was employed to provide a more 

detailed evaluation of transducer performance. A different second-standard material 

testing machine (ElectroForce3200, Bose Corp., USA) became available during the 

course of the current study and were used over the calibration rig described here. 

These will be discussed in later chapters describing the calibration procedures. 

It should be noted that due to the mechanical design of the calibration rig, in 

particular with the tilting platform set at an angle of 45°, the force experienced by the 

transducer to be calibrated would be less than the magnitude of force being applied 

to the rig. This would not be an issue because any force experienced by the 

transducer is transmitted through and detected by the six-channel reference load cell. 

Calibration tests have been conducted based on the force signal from the reference 

load cell and not the physical force or dead-weight being applied on the rig. 

However, if any medium, such as adhesive tape, is placed between the reference load 

cell and the transducer to be calibrated, it would alter the compliance of the 

calibration setup and should be taken into account.  
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Chapter 5  

Development of triaxial load 

transducers 

 

 

This chapter outlines the development and preliminary evaluation of various novel 

triaxial load transducer designs based on different load sensing technologies. 

Piezoelectric, hydraulic, optoelectronic and magnetic based technologies were 

previously identified (Section 3.10) for their potential to be used in the construction 

of triaxial load transducers that would satisfy the system requirements described in 

Section 2.4.1. The current study benefitted from the availability of a pre-existing 

piezoelectric triaxial force transducer prototype from the University of Kent. The 

piezoelectric based device and other novel transducer design prototypes based on the 

other 3 technologies mentioned above were evaluated for their suitability in 

measuring triaxial load. Prototypes with the potential to satisfy the requirements of 

the current study would be developed further to achieve the primary goal of the study 

– namely, the development of a multi-axial load transducer suitable for incorporation 

in a large array for load distribution measurement.  
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5.1 Evaluation of a piezoelectric based triaxial load transducer 

As discussed in Section 3.3.4, the research group at the University of Kent had 

described the development of a triaxial piezoelectric force transducer to quantify the 

triaxial force under discrete location of the plantar surface of the foot within an in-

shoe environment. The group at Kent had kindly forwarded some of their transducers 

together with the charge amplifier circuit to allow a first-hand evaluation of their 

system. Limited characterization of the device has been presented in their papers 

(Razian and Pepper, 2003, Razian and Pepper, 1998). This chapter further 

characterises their piezoelectric system and has been reported elsewhere (Lau et al., 

2008). The following sections provide a summary of the evaluation. However, the 

primary objective of the investigation was not to assess the performance of the „Kent 

system. The „Kent‟ system was taken as a representative piezoelectric based device 

to evaluate the suitability of piezoelectric material in the design of triaxial load 

distribution devices. 

5.1.1 The ‘Kent’ triaxial force transducer system 

The piezoelectric copolymer used in the „Kent‟ triaxial transducer had a mixed 

composition of polyvinylidene fluoride (PVDF) and trifluoroethylene (TrFE) (Razian 

and Pepper, 2003). A 10×10mm element of the piezoelectric film (500µm) was 

sandwiched between three double sided printed circuit boards (PCB) of 0.7mm 

thickness (Figure 45). The upper PCB measured 10×10mm and the two lower PCBs 

measured 13×13mm. The overall transducer dimensions were 13×13×2.7mm. 

 

Figure 45 – Piezoelectric triaxial force transducers from the University of Kent. 
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The PCBs were used to provide electrodes for cable connections as well as electrical 

shielding. The lower PCBs facilitated cable attachment, provided physical protection 

to the electrode surfaces and also prevented external load from touching the sides of 

the piezoelectric film. To avoid soldering and heat exposure to the piezoelectric film, 

cables were attached to the electrodes by means of silver loaded epoxy adhesive 

(Razian, 2000). A different silver conductive paint was applied to connect the four 

sides of the piezoelectric film to the electrodes. A gap at the end of each side was left 

without paint to avoid shorting (Razian, 2000). A central grove and four small 

channels in the lower PCBs allowed a low-noise tricoax-cable (1mm diameter) to be 

embedded between them. The piezoelectric film and the PCBs were bonded using 

non-conductive epoxy resin. The smooth surfaces of the copolymer film needed to be 

carefully roughened to improve bonding to the PCBs. Finally, the transducer was 

covered with PCB lacquer for electrical insulation. 

The band pass characteristics of the charge amplifier circuit used in this evaluation 

had a frequency response of about 0.01Hz to 250Hz (Matthew Pepper, University of 

Kent, pers. comm.). As with any electrical system  for measuring DC charges, high-

quality electrical insulation was paramount for the „Kent‟ piezoelectric transducer 

which operated in charge mode (Section 3.3.2). The low-noise tricoax-cable used in 

the „Kent‟ system was a bespoke product and the manufacturer had minimum order 

requirements. As a result, low volume production of the transducer would be 

relatively expensive. An up-to-date quotation from the manufacturer revealed that a 

two-core low-noise cable of the same type would require a minimum order of £2700 

per 400m (Lynda Terry, Habia Cable Ltd, UK, pers. comm.).  

5.1.2 Data acquisition 

The piezoelectric transducer and the charge amplifiers from the „Kent‟ research 

group were evaluated as-is, with no modifications, except the charge amplifier circuit 

provided was secured in a plastic enclosure for protection. The three cables from the 

piezoelectric sensor were connected to the charge amplifier circuit using the RS-232 

connector on the plastic enclosure. The charge amplifier circuit was powered via the 

±5V outlets from a bench top power supply. The three outputs channels from the 
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charge amplifiers were connected to a data acquisition system (DAQ) (USB-6225, 

National Instruments Corps, Ireland). Data recording was controlled via a custom 

program written in LabView8.6 (National Instruments Corps, Ireland). 

Although it was not the primary goal of this study, it should be noted that a full 

calibration and characterisation of the „Kent‟ system was not possible. It was found 

that the piezoelectric film of the transducer was detached from the PCB assembly 

during the application of shear loads as little as 40N, which was significantly lower 

than the rated capacity (500N) of the transducer (Razian and Pepper, 2003, Razian 

and Pepper, 1998). Similar observations were made by other researchers undertaking 

calibration testing of the „Kent‟ transducers  (Thornton, 2009). It was possible that 

aging of the epoxy resin used in bonding the transducer resulted in delamination of 

the transducer. As a result, limited data were gathered, particularly for the shear axes. 

Nonetheless, the tests conducted have provided sufficient insight into the usability of 

piezoelectric material in the design of a triaxial load distribution device. 

5.1.2.1 Transducer calibration 

Two distinctive calibration configurations were used to evaluate the „Kent‟ 

piezoelectric system: 1) pure vertical loading using a computer-controlled material 

testing machine (Lau et al., 2008), and 2) pure vertical and biaxial loading using a 

manually controlled transducer calibration rig. 

Computer-controlled calibration setup 

The piezoelectric transducer and amplifier circuitry were further shielded with 

aluminium foil (Figure 46) to minimise electrical noise during testing. The 

transducer was fixed to the mounting plate of the material testing machine with 

adhesive tape. A 10mm aluminium cube (loading block) with a recess at the top for a 

steel ball bearing (Ø5mm) was placed on top of the transducer during vertical 

loading (Figure 46). Visual inspection indicated that the lacquer coating of the 

transducer was not uniformly flat. Moreover, initial pilot testing suggested the 

transducer was sensitive to surface irregularities, thus the transducer was evaluated 

under different loading conditions: 



 

~ 124 ~ 

 

1. Vertical load applied via the loading block. 

2. Vertical load applied via the loading block rotated 90° to test how surface 

irregularities of the block influenced transducer output. 

3. Vertical load applied via the loading block with intervening rubber on top and 

beneath the transducer to ensure the load was evenly distributed across the 

transducer surface (Figure 46). 

 

Figure 46 – Calibration setup in the Instron 5800R material testing machine during vertical testing. 

A series of pure vertical (Z-axis) loading regimes were applied to the piezoelectric 

transducer via a uniaxial material testing machine (5800R, Instron, USA) (Lau et al., 

2008). Input loadings were implemented including: impulse (rapid loading of 42N 

and unloading in 2seconds); step load input (42N for 40 seconds); and sinusoidal 

cyclic loading (2N-42N at 1Hz). Detailed descriptions of the loading sequences have 

been included in 0. All loading sequences began with a 10s load hold at nominal zero 

load, ensuring transducer outputs were stable about zero volts. Each sequence 

finished with a 40s load hold to allow evaluation of the decay in transducer output, 

which is typically exponential in a piezoelectric system (Lord and Smith, 1983). 

Force data from the material testing machine and the three voltage outputs from the 

transducer system were sampled simultaneously at 200Hz using the DAQ system 

(USB-6225). 

Manually controlled calibration setup 

Further tests were conducted to evaluate the transducer performance in the shear 

axes. The transducer was secured to the mounting platform of the calibration rig 
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described earlier (Section 4.5) to allow manual application of pure vertical load as 

well as biaxial load (Figure 47) to the transducer. The performance of the 

piezoelectric transducer was evaluated against a six-channel reference load cell 

(Nano25, ATI Industrial Automation, USA) (Figure 47). Force outputs from the 

reference load cell and the three voltage outputs from the transducer system were 

sampled simultaneously at 200Hz using the DAQ system (USB-6225). 

The transducer was carefully aligned to the measurement axes of the reference load 

cell before it was adhered to the mounting platform using double-sided rubber 

adhesive (No-more-nails on a roll, UniBond), which ensured a more uniform 

distribution of load to the transducer surface. As with computer-controlled 

calibration testing, vertical load was applied to the transducer via a 10mm aluminium 

cube positioned in series with a steel ball bearing (Ø5mm), however, the transducer 

and the charge amplifiers were not wrapped with aluminium foil (Figure 46). 

Dynamic vertical load, over a range of about 0-30N, was manually applied via the 

calibration rig for 30 seconds at a rate of approximately 1Hz.  

The calibration rig was also used to apply biaxial load. Biaxial load was applied via a 

45° angled loading block made of aluminium (Figure 47). Dynamic biaxial load was 

applied manually at about 1Hz over the ranges of ±30N for 30 seconds. Because the 

loads were applied manually, the actual load could be ±15% of the intended 30N. 

The ±X shear axis was tested before the same biaxial tests were conducted with the 

transducer mounted upside down for testing in the ±Y shear axis (Figure 47b). The 

transducer was evaluated upside down to test the hypothesis that the lower PCBs 

may deform and introduce bending in the piezoelectric material causing erroneous 

reading. Unfortunately, the piezoelectric film of the transducer was later delaminated 

from the PCB assembly. As a result, the ±Y shear axis with the transducer in its 

original position and the ±X shear axis with the transducer in an inverted position 

were not evaluated. 
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Figure 47 – The piezoelectric triaxial force transducer placed in its intended orientation (a) and up-side 

down (b) on the calibration rig during biaxial loading (c). 

5.1.2.2 Calibration results 

It was found that any physical contact with the shear channel electrodes would cause 

output saturation. Visual checks were performed before each test to ensure the 

aluminium foil was not in contact with the electrodes. Despite attempts to shield the 

„Kent‟ system from electromagnetic influences, the outputs of the transducer were 

affected by noise during calibration in the material testing laboratory. The transducer 

and its connections at the charge amplifier were particularly sensitive to 

electromagnetic noise. Static charge from a plastic ruler, for example, was noted to 

influence the output voltage dramatically. Consequently, output voltages from the 

„Kent‟ system during computer-controlled testing were lowpass filtered (Kaiser 

Window filter, Fpass = 1.5, Fstop = 2) in MATLAB (Version R2007a). While the 

signal-to-noise ratio of the system was significantly lower (8:1) during manual 

loading than computer-controlled tests (3:1), signal outputs were also filtered to aid 

comparison of the system performance during computer-controlled and manual 

loading tests. 0 contains illustrations of typical transducer output signals before and 

after filtering. 

 

 

Results from computer controlled calibration 
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Figure 48 illustrates a typical filtered system output from the vertical channel when a 

cyclic load (0) was applied to the transducer. An exponential decay was apparent in 

the system output. The average time constant was estimated by fitting an exponential 

curve (     
   ) to the peak value from each loading cycle as shown in Figure 48. 

As a secondary check, the exponential response at the end of the cyclic sequence 

(Figure 48) and the exponential response during step loading (0) were also evaluated. 

Average time constant values for each transducer axis have been summarised in 

Table 4. The average time constant         was found to be less than 15s for both 

vertical and shear axes. However, the time constant in the shear Y axis was found to 

be about 9s when rubber was used during calibration. 

 

Figure 48 - Voltage-time plot illustrating a typical vertical output response under vertical loading. The 

exponential decay curves (red and green) were fitted in order to estimate the time constant of the charge 

amplifier circuit. The signal shown has been low-pass filtered. The typical input load can be seen in 0. 

Due to the exponential decay in the transducer response, the absolute output voltages 

from the amplifier circuit were not directly related to the applied load. However, 

because the applied loads controlled via the computer were consistent between tests, 

the peak-to-peak output voltages (Figure 48) from each loading regime were 

compared with the applied peak-to-peak vertical load (Table 4). To examine the 

effect of cross-talk, average peak-to-peak voltage outputs from the two shear axes 

during pure vertical loading have been evaluated (Table 4). The orientation of the 

loading block was found to have negligible influence on output voltage (Table 4). 

Peak to peak voltage 

where λ = 0.072  =  0 
−λ𝑡  
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Table 4 - Transducer triaxial response under different pure vertical loading regimes. 

Loading 

regime 

Loading 

block 

orientation 

Rubber Peak-to-peak 

applied load 

(N) 

Peak-to-peak 

voltage output (V) 

Time constant 

τ (s) 

X Y Z X Y Z 

Impulse 0 Yes 39 0.17 0.15 0.37    

90 38 0.16 0.13 0.37 

0 No 40 0.14 0.71 0.21 

90 40 0.18 0.65 0.21 

Step 0 Yes 44 0.20 0.16 0.42 11.49 9.25 14.30 

90 39 0.19 0.13 0.42 11.33 8.21 15.09 

0 No 41 0.16 0.74 0.25 11.95 13.02 14.76 

90 41 0.22 0.72 0.28 11.52 12.20 14.38 

Cyclic 0 Yes 35 

(SD 0.13) 

0.13 

(SD 0.008) 

0.13 

(SD 0.004) 

0.35 

(SD 0.006) 

11.11 9.37 13.88 

Table 5 - Transducer response under pure vertical and biaxial loading regimes. 

  Transducer output  

(Slope of the calibration curve, input load vs. transducer output voltage) 

Applied load Transducer orientation Shear X Shear Y Vertical Z 

Pure vertical load Normal undetermined  0.0102 

X- biaxial load 0.0157 0.0133 

X+ biaxial load 0.0053 0.0118 

Pure vertical load Upside down  0.0174 0.0130 

Y- biaxial load 0.0109 0.0130 

Y+ biaxial load 0.0097 0.0137 
Note: Crosstalk in the shear axes during pure vertical loading and biaxial loading are shown. Please refer to text for explanation why some data were undetermined. 
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Results from manually controlled calibration 

Figure 49b illustrates a typical system output from the vertical channel when a cyclic 

load (Figure 49a) was manually applied to the piezoelectric transducer. The peak 

load applied to the transducer was not consistent between loading cycles. As a result, 

the exponential decay that was characteristic of the system during computer 

controlled loading (Figure 48) was not evident during manual loading (Figure 49b). 

Although the absolute output voltages from the amplifier circuit cannot be 

interpreted directly, the peak-to-peak values should be proportional to the applied 

load and therefore a consistent slope of the calibration curve. Calibration curves 

during both pure vertical and biaxial loading tests have been plotted (0) with their 

slope summarised in Table 5. The vertical and shear (Y) outputs were practically 

identical during pure vertical and biaxial loading when the transducer was placed up-

side-down in comparison to its intended orientation (Table 5). 

  
  

(a) (b) 

Figure 49 – A typical cyclic load applied manually (≈1Hz) using the calibration rig (a) and the 

corresponding output from the piezoelectric transducer (b). Plots are for the purpose of illustration only 

and show the application of dynamic load for 60seconds compared to the 30s duration used during 

calibration. 

5.1.3 Discussion 

As with all piezoelectric transducer/charge amplifier systems (Lord and Smith, 

1983), exponential decay was apparent in the voltage output response of the „Kent‟ 

system (Figure 48). Despite this decay, however, peak-to-peak signals were linearly 

proportional to the applied load and were consistent between cycles during cyclic 
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loading (Table 4 and Figure 48). The constantly changing baseline in the signal 

meant that the absolute voltages could not be used. As noted by Lord and Smith, 

(Lord and Smith, 1983), incorporation of more expensive charge amplifier and 

conditioning circuits may act to lengthen the decay in the signal, hence the time 

constant, to allow quasi-static load measurements. The average time constant was 

estimated to be about 14s in the vertical axis and 11s for the shear axes (Table 4). 

The time-dependent response reflected the band pass characteristics of the charge 

amplifier whose low pass frequency response was estimated to be 0.01Hz (Matthew 

Pepper, University of Kent, pers. comm.), which results in a time constant of 15s.  

It is likely that the measured time constants were less than 15s due to drift in the 

charge amplifier system. Drift will always be observed when using charge amplifiers 

and both drift and the time constant simultaneously affect the voltage output 

(Gautschi, 2002). Drift can be caused by low insulation resistance or by leakage 

current, however it is not a predictable phenomenon (Gautschi, 2002). In fact, the 

measured time constants were found to be lower in the shear axes when rubber was 

used during calibration, which was more apparent in the shear ±Y channel (Table 4). 

Although not fully tested, it was hypothesised that static charges generated from the 

deforming rubber via the aluminium foil may have created an electrical field around 

the shear electrodes which accelerated current leakage during calibration. The 

aluminium foil might have been relatively closer to the Y-shear electrode than the X-

shear electrode, thus the effect was less evident in decay characteristic of the X-shear 

axis. 

As previously reported (Akhlaghi, 1995), baseline drift could occur with degradation 

of the lacquer that encased the transducer. Such a problem was not apparent in the 

vertical channel, but a light touch on the shear electrodes on the transducer would 

cause output saturation. This confirmed that the insulation on the shear electrodes 

was not adequate and, as such, was prone to error caused by drift. Moreover, despite 

the use of the expensive low-noise tricoax-cable, the system was sensitive to external 

electromagnetic influences. In contrast to the „Kent‟ system which operated in charge 

mode, the piezoelectric material could, as an alternative, be made to operate in 

voltage mode by integrating an amplifier circuit into the transducer. The voltage 
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signal would be able to transmit longer distances and would have been less sensitive 

to electromagnetic noise. However, such a design would have significantly increased 

the overall dimensions of the transducer and, as such rendered it unsuitable for in-

shoe applications. 

The vertical and shear (Y) outputs were practically identical during pure vertical and 

biaxial loading when the transducer was placed up-side-down in comparison to its 

intended orientation (Table 5). This phenomenon suggested that the PCBs used in the 

construction of the transducer were not sufficiently rigid to prevent bending of the 

piezoelectric transducer. The lower PCBs were larger than the piezoelectric film and 

the upper PCB, any load applied to the transducer would cause the lower PCBs to 

conform and its sides would bend upward. Therefore, even an evenly distributed load 

on the transducer surface would cause the PCBs to deform concavely causing 

erroneous outputs in all three axes. This was best demonstrated when the transducer 

was evaluated up-side-down. Moreover, in contrast to Figure 50a where the 

transducer was up-side-down, the deforming PCBs were to blame for the irregular 

response found in the shear (X) axes when vertical load was applied (Figure 50b). 

This unexpected response renders the shear channels, in the current design, 

unsuitable for accurate measurement of shear load. 

  
  

(a) (b) 

Figure 50 - Transducer response in the shear (Y) channel during application of pure vertical (Z) load (a), 

and transducer response in the shear (X) channel during application of pure vertical (Z) load (b). These 

figures are reproduced in Appendix C.  
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The orientation of the loading block displayed no influence in the performance of the 

transducer (Table 4), hence the unusual output discussed above was not associated 

with surface irregularities in the loading block. However, when rubber was not used 

during pure vertical calibration there was a decrease in signal in vertical (Z) axis, and 

a corresponding decrease in cross-talk in one shear (X) axis but a five fold increase 

in crosstalk in the other shear (Y) axis (Table 4). This implies that surface 

irregularities in the transducer may dramatically affect its performance. 

Results from this investigation have indicated that a robust transducer structure with 

high-quality electrical shielding capability is crucial in the design of a piezoelectric-

based load measurement device. Moreover, to avoid erroneous output due to bending 

of the transducer, housing material with a high bending stiffness would be required 

to enclose the piezoelectric material. Perhaps the design of the „Kent‟ transducer was 

over simplified with only three PCBs enclosing the piezoelectric film. High precision 

in manufacturing the transducer structure is of importance to avoid any error caused 

by mechanical cross-talk. Coating the transducer with lacquer should be avoided 

unless an even finish can be guaranteed. To prevent premature failure of the 

transducer, a stronger bonding method for the attachment of the piezoelectric film to 

the transducer structure or a complete enclosed design would be required. Although 

the surfaces of the piezoelectric film were roughened to improve bonding to the 

PCBs, it is possible the process may cause surface irregularities resulting in non-

uniform loading and erroneous results. Furthermore, a robust design is paramount to 

avoid injury that might be caused by sudden failure of the transducer during use. 

In summary, the „Kent‟ transducer design was found to be suitable for 

characterisation of the vertical load. Results from the current study have indicated 

that, for accurate shear load measurement in gait applications, piezoelectric materials 

need to be incorporated within a robust transducer structure to avoid bending and 

other mechanically induced errors. A strong bonding medium is required for 

mounting piezoelectric material to the transducer structure. High precision control 

for an even layer of the bonding medium would be necessary. Also, for safety, the 

piezoelectric material should be enclosed within a housing in case of premature 

failure of the bonding medium. To keep the dimensions of the transducer to a 
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minimum, the piezoelectric material should be operated in charge mode, therefore 

expensive low-noise electrical connections are required to minimise noise in the 

signals. Costly charge amplifiers are also required for quasi-static load measurement. 

Therefore, high volume production of piezoelectric transducer would be relatively 

expensive due to inspection time and hardware facilities required for high-presicion 

manufacturing. 

 

5.2 Development of a hydraulic based triaxial load transducer 

The use of hydraulic based technologies in load measurement has been discussed 

(Section 3.7). This section outlines the development of triaxial load transducers that 

measures load through pressure by using hydraulic based components. The 

prototypes were evaluated for their suitability in the design of a triaxial load 

distribution device. 

5.2.1 Design concept  

Pressure sensors are widely used in different industries to measure the pressure of 

gases or liquids. With the advancement in miniature integrated circuits, pressure 

sensors have become smaller and cheaper. Off-the-shelf pressure sensors with 

integrated amplifiers or other signal conditioning circuits are readily available. With 

an appropriate hydraulic environment, these off-the-shelf devices could easily be 

used to construct a load measurement system. The simplest example of a hydraulic 

environment would be a liquid filled tube connected to a pressure sensor (Figure 

51a). A similar technique has been used to build uniaxial load transducers that are 

compatible with magnetic resonant imaging (MRI) environment (Liu et al., 2000, 

Petre et al., 2008) by ensuring the electric pressure sensors can be located outside the 

magnetic field of the MRI. 
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Figure 51 - Illustration of a simple hydraulic based uniaxial load transducer (a) and the multiple of such 

arrangement used in the construction of a triaxial load transducer (b). 

In the case where some liquid is contained in a deformable tube, any load applied on 

the tube will change the pressure of the liquid within. Thus, based on Pascal‟s law, 

the external load can be monitored by measuring the changes in pressure inside the 

tube. In fact, as demonstrated in Figure 51a, the pressure tube itself can be a simple 

uniaxial load measurement device or a pressure measurement device if the load was 

applied to a known area. A simple triaxial load transducer, therefore, could be 

constructed with as little as five pressure tubes (Figure 51b): one for each of the four 

shear directions (X and Y) and one for measuring vertical load (Z).  

5.2.2 Proof of concept prototype 

Two simple prototype transducers (Prototype A and B) were constructed using 

commercially available pressure sensors and carefully selected tube materials to 

evaluate the feasibility of triaxial load sensing based on the concept described above 

(Section 5.2.1). The two prototypes only differed in the material of the pressure 

tubes. 

5.2.2.1 Hydraulic pressure sensors 

Different off-the-shelf pressure sensors were identified following extensive searches 

of product catalogues from hardware suppliers (RS Components Ltd, Northants, UK 

and Farnell UK Ltd, Leeds, UK). Pressure sensor 40PC-250G1A (40PC) from 

Honeywell (Illinois, USA) was selected based on its cost (£27 each), size, 

performance and operational conditions. The 40PC was a miniature (13×11×9.6mm) 

piezoresistive based pressure sensor that was fully signal conditioned and factory 

calibrated producing a linear voltage output over an operating pressure range of 0 to 
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250psi with a cited sensitivity of 16mV/psi and total accuracy of ±0.2% (%Span, 

between 0.5V to 4V). The sensor was a „plug-&-use‟ device with only three wire 

connections: a standard +5V and Ground pin to provide power, and a Voltage Output 

pin. Five individual pressure sensors were used for each prototype and the same 

sensors were used in Prototype B after tests has been conducted on Prototype A. 

Each sensor was secured and electrically connected on a breadboard (Figure 52). 

5.2.2.2 Hydraulic environment 

The hydraulic environment was created using oil filled tubes connected to pressure 

sensors. Prototype A and B were constructed using different pressure tube materials.  

Prototype A 

As a preliminary test, silicone tubes were used in Prototype A as they were readily 

available in the laboratory. The silicone tube (unknown source) had a 1.5mm bore 

and 1mm wall thickness. Each tube was carefully filled with sunflower oil (Tesco, 

UK) to avoid inclusion of air bubbles in the system. The oil filled silicone tubes were 

temporary sealed at one end using clamps, while the other end was press fitted to the 

input port of the 40PC miniature pressure sensors. 

 

Figure 52 - Illustration of an oil filled tube fitted on the input port of the 40PC miniature pressure sensor. 

Prototype B 

A relatively stiffer „industrial-grade‟ Polyvinylchloride (PVC) tubing with a 2mm 

bore and 1mm wall thickness (Altec Products Ltd, UK) was used in Prototype B. 

PVC was chosen for its cost (£8 per 30m) and the availability in different sizes. The 

bore size of the tube was chosen to allow snug press fit over the input port of the 
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pressure sensors. According to the chemical suitability chart from the manufacturer, 

corn oil, rather than sunflower oil, was chosen for chemical suitability with PVC. 

Each tube was carefully filled with corn oil (Tesco, UK) to avoid any inclusion of air 

bubbles. The oil filled PVC tubes were then permanently sealed at one end using 

cyanoacrylate adhesive (M-Bond-200, Vishay, USA), with the other end press fitted 

to the input port of the 40PC miniature pressure sensors (Figure 52). 

5.2.2.3 Transducer structure 

The same structural components were used in both Prototype A and B. The simple 

triaxial load transducer structure consisted of a sensing surface plate with an 

extended cylindrical end and accompanying transducer housing (Figure 54a and b). 

The two structural components were made of aluminium alloy. Technical drawings 

of the components have been included in Appendix B.  

The transducer in the initial design concept, as illustrated in Figure 51, contained 

four pressure tubes arranged rectilinearly to detect the shear axis movement (±X and 

±Y) of the sensing plate and an additional tube located on the underside of the 

extended cylindrical end of the sensing plate for detection of vertical (Z) deflection. 

The transducer housing contained 12 holes (Ø3.5mm) that allowed positioning of the 

pressure tubes. The four tubes positioned for detecting shear were suspended 

horizontally to the inner walls of the transducer housing by threading through the 

eight holes at the upper part of the housing. The two pairs of shear pressure tubes 

were in a two-tier arrangement, with the lower pair arranged for ±X shear and the 

upper pair for ±Y shear (Figure 51). The pressure tube for the vertical load was 

looped through the four holes located at the lower part of the housing creating an „U‟ 

shape bend. The cylindrical end of the sensing surface plate was positioned on top of 

the vertical pressure tube, and was fitted snugly between the four shear tubes within 

the housing.  

Unfortunately, such arrangement with the pressure tubes had caused the sensing 

surface plate to loss stability. The cylindrical end of the sensing plate would tilt and 

lever itself out from the housing when shear load was applied to the transducer. 
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Consequently, the initial design was modified such that the pressure tube for vertical 

load detection was wrapped around the cylindrical end of the sensing plate and 

sandwiched against the top of the transducer housing (Figure 53 and Figure 54). No 

modification was made to the transducer housing but the cylindrical end of the 

sensing plate was extended to 14mm instead of the original length of 12.5mm 

(Appendix B) so it was long enough to reach the lower tubes for shear (Y) detection.  

 

Figure 53 - The revised hydraulic based transducer design. The pressure tube for vertical load sensing was 

put between the sensing surface and the transducer housing. 

All shear measurement tubes were 300mm long and the vertical tube was 400mm in 

length. The silicone tubes on Prototype A were not fixed to the transducer, whereas 

the vertical pressure tube on the prototype with PVC tubes was fixed between the 

sensing plate and the transducer housing using cyanoacrylate adhesive (M-Bond-

200) to form a stiffer assembly. The complete Prototype A assembly with silicone 

pressure tubes measured 30×30×23.5mm. The silicone tubes were detached from the 

pressure sensors after calibration and were replaced with the PVC pressure tubes for 

constructing Prototype B. The same transducer structure was used for Prototype B 

but the holes on the sides of the transducer housing (Appendix B) were enlarged to 

4mm allowing the PVC tubes to pass through. The PVC tubes were arranged such 

that they only extended out from one corner of the transducer (Figure 54b). The 

complete Prototype B with PVC pressure tubes measured 30×30×24mm.  
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Figure 54 - The transducer housing with oil filled silicone tubes (a) and the vertical pressure tube around 

the loading plate (b). The same structures were used to assemble the prototype with PVC pressure tubes 

(c). 

5.2.2.4 Circuit design 

The miniature pressure sensors (40PC) were pre-amplified and preconditioned, 

therefore no other conditioning circuitry was required. All five pressure sensors 

(40PC) were powered via the same 5V supply outlet on the data acquisition system 

(DAQ) (USB-6225, National Instruments Corps, Ireland), which was also used to 

record their voltage outputs.  

5.2.2.5 Prototype calibration 

The two hydraulic based prototypes (A and B) were evaluated against a six-channel 

reference load cell (Nano25, ATI Industrial Automation, USA). Force outputs from 

the reference load cell and voltage outputs from the five pressure sensors were 

sampled simultaneously at 200Hz using the DAQ system (USB-6225). Data 

recording was controlled via a custom program written in LabView8.6 (National 

Instruments Corps, Ireland). All tests were conducted on the manually operated 

calibration rig described earlier (Section 4.5 and Figure 55). The prototypes were 

adhered, in turn, to the mounting platform of the calibration rig using double-sided 

tape. Each prototype was carefully aligned to the measurement axes of the reference 

load cell before bonding to the mounting platform. Following testing, each prototype 

was detached from the mounting platform. 

Dynamic calibration tests for vertical and shear axes were conducted at 1Hz over the 

ranges of 0 to 40N and ±40N for 10 cycles, respectively. Because the loads were 
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applied manually, the actual load could be ±15% of the intended 40N. Vertical loads 

were applied manually with the steel rod (Ø20mm) on the calibration rig. The rod 

was put in series with a steel ball (Ø23mm) placed on top of the transducer (Figure 

55a). The height of the prototypes, however, prevented the use of the calibration rig 

for pure shear tests. Consequently, shear loads were applied using the sharp end of a 

ball pen. In each instance, vertical load was applied to the centre of the sensing 

surface, while shear loads were applied to the mid-point of the corresponding surface 

of the plate. 

 

Figure 55 - Calibration rig setup for the application of pure vertical load (a) and biaxial (vertical and 

shear) load (b) to the hydraulic based triaxial load transducer prototype. 

Because the silicone tubes and the two transducer structural components were not 

fixed together, the application of pure shear load on Prototype A caused the sensing 

surface plate to tilt and displace upward at the point of loading. A constant vertical 

load was required to hold down the sensing surface in position. Consequently, the 

shear axes of Prototype A were only evaluated by applying biaxial load to the 

transducer. A 45° angled loading block made of aluminium was secured on top of 

Prototype A to allow the application of biaxial load to the transducer via the 

calibration rig (Figure 55b). Prototype B did not have such a problem and pure shear 

loads were applied as described above, using the sharp end of a ball pen. In contrast 

to Prototype A, a complex triaxial load was applied manually to Prototype B for 

about 30s to assess its performance under combined vertical and shear loads. 
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5.2.2.6 Prototype calibration results 

The mechanical properties of the silicone tubes used in Prototype A began to change 

after days in constant contact with the oil. The chemical reaction caused the oil to 

thicken and lumps of gel-like materials were found within the hydraulic 

environment. The pressure sensors had to be cleaned to ensure the lumps of materials 

would not affect the outputs before they were used again for constructing Prototype 

B. It was advised that the pressure sensors should be cleaned with isopropyl alcohol 

(IPA) or similar (Customer Response Centre, Honeywell.com, pers. comm.). Due to 

the compliance of the silicone tubes used in Prototype A, slight expansion of the 

silicone tubes external to the transducer housing were observed when load was 

applied to the tubes within the transducer. The same was not observed in Prototype B 

with the PVC pressure tubes. However, the disassembled Prototype B revealed that 

the PVC shear tubes had „permanently‟ deformed to a Hertzian shape caused by the 

constant preloading condition due to the snug fit of the cylindrical column in the 

transducer. The PVC tubes returned close to their original shapes if no load was 

applied to the same location for a prolonged period (of the order of hours).  

Table 6 - Assessment in the performance of the pressure sensors used in the prototypes. 

Pressure sensor 40PC-250G1A 

 Span = 4V – 0.5V = 3.5V 

 Total accuracy = ±0.2% (% Span) => ±0.007V error MAX 

 Sensitivity = 16.0mV/psi 

Prototype A B 

Output span (Vertical)* 0.79V => 49psi  0.05V => 3psi 

Output span (Shear)* 0.32V => 20psi 0.03V => 2psi 

Inherit sensor noise (peak-to-peak)* ±0.001V ±0.001V 

Signal-to-noise ratio (Vertical) 395:1 25:1 

Signal-to-noise ratio (Shear) 160:1 15:1 

* information extracted from Figure 56, Figure 57 and Table 7 

In isolation, the pressure tubes were sufficiently sensitive to detect light finger touch. 

Although the selected pressure sensor was capable of withstand pressure of up to 

250psi, the highest pressure detected was only 49psi from Prototype A (Table 6). The 

changes in pressure within the pressure tubes in Prototype B were considerably lower 
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than those in Prototype A (Table 6), hence the noise in the signal was more apparent 

in Prototype B (Figure 57). 

The maximum load range of the pressure tubes were dependent on the stress at which 

the bore of the tube closed. Due to the compliance of the silicone material and the 

high Hertzian contact stress caused by the cylindrical column on the shear pressure 

tubes, the sensing surface of Prototype A displaced 1.5mm with an applied shear 

force just over 20N resulting in occlusion of the internal bore. Thus, Prototype A was 

limited to detecting shear loads less than 20N (Figure 56b). The pressure tube for 

sensing vertical load, in contrast, was spread over a larger contact area under the 

sensing surface plate, thus tolerated a load range of 0N-115N (Figure 56a). 

  
  

(a) (b) 

Figure 56 - Calibration curves for the silicone pressure tube prototype in vertical (a) and shear axes (b). 

The blue and green curves in (b) represent shear X and Y data during biaxial loading, respectively.  

Figure 56 and Figure 57 illustrates typical calibration plots for each prototype in all 

three axes. Positive and negative shear data from their corresponding pressure tubes 

were put together in one graph (Figure 56b and Figure 57b). The results for each 

transducer axes have been summarised in Table 7. Non-linearity and hysteresis 

values were calculated based on the definition shown in Appendix A. The line of best 

fit (y = mx+c) for each calibration curve was obtained using the least-square method. 

Given that transducer outputs were biased to zero before each test, only the slopes of 

the best fit lines are shown. Transducer responses during the application of multi-
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axial load were also plotted (Figure 56 and Figure 57) with the slopes of their best fit 

line summarised in Table 7. 

  
  

(a) (b) 

Figure 57 - Calibration curves for the PVC pressure tube prototype in vertical (a) and shear axes (b). The 

blue and green curves in (b) represent shear X and Y data during pure shear calibration, respectively. 

Brown and red curves represent the data during triaxial loading. 

 

Table 7 - Calibration results of the hydraulic based prototypes. Typical results are shown. Non-linearity 

and hysteresis values were calculated based on the definition shown in Appendix A. 

 

 

 

Applied load Slope of the 

best fit line 

(y=mx+c)

Goodness 

of fit

Non-

linearity

Hysteresis

Prototype m R-Square % %

A Bi-axial load (X) 0.00822 0.96 5.86 18.35

(Silicone Bi-axial load (Y) 0.00787 0.96 6.25 18.82

tube) Pure Z 0.00687 0.99 3.03 4.41

Bi-axial load (Z) 0.00693 0.99

B Pure X 0.00084 0.99 6.07 13.58

(PVC Triaxial load (X) 0.00072 0.74

tube) Pure Y 0.00054 0.98 5.17 12.01

Triaxial load (Y) 0.00053 0.82

Pure Z 0.00127 0.99 2.05 4.86

Triaxial load (Z) 0.00129 0.99
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5.2.3 Discussion 

The transducer response in the vertical axis of Prototype A with the silicone tube was 

encouraging with both the hysteresis and non-linearity less than 5%. The slight 

deviation in the vertical calibration curves, during pure vertical loading and biaxial 

loading, were in a form of a sigmoid curve about the best-fit line (Figure 56a). This 

may have been caused by the initial collapsing of the silicone tube within the 

transducer followed by the expansion of the silicone tube external to the transducer 

observed during tests. The expansion of the silicone tubes may also have accounted 

for the relatively shallow slope in the vertical axis even though higher pressure was 

applied to the vertical tube than shear.  

Partly due to the compliance of the silicone material, the shear tubes were unable to 

detect loads over 20N, hence the output from both shear axes (X and Y) in Prototype 

A saturated around ±0.2V. This maximum detectable load was also due to the small 

contact area on the column and the expansion along the length of the tubes external 

to the transducer housing due to increased pressure within the bore of the tube. This 

larger deformation in the silicone tubes resulted in a relatively higher output 

resolution compared to that in Prototype B in which PVC tubes were employed 

(Table 6). This can be seen also from the slopes of the best fit lines (Table 7), where 

the slope in Prototype A could be ten times higher than Prototype B (X-direction). 

The material of the tube and its containing liquid must be chemically compatible to 

avoid permanent change in the material characteristic and possible damage to the 

pressure sensors. Moreover, the tube material should be stiffer than the silicone used 

in the current study to maximise the detection range of the transducer. For these 

reasons, the PVC tubes should be chosen over the silicone tubes. 

Using the stiffer PVC tubes in Prototype B allowed the transducer to measure loads 

of greater than 40N in all three axes. A linear output response can be seen in all three 

axes in Prototype B (Figure 57). The voltage outputs should be filtered to minimise 

error caused by the inherit noise from the pressure sensors. However, in order to 

increase the resolution of the transducer, the pressure sensors should be replaced with 

those with a measurement range of lower than 250psi. An alternative method for 
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loading on the shear pressure tubes would also increase the full-scale output span of 

the transducer and the maximum detectable load. To harness the full potential of the 

pressure tubes, the contact area between the column and the shear pressure tubes 

should be increased. The vertical tubes in both Prototype A and B were loaded with a 

relatively large contact area with the transducer and therefore had greater sensitivity, 

lower hysteresis & non-linearity (Table 7). 

Theoretically, the location of the pressure tubes within the housing predicts zero 

crosstalk. This was reflected in the results, where negligible cross-talks were 

apparent in the vertical outputs when the two prototypes were loaded with biaxial or 

triaxial load (Figure 56a and Figure 57a). The cylindrical column used in the current 

design allowed axial rotation of the sensing surface plate without affecting the shear 

output. However, moments about the shear axes caused by off-centred or unevenly 

distributed load on the sensing surface would, in theory, have caused the column to 

tilt at an angle inducing mechanical crosstalk and thus unwanted shear responses. 

This was clearly demonstrated in both prototypes where the shear pressure tubes 

were in a two-tier configuration.  

The slopes of the X-axes calibration curves were greater than those in Y-axes 

because the ±X shear tubes were positioned lower in the prototypes. This is because 

any shear load applied along the transducer surface would cause the column to tilt, 

therefore greater output was expected from the lower tubes. For the same reason, the 

Y-shear pressure tubes were relatively insensitive to the tilting of the column when 

multi-axial load was applied to the prototype (Figure 57), hence a better goodness of 

fit as shown in Table 7. Reductions in mechanical cross-talk could potentially be 

achieved by positioning the shear tubes in a single-tier format and locating them 

closer to the sensing surface.  

The multiple-pressure tube based transducer was a simple design to extract triaxial 

load data. Off-the-shelf pre-amplified pressure sensors allowed an easy and quick 

way to construct the system. The size of the system has the capacity to be readily 

minimised by using smaller diameter tubes. Miniaturisation of the transducer for 

incorporation within an array, however, could be physically challenging. Smaller 
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diameter tubes could be used with the trade off of a smaller detectable load range due 

to smaller bore size. This is true if comparing with the same tube material, otherwise, 

a stiffer material would decrease the resolution of the system.  

It was found that the shear tubes in Prototype B developed „permanent‟ deformation 

when it was disassembled. This was possibly due to the high stress placed on the 

PVC tubes due to the tight fit between the column structure and the transducer 

housing. The permanent deformation may have been due to a viscoelastic effect 

within the material. High stress applied for long periods of time would cause the 

material to deform permanently. On the other hand, the loadings applied during shear 

testing were applied over much shorter time scales and therefore such an effect 

would have been less. Tests would be required to further examine the frequency 

response of the tubing within the hydraulic based triaxial load transducer. 

In summary, results from the calibration tests were encouraging with both prototypes 

demonstrating the capability to detect triaxial load. A transducer incorporating an 

appropriate pressure tube material, such as PVC, has the potential to perform with 

minimal hysteresis and non-linearity. Good output resolution can be expected if the 

measurement range of the pressure sensors closely matches the expecting pressure 

changes within the pressure tubes. However, further tests are required to examine the 

frequency response of the transducer. Pressure tubes must be filled with fluid that is 

chemically compatible to avoid changes in the characteristic of the tube material and 

the performance of the pressure sensors. The production time and cost required for a 

discrete hydraulic triaxial load transducer was expected to be relative low if off-the-

shelf pressure sensors and tubes materials were to be used. However, additional 

effort may be required to locate the pressure tubes in a single-tier configuration to 

minimise error induced by mechanical cross-talk and to minimise the overall 

dimensions of the transducer for an array. Moreover, miniaturisation of the 

transducer could be physically challenging and may never be suitable for in-shoe 

applications. 
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5.3 Development of an optoelectronic based triaxial load 

transducer 

The use of optoelectronic technologies in load measurement has been discussed 

(Section 3.5). This section outlines the development of a triaxial load transducer 

using optoelectronic components. The prototypes were evaluated for their suitability 

in the design of a triaxial load distribution device. 

5.3.1 Design concepts 

The design concept for this optoelectronic triaxial load transducer was inspired by 

the work of several research groups (Hirose and Yoneda, 1990, Tada et al., 2002, 

Takahashi et al., 2003), in which four photo-sensing elements were used. Four-

segmented photo sensors (often referred to as quadrant photodiode), can be regarded 

as an established technology and have been optimised for position sensing in various 

industrial applications, such as laser beam axis alignment. As discussed in Section 

3.1, any displacement sensor can theoretically be calibrated as a load transducer. The 

component necessary to turn a displacement sensor to a load transducer would be an 

elastomeric holder to enclose the light-emitter and sensor units. 

 

Figure 58 – The use of a quadrant photodiode to measure 3-axial minute displacements of a light source (a) 

and the basic concept of using such in a triaxial load transducer (b). 

Figure 58a illustrates the use of a quadrant photodiode and a converging lens or 

pinhole set in front of the light source. This design enables the measurement of 

vertical (Z) movement as a change in the distance between the source and sensor 

influences the light intensity received at the photo sensor.  It is also possible to 
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measure the horizontal (X and Y) movement by determining the ratios of the light 

intensity received by multiple photo sensors. Therefore, a triaxial load transducer 

could theoretically be achieved by enclosing such optical unit with an elastomeric 

holder, such as one illustrated in Figure 58b. In such a system, the compliant 

elastomeric material is positioned between the sensing surface which contains the 

light source and the sensor housing which holds the photodiode and would allow 

minute displacement in three cardinal directions in response to an applied triaxial 

load. 

Table 8 – Formula for calculation of each load component from outputs of 4 photo sensor elements. 

Applied 

load 

Light spot movement 

relative to 4 sensors 

Formula for quantifying the movement of the 

light spot, and therefore the applied load 

Vertical (Z) 

 

          

(A, B, C and D are the photocurrents measured 

by each element.) 

Shear (X) 

 

  
     −      

 
 

Shear (Y) 

 

  
     −      

 
 

Consider the example shown in Table 8 where a small, uniform, circular beam of 

light falls on the centre of the active area of a quadrant photodiode. The vertical 

movement can be determined from the sum of the signals received from all four 

photodiodes. Shear loads can be determined from the position of the spot relative to 

the centre of the device, which in turn can be determined by comparing the signal 

received from each of the four separate photodiodes. The shear signals can be 

subsequently normalised to the total output from all four photo sensors, making them 

independent of the intensity of the light source as well as the vertical movement of 

the light source. Specifically, load in the X, Y and Z directions can be approximated 

by the formulas detailed in Table 8. 
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Figure 59 - The concept of using a quadrant photodiode to measure 3-axial minute movement of a light 

reflector hence the triaxial load applied to the transducer. 

 

The conceptual transducer design illustrated in Figure 58b could be complex to 

manufacture, with wire connections required for the LED situated within the upper 

half of the transducer. An alternative would be to track the movement of a light 

reflector instead of the beam directly from the light source (Figure 59). Such an 

arrangement would require additional space within the sensor housing to 

accommodate the light emitter(s). However, the need for electrical connections 

within the upper half of the transducer would be mitigated, making the 

manufacturing process relatively faster and easier. While Figure 59 illustrates a 

discrete light reflector, it is noteworthy that an alternative arrangement in which a 

non-reflective area is positioned on a reflective background would act in a similar 

manner. In this case, the non-reflective surface would act as a light shielding 

mechanism blocking the light scattered within the sensor housing from reaching the 

photodiodes. 

5.3.2 Proof of concept prototype 

Prototypes with different light emitter-sensor arrangements and elastomeric materials 

were constructed to evaluate the feasibility of using four photo-sensing elements for 

triaxial load measurement. 
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5.3.2.1 Photo sensors 

Different quadrant photodiodes were identified following extensive searches of 

product catalogues from hardware suppliers (RS Components Ltd, Northants, UK 

and Farnell UK Ltd, Leeds, UK) and photodiode manufacturers (Hamamatsu 

Photonics K.K., Higashi-ku, Japan; Silicon Sensor GmbH, Berlin, Germany;  

Honeywell Inc, Illinois, USA and Texas Instruments, Texas, USA). To minimise the 

total production costs, the use of two dual-element photodiodes as an alternative to 

quadrant photodiodes were also considered. For instance, two dual-element plastic 

package photodiodes (Hamamatsu S3096-02, £3 each) would cost five times less 

than a metal packaged quadrant photodiode (Hamamatsu S4349, £30). However, due 

to packaging limitations, dual-element photodiodes could not be physical aligned to 

ensure that there was consistent gap between individual photo elements, thus 

compromising the performance of the transducer as a whole. 

Table 9 – Physical and electrical characteristics of the selected quadrant photodiodes. 

Quadrant photodiodes Hamamatsu S4349 Hamamatsu S5980 

Active area 3×3mm 5×5mm 

Element gap 0.1mm 0.03mm 

Spectral response range 190 to 1000nm 320 to 1100nm 

Peak sensitivity wavelength 720nm 960nm 

Photo sensitivity 0.45A/W 0.72A/W 

Dimensions Ø9.2×4.1mm 10.6×8.8×1.26mm 

Cost (£, each) 30.00 15.00 

Consequently, two quadrant photodiodes from Hamamatsu (S4349 and S5980) were 

carefully selected based on their package size, the overall active area, the gap size 

between individual active areas, and cost.  The S4349 contains a robust TO-5 metal 

package with a circular footprint of approximately Ø9.2mm, whereas the S5980 was 

a thin (1.26mm) ceramic surface mount sensor with a rectangular footprint of 

10.6×8.8mm. Both photodiodes approximated the 10×10mm overall transducer 

surface area specified in the system requirements (Section 2.4.1). Other parameters 

of the photodiodes can be seen in Table 9. 
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5.3.2.2 Light emitters 

There were several limitations that must be considered when using quadrant 

photodiode to detect movement. Firstly, the incident light beam must be smaller than 

the detector‟s total active area, but larger than the gap between individual active 

areas. A decrease in output signal strength can be seen if the light beam crosses the 

gap between the quadrants. This effect is more pronounced as the diameter of the 

light beam decreases, as a larger percentage of the beam power falls within the non-

active gap. Therefore, the minimum light beam diameter should be at least one 

millimetre (Pacific Silicon Sensor Inc, 2009). Secondly, the total positional detection 

range is limited to the size of the incident beam area or the size of the detector„s 

active area, whichever is smaller. Detection range increases with spot size, while 

positional resolution decreases because a given movement in a smaller spot creates a 

relatively larger differential signal than the same movement in a larger beam. The 

size of the incident light beam can be modified, regardless of the physical 

dimensions of the emitter itself, by using an optical lens and/or with a light-shielding 

structure with a hole of pre-determined size. Thirdly, the wavelength of the light 

source should ideally be matching the peak sensitivity wavelength of the photodiode 

for maximum performance. While it is recognised that optical filters, positioned 

between the light source and photodiode could be used to effectively limit the 

wavelengths that reached the photodiodes, it would result in an increase in cost and 

loss of intensity. Therefore, the chosen light source should have a dominant 

wavelength close to the peak sensitivity wavelength of the photodiode.  

Table 10 - Technical characteristics of the light-emitting diode. 

Light-emitting diode (LED) Avago HLMP-Q105 

Dominant wavelength 647nm 

Viewing angle 28° 

Luminous intensity 200mcd 

Dimensions 2.08×2.08×2.92mm 

Cost (£, each) 0.33 
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With the above in mind, a light-emitting diode (LEDs) from Avago Technologies 

(California, USA) was selected as the light source (Table 10). Compared to other 

incandescent light sources, LEDs are relatively cheap, typically have a lower energy 

consumption, longer lifetime, greater reliability and are available in miniature sizes. 

The dominant wavelength (647nm) of the LED was chosen to eliminate one source 

of variability between prototypes. Although the dominant wavelength (647nm) of the 

selected LED was lower than the peak sensitivity wavelengths (720nm and 960nm) 

of the two photodiodes described earlier (Table 9), it was sufficient to allow both 

photodiodes to deliver with the same sensitivity of about 0.42A/W, as specified in 

the manufacturers‟ datasheets. Therefore, both quadrant photodiodes could be 

regarded as having the same sensitivity. An LED with a small viewing angle (28°) 

was preferentially selected so that the incident beam would be concentrated without 

the need for additional lenses, thereby minimising the thickness and overall cost of 

the transducer. 

5.3.2.3 Elastomeric material 

A compliant elastomeric material sandwiched between the sensing surface and the 

base housing (Figure 60) was required to allow minute (sub-millimetres) triaxial 

displacement of the LED and provide a controlled restoring force during triaxial 

loading of the sensing surface. Thus, in addition to the arrangement of the LED and 

photodiodes, the mechanical characteristics of the elastomer would greatly influence 

the overall performance of the transducer. Time dependent non-linear behaviour 

would be expected when using elastomeric material. 

 

Figure 60 - Illustrating the deformation of the elastomeric material when shear load is applied to the 

transducer sensing surface. 
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To predict the required shear modulus of the elastomeric material, the system 

requirements (Section 2.4.1) and other physical assumptions were used to specify the 

following criteria of the material: 

 Elastomer cross-sectional area = transducer‟s sensing surface area = 10×10mm. 

 Elastomer thickness = 2mm, based on the ideal thickness of the overall 

transducer to be <5mm, the elastomer should be less than half the overall 

thickness. A thickness of 0.5mm at the lower spectrum was also considered to 

allow sufficient vertical movement for load sensing in the vertical axis.  

 Transducer sensing surface allowable movement = 0.6mm. However, with a gap 

of 0.1mm between photodiode elements (Section 5.3.2.1), it was anticipated that 

a minimum 0.2mm movement in the transducer sensing surface at rated capacity 

load would be required for better sensitivity and resolution. 

 Elastomer will be subjected to shear load of up to 300kPa, equivalent to 30N 

across the sensing surface area. 

With the criteria above, it was anticipated the elastomeric material would have a 

shear modulus (G) between the ranges of 0.25MPa to 3MPa. The shear modulus was 

calculated based on the standard equation: 

 

The calculated material properties were fed into a software designed for material 

selection (CES EduPack 2009, Granta Design, UK), from which silicone rubber and 

natural rubber were predicted to have the potential to meet the criteria described 

above. Given that most material manufacturers only provide compressive or tensile 

𝐺 =  
ℎ𝐹

 𝑥
 ,  

h 

x 

where 

 

G =shear modulus 

h = thickness of the elastomer 

F = applied shear load 

A = the area on which the shear load acts  
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properties of their products, the compressive modulus (E) was subsequently 

estimated. The shear modulus (G) of a material is inherently related to its 

compressive modulus (E) based on the equation    𝐺     , where E = 

compressive modulus, G = shear modulus, v = Poisson‟s ratio of the material. 

Consequently, based on the Poisson‟s ratio of about 0.5 generic for silicone and 

rubber materials (Dechwayukul and Thongruang, 2008), the compressive modulus 

was predicted to be around 0.75MPa to 9MPa. With these figures in mind, 

elastomeric materials were subsequently obtained from 3 different sources: 

1 - RS Components Ltd, Northants, UK 

A flowable one-component acetoxy curing silicone rubber compound (RS692-542) 

was identified following extensive searches of hardware supply catalogues (RS 

Components Ltd). Limited material characteristics were specified by the 

manufacturer. However, with the specified tensile strength of 2MPa, suggested the 

silicone rubber may have a compressive modulus that meets the criteria above.  

2 - Silicone Engineering Ltd, Lancashire, UK. 

Silicone Engineering Ltd is a UK based company specialised in silicone since 1959. 

The company was approached with the estimated material properties discussed 

above, and they provided advice and samples of their products to be evaluated in this 

study. The samples were semi-transparent white-coloured silicone rubber sheets 

(Grade: KSIL-60, Thickness ~1.5mm) with typical tensile strength of 10.5MPa. 

Silicone rubber is known to be difficult to adhere due to its inherent low surface 

tension. It was advised to alter the surface tension of the silicone sheets by chemical 

means to make the material more receptive to adhesion. LOCTITE®770™ primer 

and LOCTITE®406™ adhesive were suggested (B.Taylor, Silicone Engineering Ltd, 

pers.comm.). LOCTITE406 is a fast cured cyanoacrylate adhesive designed for the 

bonding of plastics and elastomeric materials, whereas LOCTITE770 is designed to 

work in conjunction with LOCTITE406 to make low energy surfaces suitable for 

bonding. 
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3 - The Tun Abdul Razak Research Centre (TARRC), UK 

The Tun Abdul Razak Research Centre (TARRC) is the UK-based research and 

promotion centre of the Malaysian Rubber Board. The elastomeric material 

previously used in a shear force transducer (Williams et al., 1992) was also provided 

by the TARRC. TARRC was approached with the reference to the previous work and 

responded that the material was a rubber based on a standard conventional sulphur 

vulcanised recipe (M.Fernando, TARRC, pers. comm.).  However, TARRC was not 

able to provide information regarding the characteristics of the material nor was it 

described in the literature (Williams et al., 1992). TARRC therefore agreed to 

manufacture a new batch of the same material in different thicknesses (0.5mm and 

1mm) for the purpose of this study. The process of manufacturing the rubber material 

has been included in Appendix D. It was advised that cyanoacrylate adhesives can be 

used to bond the rubber to other materials, following careful cleaning and preparation 

of the rubber with agents such as toluene or acetone (JP. Gladwin, TARRC, pers. 

comm.). 

 

Figure 61 - Testing of the RS692-542 under dynamic compressive load using the Instron5848 material 

testing machine. 

Given the inherent complexities associated with shear testing, the properties of each 

material were subsequently derived from dynamic compression testing for ease. Each 

of the sample materials was tested under dynamic compression tests via a material 

testing machine (Model 5848, Instron, USA) fitted with a 500N reference load cell 

(Figure 61). A 2N to 30N sinusoidal compressive load was applied to each material 

at a frequency of 1 Hz for 5 cycles. Each material had an estimated cross-sectional 
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area of 10×10mm. Figure 62 illustrates the stress-strain curves for each of the sample 

materials with estimated material properties summarised in Table 11. 

 

Figure 62 - Stress-Strain curves for different elastomeric material. The plot illustrates the estimated 

compressive modulus of the materials ranged from about 3.7MPa to 9.5MPa. 

Compressive modulus and hysteresis were estimated from the stress-strain curves in 

Figure 62. Shear modulus (G) was estimated third of the compressive modulus (E), 

based on the relationship 𝐺           as discussed above. All the materials 

were found to match the predicted compressive modulus required for the 

development of multi-axial load transducer. The estimated hysteresis in the KSIL-60 

was much higher than the others (Table 11) but it did not creep as much as the 

RS692-542 silicone compound with cyclic load (Figure 62). Consequently, all 4 

materials were used and evaluated in the development of multi-axial load 

transducers. 

Table 11 - Estimated material properties for the different elastomeric materials. 

Material Thickness Estimated 

Hysteresis 

Estimated 

Compressive 

Modulus 

Estimated 

Shear 

Modulus 

RS692-542 2mm 8.2% 3.7MPa 1.2MPa 

KSIL-60 1.5mm 17.6% 9.5MPa 3.2MPa 

TARRC 1mm 1mm 3.1% 6.9MPa 2.3MPa 

TARRC 0.5mm 0.5mm 2.5% 5.4MPa 1.8MPa 
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5.3.2.4 Transducer structure 

Each prototype consisted of three parts: 1) a sensing surface plate, 2) an elastomeric 

material, and 3) a transducer housing. Two distinct transducer housings, Structure A 

and B, were designed to facilitate the evaluation of different optical arrangements 

and elastomeric materials, respectively. To avoid physical damage and contamination 

of the photodiodes, both designs allowed the photodiode to be detached from the 

assembly while the transducers were prepared for different configurations. 

Structure A 

Transducer housing „Structure A‟ was designed to house the S5980 quadrant 

photodiode for the evaluation of different optical arrangements. Prototype 

transducers were constructed only using KSIL60 silicone sheets. The KSIL60 was 

treated with LOCTITE®770™ before bonding to the sensing surface and Structure A 

using LOCTITE®406™ to complete one prototype transducer. Three different 

optical arrangements were constructed to direct light onto the quadrant photodiode: 

1) an indirect light source from a reflective surface, 2) an indirect light source being 

blocked by a non-reflective surface, and 3) a direct light beam from a LED onto the 

photodiodes. Apology  

 

Figure 63 – Transducer housing ‘Structure A’ consisted of a base cap (a) and the S5980 photodiode on top 

of the base plate (b). 

Structure A had a footprint of 17 x 17mm and consisted of two aluminium alloy 

parts, a base plate and a base cap (Figure 63). Technical drawings of the two parts 

have been included in Appendix B. The top inner surface of the base plate was first 

prepared with a thin non-conductive polyurethane coating (Gauge Coat-A, Vishay, 

USA) before the S5980 chip was soldered onto strain-gauge wires and secured onto 
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the top surface of the base plate (Figure 63b). The wires were padded to external 

cables connected to a RS-232 connector. The wire assembly was secured in place 

using lacquer. The inner surface of the base cap was sprayed with a black matt paint 

for a non-reflective finish (Figure 63a). The base cap fitted tightly onto the base plate 

and bonded together with cyanoacrylate adhesive (M-Bond-200, Vishay, USA) for 

extra security. A 2mm flat screwdriver was used to detach the cap from the base 

plate when necessary.  

 

Figure 64 - Different optical arrangements: an indirect light source from a reflective surface (a,b), an 

indirect light source being blocked by a non-reflective surface (c), and a direct light beam from a LED onto 

the photodiodes (d). 

Slight modifications were made on Structure A to facilitate the evaluation of the 

second design concept, in which the LED attached to the under surface of the sensing 

surface plate was replaced with a discrete reflective surface. The original circular 

opening (Ø5mm) located at the top of the base cap was enlarged to a rectangular 

opening (9×9mm) for the insertion of the reflective surface. Holes located on each 

side of the base cap were also added to allow four LEDs to illuminate the inner space 

of the transducer (Figure 64b and c). Small pieces of white plastic were placed in 

front of the LEDs to diffuse the light.  

The reflective surface consisted of a steel hemisphere (Ø5mm) welded on a 2mm 

thick steel plate that had been sprayed with a non-reflective black paint (Figure 64a 

and b). To evaluate the „light-shielding‟ design with a non-reflective surface, the 

paint was removed from the steel plate and the hemisphere was painted mat black 

(Figure 64c). Structure B was also evaluated with the LED attached to the underside 

of the sensing surface. The LED was attached onto a 2mm steel plate and powered 
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via strain gauge wires through the holes on the sides of the base cap. A miniature 

PVC hexagon screw nut with an inner diameter of about 3mm was placed over the 

LED with a small piece of white plastic on top to act as a diffuser (Figure 64d). 

Structure B 

Transducer housing „Structure B‟ was used to evaluate the performance of prototypes 

using different elastomeric material under one optical configuration, where the direct 

light beam from a LED was pointed towards a quadrant photodiode. Three types of 

elastomeric materials (discussed previously in Section 5.3.2.3) were used; namely the 

0.5mm and 1mm rubber sheets (TARRC) and a flowable silicone compound (RS692-

542). 

 

Figure 65 - Transducer housing ‘Structure B’ used in the evaluation of the optoelectronic based 

transducers. The bottom (a) and top (b) view of the structure with a S4349 photodiode inside. A technical 

drawing of the structure has been included in Appendix B. 

Structure B was designed to house the S4349 quadrant photodiode thus had a smaller 

footprint (15×15mm) than Structure A. The simple structure was a 15mm cube made 

of aluminium alloy with a cylindrical hollowed centre and an alignment groove along 

the inside length of the hollow compartment. A technical drawing of the structure has 

been included in Appendix B. The alignment tip on the side of the photodiode 

package was slotted precisely in the alignment groove so the active photo elements 

were located at the centre of the transducer and aligned with the transducer axes 

(Figure 65a). The photodiode was secured in place with reusable putty adhesive. The 

five connection pins (Ground & 4 voltage output connections) on the S4349 chip 

were cabled through a 1mm hole at the side of the housing using strain-gauge wires. 

The wires were padded to external cables connected to a RS-232 connector. 
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Figure 66 - The production steps for Prototype A: a) the PVA mould used to contain the silicone compound 

to be cured, b) the cured assembly, c) with the excess trimmed and d) the whole assembly bonded onto the 

transducer housing with an other layer of silicone compound. 

The TARRC rubber sheets were treated with LOCTITE®770™ before bonding to 

the sensing surface and Structure B using LOCTITE®406™.  The flowable silicone 

compound (RS692-542) was first applied on the sensing surface together with the 

LED and wires attached. The whole assembly was then set within a mold (Figure 

66a). Polyvinyl acetate (PVA) sheets were used to make the mould as the silicone 

compound did not adhere to it, thus allowing easy removal. The cured assembly was 

then trimmed before another uniform layer of silicone compound was applied for 

bonding on the transducer housing (Figure 66d). The silicone compound was 

carefully moulded and cured over 24 hours for an even thickness of 2mm. Any 

excess material was manually trimmed. 

Structure B was used only in the evaluation of the initial design concept, with the 

LED attached to the underside of the sensing surface (Figure 58b). The sensing 

surface was a copper-clad laminate printed circuit board (PCB) of 15 x 15 x 1.5mm. 

The conducting copper layer of the PCB was first manually prepared with tracks for 

cable connections for the LED. The LED was secured onto the centre of the PCB 

using cyanoacrylate adhesive (M-Bond-200, Vishay, USA) before the pins were 

soldered on the tracks. Flexible power cables were attached to the edges of the tracks 

to minimise mechanical interference. Two triangular pieces of elastomer were used 

to allow for the LED and the connection cables to pass through. To further confine 

the light beam, a miniature hexagon steel screw nut with an inner diameter of 2mm 

was secured around the top of the LED using cyanoacrylate adhesive (Figure 66b). A 

small piece of frosted plastic sheet was put in front of the LED to act as a diffuser.  
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Completed prototypes 

 

Figure 67 - Examples of the completed optoelectronic based prototypes. Prototype A with housing 

Structure A (a) and Prototype D with housing Structure B (b). 

Table 12 - The configurations of six different optoelectronic based prototypes. 

Prototype A B C D E F 

Transducer housing Structure A Structure B 

Optical arrangement* 1 2 3 

LED(s) Avago HLMP-Q105 

Photodiode Hamamatsu 

S5980 

Hamamatsu 

S4349 

Elastomeric material KSIL60 

1.5mm 

RS692-542 

2.0mm 

TARRC 

0.5mm 

TARRC 

1.0mm 

Transducer Height 14.5mm 18.5mm 17mm 17.5mm 

Sensing area 17×17mm 15×15mm 

* Optical Arrangements: 

1 – In-direct beam from a reflective hemisphere 

2 – In-direct beam from a non-reflective hemisphere 

3 – Direct beam from a single LED to the photodiode 

Figure 67 illustrates two completed prototypes, one with Structure A and one with 

Structure B. To minimise noise from other light sources, the edges of the semi-

transparent KSIL-60 elastomer was coated with an opaque material (Figure 67a) and 

external light sources with-in the laboratory were extinguished during tests. Due to 

the smaller opening (Ø5mm) at the top of the transducer housing in Structure B, 

external light sources had negligible effect on the photodiode outputs. Nonetheless, 

the top surface of the PCB was painted black to avoid potential light penetrate 

through the PCB (Figure 67a). A total of six prototypes were built with variation in 

optical arrangements and elastomeric materials as listed in Table 12. It should be 
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noted that the position of the photodiode chip in Prototype E and F was lowered 

about 1mm to avoid direct contact with the LED. 

5.3.2.5 Circuit design 

The single LED and the array of four LEDs used during the evaluation of the 

optoelectronic based transducer were powered via a 5V supply outlet on board of the 

data acquisition system (DAQ) (USB-6225, National Instruments Corps, Ireland). 

Figure 68 illustrates the circuits and the resistors used to limit the current in the 

LED(s).     

 

Figure 68 - Series (a) and parallel (b) circuits used to power a single LED and an array of four LEDs, 

respectively. 

The signals from the quadrant photodiode were conditioned via a typical multi-

element, common cathode circuit (Figure 69) constructed on a breadboard. The four 

output pins from the four individual photodiode elements were connected to a high 

performance quad operational amplifier (op-amp) (OPA404, Texas Instruments, 

USA) via a RS-232 connector on the breadboard circuit. The op-amp was 

specifically chosen for its operational speed and its capability to amplify all four 

outputs in one small package. The individual op-amps were powered by a bench top 

power supply and the same 15V connection was used as the reverse voltage for the 

photodiodes. The feedback resistance (  ), and hence the gain of the op-amps, was 

adjusted depending on the overall intensity received by the photodiodes in each test. 

Resistance ranged from 82kΩ to 390kΩ during testing. 
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Figure 69 - A quadrant photodiode, its amplifiers and data recording device to measure 3-axial minute 

displacements of the optical arrangement. Diagram illustrates a simplified circuit with just one of the four 

op-amps. 

The light intensity signals from the photodiodes were amplified by the op-amp 

circuit. It should be noted, that with the above circuit, the output voltage will be 

negative hence a decreased voltage with increased light intensity. The four amplified 

outputs from the op-amp were connected to the DAQ (USB-6225) for data recording. 

Data recording was controlled via a custom program written in LabView8.6 

(National Instruments Corps, Ireland), which also calculated the movement of the 

optical arrangement in near real-time based on the equations listed in Table 8. 

5.3.2.6 Prototype calibration 

All prototypes were evaluated against a six-channel reference load cell (Nano25, ATI 

Industrial Automation, USA). Force outputs from the reference load cell and voltage 

outputs from the photodiode op-amp circuit were sampled simultaneously at 200Hz 

using the DAQ system (USB-6225). All tests were conducted on the manually 

operated calibration rig described earlier (Section 4.5). Prototypes were secured to 

the mounting platform of the calibration rig with a single drop of strain gauge-grade 

cyanoacrylate adhesive (M-Bond-200, Vishay, USA). Each prototype was carefully 

aligned to the measurement axes of the reference load cell before bonding to the 

mounting platform. Following testing, a 2mm flat screwdriver was used to detach 

each prototype from the mounting platform. Any glue residuals were gently removed 

prior mounting of another transducer.  
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Dynamic calibration tests for vertical and shear axes were conducted at 1Hz over the 

ranges of 0-40N and ±40N for 10 cycles, respectively. Because the loads were 

applied manually, the actual load could be ±15% of the intended 40N. Vertical loads 

were applied manually with the steel rod (Ø20mm) on the calibration rig. The rod 

was put in series with a steel ball (Ø23mm) onto a 2mm aluminium plate placed on 

top of the transducer. Shear loads were applied using the sharp end of a ball pen. In 

each instance, vertical load was applied to the centre of the sensing surface, while 

shear loads were applied to the mid-point of the corresponding surface of the plate. 

As a preliminary assessment on the prototypes performance under combined vertical 

and shear loads, a complex triaxial load was applied manually to Prototype A, B and 

C for the duration of about 30s. A different loading regime was used for testing 

Prototype D, E and F: before one transducer was removed from the calibration rig, a 

controlled biaxial load was applied to the prototypes. The calibration rig was setup to 

apply a load at 45° towards and along one axis direction of the prototypes. The bi-

axial load was applied at 1Hz for 10 cycles and both vertical and shear force 

components were up to 40N (±15%).  

5.3.2.7 Prototype calibration results 

Due to the compliance of the silicone compound (RS692-542) used in Prototype D, 

the sensing surface was displaced 1.5mm with an applied shear force just over 10N, 

resulting in contact between LED and the transducer housing. Moreover, the power 

connection for the LED was damaged due to repetitive movement of the sensing 

surface during tests. Hence, Prototype D was not evaluated under biaxial load but 

was loaded up to 150N in the vertical direction and ±10N shear directions. 
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(a) (b) 

Figure 70- Calibration curves of Prototype E before (a) and after (b) securing the elastomeric material. 

An audible noise was noticed during the testing of Prototype E. Thorough visual 

inspection of the disassembled transducer revealed that part of the elastomer was 

detached from the transducer housing. The effect, which was more apparent in the X-

axis, resulted in an offset at zero load and large hysteresis loops in the response curve 

(Figure 70a). The problem was addressed by bonding a new piece of elastomer to the 

sensor housing. The calibration curve for Prototype E after securing the elastomer 

can be seen in Figure 70b (also in Appendix E). 

For clarity, calibration plots for all prototypes have been included in Appendix E. 

Typical calibration results for each shear axis of the individual prototypes have been 

summarised in Table 13. However, the data in the vertical channels, both within and 

between prototypes, were obviously inconsistent (Appendix E). For that reason, data 

from all the vertical channels were excluded in Table 13. Non-linearity and 

hysteresis values were calculated based on the definition shown in Appendix A. The 

line of best fit (y = mx+c) for each calibration curve was obtained using the least-

square method. Given that transducer outputs were biased to zero before each test, 

only the slopes of the best fit lines are shown. Transducer response in each axes 

during the application of multi-axial load were also plotted (Appendix E) with the 

slopes of their best fit line summarised in Table 13. 
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Table 13- Calibration results for each shear axes of the optoelectronic based prototypes. Typical results are 

shown. Non-linearity and hysteresis values were calculated based on the definition shown in Appendix A. 

 

5.3.3 Discussion 

Before discussing the performance of each prototype, it should be noted again that 

the output voltages from the optoelectronic circuit described in Section 5.3.2.5 

increased negatively with increased light intensity. 

Transducer performance in the vertical axis was not consistent between prototypes 

and was discouraging. Initially, it was anticipated that, irrespective of transducer 

design, vertical loading would only result in an increase in overall light intensity at 

Applied load Slope of the 

best fit line 

(y=mx+c)

Goodness 

of fit

Non-

linearity

Hysteresis

Prototype m R-Square % %

A Pure X 0.00017 0.96 6.84 22.04

Triaxial load (X) 0.00014 0.88

Pure Y 0.00024 0.97 5.54 22.41

Triaxial load (Y) 0.00026 0.83

B Pure X 0.00019 0.96 8.11 24.93

Triaxial load (X) 0.00007 0.48

Pure Y 0.00010 0.97 8.76 25.20

Triaxial load (Y) 0.00003 0.29

C Pure X 0.00165 0.98 6.34 19.91

Triaxial load (X) 0.00155 0.93

Pure Y 0.00146 0.96 9.27 23.71

Triaxial load (Y) 0.00138 0.98

D Pure X 0.01070 0.99 3.75 6.56

Pure Y 0.01352 0.99 2.55 5.25

E Pure X 0.00246 0.99 2.73 4.88

Bi-axial load (X) 0.00250 0.99

Pure Y 0.00185 0.99 2.37 4.89

F Pure X 0.00369 0.99 7.02 7.48

Bi-axial load (X) 0.00317 0.99

Pure Y 0.00508 0.99 5.44 8.09
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the surface of the quadrant photodiode hence an increase in the negative voltage 

output from the op-amp circuits. However, irregular positive responses were 

observed in Prototype A (Appendix E) when biaxial load was applied. It was 

hypothesised that this phenomenon was likely caused by a combination of several 

factors. Firstly, it is possible that the reflective surface was not purely hemispherical. 

The effect of lack of uniformity would have been accentuated during off-axis loading 

where tilting of the sensing surface would have occurred leading to rotation of the 

hemisphere. Secondly, it is equally possible that the orientations of the four LEDs 

did not illuminate each side of the hemisphere with equal amounts of light. 

Imperfections in the hemispheric surface and/or lighting condition would cause the 

reflected light to scatter in an irregular fashion. Thirdly, the output in the vertical axis 

was affected by mechanical cross-talk when shear load was present. Other prototypes 

also appeared to have similar problems in that their responses in the vertical direction 

during multi-axial load were different from pure vertical loading (Appendix E). It 

was hypothesised that these unexpected responses were also caused by cross-talk 

from the shear axes.  

The effect of cross-talk would be greater when the light beam was not aligned with 

the centre of the quadrant photodiode. The equations for the calculation of the 

triaxial load (Table 8) only hold true for a light beam in which a given movement of 

the beam results in the same change in incident power in all quadrants of the 

photodiode, over the entire dimensions of the beam. In fact, this occurs only with 

square or rectangular beams, and with quadrant photodiodes that have negligible gap 

space. However, uniformly round beam was used with the prototypes to minimise 

errors cause by the rotation of the sensing surface. Such a circular beam would limit 

the linear response range to the central portion of the spot (AP Technologies, 2011). 

A simplified example shown in Figure 71 illustrates how shear loads can affect the 

total intensity sensed by the photodiode, hence the vertical output. The total intensity 

could increase positively or negatively if shear load is present and the beam was not 

initially aligned to the centre of the quadrant photodiode (Figure 71). The same 

applies if the LED was fixed on the sensing plate at an angle to the photodiodes or if 

the sensing surface was tilted due to application of an off-axis load. The 
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misalignment of the LED in addition to the cross talk from the shear axes may also 

account for the mismatch between the vertical response slopes during pure vertical 

and multi-axial load in Prototype A and E (Appendix E). In particular, Prototype A 

demonstrated that the total intensity would increase positively or negatively due to 

cross-talk when shear load was present. 

 

Figure 71 - A simplified example illustrating how the misalignment of the light beam could lead to cross-

talk in the vertical output. The circular light beam has been simplified to rectangular sections with 

numbers representing the total intensity within each section. The intensity numbers are for illustration 

purpose and do not reflect the real values. 

The vertical output is also apt to be affected by aging of the light source (light 

intensity decreases with age) as it measures the absolute values of the light intensity. 

Shear measurements would not be affected by the decrease in intensity with aging of 

the light source as only the ratios of the light intensities were measured. Based on the 

results generated and due to the points raised here, the current optical designs were 

regarded as not suitable for the measurement of vertical load. 

All the prototypes showed promise for measuring shear loads but with one exception. 

The non-reflective hemisphere in Prototype B prevented light from reaching the 

photodiodes when vertical load was applied, hence the positive slope in the response 

curve (Appendix E). Although the vertical responses were relatively consistent 

(Appendix E), such an optical arrangement (with the non-reflective hemisphere on a 

reflective background) was to blame for the mismatch between the shear response 

slopes during pure shear and multi-axial load (Table 13 and Appendix E). The tilting 
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of the reflective background would scatter the light towards the photodiode in an 

irregular fashion, thus there was poor goodness of fit in the response curves when a 

complex load was applied to the prototype (Table 13). 

Tilting of the sensing surface plate was caused by off-axis loading. One limitation of 

the calibration methodology employed was that „pure‟ shear loads were not applied 

along the sensing surface of the transducer but were applied lower, on the mid-sides 

of the sensing plate. Although the prototype shear outputs were compared relative to 

the corresponding shear outputs from the multi-axial reference load cell, in theory, 

any off-axis load would have introduced a bending moment which in effect would 

have resulted in tilting of the sensing surface. However, despite this possible effect, 

most prototypes appeared to display negligible cross-talk in the shear axes, both from 

the vertical and from the other shear axis. This is best demonstrated by Prototype E, 

where the slopes of the best fit in the shear axes were practically identical during 

pure shear calibration and when the transducers were subjected to biaxial load. 

Prototype E was encouraging in that it displayed negligible cross-talk given that in 

theory off-axis shear loads would introduce bending moments. 

Employing a reflective or non-reflective hemispherical surface, as used in Prototype 

A and B respectively, resulted in a similar response characteristic to the transducer in 

which a direct light beam from the LED was used (Prototype C, Appendix E). The 

manufacture of the „reflective‟ design would be relatively simple, provided the 

sensing plate and hemisphere could be moulded as a single unit instead of being 

pieced together, as was done in the current study. However, the design also required 

the use of multiple LEDs within the transducer housing, compromising the overall 

size of the transducer and increasing the complexity of the accompanying 

electronics. This would be a major limitation in producing an array of transducers. 

The smallest optoelectronic based prototype constructed in the current study 

measured 15 x 15 x 17mm and was primarily limited by the size of the photodiodes. 

Although smaller LEDs are commercially available, custom made photodiode 

packages are required for further reductions in the dimensions of the transducer. 
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Prototypes A, B, and C were identical except for the optical arrangements. The range 

of linearity and hysteresis values were of the order of 4% and 5%, respectively. 

Whereas Prototypes D, E and F were identical except for the elastomer and the range 

of linearity and hysteresis values were of the order of 5% and 3%, respectively. One 

could conclude that the characteristics of the elastomer and the optical arrangement 

have a similar effect on the performance of the transducers. However, Prototypes D 

E & F used the same optical arrangement as Prototype C and differed only in the 

elastomeric material. The performance of Prototype C, with the KSIL-60 silicone 

sheet, in terms of non-linearity and hysteresis was approximately 3 to 4 times worse 

than transducers using the other elastomer. Such differences in hysteresis were 

anticipated from the compression testing of the materials conducted earlier (Section 

5.3.2.3). However, the hysteresis values found during shear calibration (Section 

5.3.2.7) were higher than those estimated from the compressive tests (Section 

5.3.2.3), with the exception in Prototype D, because its shear calibration was 

conducted at relatively low load (±10N). Higher hysteresis values found in the 

prototypes may have been caused by a combination of factors: 1) the materials were 

anisotropic, 2) the adhesive used for the bonding of the elastomer also affected the 

hysteresis value, and 3) the LED may not have travelled in the same path during 

loading and unloading conditions. The results have indicated that careful selection of 

the elastomer is paramount to sensor performance. 

The performance of the transducers was largely dependent on the structural 

properties of the elastomeric material that separated the sensing plate from the 

transducer housing. The silicone compound (RS692-542) in Prototype D provided 

linear response with relatively low hysteresis, in both vertical and shear directions 

(Table 13). The thickness of the compound, however, would have to be decreased to 

avoid excessive deformation of the material which could lead to permanent damage 

to the LED or its power connections. The 0.5mm TARRC rubber medium used in 

Prototype E was one of the thinnest materials used in the construction of the 

transducers and appeared to provide the best linear response of the transducers with 

minimal hysteresis in the shear directions. In contrast with other materials, the 
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TARRC rubber was opaque and as such, the material would require no further 

modification to obstruct external light sources from reaching the photodiode. 

In summary, the working prototypes demonstrated that various optical arrangements 

were not suitable for measuring triaxial load. However, a transducer incorporating a 

single LED and a quadrant photodiode with an appropriate elastomeric material, such 

as the 0.5mm TARRC rubber, has potential for measurement of shear loads. While 

additional construction modification would be required to strengthen the electronic 

connections, the sensing surface area of the transducer could be minimised if a single 

LED was mounted on the underside of the sensing surface plate. Nonetheless, the 

production cost for an optoelectronic based biaxial shear load transducer was 

expected to be relatively low in comparison with other technologies such as strain-

gauge based transducers where labour intensive production is required. 

 

5.4 Development of a magnetic based triaxial load transducer 

The utilisation of magnetic sensing technologies in load measurement has been 

demonstrated previously and could potentially be used in the development of a 

triaxial load transducer (Section 3.6). This section outlines the development of a 

novel triaxial load transducer based on magnetic sensing technology. The prototypes 

were evaluated for their suitability in the design of a triaxial load distribution device. 

5.4.1 Design concept 

The design concept of this magnetic-based triaxial load transducer was based on the 

author‟s belief that any emitter-sensor type system based on one sensing technology 

could also be achieved the same way by using an emitter-sensor pair based on 

another sensing technology. In other words, the same idea used above in the 

optoelectronic based transducer (Section 5.3.1) could also be applied in a magnetic 

based design. A magnet would be the analogy for a light emitter, and a magnetic 

sensor would be the replacement for the photodiode sensor. 
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Figure 72 - The basic concept of a magnetic based triaxial load sensor. 

Using the same load sensing concept as in the optoelectronic transducer (Section 

5.3.1), triaxial load could, in theory, be detected with four magnetic sensors. A 

permanent magnet could be held in close proximity to the centre of four magnetic 

sensors located within a transducer housing (Figure 72). The unipolar head-on mode 

of operation and the unipolar slide-by arrangement between a magnet and magnetic 

sensor (Section 3.6) would be used for sensing vertical (Z-direction) and shear loads 

(X and Y directions), respectively. Such an arrangement would minimise the overall 

thickness of the transducer and reduce the number of magnets used in comparison to 

other methods discussed earlier (Figure 40, Section 3.6.3). The position of the 

magnet, and therefore the magnetic field around the sensors, will change when the 

sensing surface is subjected to external load. A compliant elastomeric material 

sandwiched between the sensing surface and the base housing would allow 

controlled minute movement of the magnet and provide a predictable restoring force. 

By comparing the signals received from each of the four separate sensors, the 

position of the magnet relative to its original centre location can then be determined. 

Table 14 illustrates how each load component could be obtained using the 

differential principle, where A, B, C and D are the signals generated from each of the 

magnetic sensors, as shown. The shear signals (X and Y) can be subsequently 

normalised to the total output from the four magnetic sensors to make them 

independent of the strength of the permanent magnet as well as the vertical 

movement (Z) of the magnet. 
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Table 14 – Formula for calculation of each load component from outputs of 4 magnetic sensors. 

Applied 

load 

Magnet movement 

relative to 4 sensors 

Formula for quantifying the magnet movement, 

and therefore the applied load 

Vertical (Z) 

 

          

(A, B, C and D are voltage outputs from each 

magnetic sensor.) 

Shear (X) 

 

  
     −      

 
 

Shear (Y) 

 

  
     −      

 
 

An experimental magnetic based transducer for the measurement of shear load has 

been developed previously (Tappin et al., 1980, Williams et al., 1992, Lord et al., 

1992, Laing et al., 1992). In contrast to the current transducer design, their transducer 

had a ridge and groove feature which allowed only uniaxial movement of the magnet 

relative to the sensor. While the design allowed independent measurement of each 

shear axis, such a mechanical structure introduces friction between sensor 

components and, as such, is prone to mechanical wear. In contrast, the present design 

concept introduces a simple mechanical structure that avoids mechanical contact 

between components parts except, of course, for the deformation of the interposing 

elastomeric material. Commercially available hall-effect integrated circuits (ICs) 

microchips were selected for measurement of magnetic flux. The selected hall-effect 

sensor ICs incorporated signal amplification and signal conditioning circuits in one 

small package. These features provided a cost-effective design without the need for 

additional external circuitry between the sensor ICs and the read-out device, such as 

an oscilloscope or a personal computer. 

5.4.2 Proof of concept prototypes 

Different hall-effect sensor ICs, magnets and elastomeric material have been selected 

and assembled into prototypes to evaluate the concept of using these to measure 
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triaxial load. From the experience gained during the evaluation of the optoelectronic 

design (Section 5.3.3), it was anticipated that the reduction in sensitivity in the 

vertical axis would also be beneficial to minimise mechanical cross-talk on shear 

axes in the magnetic design. Although a transducer with minimal sensitivity to 

vertical load could only measure loads in the shear directions, such a biaxial shear 

load transducer would still satisfy the essential requirement of this study (Section 

2.4.1). Nonetheless, prototypes were built to evaluate the feasibility of triaxial load 

sensing via four commercially available hall-effect sensor ICs. Some of the results 

outlined in the following sub-sections have been published previously (Lau et al., 

2010a, Lau et al., 2010b) but will be discussed in more details below. 

5.4.2.1 Hall-effect sensor ICs 

Different hall-effect sensor ICs were identified following extensive searches of 

product catalogues from hardware suppliers (RS Components Ltd, Northants, UK 

and Farnell UK Ltd, Leeds, UK) and magnetic sensor manufacturers (Allegro 

MicroSystems Inc., MA, USA and Melexis Microelectronic Systems, Ieper, 

Belgium). Sensor ICs from Allegro (A1321EUA-T and A1301EUA-T) were 

carefully selected based on their size, performance and operational conditions. Both 

families of linear hall-effect sensor ICs provided a continuous-time voltage output 

that was linear and proportional to the applied magnetic flux density. Hall-effect 

elements respond to physical stress by modifying their output response (Section 3.6), 

but the A1321 family sensor ICs have integrated circuitry that is factory optimised 

for temperature stability and immunity to mechanical stress with sensitivity of 

5mV/G. In contrast, the A1301 family sensor ICs do not include build-in 

compensation circuits but are optimised for low-noise voltage output with sensitivity 

of 2.5mV/G.  

Table 15 - Physical and electrical characteristics of the hall-effect sensor ICs. 

Hall-effect sensor Allegro A1321EUA-T Allegro A1301EUA-T 

Sensitivity 5mV/G 2.5mV/G 

Dimensions 4×3×1.5mm 

Cost (£, each) 1.30 1.09 
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Both sensor ICs could be operated by a voltage supply of 5V, had a typical output 

voltage of between 0.2 to 4.7V, and had a quiescent output voltage that was 50% of 

the supply voltage. The presence of a south-polarity magnetic flux line perpendicular 

to the branded face of the sensor IC would increase the output voltage above the 

quiescent voltage. Conversely, the application of a north-polarity magnetic field 

would decrease the output voltage from its quiescent value. Both sensor ICs were 

available in a 3-Pin SIP package or 3-Pin SOT23W (3×3×1mm footprint including 

the 3-pins) surface mount package. The 3-Pin SIP package (4×3×1.5mm excluding 

the 3-pins) was chosen for ease of manual handling and cabling during the 

prototyping stage. To keep the final dimensions of the transducer to a minimum, the 

four sensor ICs were arranged side by side together in a rectilinear grid arrangement 

(Figure 73). 

 

Figure 73 - Four hall-effect sensor ICs in a rectilinear grid arrangement. 

5.4.2.2 Permanent magnets 

Selection of the appropriate dimensions and strength of the permanent disc magnet 

was critical for accurate determination of its movement relative to the sensors. The 

size and position of the magnet from the sensor ICs would define the change in 

density of the magnetic field with relative movement of the magnet. For small 

relative movements of sub-millimetres, it is advisable to use a disc magnet that is 

small in diameter and closely positioned near the sensor ICs (J.C.Depporter and 

P.Bundy, Melexis Microelectronic Systems, Ieper, Belgium, pers. comm.). The 

length of a disc magnet can be relatively larger than its diameter but a magnet of a 

given pole face area will exhibit increasing field strength with length (Honeywell-
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Inc., 2011a). External magnetic fields may disturb and have a relatively large 

influence on the existing field around the sensor IC particularly if a smaller magnet 

was used. On the other hand, the stray fields from a weaker magnet would have a 

smaller influence on other neighbouring transducers, which is crucial if multiple 

transducers are to be incorporated in an array. With the above in mind, the size of the 

permanent magnet should be smaller than the total size of the four hall-effect sensor 

ICs: about „8×6mm‟ and „6×6mm‟ if SIP and SOT23W sensor packages were used, 

respectively. To minimise the height of the final product, the ideal length of the disc 

magnet would be less than 2mm. 

In accordance with the specified system requirements (Section 2.4.1), the sensing 

surface area of each transducer within an array was required to be 10×10mm and 

with maximum spacing of 1.5mm between neighbouring transducers. Therefore, the 

strength of the magnet should not introduce cross-talk to other transducers placed 

within a 10.75mm radius. To minimise the height of the final product, the ideal air-

gap between the magnet and the sensor ICs would be less than 2mm. Although the 

application of a strong magnetic field does not damage the sensor ICs, it does force 

their output to a point of saturation. As mentioned above, with a 5V power supply, 

the output voltage range would be between 2.5V to 0.2V for a north-polarity 

magnetic field. As a rough estimate, the magnet should have surface field strength 

within the range of 500Gauss to 1000Gauss to avoid voltage saturation in the sensor 

ICs at sensor sensitivities between 2.5mV/G to 5mV/G. However, given the magnet 

was not centrically positioned relative to the centre-axis of the active hall-element 

within each sensor IC during operation, the strength of the magnet could be 

moderately higher than that estimated for a centric design. Two permanent magnets 

which satisfied the above requirements were selected (Table 16). 

Table 16 - Technical information of the permanent magnets from Assemtech Europe Ltd. (Essex, UK). 

Magnet Assemtech M1219-1 Assemtech M1219-4 

Type Neodyium Iron Boron (NdFeB) 

Dimensions 3mm dia. × 1mm 6mm dia. × 2mm 

Strength 1000 Gauss at 0.5mm 1000 Gauss at 2mm 

Cost (£, each) 0.40 0.48 
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Evaluation of permanent magnets 

Several magnets of type M1219-1 and M1219-4 were purchased from the suppliers 

(RS Components Ltd, Northants, UK and Farnell UK Ltd, Leeds, UK). One magnet 

from each batch was tested against a 3-Pin SIP package A1301 hall-effect sensor IC. 

The purposes of these tests were to: 

1. Define the distances of the magnet relative to the active hall-element at which 

sensor voltage saturation would occur. 

2. Determine whether the selected magnet field strength could introduce cross-talk 

to sensor ICs placed within a 10.75mm radius, and 

3. To identify the optimal location of the magnet relative to the sensor ICs package.  

Initially, the two magnets were compared during unipolar slide-by mode in which the 

permanent magnet was moved parallel to the face of the sensor IC package. The 

results were evaluated against the following requirements: 

1. The magnet would not introduce significant cross-talk to hall-effect sensors 

placed within a 10.75mm radius. 

2. The magnet would allow the air-gap of 2mm or less between the magnet and the 

sensor ICs. 

The magnet that satisfied the above requirements was then identified and evaluated 

in the head-on mode of operation, in which the magnet moves orthogonally towards 

the face of the sensor IC. It should be noted, that the Total effective air gap (TEAG) 

is represented by the sum of the active area depth (AAD) and the air gap (AG) as 

discussed in Section 3.6. The AAD distance was 0.5mm for the 3-Pin SIP package 

sensor (Figure 75). Because of its obvious mechanical importance, the AG distance 

rather than TEAG is specified hereafter unless specifically stated otherwise. 

Setup for the unipolar slide-by mode of operation 

During the evaluation in the unipolar slide-by mode operation, each magnet was 

secured, in turn, to a precision (0.002mm resolution, ±0.005mm repeatability) 
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miniature linear actuator KUMINA-20-24 (KSS Co Ltd, Japan) using double-sided 

adhesive. The linear actuator moved the magnet parallel to the face of the sensor IC 

package at a speed of 2mm/s over its full 20mm length. The relative position of the 

magnet was then maintained for 5 seconds before it was returned to the zero position 

at the same speed. The linear actuator was fixed on the table top, whereas the sensor 

IC was secured half way along the 20mm length of the actuator, using double-sided 

adhesive on a manoeuvrable wooden platform (Figure 74a). Aluminium plates of 

different thickness (0.89mm, 1.49mm and 2.08mm) were used to set the air-gap 

between the magnet and the face of the sensor IC package. The spacer plates were 

also used to make sure the face (north-pole) of each magnet was set parallel to the 

face of the sensor IC package. The spacer was removed before the start of each test. 

Vertical and horizontal lines in ±1mm steps were marked on the wooden platform to 

allow the repositioning of the sensor IC. The sensor IC was also re-orientated at 90 

degrees about its central axis in order for the magnet to travel along the sensor IC 

from North to South and from West to East (Figure 74b). 

 

Figure 74 – Experimental setup for the evaluation of magnets in the unipolar slide-by mode of operation 

(a); and illustration of the paths of the moving magnet relative to the centre lines of the sensor IC.   

Setup for the head-on mode of operation 

The selected magnet from the slide-by evaluation was again secured onto the linear 

actuator (Figure 75a) to be evaluated in the head-on mode of operation. Nine 

different positions were evaluated by repositioning the sensor IC:  with the magnet 

centred at the corners, mid-edges and the centre of the sensor (Figure 75b). The 
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magnet was progressed from a distance 20mm orthogonal to the face of the sensor 

package at a rate of 2mm/s to a final air gap distance of 0.89mm from the sensor 

surface. The air gap was set using an aluminium plate when the actuator maintained 

its position at the end of its 20mm length. The spacer plate was taken away before 

the start of each test. During tests, the air gap distance was maintained for a period of 

5 seconds before the actuator brought the magnet back to its baseline position.  

 

Figure 75 - Experimental setup for the evaluation of magnets in the unipolar head-on mode of operation 

(a); and illustration of the 9 magnet locations (orange circles) relative to the sensor IC during tests (b). 

Electrical setup for evaluation of the permanent magnets 

The hall-effect sensor IC was powered via the 5V supply outlet of the data 

acquisition system (DAQ) (USB-6225, National Instruments Corps, Ireland). The 

voltage output from the sensor IC was connected to the same DAQ for data recording 

via a custom program (LabVIEW 8.6, National Instruments Corps, Ireland). 

Movement of the linear actuator was controlled via another custom program 

(MATLAB, MathWorks Inc, MA, USA). Both MATLAB and LabVIEW software 

were operated on the same personal computer. There was no feedback signal from 

the actuator to identify its position within space over time. Nonetheless, assuming the 

magnet acts as a point source with greatest magnetic field strength at its centre, the 

mid-point of the magnet relative to the centre location of the hall-sensing element 

within the IC could be determined from the sensor voltage output and the speed of 

the moving magnet.  
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Results & Discussions 

Initial tests were conducted and confirmed that movement of the linear actuator itself 

did not influence the magnetic field around the sensor IC. In addition, the quiescent 

voltage output of the sensor IC was found to be about 2.52V and would saturate at 

about 0.10V (Figure 76) with a north-polarity magnetic field. 

 

Figure 76 – Typical voltage output waveform from the hall-effect sensor IC when a magnet (M1219-4) 

travelled across with 1.49mm air-gap in the slide-by mode of operation. 

Figure 76 illustrates a typical voltage output waveform from the sensor IC for the 

duration of one complete test cycle in the slide-by mode of operation. The waveform 

has two minima which are mirrored because the magnet travelled towards, passed the 

sensor and then returned back along the same path. In the example illustrated in 

Figure 76, the two minima were flat because the sensor output was saturated by the 

magnet strength at those conditions. Even though the north-polarity of the magnet 

was facing towards the sensor, voltage higher than the quiescent output (2.52V) was 

apparent due to the presence of magnetic flux lines in the opposite directions (south) 

surrounding the magnet as illustrated in Figure 77. This natural magnetic 

phenomenon is undesirable in the current design and, if not accounted for, would 

introduce substantial error when quantifying the magnet movement using the 

calculating formula as stated in Table 14. It would also influence the output of 

neighbouring transducers. It was concluded, therefore, that sensor ICs should not be 

located: 1) near the area of the magnet where an opposite magnetic polarity is 

presence and, 2) too close to a magnet where the sensor would saturate. So the active 
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movement range of the magnet should only result in sensor output voltages between 

0.10V to 2.52V. The disproportion between the two maxima of the waveform (Figure 

76) could be caused by one or the combination of two factors: 1) the face of the 

magnet was not aligned accurately parallel to the face of the sensor package during 

tests, and/or 2) the north-south polar axis of the magnet was not perpendicular to the 

opposing face of the magnet. While the latter source of error was dependent on the 

precision of the manufacturing process of the magnet, the former source of error was 

minimised by ensuring the faces of both the magnet and the sensor IC were in 

complete contact with the aluminium spacer plates.  

 

Figure 77 - The lines of flux, illustrated by arrows, originating at the north pole of a disc magnet and 

terminating at its south pole. Illustrating the presences of flux lines in opposite directions near the disc 

magnet. 

Knowing the speed of the moving magnet, the output waveform in Figure 76 can be 

reproduced to reflect the relationship between sensor voltage output and distance 

between the magnet and the centre-line of the sensor, as shown in Figure 78. For 

optimal sensitivity, the sensor ICs should ideally be positioned where the greatest 

rate of change in magnetic flux density occurs. For that, the gradients along the 

sensor output waveform was calculated. The gradient plot for the M1219-4 magnet 

with 1.49mm air-gap in the slide-by mode test can be found within Figure 78. 

Voltage-versus-distance plots and gradient plots for other tests conducted have been 

included in Appendix F. The ideal location of the magnet relative to the centre of the 

sensor IC can be determined by estimating the locality of the four points described in 

Table 17, where an example has also been given referring to Figure 78. Based on the 

data from all tests and for each „magnet and air-gap‟ configuration, the relative 

locations of the magnet at which an optimal sensor response can be expected were 
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mapped. Figure 79a is a map drawn to scale by hand for tests conducted with the 

M1219-1 magnet with 0.89mm air-gap. The locations where the greatest change in 

magnetic flux occurred were marked by an „x‟, whereas the distances beyond the 

point where magnetic flux lines were in the opposite directions was considered as a 

„dead-zone‟ and was shaded black. The drawn map was later digitised and enhanced 

for ease of interpretation. As expected from a point-source magnet, a circular pattern 

can be seen on the map (Figure 79a) because the sensor would produce a constant 

voltage output if an ideal point-source magnet was situated around the sensor at a 

fixed radius.  Therefore, the sensor output curves from tests conducted along the 

centre line of the sensor IC (Appendix F) can be used as the representative data set 

and their results have been summarised in Table 18. 

Table 17 – The 4 key locations for mapping the magnetic field around a hall-effect sensor IC*. 

Location Description Example (Figure 78) 

A Greatest rate of change in magnetic flux 

density 

2.74mm 

B Magnetic flux lines in the opposite 

directions 

4.83mm 

C No change in magnetic field strength >10mm 

D Saturated sensor output (0.1V) 1.85mm 

*All distances (mm) are expressed relative to the centre of the senor IC. 

 

 

Figure 78 - Sensor voltage output versus the distance (Red axes) between the magnet (M1219-4) and the 

centre-line of the sensor with air-gap of 1.49mm. The gradient curve axis (Black axes) is offset for ease of 

interpretation. Dotted lines indicate the sensor saturation voltage (0.1V), quiescent voltage (2.52V) and the 

effective length of the linear actuator (10mm). Results beyond the 10mm point illustrates sensor output 



 

~ 182 ~ 

 

during the 5s hold of the magnet and when the magnet was at its zero position. Please refer to Table 17 for 

description for locations A,B,C and D.  

 

Figure 79 – A map drawn to scale by hand illustrating the presence of magnetic flux lines in the opposite 

direction (black shaded area) and the locations where the greatest change in magnetic flux occurred 

(marked X) when the M1219-1 magnet was bought near a A1301 hall-effect sensor IC at an air-gap of 

0.89mm (a). The hand drawn map was digitally enhanced for ease of interpretation with the centre-line of 

the sensor (a) and the position of the four sensor ICs mapped onto the image (b).  

Table 18 – Summary of the results for each magnet and air-gap arrangement. 

Magnet M1219-1 (3mm dia. x 1mm) M1219-4 (6mm dia. x 2mm) 

Air-gap (mm) 0.89 1.49 2.08 0.89 1.49 2.08 

       

Greatest change in 

magnetic flux 

density (mm) 

1.25 1.21 1.8 2.8 2.74 2.64 

Magnetic flux lines 

in the opposite 

directions (mm) 

2.95 4.34 5.57 4.51 4.83 5.77 

No change in 

magnetic field 

strength (mm) 

9.22 9.67 9.62 >10 >10 >10 

Saturated sensor 

output (mm) 

N/A N/A N/A 2.56 1.85 N/A 

All distances (mm) are expressed relative to the centre of the senor IC. 

As expected from the manufacturer‟s specifications of the magnets (Table 16) and 

the sensor IC (sensitivity of 2.5mV/G), the 3mm magnet did not saturate the sensor 

output during tests and the 6mm magnet saturated the sensor when the air gap was 

under 2mm (Table 18). Due to the arrangement of the four sensor ICs and their 

sensor package size, each of the four active hall-effect element within the sensors  

would have been              = 2.50mm away from the centre of the magnet 

(Figure 79b). At that distance, a near maximum rate of change in magnetic flux 
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density with the 6mm diameter magnet (M1219-4) would have been well utilised. 

However, the air-gap would have had to be greater than 0.89mm to avoid sensor 

saturation. Sensor ICs of smaller package should be used to allow further 

miniaturisation of the transducer sensing surface area and therefore the four active 

hall-effect elements would be less than 2.5mm from the centre of the magnet. As a 

result, a further increase in the air-gap would be necessary to avoid sensor saturation. 

The increase in the overall transducer thickness was regarded as a disadvantage. The 

strength of the 6mm magnet was also found to influence other sensors positioned 

over 10mm with a opposite flux line direction (Table 18). Thus, the 6mm diameter 

magnet (M1219-4) was deemed not suitable for purpose and rejected.  

The 3mm diameter magnet (M1219-1) did not appear to be strong enough to 

influence the outputs produced by neighbouring transducers.  However, with the 

active hall-effect element 2.5mm away from the magnet, the air gap would have to 

be kept as low as possible in order to obtain an optimal location for highest rate of 

change in magnetic flux density. The hall-effect elements would be <2.5mm away 

from the magnet if the SOT23W package sensors were used, therefore it was 

anticipated that the 3mm diameter magnet would give better performance if coupled 

with the smaller surface mount sensors. This would have also allowed the reduction 

in air-gap giving greater sensitivity and further miniaturisation of the transducer. 

Although the selection of the magnet-sensor pair was a compromise, the properties of 

the 3mm magnet were deemed sufficient to be incorporated in a proof of concept 

prototype. 

The 3mm magnet (M1219-1) was selected and assessed in the unipolar head-on 

mode of operation. The results of the tests have been included in Appendix F. As 

expected, the data obtained from the unipolar head-on test closely matched the 

corresponding results from the unipolar slide-by arrangement (Appendix F). 

Unfortunately, because the magnet would be at the corners of the four sensor ICs 

(Figure 79b), the gradient curves (Figure 80, and reproduced in Appendix F) 

predicted that the sensors would be (0.34/1.98*100) 17% less sensitive to vertical 

movement of the magnet than if the magnet was at the centre of the sensor. 

Moreover, the sensitivity would worsen with increased air-gap distance. The vertical 
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movement of the magnet would need to be increased to compensate for the lost of 

sensitivity, otherwise the sensor ICs would detect negligible change in magnetic flux 

density, hence being unable to detect vertical load. 

 

Figure 80 –Sensor IC voltage output as a function of air-gap distance between magnet (M1219-1) and 

sensor face (A1301) (Blue axes), and the rate of change of voltage (Black axes). Illustrated is the effect of  

air-gap distance (x-axis) on the gradient of the output waveform (y-axis) when the magnet was at the 

corner (a) and centre (b) of the sensor IC. Figures are reproduced in Appendix F. 

5.4.2.3 Transducer structure 

The structure of the transducer prototype was designed to aid the swapping of 

components for the evaluation of different „sensor ICs + magnet + elastomeric 

material‟ configuration. The three types of elastomeric material discussed previously 

(Section 5.3.2.3) were evaluated; namely a pre-formed 1.5mm silicone sheet 

(KSIL60), 0.5mm and 1mm rubber sheets (TARRC) and a flowable silicone 

compound (RS692-542). The KSIL60 and TARRC rubber sheets were treated with 

LOCTITE®770™ before bonding between the sensing surface and the transducer 

housing using LOCTITE®406™. A uniform layer of RS692-542 was applied 

between the sensing surface and the transducer housing and left over 24 hours for the 

bonding to cure. The RS692-542 silicone cured with a thickness of 0.17mm and the 

excess was manually trimmed. 

The transducer housing had a long rectangular opening that penetrated through the 

left and right sides of the transducer (Figure 81). The four sensor ICs could be slotted 

in place, two from each side, with their pins located at the sides of the transducer for 

cable connections. The transducer housing was made of aluminium alloy for its non-



 

~ 185 ~ 

 

magnetic property. The sensing surface, in contrast, was made from steel plate 

(1.7mm) so that permanent magnets could be attached and swapped with ease as 

necessary. The midpoint of the sensing surface was marked on the underside to 

ensure consistent positioning of the magnet. There was also a circular opening 

(Ø7mm) that penetrated through the centre of the upper and lower surfaces of the 

housing allowing manual positioning of the magnets using tweezers. The hole also 

allowed the trimming of the elastomeric material for the magnet to attach directly 

onto the steel plate. A technical drawing of the transducer housing has been included 

in Appendix B. Due to limitations in the availability of manufacturing facilities, the 

transducer housing was manufactured as two halves and assembled using fixing 

screws (Figure 81).  

 

Figure 81 - The completed magnetic load transducer Prototypes A and C. The sensing surface was made of 

steel plate and the two halves of the transducer housing were made of aluminium and were secured with 

fixing screws. 

Five prototype configurations were evaluated (Table 19). Figure 81 illustrates two of 

the completed prototypes, A and C. Two magnets were stacked together for 

Prototype E in order to boost the magnet strength to compensate for the increased 

air-gap in comparison to Prototype D, which was identical except for the thickness of 

the elastomeric material.  
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Table 19 – The configurations of five different magnetic based prototypes. 

Prototype A B C D E 

Magnet Assemtech M1219-1 2 x M1219-1 

Hall-effect 

ICs 

A1321EUA-T A1301EUA-T 

Elastomeric 

material 

KSIL 60 

1.5mm 

RS692-542 

0.17mm 

TARRC 

0.5mm 

TARRC 

1.0mm 

Air-gap 2.5mm 1.17mm 1.5mm 2.0mm 

Transducer 

Height 

9.20mm 7.87mm 8.20mm 8.70mm 

Sensing area 13×13mm 

5.4.2.4 Circuit design 

Each hall-effect sensor IC was powered via the same 5V supply outlet on board of 

the data acquisition system (DAQ) (USB-6225, National Instruments Corps, Ireland). 

The four voltage outputs from the ICs were connected to the same DAQ for data 

recording. Data recording was controlled via a custom program written in 

LabView8.6 (National Instruments Corps, Ireland). The software was programmed to 

calculate the movement of the magnet in real-time using equations from Table 14. 

5.4.2.5 Prototype calibration 

The prototypes were calibrated using a six-channel reference load cell (Nano25, ATI 

Industrial Automation, USA). Force outputs from the reference load cell and voltage 

outputs from the magnetic sensor ICs were sampled simultaneously at 200Hz using 

the same DAQ system (USB-6225, National Instruments Corps, Ireland). Calibration 

tests were conducted on the manually operated calibration rig described earlier 

(Section 4.5). Vertical loads were applied manually with the steel rod (Ø20mm) on 

the calibration rig, which was put in series with a steel ball (Ø23mm). Shear loads 

were applied using the sharp end of a ball pen. In each instance, vertical load was 

applied to the centre of the sensing surface, while shear loads were applied to the 

mid-point of the corresponding surface of the plate. Dynamic calibration tests for 

vertical and shear axes were conducted at 1Hz over the ranges of -40N and ±40N for 

10 cycles, respectively. Because the loads were applied manually, the actual load 

could be ±15% of the intended 40N. As a preliminary assessment on the transducer 
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performance under combined vertical and shear loads, a complex triaxial load was 

applied manually to each prototype for the duration of about 30s. 

Each prototype was in turn secured to the mounting platform of the calibration rig 

with a single drop of strain gauge-grade cyanoacrylate adhesive (M-Bond-200, 

Vishay, USA). Prototypes were carefully aligned to the measurement axes of the 

reference load cell before bonding to the mounting platform. A 2mm flat screwdriver 

was used to detach each prototype from the mounting platform. Any glue residuals 

were gently removed prior mounting of another transducer. 

5.4.2.6 Prototype calibration results 

Calibration tests were conducted in the order from Prototype A to E. Changes in the 

voltage outputs that were not compatible with correct operation of the four sensor 

ICs were observed during testing of Prototype C. The unwanted changes in the 

voltage output were caused by the magnetised steel rod on the calibration rig that 

was used for applying vertical load to the transducer. This was confirmed from the 

raw voltage data obtained from Prototype B, in which the voltage output from each 

of the four sensor ICs were 0.4V higher than the expected voltage of 2.3V with an 

air-gap of 2.5mm (Figure 80a). The use of the ball pen did not influence the shear 

axes. Subsequently, from Prototype C onwards, the tower and tilting platform were 

removed from the calibration rig assembly. Therefore, calibration forces were 

applied manually and, without the support from linear bearings, aligned along the 

test axes as accurate as possible. Both vertical and shear forces were applied using a 

plastic rod in series with a 3/16" (Ø 4.763mm) acrylic ball (The Precision Plastic 

Ball Company Limited, Ilkley, UK). 

Loosening of the fixing screws occurred during testing of Prototype D, resulting in 

unwanted slipping between the top and bottom halves of the transducer housing. The 

effect which was apparent in only one direction of the Y-axis, resulted in a larger 

hysteresis loop in the response curve (Figure 82a). The problem was addressed by 

bonding the two halves of the sensor housing with cyanoacrylate adhesive (M-Bond-
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200, Vishay, USA). The calibration curve for Prototype D after securing the 

transducer housing can be seen in Figure 82b (also in Appendix G). 

  
  

(a) (b) 

Figure 82 – Calibration curves of Prototype D before (a) and after (b) securing the transducer assembly. 

For clarity, calibration plots for all prototypes have been included in Appendix G. 

Typical calibration results for each shear axis of the individual prototypes have been 

summarised in Table 20. However, the data in the vertical channels, both within and 

between prototypes, were obviously inconsistent (Appendix G). For that reason, data 

from all the vertical channels were excluded in Table 20. Non-linearity and 

hysteresis values were calculated based on the definition shown in Appendix A. The 

line of best fit (y = mx+c) for each calibration curve was obtained using the least-

square method. Given that the transducer outputs were biased to zero before each 

test, only the slopes of the best fit lines were analysed and presented (Table 20). The 

transducers‟ responses in each axis during the application of randomly directed force 

are plotted (Appendix G) with the slopes of their best fit line summarised in Table 

20. There was similarity in the results from Prototype C and D, Figure 83 is 

presented to allow further exploration of the calibration residuals in these two cases.  
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(a) (b) 

Figure 83 –Best fit line and residuals plots for Prototype C (a) and D (b). Typical outputs from the negative 

shear axes are presented. 

The inherit peak-to-peak voltage noise from an A1321 sensor (±0.005V) were more 

than twice that of an A1301 sensor (±0.002V). These levels of noise were reflected 

in the vertical output response in Prototype A and B (Appendix G), where the peak-

to-peak transducer outputs at zero loads were approximately four times the values 

stated above because they were the sum of four sensors. The rated output span in the 

vertical calibration curves (Appendix G) estimated the signal-to-noise ratio of 1:1 

and 2:1 for Prototype A and B respectively. 
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Table 20- Calibration results for each shear axes of the magnetic based prototypes. Typical results are 

shown. Non-linearity and hysteresis values were calculated based on the definition shown in Appendix A. 

 

5.4.3 Discussion 

The five prototypes were capable of withstanding vertical loads of 40N. The slopes 

of the vertical (Z) calibration curves for Prototype A and B closely matched those 

during the application of a complex multi-axis load (Appendix G). Such response 

may give the impression that the transducers were sensitive to vertical load but it is 

equally possible that the magnetic field was enhanced by the steel rod used to apply 

the load. Nonetheless, the estimated signal-to-noise ratio of no better than 2:1 meant 

that the vertical output were unusable. The A1301 family of hall-effect sensor ICs 

Applied load Slope of the 

best fit line 

(y=mx+c)

Goodness 

of fit

Non-

linearity

Hysteresis

Prototype m R-Square % %

A Pure X 0.00096 0.95 12.41 25.37

Triaxial load (X) 0.00096 0.92

Pure Y 0.00065 0.91 15.11 28.81

Triaxial load (Y) 0.00066 0.87

B Pure X 0.00063 0.98 7.41 21.05

Triaxial load (X) 0.00060 0.97

Pure Y 0.00044 0.98 7.42 19.24

Triaxial load (Y) 0.00046 0.96

C Pure X 0.00062 0.98 6.84 12.20

Triaxial load (X) 0.00050 0.98

Pure Y 0.00050 0.99 6.47 9.31

Triaxial load (Y) 0.00044 0.97

D Pure X 0.00077 0.99 4.19 6.89

Triaxial load (X) 0.00072 0.99

Pure Y 0.00055 0.99 3.27 6.10

Triaxial load (Y) 0.00055 0.99

E Pure X 0.00562 0.99 7.70 17.66

Triaxial load (X) 0.00419 0.97

Pure Y 0.00386 0.99 6.54 18.75

Triaxial load (Y) 0.00306 0.95
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appeared to have lower error caused by the inherit noise from the sensor ICs than did 

the A1321 family and would, therefore, be more appropriate for use within a 

transducer. 

The response in the vertical channel with Prototype E during triaxial loading did not 

match the response during the application of pure vertical load (Appendix G). This 

possibly reflects the structural properties of the elastomeric material. The response of 

the transducers was dependent, in large part, on the material properties and thickness 

of the elastomer. Prototype E was constructed using a relatively thick (1mm) rubber 

material. The lower effective stiffness of the material allowed greater movement and 

tilting of the sensing surface, which was most evident during the application of 

unevenly distributed load or edge loading. The opposite effect could be seen in 

Prototype C where its 0.17mm thin elastomeric material allowed negligible vertical 

and tilting movement in the sensing surface hence a flat response curve (Appendix 

G).  

A major limitation of the calibration methodology employed was that prototypes 

were manually loaded and, as such, pure uniaxial loads were not applied. Although 

the prototype shear outputs were compared relative to the corresponding shear 

outputs from the multi-axial reference load cell, the „pure‟ shear loads were not 

applied along the sensing surface of the transducer but were applied lower, on the 

mid-sides of the sensing plate. In theory, any off-axis load would introduce a bending 

moment which in effect would result in tilting of the sensing surface. In Prototype C 

and E there was a considerable discrepancy in the slope of best fit line recorded 

during the application of pure shear compared to the application of complex triaxial 

loads. While this phenomenon probably reflects the effect of tilting or off-axis 

loading of the transducer, it is also possible that the shear modulus of the elastomeric 

material of the transducer differs with the application of combined vertical and shear 

load. Other prototypes, in contrast, appeared to display negligible cross-talk between 

outputs from the three axes. This is best demonstrated by Prototype D, where the 

slopes of the best fit in the shear axes were practically identical during pure shear 

calibration and when the transducers were subjected to triaxial loads. Such 
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performance is most favourable in a multi-axial load transducer where errors caused 

by edge effects and cross-talks between axes should be kept to a minimum. 

Hysteresis and non-linearity values of Prototype A and B which used the KSIL-60 

elastomer were found to be similar to those from the optoelectronic-based prototype 

transducers that also used KSIL-60 (Section 5.3.2.7). The hysteresis value of 

Prototype C with the RS692-542 elastomer was larger in the magnetic prototype 

because shear calibration was conducted at ±40N compare to ±10N in the 

optoelectronic-based prototype. However, the hysteresis values from the magnetic-

based prototypes D and E which used the TARRC elastomer were higher in 

comparison to the optoelectronic-based prototypes. This was believed to be due to 

the loosening of the fixing screws in the transducer housing and the subsequent 

application of cyanoacrylate adhesive to fix the housing would be to blame for the 

increase in hysteresis and non-linearity.            

The working prototypes demonstrated the feasibility of the magnetic based 

transducer design for measurement of biaxial but not triaxial load and that small 

dimensions of transducer could be readily achieved. The thinnest prototype was 

7.87mm and could have been further miniaturised, for example, by using surface 

mount sensor ICs (-0.5mm) or by reducing the thickness of the sensing surface (-

1mm) or the base of the transducer housing (-1 to -2mm). The use of surface mount 

sensor ICs would have allowed the surface area of the transducer to be reduced, 

where 10x10mm would be possible. The results indicated that the performance of the 

transducers was dependent on the mechanical properties of the elastomeric material 

that separated the sensing plate from the transducer housing. The 0.5mm rubber 

medium (Prototype D) was one of the thinnest materials used in the construction of 

the transducer and appeared to provide the best linear response of the transducers 

with minimal hysteresis. As a result of the rectangular shape of the sensor ICs, the 

slope of the best fit lines of the Y-axis shear were systematically smaller than those 

of the X-axis shear (Table 20). The use of the smaller surface mount sensor package, 

again, would have allowed the four hall-elements to be located at equal distances 

from the centre of the magnet.  



 

~ 193 ~ 

 

The design of the magnetic transducer used in the current study was simple, easy to 

fabricate and provided a rigid base for housing the sensor ICs. It could have been 

improved by manufacturing the housing as one piece with the capacity to withstand 

vertical load 2500kPa and shear loads 300kPa specified earlier (Section 2.4.1) to 

ensure a sufficient safety margin for the clinical evaluation of biaxial loads during 

human gait. The use of fixing screws within the prototypes allowed relative 

movement between components and, therefore, should be avoided in miniature 

transducers. Cabling within and external to the transducer was minimal as a result of 

using integrated circuits with built-in amplifier and signal conditioning circuits.  

In summary, the use of a permanent magnet in combination with four hall-effect 

sensors ICs fixed in a unipolar head-on arrangement was not suitable for the 

detection of vertical loads. However, good performance was achieved from the shear 

outputs of the transducer, when a carefully selected elastomeric material was used. In 

comparison with other technologies such as the optoelectronic based transducer 

described earlier (Section 5.3), it would be expected that the production cost for a 

magnetic based biaxial shear load transducer would be relatively low. 

5.5 Conclusion 

The development and preliminary evaluation of various multi-axial load transducers 

has been discussed. The piezoelectric based prototype transducer from „Kent‟ and 

various novel hydraulic, optoelectronic and magnetic-based prototypes were 

evaluated for their capability in measuring triaxial load. Each prototype transducer 

had its strengths and weaknesses, but they all satisfied the minimum system 

requirement, the ability to measure biaxial shear load. Although piezoelectric and 

hydraulic-based prototypes also displayed the potential of achieving the ultimate 

requirement of measuring triaxial load, they had several major limitations that 

prevent their application for routine clinical use. 

Although the piezoelectric based transducer had the potential for detecting triaxial 

load in a relatively small package (13×13×2.7mm), it was extremely sensitive to 

bending. The bending of the transducer resulted in unacceptable crosstalk and 
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erroneous reading. A more robust transducer housing would be necessary to 

minimise such mechanically induced error. This however, would likely increase the 

overall dimensions of the transducer potentially larger than the magnetic based 

prototype (13×13×7.87mm), and would render it unsuitable for in-shoe application. 

Moreover, the transducer and its connections to the charge amplifier circuits were 

extremely sensitive to electromagnetic noise or any static charge bought near by the 

subject. High precision and quality control are paramount in the manufacturing of a 

piezoelectric based transducer, hence it would be time consuming and costly even in 

mass production. An enclosed transducer design would also be necessary to avoid 

permanent failure of the bonding of the piezoelectric material on the transducer 

housing which may otherwise cause injury during use. Furthermore, relatively 

expensive low-noise cabling and electronics are essential for quasi-static load 

measurement. Therefore, piezoelectric based transducers are not currently 

economically viable especially in a load distribution measurement system that 

requires large numbers of discrete transducers. As such, piezoelectric-based 

transducer design was not considered further in the current study. 

The hydraulic-based prototype transducers were capable of measuring triaxial load. 

Hardware and manufacturing costs were considerably lower than the piezoelectric-

based design through the use of off-the-shelf components. A hydraulic-based 

transducer incorporating an appropriate pressure tube material (PVC) and a 

chemically compatible fluid (corn oil) has the potential to perform with minimal 

hysteresis and non-linearity. The hydraulic based transducer was the only design 

suitable for use in harsh electromagnetic noisy environments such as in a MRI 

laboratory. However, the hydraulic based prototypes were the largest (30×30×24mm) 

and miniaturisation of such for incorporation within an array could be physically 

challenging. Management of the large amount of oil-filled tubes in a large transducer 

array would be difficult or impractical. The hydraulic based designs seemed 

impossible for the development of a high spatial resolution load distribution 

measurement device, let alone for in-shoe applications. Therefore, the hydraulic 

based designs were not worthy of further investigation in the development of a load 

distribution measurement device. 
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In contrast to the piezoelectric and hydraulic-based transducers discussed above, the 

optoelectronic based transducers were only suitable for measuring biaxial shear load. 

The smallest optoelectronic based prototype measured 15×15×17mm but were only 

limited by the size of the photodiodes, which could be further miniaturised. Although 

not suitable for the measurement of vertical load, high performance in shear 

measurement with minimal hysteresis and non-linearity were achievable with the 

optimal selection of optoelectronic components and elastomer material. The 

prototypes also displayed negligible cross-talk between shear channels during multi-

axial load. While additional construction consideration may be necessary to 

strengthen the electronic connections for the single LED at the upper half of the 

transducer, it is possible to construct a biaxial shear load distribution measurement 

device using these relatively low-cost optoelectronic based transducers. 

Similarly to the optoelectronic-based transducers, the magnetic-based transducers 

were also suitable for the measurement of biaxial shear load. In contrast to the 

optoelectronic based design where further signal optimisation would be possible with 

a custom designed amplifier circuit, the magnetic based transducers utilised off-the-

shelf pre-conditioned ICs which cannot be customised for the purpose of shear 

measurement. As a result, the selection of permanent magnet and its position within 

the transducer was of paramount importance. Magnetic based transducers must be 

constructed and operated with care to ensure any external ferrous materials or the 

magnets within each transducer would not influence the output of other neighbouring 

transducers. On the other hand, the overall dimensions of the transducers were the 

smallest in the magnetic based design with the use of these miniature ICs. Moreover, 

further external signal conditioning circuits were not required. Therefore, it is 

possible to construct a relatively low-cost biaxial shear load distribution 

measurement device using an array of magnetic based transducers. 

In summary, both the optoelectronic and magnetic based prototype transducers 

should be evaluated further for their suitability in the development of a biaxial shear 

distribution system. Transducers of the same dimensions should be built in order to 

facilitate a direct comparison between the two designs.   



 

~ 196 ~ 

 

 

 

 

Chapter 6  

Further improvement of two different 

biaxial shear transducers 

 

 

From the experience and results obtained during previous testing (Section 5.3.3 and 

5.4.3), both the optoelectronic and magnetic based transducer designs have been 

selected to be evaluated further for their suitability in the development of a biaxial 

shear load distribution measurement system. Two improved transducers are built to 

the same dimensions in order to facilitate a direct comparison between the two 

designs. 
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6.1 Transducer designs 

Two improved transducer designs were constructed using the same optoelectronic 

(Section 5.3.1) and magnetic (Section 5.4.1) based load sensing technologies 

described earlier. The following sections describe the two new transducer designs 

selected for array development. 

6.1.1 Optoelectronic based biaxial shear transducer 

A new optoelectronic based biaxial shear transducer was constructed based on the 

optimal light emitter-photodiode arrangement and elastomeric material identified 

earlier (Section 5.3.3). Brief descriptions of the components used in the construction 

of the transducer have been included in Table 21.  

Table 21 - Components used in the construction of the new optoelectronic based biaxial shear transducer. 

Components Descriptions 

Quadrant photodiodes Model: Hamamatsu S4349 

Dimensions: Ø9.2×4.1mm 

Cost: £30.00 

LED Model: Avago HLMP-Q105 

Dimensions: 2.08×2.08×2.92mm 

Cost: £0.33 

Elastomeric material TARRC 0.5mm rubber 

Dimensions: 15×15×0.5mm 

Estimated cost: £0.21 

External amplifier Model: Texas Instruments OPA404 

Cost: £20.52 

Transducer 

structure/housing 

Aluminium 

Estimated cost: £15.00 

Cables Standard 5 core ribbon cable 

Estimated cost: £1.80 

The biaxial shear transducer was based on the same design and arrangement of 

components as Prototype B (Section 5.3.2.4), but with two exceptions: (1) The 

sensing surface was constructed from aluminium (15×15×3mm) as opposed to 

copper-clad laminate PCB for a more robust design to avoid bending of the PCB 

during loading; and (2) The LED was set flush within a Ø2.5×2mm deep cavity 

located at the centre of the aluminium sensing surface plate to avoid direct contact 

with the LED. The completed transducer measured 18.5×15×15mm (Figure 84). 
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Figure 84 - Illustration of the components used in the assembly of the optoelectronic based biaxial shear 

transducer. 

The LED was secured in place using cyanoacrylate adhesive (M-bond 200, Vishay, 

USA). The assembly was then treated with a non-conductive polyurethane coating 

(Gauge Coat-A) before the two pins of the LED were cut and soldered onto strain 

gauge wires. The two strain gauge wires channelled through two shallow grooves 

located on the under-surface of the sensing plate and terminated at opposite corners 

of the plate. The terminals were padded on both sides of the sensing surface (Figure 

84), and were connected to the 5V power supply on the DAQ system using two 

longer strain gauge wires. 

In comparison to earlier prototypes (Section 5.3.3) where two triangular sheets of 

rubber sheet were used, a single rectangular sheet of TARRC 0.5mm rubber was 

used in the new transducer to separate the sensing surface plate and transducer 

housing. The rubber sheet had a hole (Ø3mm) in the centre to accommodate the LED 

(Avago HLMP-Q105) and was treated with LOCTITE®770™ before bonding 

between the sensing surface and the transducer housings using LOCTITE®406™. 

Visual checks were performed to ensure the rubber was fully bonded and that the 

assembly was aligned with the transducer axes. 

The electronic circuits were the same as discussed in Section 5.3.2.5. Briefly, the 

single LED was powered via the 5V supply on board of the DAQ system (USB-

6225, National Instruments Corps, Ireland) in series with a 330Ω current limiting 

resistor. Standard 5 core ribbon cable was used to feed the outputs from the 

photodiode chip to the op-amp circuit (Figure 84). The feedback resistors (  ) for 

each of the quad op-amps (OPA440) were 390kΩ. The op-amp chip was powered via 
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a ±15V bench top power supply. The four voltage outputs from the op-amps were 

connected via another 5 core ribbon cable to the DAQ system for data recording. 

6.1.2 Magnetic based biaxial shear transducer 

The optimal „magnet, elastomeric material and Hall-effect sensor ICs‟ arrangement 

for assembling a biaxial shear transducer had been identified (Section 5.4.3). Brief 

descriptions of the components used in the construction of the transducer have been 

included in Table 22.  

Table 22 - Components used in the construction of the new magnetic based biaxial shear transducer. 

Components Descriptions 

4 Hall-effect sensor ICs Model: Allegro A1301 (3-Pin SIP) 

Dimensions: 4×3×1.5mm 

Cost: £1.09, each 

Permanent magnet Model: Assemtech M1219-1 

Dimensions: Ø3.0×1.0mm 

Cost: £0.40 

Elastomeric material TARRC 0.5mm rubber 

Dimensions: 15×15×0.5mm 

Estimated cost: £0.21 

Transducer 

structure/housing 

Aluminium 

Estimated cost: £15.00 

Cables Standard 6 core ribbon cable 

Estimated cost: £1.80 

The construction of a new biaxial shear transducer was the same as Prototype D 

(Section 5.4.2.3) except its overall dimensions and housing material. Since the 

dimensions of the optoelectronic based transducer described above (Section 6.1.1) 

was restricted by the size of the photodiode, thus the height and the sensing surface 

area of this magnetic based transducer were enlarged to match those dimensions of 

the optoelectronics based transducer in order to facilitate a direct comparison 

between the two designs. The transducer housing and the sensing surface plate, in 

contrast to Prototype D, were both made of aluminium. The thickness of the sensing 

surface plate was 2mm and a new transducer housing design was introduced. The 

technical drawing of the transducer housing has been included in Appendix B. The 

completed transducer measured 17.5×15×15mm (Figure 85). 
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Figure 85 – The components used in the assembly of the magnetic based biaxial shear transducer. 

Four 3-Pin SIP packaged A1301 hall-effect sensor ICs were secured onto a circular 

plastic disc (Ø11×2mm) using strain gauge adhesive (M-bond 200, Vishay, USA). 

The circular disc was trimmed to allow the 12 pins from the four sensor ICs to be 

bent at 90 degrees for wire connections via the bottom of the transducer (Figure 85). 

The circular disc with the sensor ICs attached was then inserted into the hollow 

compartment of the transducer housing. Carbon fibre rods (Ø1.2×13mm) were 

slotted through the hollow compartment to support and secure the circular disc 

assembly into place. The whole assembly was carefully adjusted to align with the 

transducer axes before being fixed permanently using strain gauge adhesive (M-bond 

200, Vishay, USA). The same adhesive was also used to secure the 3mm diameter 

magnet (M1219-1) onto the base of the aluminium sensing plate before the rubber 

was bonded onto the same surface and assembled onto the transducer housing using 

LOCTITE®406™. 

All four hall-effect sensor ICs were powered via the same 5V supply outlet on board 

of the DAQ system (USB-6225, National Instruments Corps, Ireland). The four 

voltage outputs from the ICs were connected to the same DAQ for data recording 

during calibration. A standard 6 core ribbon cable was used to provide those 

connections described above. 

 

6.2 Calibration method 
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This section describes the calibration and analytical procedures for the evaluation of 

the optoelectronic and magnetic-based biaxial shear transducers. 

6.2.1 Experimental setup 

The availability of a new mechanical testing instrument (ElectroForce3200, Bose 

Corp., USA) allowed the biaxial shear transducers to be evaluated in a more 

controlled manner compare to the manually controlled calibration rig used previously 

(Section 4.5). The uniaxial testing system was fitted with a 450N reference load cell. 

The load cell was based on strain gauge technology with a 12000Hz natural 

frequency and accuracy of 0.25% full scale (equivalent of ~1N). The system was 

capable of performing static and dynamic tests up to 200Hz and simultaneously 

provided displacement data to ±0.0325mm accuracy. 

A 40mm aluminium extension rod fitted at one end with a 3/16" (Ø 4.763mm) 

acrylic ball (The Precision Plastic Ball Company Limited, Ilkley, UK) was rigidly 

secured in series with the actuator of the uniaxial mechanical testing machine. 

Aluminium and acrylic were specifically chosen for their non-magnetic properties, 

and the assembly allowed for point loading of the transducers during static and 

dynamic tests.  

Two aluminium mounting adapters were specifically designed for mounting the 

biaxial shear transducers to the reference load cell in the ElectroForce3200 system: 

one for mounting the transducer in an up-right position to assess crosstalk during 

vertical loading (Figure 86a); another for mounting the transducer on its sides 

allowing shear loading of the transducer (Figure 86b). Each of the mounting adaptors 

were mounted in two orthogonal adaptor rails which allowed for precise positioning 

of the biaxial shear transducers in the plane orthogonal to the applied load (Figure 

86). The adaptor rails were screw mounted to the reference load cell, whereas the 

mounting adaptors were secured in place in the rail using two screw nuts (Figure 86). 

The combination of adaptor rails and mounting adaptors allowed the biaxial shear 

transducer to be repositioned with respect to the linear actuator. Therefore, the 
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application of on-axis or off-axis load, vertical or shear load was possible by 

repositioning the transducer between tests (Figure 86). 

Vertical loading - Both biaxial shear transducer were tested under vertical load 

(Figure 86a). The mounting adaptor had a groove to allow wires to pass through the 

bottom of each transducer during vertical tests (Appendix B). Once the transducer 

was aligned to the loading axis, two screws were used to lock the transducer in place 

in the mounting adaptors (Figure 86).  

Shear loading - To apply shear load to the transducer, an aluminium cap bracket was 

secured to the sensing surface of the transducer using adhesive (M-bond 200) before 

mounting the transducer in a sideways position (Figure 86b). The point load was 

applied to the side of the bracket and parallel to the sensing surface of the transducer 

(Figure 86). Following testing in one shear direction, a 2mm flat screwdriver was 

used to detach the cap from the transducer. Any glue residuals were gently removed 

prior to re-adhering the cap for evaluation of the other shear axis direction. Technical 

drawings of the two mounting adaptors, the two adaptor rails and the cap bracket are 

included in Appendix B. 

 

Figure 86 - Calibration setup on the BOSE ElectroForce 3200 material testing machine for vertical testing 

(a) and shear calibration (b). Red dots and numbers indicate the positions of the applied load during on-

axis and off-axis tests. L, C and R means Left, Centre and Right side of the transducer.  

Applied load 

Reference load cell 

Mounting adaptors 

Biaxial shear transducer 

(a) Vertical loading        (b) Shear loading 
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6.2.2 Loading protocols 

Each biaxial shear transducer was calibrated under dynamic conditions in the shear 

axes. The mechanical testing machine was set to apply a 1Hz cyclic shear load over a 

range of ±50N for 15 cycles (Figure 87a). This corresponded to a shear stress of 

220kPa over the sensing surface area of 15×15mm of the biaxial shear transducer. 

More in-depth testing was then carried out after each transducer was calibrated: 

Vertical loading 

1. A cyclic vertical load over a range of 2N to 350N at 1Hz for 15 cycles was 

applied through point loading at 9 different locations - at the centre of the 

transducer and at each corner and edge at separate times (Figure 86a). The 

crosstalk present on the shear channels was measured. 

Shear loading 

1. A shear load ranging from 5N to 50N at 1Hz for 15 cycles (Figure 87a) was 

applied along the centre line of the transducer. The same loading sequence was 

repeated for each direction of each shear axis. The crosstalk present on the other 

shear axis was measured. Accuracy and repeatability of the transducer output 

between those 15 cycles was examined. 

2. A shear load ranging from 5N to 50N at 1Hz for 15 cycles (Figure 87a) was 

applied along the outer edges of the transducer. The error in the corresponding 

shear axis and crosstalk present on the other shear channel were measured. 

3. Shear loads of different frequencies were applied to the transducer using the 

dynamic mechanical analysis (DMA) frequency sweep function on the 

ElectroForce3200 machine. The loading sequence (Figure 87b) began with a 30N 

ramp with 8 seconds hold, for determination of transducer creep, before applying 

cyclic load of 10 different frequencies to the transducer: 0.5Hz, 1Hz, 20Hz, 

40Hz, 70Hz, 90Hz, 110Hz, 140Hz, 180Hz and 200Hz. A 30N load hold (8 

seconds) and a single pre-conditioning cycle was applied to the transducer 

between each frequency (Figure 87b). A 5N load hold was maintained for 8 

seconds following the completion of the frequency sweep, allowing an estimate 
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of creep-recovery. The same loading sequence was subsequently applied to each 

shear axis of the transducer. 

 
 

(a) (b) 

Figure 87 – A typical cyclic loading sequence ranging from 5N to 50N at 1Hz for 15 cycles (a), and a typical 

dynamic mechanical analysis (DMA) frequency sweep sequence (b) used in loading the biaxial shear 

transducers at 10 different frequencies, from 0.5Hz to 200Hz. 

6.2.3 Data Reduction 

Displacement and force data from the ElectroForce3200 testing machine were output 

as  two voltage sources, which were connected to a DAQ (USB-6225) controlled via 

a custom program written in LabVIEW8.6 (National Instruments Corps, Ireland). 

Consequently the four signals from the biaxial shear transducer and two signals from 

the ElectroForce3200 were simultaneously recorded. Data were sampled 

simultaneously at 5000Hz during frequency sweep tests to allow optimum Fourier 

Transform frequency response analysis. The sampling frequency of the DAQ was set 

at 200Hz for all other tests. Data were subsequently post-processed in MATLAB 

(MathWorks Inc, MA, USA). 

Transducer characteristics such as frequency response, hysteresis, non-linearity and 

cross-talk were examined based on the definitions and methods of calculation shown 

in Appendix A. Accuracy and repeatability of the transducer shear outputs were 

assessed during shear Protocol 1 - when pure shear load was applied along the centre 

line of the transducers at 1Hz for 15 cycles in each shear direction. In terms of 

accuracy, the maximum absolute difference of the read versus applied load and the 

root mean squared error (RMSE) were examined. The RMSE error was also 
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expressed as a percentage of the rated capacity. In terms of repeatability, the average 

peak-to-peak outputs from the reference load cell and the transducers during the 15 

cycles of shear load were examined. Standard deviation of those 15 peak-to-peak 

outputs were compared as the indication of the repeatability of the transducers 

outputs.  

6.3 Results & Discussion 

The results from calibration and testing of the optoelectronic and magnetic-based 

transducers are presented under four categories corresponding to the requirements 

(#1 to #28) set out earlier in Section 2.4.1.  

6.3.1 Transducer performance 

#1 Rated Capacity, #2 Resolution 

The two transducers were calibrated up to 50N shear (rated capacity) and were fully 

tested to withstand vertical load of up to 350N. Both transducers were analogue 

devices with continuous resolution. Therefore, in practical terms, the resolution of 

the transducer systems was limited by the quality of the analogue-to-digital 

electronics within the DAQ instrument (USB-6225) which converted the four voltage 

outputs from each transducer to digital data recorded by the computer. The average 

peak-to-peak voltage changes in the four outputs from each transducer when loaded 

at the rated capacity (50N) have been summarised in Table 23. Although the changes 

were of the order of millivolts, baseline voltage ranged from -1V to -2V in the 

optoelectronic based transducer and +2.3V to +2.4V in the magnetic based 

transducer. Consequently, the DAQ system was set to measure input voltage ranges 

between 0V to -2.5V and 0V to +2.5V for the optoelectronic based transducer and 

the magnetic based transducer, respectively. 

The analogue-to-digital convertor within the DAQ system had a 16-bit resolution 

meaning it could resolve 38µV steps with the 2.5V voltage range mentioned above. 

The manufacturer of the DAQ system specified the absolute accuracy was 360 µV 

(at full scale -1V to 1V) and 1620µV (at full scale -5V to 5V), hence, it is fair to 
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assume the absolute accuracy at full scale range of 0V to +/- 2.5V would be around 

(360 ÷ 2V × 2.5V) = 450µV. Based on these figures, the optoelectronic based and 

magnetic based transducer system had an estimated load resolution of about (50N ÷ 

[99000/450 µV] ) 0.23N and (50N ÷ [47000/450 µV]) 0.48N, respectively (Table 

23). 

Table 23 - Average peak-to-peak voltage change from the four sensing elements within the transducers 

when loaded at the rated capacity (50N) and the load resolution of the transducer systems. 

 

#3 – Accuracy 

Table 24 lists the absolute error for each shear axis of the two prototypes. The 

maximum difference between the transducer output and applied shear load was found 

to be <6N in the optoelectronic based transducer during cyclic loading. The absolute 

error found of the magnetic based transducer during shear loading (<3N) was half 

that of the optoelectronic transducer. The RMSE data for both transducers was 

approximately 1N in reading compared to the output from the reference load cell 

during dynamic load (Table 24). It should be noted that the overall accuracy of the 

transducers was not only dependent on the performance of the active element of each 

transducer design but also dependent on contributions from other sources of error 

such as frequency response (#4), hysteresis (#5), non-linearity (#6), signal noise (#8), 

and cross-talk (#9) which will be discussed below. 

Transducer Average peak-to-peak voltage (V) (SD) System resolution Sensitivity

Optoelectronic 0.099 0.057 0.23N 1.98mV/N

Magnetic 0.047 0.010 0.48N 0.94mV/N
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Table 24 - Accuracy of the transducer load outputs with applied shear load at 1Hz. Maximum error (N) 

and root mean squared error (RMSE) in Newtons and % rated capacity (50N) are presented. 

 

#4 – Frequency response 

Figure 88 illustrates the performance of the biaxial shear transducers at various 

loading frequencies - ranging from 0.5Hz to 200Hz. The calibrated outputs from the 

optoelectronic based transducer and magnetic based transducer were found to be 

90.1% and 89.4% of the applied load at 200Hz, respectively (Figure 88). It was 

expected that both transducers would possess a similar frequency response because 

both transducers were constructed with the same elastomeric material. 

  
(a) (b) 

Figure 88 - Frequency response plots of the optoelectronic (a) and magnetic based biaxial shear 

transducers (b) across frequencies from 0.5Hz to 200Hz. 

 

 

Transducer Shear axis Maximum absolute error (N) RMSE (N) RMSE (%RC)

Optoelectronic Negative X 5.91 1.24 2.48

Positive X 3.72 1.11 2.22

Negative Y 4.74 1.30 2.60

Positive Y 4.30 1.15 2.29

Magnetic Negative X 2.13 0.63 1.26

Positive X 2.15 0.80 1.59

Negative Y 2.67 0.90 1.81

Positive Y 2.83 0.87 1.74
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#5 – Hysteresis, #6 – Non-linearity, #7 – Combined error 

Figure 89 illustrates the calibration curves for each shear axes of each transducer. 

The line of best fit (y = mx+c) for each calibration curve was obtained using the 

least-squares method. Given that the transducer outputs were biased to zero before 

each test, only the slopes of the best fit lines were analysed and presented (Table 25). 

  
(a) (b) 

Figure 89- Calibration curves of the optoelectronic (a) and magnetic (b) based biaxial shear transducer. 

Calibration was conducted with shear load ranging from 5N to 50N. 

Non-linearity and hysteresis values were calculated (Table 25) based on the 

definition shown in Appendix A. Non-linearity % was on average approximately half 

that of hysteresis %, thus the non-linearity data can also be seen as the combined 

error based on the definition in Appendix A. Both transducers had similar 

characteristics in terms of non-linearity and hysteresis. Non-linearity and hysteresis 

values were practically identical to those found previously from Prototype E (Section 

5.3.2.7) in which the same elastomeric material was used. Both transducers displayed 

linear response to load with high goodness of fit (Table 25). 

As expected from the results obtained from the prototypes earlier (Section 5.4.2.6), 

the slope of the best fit lines of the Y-axis shear of the magnetic-based transducer 

were systematically smaller than those of the X-axis shear (Table 25). This was due 

to the fact that the four active hall-effect sensing elements in the magnetic-based 

transducer were not in a rectilinear grid arrangement relative to the centre of the 

magnet. As a result, the output span in the Y-axis was relatively lower than the X-
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axis. Assuming the signal noise level was constant, the reduced output range may 

also account for the greater absolute error found in the Y-axis (see #3 Accuracy). 

Results from the optoelectronic-based transducer were less consistent than for the 

magnetic-based transducer, in particular in the negative Y-axis (Table 25). This was 

possibly caused by error due to poor placement of the LED relative to the 

photodiode.  

Table 25 - Shear axes calibration results. 

  

#8 Signal noise 

Noise in each shear axis of the optoelectronic based transducer was found to be 

inconsistent between tests.  As illustrated in Figure 92a and Figure 93a below, signal 

noise found in the same shear axes varied between ±0.001 or ±0.005 (arbitrary 

transducer output units) resulting in a signal-to-noise ratio of about 57:1 or 11:1 

which equated to an error of about ±0.5N or ±2.5N, respectively. Fluctuation in the 

applied load via the ElectroForce3200 testing machine was also found to be 

inconsistent between tests. Figure 90a illustrates typical waveforms showing the 5N 

load hold at the end of the 1Hz cyclic loading sequence, when the load fluctuated 

±0.05N or ±0.1N in some cases. No obvious pattern was found for the differences in 

output noise and applied load between tests, which occurred regardless of whether it 

was on-axis or off-axis loading. However, the increased signal noise corresponded to 

increased fluctuation in the applied load. Such a phenomena was not apparent in the 

Shear axis Slope of the 

best fit line 

(y=mx+c)

Goodness 

of fit

Non-

linearity

Hysteresis

Transducer m R-Square % %

Optoelectronic Negative X -0.00230 0.99 2.75 5.53

Positive X -0.00265 0.99 2.93 5.50

Negative Y 0.00189 0.99 2.41 6.24

Positive Y 0.00232 0.99 2.70 5.74

Magnetic Negative X -0.00049 0.99 2.59 5.88

Positive X -0.00049 0.99 2.63 4.48

Negative Y 0.00036 0.99 3.36 6.61

Positive Y 0.00034 0.99 2.49 5.08
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magnetic based transducer, which suggested the construction of the optoelectronic 

based transducer with its LED and power cables may have influenced the response of 

the transducer (see also #23 Transducer sensing surface allowable movement). 

 
 

(a) (b) 

Figure 90 - Waveforms illustrating the load applied to the optoelectronic (a) and magnetic (b) based biaxial 

shear transducer by the BOSE testing machine under load control. In (a), the variation in the load during 

‘centre’ loading was significantly greater than during ‘off-axis’ loading. 

Noise found in the magnetic based transducer (Figure 92b and Figure 93b,) was 

consistent between shear channels at ±0.0005 (arbitrary transducer output units) 

resulting in a signal-to-noise ratio of 25:1 and 18:1, which equated to an error of 

about ±1N and ±1.4N in the shear X and Y axes, respectively. The fluctuation in the 

applied load during tests on the magnetic based transducer was found to be relatively 

consistent.  Figure 90b illustrates typical waveforms showing the 5N load hold 

fluctuated no greater than ±0.06N during tests on the magnetic based transducer. 

#9 – Cross-talk, #10 – Error due to off-axis loading 

Crosstalks in the shear axes due to vertical loading at the centre of the optoelectronic 

based and magnetic based transducers are illustrated in Figure 91. Crosstalk with 

vertical loading at the centre of both transducers was found to be relatively low and 

generally less than the signal noise level discussed above. Consequently, to examine 

the true effect of crosstalk without the influence of noise within the signal outputs, 

the line of best fit (y = mx+c) for each crosstalk output curve was obtained using the 

least-squares method. Given that the transducer outputs were biased to zero before 

each test, only the slopes of the best fit lines were analysed and presented (Table 26). 
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Crosstalk caused by any magnitude of vertical load could then be obtained by 

multiplying the slope of the best fit line with the vertical load, which has been 

completed for 50N and 350N (Table 26). The results are also expressed as a 

percentage of the rated capacity (%RC) of the shear axes (50N). Both transducers 

only had about 1N (2%RC) crosstalk in the shear axes when 350N vertical load was 

applied to the centre of the transducers (Figure 91, Table 26). Such crosstalk of ~1N 

was within the accuracy (RMSE) of the transducers discussed earlier (#1 Accuracy). 

It should be noted that it was also possible that the vertical load was not perfectly 

aligned to the centre of the transducers and the crosstalk data was a reflection of true 

shear loads caused by off-axis loading. Anyhow, both transducers were capable of 

withstanding the equivalent of about half of body weight and when this load was 

evenly distributed there was negligible effect on the shear outputs. 

 
 

(a) (b) 

Figure 91 – Crosstalk in the shear axes due to vertical load at the centre of the optoelectronic (a) and 

magnetic (b) based biaxial shear transducer. As an example, lines of best fit to the shear X outputs are 

shown which correspond to those summarised in Table 26. 

When off-axis vertical loading was applied to the transducers, crosstalk in the shear 

axes was increased (Table 26). The worst crosstalk was 12.2N (24.4% RC) in the 

optoelectronic based transducer and 5.4N (10.8%RC) for the magnetic based 

transducer when 350N vertical load was applied to the corners of the transducers.  

Figure 92 illustrates the typical effect of off-axis shear load in the transducers‟ 

calibration curves. The line of best fit for each off-axis response curve was obtained 

and compared to the calibration curve (also in Table 25) of the corresponding shear 

axis (Table 27). The error in shear load output could then be calculated by comparing 
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these slopes of best fit lines (Table 27). The application of 50N off-axis shear load 

resulted in an error of <4.5N (9.1%RC) in the optoelectronic based transducer and 

<3.5N (6.9%RC) in the magnetic based transducer in the same shear axis (Table 27). 

Given that both transducers were similar in design and had the same elastomeric 

material, the results (Table 27) have clearly shown that the magnetic-based 

transducer was much less sensitive to off-axis vertical loading, i.e. the mechanical 

tilting of the sensing surface plate. This was due to the fact that any slight tilting of 

the LED light source was detectable by the photodiodes; whereas the tilting of the 

magnet had less influence in the magnetic field around the sensors ICs.  

 
 

(a) (b) 

Figure 92 – Deviation from the calibration curve due to off-axis shear loading to the optoelectronic (a) and 

magnetic (b) based biaxial shear transducer. The plots illustrate typical responses in the negative shear 

axis and with other directions summarised in Table 27.  

Figure 93 illustrates crosstalk in the shear axis due to on-axis and off-axis shear load 

applied to the other shear axis. The error due to crosstalk can be calculated by 

comparing the slope of the crosstalk response curve to the calibration curve of the 

corresponding shear axis (Table 27). Minimal crosstalk was found during 50N on-

axis shear loading, which resulted in an error of <1N (2%RC) in the orthogonal shear 

axis of both transducers (Table 27). However, this was not true for all axes. For 

instance, crosstalk for the Y-axis of the magnetic-based transducer was as high as 

4.3N (8.7%RC). This error was likely to have been caused by the non-rectilinear grid 

arrangement of the active hall-effect sensor elements, which resulted in a lower 

output span of the Y-axis (see #3 Hysteresis) hence crosstalk had a relatively higher 

effect in the Y-axis. Crosstalk could be minimised to <1N had the hall-effect sensors 
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been located equidistant from the centre of the magnet. This could be achieved for 

future manufacture if the surface mount version of the hall-effect sensor IC were to 

be used instead. Again, it should be noted that it was also possible that the pure shear 

load was not perfectly aligned along the centre-line of the transducers and the 

crosstalk data was a reflection of true shear loads in the orthogonal shear axis caused 

by off-axis loading. 

While pure shear load in one shear axis resulted in minimal crosstalk in the 

orthogonal shear axis, off-axis shear loading resulted in significantly greater 

crosstalk in the orthogonal shear axis. 50N off-axis shear load applied to one shear 

axis resulted in a maximum error of <8.2N (16.3%RC) in the optoelectronic based 

transducer and <10.1N (20.2%RC) in the magnetic based transducer in the 

orthogonal shear axis (Table 27). 

 
 

(a) (b) 

Figure 93 - Crosstalk in the shear axes of the optoelectronic (a) and magnetic (b) based biaxial shear 

transducers due to off-axis and on-axis shear load applied in the other shear axis. The plots illustrate 

typical responses in the shear Y axis when shear load was applied in the negative X shear direction. 
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Table 26 - Crosstalk in the shear axes due to on-axis and off-axis vertical loading. Please refer to Figure 86 for the locations of the applied load. 

 

Shear X Shear Y Shear X (N) Shear Y (N) Shear X (% RC) Shear Y (% RC) Shear X (N) Shear Y (N) Shear X (% RC) Shear Y (% RC)

Optoelectronic Corner 1 0.02622 0.02193 9.18 7.68 18.35 15.35 1.31 1.10 2.62 2.19

Corner 3 0.03489 0.01766 12.21 6.18 24.42 12.36 1.74 0.88 3.49 1.77

Corner 5 0.02450 0.01960 8.57 6.86 17.15 13.72 1.22 0.98 2.45 1.96

Corner 7 0.02479 0.02030 8.68 7.10 17.35 14.21 1.24 1.01 2.48 2.03

Edge 2 0.03382 0.00507 11.84 1.77 23.68 3.55 1.69 0.25 3.38 0.51

Edge 4 0.01316 0.02277 4.61 7.97 9.21 15.94 0.66 1.14 1.32 2.28

Edge 6 0.02213 0.00622 7.74 2.18 15.49 4.35 1.11 0.31 2.21 0.62

Edge 8 0.00590 0.02146 2.07 7.51 4.13 15.02 0.30 1.07 0.59 2.15

Centre 0.00238 0.00263 0.83 0.92 1.67 1.84 0.12 0.13 0.24 0.26

Magetic Corner 1 0.01391 0.01014 4.87 3.55 9.74 7.10 0.70 0.51 1.39 1.01

Corner 3 0.01417 0.01393 4.96 4.88 9.92 9.75 0.71 0.70 1.42 1.39

Corner 5 0.01511 0.01341 5.29 4.69 10.58 9.39 0.76 0.67 1.51 1.34

Corner 7 0.01545 0.01456 5.41 5.09 10.82 10.19 0.77 0.73 1.55 1.46

Edge 2 0.00119 0.00519 0.42 1.82 0.84 3.63 0.06 0.26 0.12 0.52

Edge 4 0.00127 0.00628 0.44 2.20 0.89 4.39 0.06 0.31 0.13 0.63

Edge 6 0.00123 0.00487 0.43 1.71 0.86 3.41 0.06 0.24 0.12 0.49

Edge 8 0.00418 0.00798 1.46 2.79 2.93 5.59 0.21 0.40 0.42 0.80

Centre 0.00366 0.00131 1.28 0.46 2.57 0.92 0.18 0.07 0.37 0.13

Error (with 350N vertical load) Error (with 50N vertical load)Slope of the best fit line

Transducer

Location of 

the applied 

vertical load
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Table 27 - Crosstalk in shear axes due to on-axis and off-axis shear loading. 

 

Shear X Shear Y Shear X (N) Shear Y (N) Shear X (% RC) Shear Y (% RC)

Optoelectronic Negative X Left -0.00223 -0.00019 1.47 4.98 2.95 9.96

Centre -0.00230 0.00002 0.00 0.36 0.00 0.71

Right -0.00251 0.00023 -4.48 5.05 -8.97 10.11

Positive X Left 0.00289 0.00010 -4.55 2.16 -9.09 4.33

Centre 0.00265 0.00003 0.00 0.56 0.00 1.13

Right 0.00260 0.00016 0.95 3.41 1.89 6.81

Negative Y Left 0.00027 -0.00197 5.03 -2.22 10.07 -4.43

Centre 0.00005 -0.00189 0.98 0.00 1.96 0.00

Right -0.00038 -0.00184 8.15 1.25 16.30 2.49

Positive Y Left 0.00009 0.00241 1.62 -2.09 3.25 -4.17

Centre 0.00010 0.00231 1.89 0.00 3.78 0.00

Right 0.00011 0.00230 2.07 0.36 4.14 0.71

Magnetic Negative X Left -0.00051 0.00005 -1.61 6.84 -3.23 13.68

Centre -0.00049 0.00002 0.00 2.55 0.00 5.10

Right -0.00053 -0.00001 -3.38 2.09 -6.76 4.18

Positive X Left 0.00053 -0.00007 -3.32 10.10 -6.64 20.19

Centre 0.00049 -0.00003 0.00 4.33 0.00 8.66

Right 0.00051 0.00001 -1.63 0.98 -3.26 1.95

Negative Y Left 0.00006 0.00038 6.17 -2.43 12.34 -4.87

Centre 0.00001 0.00036 0.71 0.00 1.42 0.00

Right 0.00005 0.00038 4.82 -2.99 9.63 -5.99

Positive Y Left -0.00005 -0.00035 4.69 -1.90 9.37 -3.80

Centre 0.00000 -0.00034 0.29 0.00 0.58 0.00

Right 0.00003 -0.00037 3.47 -3.48 6.93 -6.95

Slope of the best fit 

line Error (with 50N shear load)

Shear axis

Location of 

the applied 

shear loadTransducer
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#11 Repeatability 

Repeatability of the applied cyclic load and the repeatability of the corresponding 

transducer outputs is summarised in Table 28. There was greater variation in the 

applied load during tests on the optoelectronic-based transducer than on the 

magnetic-based transducer. Variation in the output of the magnetic-based transducer 

was consistent across all axes. Variation in the output of the optoelectronic-based 

transducer output (Negative X), however, was not consistent across shear channels. 

The average peak-to-peak transducer outputs were generally greater than the applied 

load due to signal noise and transducer accuracy discussed earlier. 

Table 28 - Repeatability of the two biaxial shear transducers. 

 

#12 Creep 

The creep in output signal from the two transducers was determined by the slope of 

the fitted straight line during 30N load hold at the initial stage of the DMA testing 

sequence (Figure 87b), whereas creep recovery was determined during load hold of 

5N at the end stage of the DMA testing sequence (Figure 90). Typical transducer 

outputs during load hold of 30N can be seen in Figure 94. The fitted slope of the 

creep signal was multiplied by 10 to indicate the variation of load reading after 10s 

static loading on the transducers. Results are also expressed as a percentage (%RC) 

of the rated capacity (50N) of the shear axes (Table 29). Average data has been 

presented with standard deviations showing the similarities between the four axes of 

the transducers (Table 29). 

Optoelectronic Negative X 44.96 0.05 48.83 1.25

Positive X 45.02 0.08 47.66 0.48

Negative Y 44.95 0.07 47.82 0.58

Positive Y 45.01 0.07 48.09 0.54

Magnetic Negative X 44.98 0.05 45.97 0.34

Positive X 44.93 0.04 45.83 0.31

Negative Y 44.97 0.04 46.51 0.51

Positive Y 44.98 0.04 46.59 0.45

Transducer

Average peak-to-peak 

applied load (N)

Average peak-to-peak 

transducer output (N)(SD) (SD)Shear axis
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(a) (b) 

Figure 94 – Typical creep found in the transducer output signals during load hold of 50N. 

Table 29 – Average creep and creep recovery with 30N load hold. Average data for the four axes in each 

transducer are presented.   

 

#13 Temperature sensitivity 

Both transducers were tested at room temperature, because it was anticipated that 

with the current designs, the transducers would only be used as a force platform. 

Sensitivity to variation in temperature would be important and further testing would 

be necessary if the transducers were to be miniaturised for in-shoe applications. 

6.3.2 Hardware 

#14 Sampling frequency 

The output bandwidth of the A1301 hall-effect ICs used in the magnetic based 

transducer was 20kHz, whereas the OPA404 op-amp used in the optoelectronic 

based transducer had a bandwidth of 6.4MHz. The data acquisition system (USB-

6225) had a sampling rate of 250kS/s (samples per seconds), which equates to a 

maximum sampling frequency of 62kHz (250k samples ÷ 4 shear channels) if one 

transducer was connected. Therefore, the sampling frequency should not exceed 

20kHz for the magnetic-based transducer and 62kHz for the optoelectronic-based 

Transducer Average Creep (N) (SD) Error (%RC) Average Creep Recovery (N) (SD) Error (%RC)

after 10seconds after 10seconds

Optoelectronic 0.28 0.04 0.55 -0.38 0.05 -0.77

Magnetic 0.33 0.01 0.67 -0.34 0.07 -0.69
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transducer. That said, sampling rate of up to 5000Hz was used during the evaluation 

of the transducers, which was adequate, since the frequency content of the applied 

load was no higher than 200Hz. 

#15 Power consumption, #16 Multiplexing capability, #17 Computational 

requirements 

Power consumption of each biaxial shear transducer was estimated (Table 30). 

Power needed for the operation of the data acquisition system (i.e. the analogue-to-

digital convertor) and the computer necessary for processing and storing of the data 

was not included, but was assumed to be the same for both transducers.  

Table 30 - Power consumptions for each individual biaxial shear transducer. 

Transducers Sensing components  Others Total 

Power 

Dissipation 

Optoelectronic OPA404 op-amp 

Input voltage = ±15V 

Input current = 10.5mA (Max) 

Power, Quiescent = 315mW 

 

(Manufacturer specified 

maximum power dissipation = 

1000mW) 

LED light emitter 

circuit 

 

330Ω resistor = 33mW 

LED diode = 18mW 

366 to 

1051mW 

Magnetic A1301 Hall-effect ICs 

Input voltage = 5V 

Input current = 11mA (Max) 

Power = 55mW × 4 

N/A 220mW 

The computational requirements for both transducers were the same because the 

same equations were used to determine shear outputs from four input voltages. 

Instead of the software approach employed in the current study, it is possible to 

implement the computational stage electronically within each transducer. The 

electronic approach would decrease the four transducer outputs of the current design 

to just two voltage outputs that are directly related to shear load. However, the 

additional electronics would require an increase in the overall dimensions of the 

transducers, if they were to be incorporated within the transducer. 
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#18 Hardware costs 

Component costs for the construction of each transducer are summarised in Table 31. 

Costs shown are based on the construction of a one-off transducer excluding the 

necessary labour for assembly of the transducer. The data acquisition system (USB-

6225) used in the current study had a specification greater than required for the 

connection of just one transducer and as such the cost of the system (£1260.00) was 

not taken into account. At about £22 per transducer, the magnetic based transducer 

was estimated to be approximately 3 times less expensive than the optoelectronic 

based transducer (Table 31).        

Table 31 - Hardware costs for constructing an optoelectronic based transducer or a magnetic based 

transducer. 

Transducer Optoelectronic Magnetic 

Sensing elements Hamamatsu  S4349 photodiode 

£30.00 

Allegro A1301 × 4 

£4.36 

External amplifier circuit  Texas Instruments OPA404  

£20.52 

 

£0.00  

Other components  LED £0.33  Magnet £0.40  

Transducer structure  £15.00 

Cables £1.80 

Elastomeric material £0.21 

Total  £67.86 £21.77 

6.3.3 Physical requirements 

#19 Transducer sensing surface area, #20 Transducer thickness 

The optoelectronic based transducer could be decreased from its current thickness of 

18.5mm to about 10.5mm. However, the sensing surface area (15×15mm) of the 

transducer would be limited by the dimensions of the S4349 photodiode chip 

(Ø9.2×4.1mm), leaving just under 3mm surrounding the chip for a robust transducer 

housing. Alternative surface mount package or even a custom ordered photodiode 

chip would be necessary to further minimise the overall size of the optoelectronic 

based transducer. Whereas the dimensions of the current magnetic-based transducer 



 

~ 220 ~ 

 

design were enlarged only for the purpose of this evaluation. If the surface mount 

A1301 (3×3×1mm, Section 5.4.2.1) chips were to be incorporated in the magnetic 

based transducer, it would have the potential to be further miniaturised to a sensing 

surface of 10×10mm and a thickness of just 6.5mm (2mm sensing surface + 0.5mm 

elastomeric medium + 1mm A1301 chip + 3mm circuit board and transducer 

housing). 

#21 Suitability for in-shoe applications, #22 Easy to mount/wear 

Neither transducer is currently suitable for in-shoe applications. However, both could 

be incorporated into an array to produce a load distribution measurement platform. A 

mechanism for mounting transducers into an array was not developed in the current 

study, but could be easily incorporated into the design and would permit swapping of 

transducers in the array if necessary. As discussed above (#20 Transducer thickness), 

the magnetic-based transducer has a greater potential to be miniaturised for in-shoe 

application. However, mounting inside a shoe could be physically challenging, but it 

may be possible to join adjacent transducers with silicone rubber or similar for a 

semi-flexible insole device. 

#23 Transducer sensing surface allowable movement, #24 Spatial resolution 

Under 50N load, the average transducer sensing surface displacement was <0.28mm, 

which was nearly 3 times less than the requirement of 0.75mm (Section 2.4.1). 

Therefore, with a 0.6mm gap between adjacent transducers to allow the movement of 

the sensing surfaces, a spatial resolution of 15.6mm would be possible in an array of 

transducers each with a sensing surface area of 15×15mm. 

The movement in the optoelectronic based transducer was found to be lower 

(0.24mm) than the magnetic based transducer (0.28mm) (Table 32), even though 

both transducers were very similar in design. It is possible that differences between 

transducers in the amount of cyanoacrylate adhesive used to bond the elastomer to 

the housing had increased the overall stiffness of the optoelectronic-based transducer. 

However, the differences in movement between designs was negligible, given the 

spatial resolution of the mechanical testing machine was ±0.03mm. 
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Using the displacement change found in both transducers, the shear modulus of the 

transducers was estimated to be about 0.6MPa. Such a value was 3 times less than 

the shear modulus estimated earlier (1.8MPa) during testing of the elastomeric 

material alone (Section 5.3.2.3). This phenomenon could have been a result of 

combination of factors: 1) The adhesive used in bonding the elastomer to the housing 

would have affected the shear modulus of the overall assembly; 2) the elastomer was 

anisotropic, therefore the shear modulus in Section 5.3.2.3 may have been 

overestimated; 3) lubricant was not used during compressive testing of the elastomer 

(Section 5.3.2.3) therefore the friction between the elastomer and the material testing 

machine would have caused changes in its compressive behaviour (Koh and Kelly, 

1989, Pinarbasi et al., 2006, Tsai, 2005). The estimated compressive modulus could 

be at least 2.6 times higher than the real value for the tested sample material of the 

size 10×10mm (Dechwayukul and Thongruang, 2008). 

Table 32 - Transducer sensing surface displacement changes from 0N to 50N. Data presented is based on 

average displacement change during cyclic loading. 

 

#25 Reusability and life span 

Both transducers were designed to be reusable. There are two key factors that are 

likely to have an effect on the life expectancy of the devices: 1) Degradation in the 

performance of the electronics over time; 2) the aging of the elastomeric material. 

The light source in the optoelectronic-based transducer would have an expected 

lifetime of 50,000 hours (Lingard, 2009), equating to 5.7 years with fulltime (24/7) 

operation. The only electronic component that could fail in the magnetic based 

Optoelectronic Negative X 0.238 0.0023

Positive X 0.240 0.0041

Negative Y 0.242 0.0030

Positive Y 0.244 0.0039

Magnetic Negative X 0.283 0.0006

Positive X 0.284 0.0008

Negative Y 0.281 0.0013

Positive Y 0.278 0.0006

Transducer Shear axis Average sensing surface displacement at 50N (mm) (SD)
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transducer was the hall-effect sensor ICs. Longevity is a typical feature of hall-effect 

sensing devices, for example a hall-effect switch could handle 30 billion continuous 

operations (Honeywell-Inc., 2011a). Long term reliability and the service life of the 

elastomeric material have not been tested. However, remarkable longevity of natural 

rubber has been noted in the literature, with negligible changes noted in the material 

properties of natural rubber with 2 years of aging at ambient temperatures (Mott and 

Roland, 2001).  

6.3.4 Manufacturing requirements 

#26 Batch production 

Batch production of the optoelectronic based transducer would be more complex and 

time consuming than the magnetic based transducer due to the power connections 

required for the LED in the upper part of the transducer. The assembly of the 

magnetic based transducer was relatively simple with the electronics residing only in 

the lower part of the transducer. Batch production of the transducer structures, 

however, would be relatively simple. Both the housing and the sensing surface plate 

could be manufactured using a 3D printer or by injection moulding if strong plastic 

could be used instead of aluminium. 

#27 Matrix arrangement capability, #28 Cabling 

The location of the power connections for the LED of the optoelectronic-based 

transducer would complicate their incorporation into a large array. The current 

design would have to be modified to ensure the power connections would be 

sufficiently robust to withstand continuous movement of the sensing surface and 

avoid damage from adjacent transducers. The optoelectronic-based design would 

also require additional room for external amplifiers, whereas the magnetic based 

transducers would require minimum cabling arrangement beneath the transducers in 

a matrix arrangement. 
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6.4 Conclusion 

Two individual biaxial shear transducers based on two separate load sensing 

technologies, optoelectronic and magnetic, were evaluated. Both shear transducers 

were capable of withstanding high vertical load (350N) with minimal cross-talk 

(<2.5%) to the shear axes. Dynamic performance of both transducers relative to a 

strain-gauge based reference load cell, revealed average differences of ~1N at 

physiological load rates (frequencies <75Hz, Section 2.3.1) increasing to about 10% 

error at a frequency of 200Hz. 

The transducers had similar performance in terms of hysteresis (~6%RC), non-

linearity (~3%RC) and creep (~0.7%RC). Despite the resolution of the 

optoelectronic-based transducer being twice that of the magnetic-based transducer, 

the magnetic-based transducer was less affected by crosstalk, had better repeatability 

and a greater signal to noise ratio. The magnetic-based transducer had a better overall 

accuracy. Although high frequency and/or off-axis loading may result in errors 

greater than 10% (Reading), transducer performance should be acceptable for most 

clinical measurements and gait applications. 

In terms of the physical dimensions of the transducers, the magnetic based transducer 

has the potential to be readily miniaturised to a thickness of 6.5mm. The magnetic 

based transducer could be assembled easily using off-the-shelf sensor ICs and a 

transducer sensing surface area of 10×10mm could be achieved with currently-

available low-cost miniature surface mount components. The magnetic-based 

transducer, therefore, had the greater capacity to form arrays of various sizes with 

better spatial resolution than the optoelectronic-based design. 

In terms of hardware, the magnetic-based transducer required less power to operate, 

which is important in the development of a large array of transducers for load 

distribution measurement. Moreover, the magnetic based transducer was less 

complex and 3 times cheaper to manufacture. Although both transducers required a 

mounting mechanism for construction of an array, cable management would be less 

complex with the magnetic-based design.  
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In summary, the magnetic-based transducer had greater overall accuracy and was 

easier and cheaper to manufacturer than the optoelectronic-based transducer. The 

magnetic-based design also had greater potential for miniaturisation, making it an 

ideal candidate for incorporation within an array of suitable spatial resolution for the 

clinical measurement of shear distribution beneath the human foot.  
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Chapter 7  

Development of a biaxial shear 

distribution measurement system 

 

 

In the previous chapter (Chapter 6) an evaluation of the performance of discrete 

biaxial shear transducers has been presented. This evaluation determined that the 

magnetic-based transducer design possessed the necessary performance, hardware 

and physical characteristics for integration into an array. This chapter demonstrates 

the potential of using this technology for practical measurement of shear force 

distribution under the foot – suitable for clinical use. The development of a small 

(56×44.5mm) modular load sensing platform consisting 20 transducers (each 

22.7×11.5×11.5mm) capable of biaxial shear distribution measurement is described. 
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7.1 System design and construction 

While it was recognised that many approaches would be suitable for the production 

of an array from the current transducer design, a modular approach was employed in 

the current study for demonstration purposes. A modular approach has the advantage 

that any faulty transducers could be swapped with ease and the transducers could be 

arranged in different configurations - in several or in a single cluster. Moreover, the 

electronics and software implementation could be modified or upgraded if necessary 

in the future. The complete system consisted of the following components:  

1. 20 discrete magnetic-based biaxial shear transducers. 

2. A mounting platform for fixing the transducers in a matrix arrangement. 

3. Electronic circuits for the acquisition of the data. 

4. Computer software for processing, interpreting and recording shear data. 

Each of these modules will be discussed in details in the following sub-sections. 

7.1.1 Transducer design 

To maximise the spatial resolution of the array, the 3-Pin SOT23W miniature surface 

mount version of the A1301 hall-effect sensor IC was incorporated into the new 

design of each transducer. The four surface mount sensor ICs were positioned as 

close as possible within a rectilinear pattern (Figure 95b), ensuring each active 

element was closer to the centre of the magnet and thereby maximising their 

sensitivity to changes in magnetic flux density associated with movement of the 

magnet (Section 5.4.2.2). In comparison to the prototypes constructed earlier 

(Section 5.4.2.3), the active elements inside each IC in the new design would be 

2.08mm from the centre of the magnet (Figure 95). Moreover, each of the active 

elements would be equidistant from the centre of the magnet. The air gap (AG) 

between the permanent magnet and the sensor ICs was also decreased to 0.5mm. The 

active area depth (AAD) of the SOT23W package was 0.28mm, thus the total 

effective air gap (TEAG) between the magnet and sensor ICs was 0.78mm under no 

load conditions. Initial tests were conducted to ensure the outputs from the sensor 

ICs did not saturate with the configuration described above. 
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Figure 95 – Comparing the positions of the active elements within the SIP packaged sensor ICs previously 

used in the prototypes (Section 5.4.2.3) (a) and the SOT23W surface mount sensor ICs (b) with the 

magnetic flux around a magnet. Please refer to Figure 79 for a more detailed description of the diagram.    

The method of measuring biaxial shear load with four magnetic sensors was the same 

using the differential principle as described earlier (Section 5.4.1). The set of four 

A1301 sensor ICs for each discrete transducer were manually soldered onto printed 

circuit boards (PCB) of 1mm thickness. Each PCB had tracks (Ø8.32mm) for cabling 

and mounting of the ICs (Figure 96a). Each PCB was trimmed to size (Figure 96c) 

and wires were organised to exit from its underside (Figure 96d) before it was 

inserted into the transducer housing. Low-noise cables (Habia Cable Ltd, UK) of the 

same type used in the „Kent‟ system (Section 5.1.1) were used in the assembly of the 

PCBs because they were small in diameter and were generously provided by the 

research group at the University of Kent. However, it should be noted that other less 

expensive cables could have been used, such as the standard 6 core ribbon cable used 

earlier (Section 6.1.2). Three 2-way crimp sockets (M20-1060200, Harwin Inc, USA) 

were connected to the ends of the wires, one for the power connection and two for 

the 4 signal outputs from the transducer.  

 

Figure 96 - The design of the circuit board for each transducer (a) and an array of such prepared on a 

printed circuit board (PCB) (b). Each circuit was cut to size (c) and the four sensor ICs were then soldered 

and wired manually (d). 

 

b c d a 
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The dimensions of the transducer housing was 11.50×11.50×20mm, but the sensing 

surface plate was only 10×10×2mm (Figure 97), allowing a gap of 1.5mm between 

sensing surfaces of adjacent transducers. Smaller transducer housings 

(11.50×11.50×6mm) were also manufactured to demonstrate the potential of the 

same transducer design to be miniaturised. Technical drawings of these parts have 

been included in Appendix B. The underside of the sensing surface plate had a 

circular indentation (0.1mm deep) in the centre to allow precise attachment of the 

permanent magnet (Figure 97). The transducer housing contained four holes 

(Ø2.4mm), one on each of the vertical sides of the transducer (Figure 97). The design 

allowed placement of a steel rod through several adjacent housings for precise 

alignment of the transducers in an array. The next section discusses how these parts 

were manufactured and assembled together. 

 

Figure 97 - Overall dimensions of the transducer housing and the sensing surface plate. 

7.1.2 Batch production of discrete transducers 

To demonstrate the feasibility and potential for a fast and low-cost production for the 

transducer design, transducer housings were manufactured from plastic rather than 

metal. The transducer housings and sensing surface plates were manufactured using a 

3D printer (Eden350, Objet Geometries Inc, USA). The material used in the printing 

was an acrylic polymer (Fullcure-840VeroBlue, Objet Geometries Inc, USA) with a 

compressive strength of 79.3MPa (805kg/cm²). Thus, each transducer would be more 

than capable of supporting a person‟s weight (~80kg) and withstand the heel strike 

forces (up to 3 times body weight) recorded during running (Section 2.3.2) without 

breaking. 
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Each biaxial shear transducer, both the smaller miniaturised version and the bigger 

design for the platform system, consisted of 6 components as follows: 

1. Transducer housing. 

2. Transducer sensing surface plate. 

3. Four hall-effect sensor ICs (Allegro A1301KLHLT-T) on a PCB circuit. 

4. Permanent magnet (M1219-1, Ø3mm×1mm). 

5. Elastomeric material (TARRC 0.5mm, 10×10mm). 

6. Sensor IC spacer (0.4mm paper card). 

An assembly drawing of the transducer can been seen at the end of Appendix B. The 

sensor IC spacer was a circular disc that had a small cut out on one side to align itself 

precisely in the transducer housing. Each spacer also had two rectangular cut-outs to 

allow precise alignment and orientation of the sensor ICs in the transducer (Figure 

98e). A technical drawing of the spacer can be found in Appendix B. The spacers 

were laser cut (VersaLASER VLS platform, Universal Laser Systems Inc., USA) to 

size from paper card of 0.4mm thickness. 

 

Figure 98 – Steps in the batch production of the biaxial shear transducers. Transducer housings and 

sensing surface plates from the 3D printer (a). The magnet and elastomeric material bonded to the sensing 

surface plate (b) before placement in the assembling device (c) for bonding the transducer housing to the 

surface plate (d). The sensor IC spacers were then placed inside the transducer housings before the hall-

effect sensor ICs circuit boards were installed (e). 

A transducer assembling device was designed and built to facilitate a fast but 

accurate production process for assembling the transducers. The assembling device 

was manufactured using the same 3D printer and material as described above for 
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precision. The assembling device consisted of two parts: 1) a transducer holder, and 

2) a base holder (Figure 98b). Technical drawings of the assembling device parts can 

be found in Appendix C. 

Figure 98 illustrates the steps in constructing each transducer. Firstly, the permanent 

magnet was bonded (LOCTITE®406™ cyanoacrylate adhesive) onto the circular 

indentation on the underside of the sensing surface plate. A small sheet (~13×13mm) 

of TARRC 0.5mm rubber was then treated with LOCTITE®770™ before bonding to 

the surface plate using LOCTITE®406™. The rubber sheet had a circular hole in the 

centre for the magnet and excess rubber along the edge of the plate was manually 

trimmed (Figure 98b). The magnet-sensing surface plate assembly was then placed 

onto the square extrusion slot on the base holder of the assembling device, and the 

transducer housing slotted into the transducer holder of the assembling device 

(Figure 98c). The unbounded side of the rubber was then treated with 

LOCTITE®770™ and LOCTITE®406™ was applied to one end of the transducer 

housing before the transducer holder was then slotted into the base holder of the 

assembling device. The holder was advanced until the transducer housing contacted 

the rubber for an instant bonding. 

Visual checks were performed to ensure the rubber was fully bonded between the 

transducer structures (housing and sensing surface plate). In comparison to the 

aluminium prototype transducer constructed earlier (Section 6.1.2), the bonding 

between the rubber and the plastic transducer structure was more secure. Sensor IC 

spacers were positioned within the transducer housing (Figure 98e) before the hall-

effect sensor IC circuit board assembly (Figure 96d) was placed inside to form a 

complete biaxial shear transducer. Figure 99 illustrates 20 biaxial shear transducers 

assembled into a 4×5 array and two miniaturised versions. Overall dimensions of 

each platform type transducers were 22.7×11.5×11.5mm, and 8.5×11.5×11.5mm for 

the in-shoe type transducers. The overall surface area of the transducer array was 

56×44.5mm. 
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Figure 99 - 20 biaxial shear transducers in a 4×5 array, and 2 transducers in a miniaturised package. 

7.1.3 Hardware and Electrical implementation 

A robust platform was constructed using aluminium to hold the 20 biaxial shear 

transducers in a 4×5 array (Figure 100). The platform consisted of the following 

parts: 

1. A mounting platform base – The base consisted of an aluminium base plate 

containing a series of Ø5mm rectilinear holes which allowed passage of crimp 

sockets from each transducer and ensuring the transducers sat flush on the base. 

The same holes also allowed screws to pass through to secure the walls and legs 

of the platform. 

2. Four mounting platform walls – Each wall contained three threaded holes for 

attachment to the platform base. Each wall also contained five horizontally 

positioned holes (Ø2.4mm), 11.5mm apart, which allowed adjacent transducers 

to be braced to a fixed position by a steel rod. 

3. Two mounting platform legs – Each leg consisted of a rectangle aluminium 

block with two threaded holes for fixation beneath the platform base. The legs 

provided adequate dead space for managing cables from all 20 transducers. 

 

Figure 100 - The completed biaxial shear distribution measurement platform containing 20 biaxial shear 

transducers in a 4x5 matrix arrangement (a) and the managed cables on the underside of the platform (b). 
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Technical drawings of the parts of the platform have been included in Appendix B 

and the completed biaxial shear distribution measurement platform is shown in 

Figure 100a. The cables from all 20 individual transducers were organised via three 

junction pads: one pad contained 20 pairs of crimp terminals and was wired to the 5V 

supply from the DAQ board (USB-6225) to provide power to all 20 transducers; the 

other two pads, each contained 40 crimp terminals, that relayed the transducer output 

to the DAQ via a 40-way ribbon cable (3659-Series, 3M, USA). The cable was 

especially chosen for its round construction which permitted easier routing. No other 

electronics were required between the transducer and the DAQ. 

7.1.4 Software implementation 

Data recording via the DAQ system (USB-6225) was controlled by a custom 

LabVIEW8.6 program. Three separate custom programs were written:  

1. A program that simultaneously recorded the four signals from any one biaxial 

shear transducer and the applied force and displacement data from the 

ElectroForce3200. Sampling rate was set at 200Hz, except during DMA 

testing which sampled at 5000Hz. 

2. A program that recorded the outputs from all 20 transducers and calculated, 

in real-time, the directions and vector magnitudes of the shear load from each 

transducer, as well as the total X-axis and Y-axis shear load measured by all 

20 transducers. Sampling rate was set at 200Hz. 

3. The program in (2) above was modified to connect with a USB camera that 

provided real-time video streams of the area around the platform. This 

program also provided real-time visual information of the direction and 

magnitude of the shear load from each transducer, as well as the total X-axis 

and Y-axis shear load measured by all 20 transducers. However, it did not 

have the data recording capability as in (2) but data acquisition was 

conducted at 200Hz. Screenshots of the program has been included in 

Appendix H. 
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7.2 System calibration 

Each of the 20 biaxial shear transducers was individually calibrated under dynamic 

conditions using previously described mechanical testing equipment 

(ElectroForce3200) and methods (Section 6.2). The shear load was applied to the 

transducer using the mechanical testing instrument (ElectroForce3200) described 

earlier (Section 6.2). Briefly, the ElectroForce3200 system had a single linear 

actuator for the application of uniaxial load, statically or dynamically at up to 200Hz. 

The system also provided displacement feedback of its linear actuator. Both the 

applied load and the displacement data were output from the system as two voltage 

sources, which were connected to the DAQ (USB-6225) for data recording. Data 

recording was controlled via a LabVIEW program (program #1, Section 7.1.4) and 

the raw data were post-processed in MATLAB. 

Pure shear load over a range of 2N to 30N at 1Hz for 15 cycles was applied to each 

shear direction of the transducer at separate times. Load was applied to the 

transducer via a 3/16" (Ø 4.763mm) acrylic ball attached to the end of the actuator. 

Two different adjustable mounting adapters were used to fix the transducer in an up-

right position for axial tests or in a side-way position for shear calibration (Figure 

101). Because the new transducers were smaller than those tested earlier (Chapter 6), 

a square adaptor was fitted to the outside of the new transducers for mounting. The 

spacer was 3D printed using the same acrylic polymer used in the construction of the 

transducer housing (Section 7.1.2). A technical drawing of the adaptor has been 

included in Appendix B. 

In place of the metal bracket used during transducer development (Section 6.2), a 

plastic cap was secured to the sensing surface of the transducer to transmit shear load 

to the transducer surface during testing. The point load from the actuator was aligned 

to the sensing surface of the transducer and was applied to the side of the cap during 

shear loading (Figure 101). The plastic cap was again 3D printed for a precise press 

fit to the sensing surface plate without the need for adhesive. The dimensions of the 

plastic cap can be seen in the technical drawing shown in Appendix B. 
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Figure 101 - Setup in the ElectroForce3200 during shear load calibration and vertical load testing of the 

biaxial shear transducers. 

Loading protocol 

In addition to transducer calibration described above, the following tests were 

conducted on one representative transducer: 

1. A series (9 tests) of cyclic vertical loads, over a range of 2N to 30N at 1Hz for 10 

cycles were applied through point loading at the centre of the transducer and 

subsequently at each corner and along the edges of the transducer. A vertical load 

range of 2N to 350N at 1Hz for 5 cycles was subsequently applied but only to the 

centre of the transducer. To avoid fracture of the acrylic transducer sensing 

surface structure under high point loads, a 2mm aluminium plate was positioned 

on top of the transducer during vertical tests (Figure 101). The crosstalk present 

on the shear channels was measured in each test. 

2. Shear loads ranging from 2N to 30N were applied for 15 cycles (1Hz) along the 

center line of the transducer. The loading sequence was repeated for each shear 

direction. The crosstalk present on the other shear channel was measured. 

Accuracy and repeatability of the transducer output between the 15 load and 

unloading cycles was examined. 

3. Off-axis shear loading. Shear loads ranging from 2N to 30N were applied for 15 

cycles (1Hz) to the extreme left and right edges of the transducer. The error in the 

corresponding shear axis and crosstalk on the other shear channel were measured. 

4. The DMA frequency sweep function on the ElectroForce3200 was used to apply 

shear load at10 different frequencies to the transducer: 0.5Hz, 1Hz, 20Hz, 40Hz, 
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70Hz, 90Hz, 110Hz, 140Hz, 180Hz and 200Hz. The test was conducted only on 

the –X shear axis assuming consistent frequency response in the +X and ±Y axis 

as demonstrated earlier (Figure 88b). 

5. In contrast to the creep analysis conducted earlier (Section 6.3.1) with a relatively 

slow increasing ramp to a short constant load, a square wave with prolonged 

constant load was used here instead. A square wave of 2 cycles which ramped 

between 2N and 30N with holds of 16 seconds between ramps was applied to the 

–X shear axis. A loading sequence which ramped between 2N to 15N was also 

used. Any creep and creep recovery in the signal were measured. 

6. Tests were conducted to examine the performance of the transducer housing at 

different temperatures (25°C, 30°C, 35°C and 40°C). A hollow transducer 

structure, without electronics, was positioned within a temperature controlled 

saline bath (Figure 102). The saline bath was filled with distilled water and the 

water temperature was controlled via the ElectroForce3200 system. Shear load 

ranging from 5N to 30N at 1Hz for 10 cycles was applied along the centre line of 

the transducer. Changes in the displacement of the transducer sensing surface 

during loading at different temperatures were measured. 

 

Figure 102 - The setup in the ElectroForce3200 with a temperature controlled saline bath filled with 

distilled water. 

7.2.1 Results and discussion 

The slopes of the calibration curves obtained from the calibration of the 20 biaxial 

shear transducers have been summarised in Table 34. Theoretically, the response 

from each transducer should be the same. However, despite the precision in the 

transducer construction process, the standard deviation of the slopes revealed that a 
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single calibration factor could not be shared among all transducers (Table 34). The 

reason for the difference in response between transducers is unclear, but may have 

arisen from several sources, including: 

1. The unique magnetic flux pattern of each permanent magnet. 

2. Alignment errors in manual fixation of the hall-effect sensor ICs. 

3. Minor variations in the thickness of the elastomeric material. 

4. Application of load not perfectly aligned with the centre line of the transducer. 

Nonetheless, the variability in the calibration curves between opposite directions in 

the same axis was found to be small (Table 34). Consequently, the calibration factor 

used for each shear axis was calculated as the average slope over its negative and 

positive directions. The maximum error in using the mean slope was ~1N, on 

average, when 30N (rated capacity) was applied to the transducers (Table 34). In 

comparison to the traditional approach of using a multi-dimensional square matrix in 

calculating the force output from a multi-channel load cell (Hirose and Yoneda, 

1990), this approach simplified the computation required to calculate the shear load 

outputs from all 20 transducers. The shear load from the transducer array was simply 

calculated by multiplying one calibration factor by the corresponding shear axis 

output (Table 33). 

Table 33 - Equations for converting the four voltage outputs from the hall-effect sensors ICs to shear load 

output. 

Transducer 

output (N) 

Magnet movement 

relative to 4 

sensors 

Formula for quantifying the magnet movement, 

and therefore the applied load 

Shear (X) 

 

   
      −         

  𝑥          𝑡    𝐹  𝑡  
  

where, Z = A+B+C+D 

Shear (Y) 

 

   
      −         

  𝑥          𝑡    𝐹  𝑡  
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Table 34 - Variability in the calibration curves for the 20 biaxial shear transducers. 

 

 

Transducer # Negative X Positive X (X-axis) Negative X Positive X Negative Y Positive Y (Y-axis) Negative Y Positive Y

1 0.00204 0.00186 0.00195 1.33 1.46 0.00217 0.00254 0.00236 2.56 2.19

2 0.00333 0.00299 0.00316 1.53 1.70 0.00326 0.00317 0.00322 0.37 0.38

3 0.00268 0.00272 0.00270 0.23 0.23 0.00290 0.00292 0.00291 0.12 0.12

4 0.00152 0.00147 0.00150 0.47 0.48 0.00184 0.00181 0.00182 0.27 0.27

5 0.00333 0.00319 0.00326 0.63 0.66 0.00330 0.00366 0.00348 1.62 1.47

6 0.00294 0.00323 0.00308 1.51 1.38 0.00349 0.00322 0.00336 1.17 1.27

7 0.00241 0.00272 0.00257 1.94 1.71 0.00247 0.00269 0.00258 1.32 1.22

8 0.00266 0.00268 0.00267 0.12 0.12 0.00265 0.00280 0.00273 0.86 0.81

9 0.00281 0.00297 0.00289 0.85 0.81 0.00284 0.00286 0.00285 0.09 0.09

10 0.00252 0.00226 0.00239 1.59 1.78 0.00289 0.00264 0.00276 1.32 1.45

11 0.00285 0.00272 0.00278 0.68 0.72 0.00269 0.00285 0.00277 0.94 0.88

12 0.00284 0.00301 0.00292 0.90 0.85 0.00288 0.00292 0.00290 0.20 0.20

13 0.00256 0.00265 0.00261 0.52 0.50 0.00240 0.00274 0.00257 2.12 1.86

14 0.00237 0.00209 0.00223 1.77 2.01 0.00280 0.00271 0.00275 0.49 0.51

15 0.00225 0.00247 0.00236 1.44 1.31 0.00289 0.00263 0.00276 1.37 1.51

16 0.00307 0.00356 0.00332 2.38 2.05 0.00343 0.00386 0.00365 1.84 1.64

17 0.00218 0.00270 0.00244 3.56 2.88 0.00313 0.00246 0.00279 3.20 4.07

18 0.00306 0.00297 0.00302 0.41 0.42 0.00097 0.00103 0.00100 0.85 0.80

19 0.00406 0.00438 0.00422 1.18 1.09 0.00404 0.00415 0.00409 0.40 0.39

20 0.00244 0.00232 0.00238 0.75 0.79 0.00218 0.00248 0.00233 2.09 1.84

Average

SD

using the average slope (N) using the average slope (N)

0.00272 1.15

The maximum error in The maximum error in

Calibration slopes Average slope Calibration slopes Average slope 

0.890.00057

1.17

0.76

0.00278

0.00065
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The following sub-sections present the results from the calibration and testing of the 

representative transducer as well as the measurement system as a whole. Transducer 

#9 from the array was randomly selected as the representative transducer (Table 34). 

Results are broken down and presented under four categories corresponding to the 

requirements (#1 to #28) set out earlier in Section 2.4.1. 

7.2.1.1 Transducer performance 

#1 – Rated capacity, #2 – Resolution, 

All 20 transducers in the shear distribution measurement system were calibrated to 

30N shear (rated capacity) and the representative transducer was fully tested to 

withstand vertical loads up to 350N. 

Table 35 - Average peak-to-peak voltage change from the four hall-effect chips within the representative 

transducer when loaded at the rated capacity (30N), and the calculated load resolution of the transducer. 

 

As discussed earlier (Section 6.3.1), the resolution of the transducer was limited by 

the quality of the analogue-to-digital electronics within the DAQ instrument (USB-

6225) which converted the voltage outputs from each hall-effect sensor IC to digital 

data recorded by the computer. The accuracy of the DAQ system was estimated to be 

around 450µV (Section 6.3.1). The average peak-to-peak voltage changes in the four 

sensor IC outputs from the representative transducer when loaded at the rated 

capacity (30N) are summarised in Table 35. Based on these figures, the 

representative transducer had an estimated load resolution of about 0.075N (30N ÷ 

[180000/450µV]) (Table 35). 

#3 – Accuracy 

The maximum difference between the output from the representative transducer and 

the applied load was found to be <1.6N during cyclic loading (Loading protocol 2) 

and an average error of <0.8N could be expected when measuring dynamic load 

(1Hz) up to 30N (Table 36). In comparison to the earlier prototype transducer which 

Average peak-to-peak voltage (V) (SD) System resolution Sensitivity

0.180 0.050 0.075N 6mV/N
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used larger hall-effect sensor ICs (Section 6.3.1), the surface mount sensor ICs used 

in the current design ensured that each hall-effect active element were equidistant 

from the centre of the magnet. Hence, the accuracy was relatively consistent across 

shear axes (Table 36). However, it should be noted that the overall accuracy of the 

transducer also reflects other sources of error such as hysteresis, non-linearity, signal 

noise and frequency response, which will be discussed below. 

Table 36 - Accuracy of the representative transducer compared with the applied shear load at 1Hz. 

Maximum error (N) and root mean squared error (RMSE) in Newtons and % rated capacity (30N) are 

presented. 

 

#4 – Frequency response 

Figure 103 illustrates the response of the representative transducer at loading 

frequencies, ranging from 0.5Hz to 200Hz. Consistent with the previous results 

(Section 6.3.1), the calibrated output from the transducer was found to be about 90% 

of the applied load at 200Hz. At a loading rate of 1Hz, approximately 97% of the 

applied load was registered by the transducer (Figure 103), which was expected 

because ~0.8N error (29.2÷30×100 = 97%) was predicted in the X-axis output 

(Transducer #9, Table 34). 

 

Figure 103- Frequency response plot of the representation transducer across frequencies from 0.5Hz to 

200Hz. 

Shear axis Maximum absolute error (N) RMSE (N) RMSE (%RC)

Negative X 1.34 0.50 1.66

Positive X 1.59 0.79 2.62

Negative Y 0.97 0.40 1.33

Positive Y 1.40 0.57 1.91
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#5 – Hysteresis, #6 – Non-linearity, #7 – Combined error 

Figure 104 illustrates the calibration curves for each shear axis of the representative 

transducer. The line of best fit (y = mx+c) for each calibration curve was obtained 

using the least-squares method. Given that the transducer outputs were biased to zero 

before each test, only the slopes of the best fit lines were analysed and presented 

(Table 37). Non-linearity and hysteresis values were calculated (Table 37) based on 

the definition shown in Appendix A. Percentage non-linearity was approximately 

half of the hysteresis, thus the non-linearity data can also be seen as the combined 

error based on the definition in Appendix A. The response of the transducer was 

linear over the 30N range, with a consistent hysteresis of <4% across all shear axes 

(Table 37). 

 

Figure 104 - Calibration curves of the representative transducer. 

Table 37 – Hysteresis and non-linearity of the reprehensive transducer. 

 

#8 – Signal noise 

Signal noise was measured as the peak-to-peak transducer output with no load 

applied. Noise was consistent across shear channels at ±0.0005 (arbitrary transducer 

Shear axis Slope of the best fit line (y=mx+c) Goodness of fit Non-linearity Hysteresis

m R-Square % %

Negative X 0.00281 0.99 1.47 3.55

Positive X 0.00297 0.99 1.42 3.48

Negative Y 0.00284 0.99 1.86 3.64

Positive Y 0.00286 0.99 1.92 3.80
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output unit). Given the output span of the transducer (Figure 104), the signal-to-noise 

ratio was about 86:1, equating to an error of about ±0.2N. The signal-to-noise ratio 

was greater than that found in the early transducer design (Section 6.3.1) because the 

new transducer had a greater displacement change in the sensing surface plate, 

resulting in a greater output span (see #23 Transducer sensing surface allowable 

movement).  

#9 – Cross-talk, #10 – Error due to off-axis loading 

Crosstalk in the shear axes due to vertical loading of 350N applied at the centre of 

the representative transducer can be seen in Figure 105. To examine the true effect of 

crosstalk without the influence of noise within the signal outputs, the line of best fit 

(y = mx+c) for each crosstalk output curve was obtained using the least-square 

method. Given that the transducer outputs were biased to zero before each test, only 

the slopes of the best fit lines were analysed and presented (Table 38). Results are 

also expressed as a percentage (%RC) of the rated capacity (30N) of the shear axes. 

 

Figure 105 – Crosstalk in the shear axes due to vertical load applied at the centre of the representative 

transducer. As an example, the line of best fit to the shear Y output is shown and also summarised in Table 

38. 

The greatest crosstalk was 4.1N (13.7% RC) and occurred on the shear X-axis when 

30N vertical load was applied to the corner of the transducer. As expected, vertical 

load applied to the corners of the transducer affected both X and Y axis equally 

(Table 38). However, vertical load applied to the edge of the transducer would result 

in asymmetric crosstalk. For instance, Edge2 and Edge4 were the edges along the 
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shear X-axis therefore they were affected by crosstalk more than the Y-axis when 

vertical load was applied to Edge2 and Edge4 (Table 38). 

The 3.4N error observed in the Y-axis with a vertical load of 350N was not 

anticipated (Table 38). The results from vertical loading at the transducer corners 

suggest that both shear axes would be affected equally by crosstalk. The relatively 

high error found in the Y-axis may reflect slight misalignment of the point load with 

the introduction of the 2mm aluminium plate (Section 7.2 and Figure 101). An off-

axis load would cause the aluminium plate to tilt and therefore a true shear load 

would be transmitted to the transducer. Nonetheless, the response from the X-axis 

(Table 38) suggests the transducer was capable of withstanding high vertical loads 

and that an evenly distributed load, or point load, at the centre of the sensing surface 

would have negligible effect on shear output. 

Table 38 – Crosstalk in the shear axes due to on-axis and off-axis vertical load. 

 

Figure 106a illustrates the typical effect of off-axis shear load on the calibration 

curve. The line of best fit for each off-axis response curve was obtained and 

compared to the calibration curve of the corresponding shear axis (Table 39). The 

error in shear load output at the rated capacity (30N) could then be calculated by 

comparing these slopes of best fit lines (Table 39). The maximum error of 5.5N 

(18.4%RC) due to the application of 30N off-axis shear load was found in the +X-

Shear X Shear Y Shear X (N) Shear Y (N) Shear X (% RC) Shear Y (% RC)

Corner 1 0.12263 0.10718 3.68 3.22 12.26 10.72

Corner 3 0.07541 0.10711 2.26 3.21 7.54 10.71

Corner 5 0.13766 0.12945 4.13 3.88 13.77 12.95

Corner 7 0.07807 0.04675 2.34 1.40 7.81 4.67

Edge 2 0.08873 0.00997 2.66 0.30 8.87 1.00

Edge 4 0.00230 0.10273 0.07 3.08 0.23 10.27

Edge 6 0.08021 0.03031 2.41 0.91 8.02 3.03

Edge 8 0.00266 0.08428 0.08 2.53 0.27 8.43

Centre 0.00254 0.02386 0.08 0.72 0.25 2.39

Centre 0.00024 0.00972 0.08 3.40 0.27 11.34

Error (at 350N vertical load)

Error (at 30N vertical load)Slope of the best fit lineLocation of 

the applied 

vertical load



 

~ 243 ~ 

 

axis of the representative transducer, which was relatively higher than the average 

error of around 3N found in other shear directions (Table 39). 

 
 

(a) (b) 

Figure 106- Deviation from the calibration curve due to off-axis shear X loading (a) and crosstalk in the 

shear Y-axis due to on-axis and off-axis shear load applied in the X-axis. The plots illustrate a typical 

response from the representative transducer when shear load was applied in the negative X direction. 

Figure 106b illustrates crosstalk in the shear axis due to on-axis and off-axis shear 

load applied to the orthogonal shear axis. The error due to crosstalk can be calculated 

by comparing the slope of the crosstalk response curve to the calibration curve of the 

corresponding shear axis (Table 39). 30N off-axis shear load applied to one shear 

axis resulted in a maximum error of 9.47N (31.56%RC) on the orthogonal shear axis 

(Table 39). Crosstalk was found to be less during 30N on-axis shear loading, which 

resulted in an error of <4.87N (16.23%RC) in the orthogonal shear axis (Table 39). 

Table 39- Crosstalk in the shear axes due to on-axis and off-axis shear loading. 

 

Shear X Shear Y Shear X (N) Shear Y (N) Shear X (% RC) Shear Y (% RC)

Negative X Left -0.00313 -0.00007 -2.46 -0.72 -8.22 -2.39

Centre -0.00289 -0.00046 0.00 -4.87 0.00 -16.23

Right -0.00303 -0.00086 -1.41 -9.03 -4.71 -30.09

Positive X Left -0.00303 -0.00028 -1.42 -2.93 -4.73 -9.76

Centre -0.00289 -0.00026 0.00 -2.78 0.00 -9.27

Right -0.00342 0.00084 -5.53 8.83 -18.44 29.45

Negative Y Left 0.00084 0.00318 -8.68 -3.42 -28.93 -11.39

Centre 0.00042 0.00285 -4.34 0.00 -14.47 0.00

Right 0.00004 0.00318 -0.44 -3.41 -1.46 -11.37

Positive Y Left -0.00091 0.00310 9.47 -2.63 31.56 -8.77

Centre -0.00039 0.00285 4.04 0.00 13.46 0.00

Right 0.00024 0.00312 -2.53 -2.79 -8.42 -9.31

Slope of the best fit line

Shear axis

Location of the 

applied shear load

Error (at 30N shear load)
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Crosstalk in the shear axis due to off-axis shear load along the same axis was 

consistent whether it was off-axis towards the left or right side of the transducer 

(Table 39). However, crosstalk found in the orthogonal shear axis was not the same 

when off-axis shear load was applied towards the left and right (Table 39). Although 

this response was unexpected, the pattern of the response suggests that off-axis shear 

load applied to two diagonal corners (corners 2 and 4) resulted in higher crosstalk in 

the orthogonal shear axis than the other two diagonal corners (Figure 107). The 

reason for this effect and also the hysteresis loop pattern found in the response curve 

(Figure 106b) is unknown. Speculatively, the hysteresis loop may be due to 

simultaneous rotation and translation of the sensing surface plate which may have a 

different path during the loading and unloading phases. However, this does not 

explain why the response to loading on the left side of the transducer differed from 

loading on the right side. A more thorough test is required to investigate the response 

from the hall-effect sensor ICs in relation to its distance from the magnet. 

 

Figure 107 - Schematic illustration of the crosstalk magnitude in the orthogonal shear axis at the locations 

where shear load was applied. 

#11 – Repeatability 

Repeatability of the applied 1Hz cyclic load and the repeatability of the 

corresponding outputs from the representative transducer are summarised in Table 

40. The average peak-to-peak output of the transducer was ~97% of the applied load, 

which agrees with the results found in the frequency responses analysis (#2 

Frequency responses). The variation (SD) in transducer output (Table 40) was 

comparable to that of the applied load. 
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Table 40 - Repeatability of the representative transducer. 

 

 

#12 – Creep 

Figure 108 illustrates the transducer output when a square wave loading sequence 

was applied to the transducer. It was apparent that the transducer output under 

constant loading approximates an exponential function (Figure 90), which reflects 

the properties of the elastomeric material used in the construction of the transducer 

and is likely to be temperature dependent (#13 Temperature sensitivity). Creep was 

calculated relative to the load applied (Figure 109). As the creep followed the typical 

form of an exponential function, an average value of 2.6% (of the applied load) could 

be assumed to be a good approximation of the creep maximum for the transducers 

(Figure 109). Therefore, creep was likely to result in an error of less than 1N. 

 

Figure 108 - A plot showing the applied load and the load measured by the representative transducer. 

Negative X 28.06 0.08 27.67 0.09

Positive X 28.14 0.07 27.80 0.11

Negative Y 28.15 0.07 27.81 0.08

Positive Y 28.10 0.12 27.67 0.16

Average peak-to-peak 

applied load (N)

Average peak-to-peak 

transducer output (N)(SD) (SD)Shear axis
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(a) (b) 

 
 

(c) (d) 

Figure 109 - Creep (a, b) and creep recovery (c, d) of the representative transducer. The plots were 

extracted from the waveform in Figure 108. 

 

#13 – Temperature sensitivity 

A dry temperature testing chamber was not available for the dynamic evaluation of 

the transducer with the material testing machine. Consequently, a temperature 

controlled water bath was used to test the structural components of the transducer at 

different temperatures. The slopes of the curves in Figure 110 illustrate increased 

transducer sensitivity with increased temperature. It should be noted that the baseline 

of each curve in Figure 110 were off-set for illustration purposes. As expected, the 

elastomer was more compliant with increased temperature. Therefore, at higher 

temperature, a shear load of equal magnitude would result in greater displacement of 

the magnet relative to the sensor ICs leading to an increase in the span of the 

transducer output. 
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Minimal transducer output error was predicted at temperatures below 35°C (Table 

41). However, relatively large errors (up to 14% of the applied load) and an increase 

in hysteresis were apparent above 35°C if the room temperature calibration curves 

were to be used. During testing at 40°C, shear loading resulted in a creep of 

0.068mm over the 3 test cycles (Figure 110). Consequently, the transducer and 

subsequent array should operate at temperatures below 35°C to avoid errors 

associated with material creep. 

 

Figure 110 - Variation in displacement change of the transducer sensing surface plate under cyclic loading 

due to change in temperature. Only three cycles of data per testing condition are shown and the baseline of 

each curve was off-set for illustration purposes, therefore relative displacement values should be used for 

interpretation. 

 

Table 41 – Transducer output error due to change in temperature. Error was calculated based on the slope 

of the curves in Figure 110 and assuming 1) displacement changed linearly with load, and 2) the 

transducer was calibrated at 25°C.  

 

 

 

Temperature Slope Displacement at 30N Transducer output error (N) Error (% of applied load)

25°C 0.01504 0.45 0.00 0.00

30°C 0.01507 0.45 0.07 0.25

35°C 0.01529 0.46 0.51 1.69

40°C 0.01720 0.52 4.32 14.41



 

~ 248 ~ 

 

7.2.1.2 Hardware 

#14 – Sampling frequency 

The output bandwidth of the A1301 hall-effect ICs was 20kHz, whereas the DAQ 

system (USB-6225) had a sampling rate of 250kS/s (samples per seconds). In the 

case here when 20 biaxial shear transducers were connected to the DAQ, there were 

a total of 80 analogue voltage channels to be sampled. As a result, the maximum 

sampling frequency the DAQ could run at was 3kHz (250000 samples ÷ 80 shear 

channels). That said, sampling rates of up to 5kHz were used during the evaluation of 

the representative transducer because only that particular transducer was connected 

to the DAQ during testing. A sampling rate of 200Hz was used during the evaluation 

of the transducer array as a whole to avoid overloading the computer to maintain a 

near real-time visual feedback on the monitor of the directions and magnitudes of 

each of the transducer outputs. 

#15 – Power consumption, #16 – Multiplexing capability, #17 – Computational 

requirements 

The power consumption of the SOT23W surface mount A1301 hall-effect IC was the 

same as the SIP packaged ICs specified earlier (Section 6.3.2) at 220mW each. 

Therefore the total power dissipation by the 20 transducers in the measurement 

system was 4.4W. Power requirements of the DAQ system was <1.4W. Power 

needed for the operation of the DAQ system (i.e. the multiplexor circuit and 

analogue-to-digital convertor) and the computer necessary for processing and storing 

of the data were not critical in a platform system such as in the current design. 

However, a data acquisition device that is smaller in size would be required if the 

transducers were to be used in in-shoe experiments, unless the subject would be 

carrying the electronics in a backpack.    

Multiplexing and recording of the many signals from the transducer array has been 

demonstrated with the DAQ system used in the current study. Within the DAQ 

system (USB-6225) was a multiplexing circuit capable of handling 80 analogue 

channels. However, the computational power of the computer required for processing 
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the data from all 20 transducers, hence the 80 voltage signals with the current design, 

could be considerable, depending on the sampling rate of the DAQ. The laptop (Intel 

2GHz Duo Core processor and 1GB RAM) used in the current study was running 

LabVIEW8.6 software, but was not able to provide data visually in real-time with 

simultaneous data recording to the computer disc at 200Hz. 

Further optimisation in the software program and a faster CPU and computer disc 

would be needed to simultaneously record data and provide real-time visual feedback 

during subject trials. Another solution would be to implement the computational 

stage electronically within each transducer. In that case, the 20 transducers would 

only have a total of 40 signal outputs. Moreover, the computer would only need to 

perform one multiplication per axis signal to compute the shear load output. 

However, such an approach would only work for a platform system. The extra 

electronics would mean an increase in the overall dimensions of the transducers or 

that they would need to be located externally. This would mean that they were not 

suitable for in-shoe applications. Nonetheless, a bigger multiplexing circuit or a 

different multiplexing strategy would be required if more transducers were to be used 

in the implementation of a large array system. 

#18 – Hardware costs 

It was estimated the hardware costs for the construction of one transducer in the 

batch production described above (Section 7.1.2) was £6.23 (Table 42), excluding 

labour costs. The time required to assemble one transducer was estimated to be 

around 15 minutes, provided the PCB circuits were ready made. Such low-cost and 

quick transducer construction would not be possible with other load sensing 

technologies such as strain gauged based designs.  

Manufacture of the aluminium transducer mounting platform was estimated to cost 

£10, excluding labour costs. The 40-way cables (3659-Series, 3M, USA) used to 

connect between the transducer array and the DAQ were £10.46 per metre. The DAQ 

system (USB-6225) used in this study cost £1260, and was a multi-purpose DAQ 

system designed for quick prototype testing and evaluation. However, a relatively 
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simple multiplexing analogue-to-digital convertor circuit alone would be suitable for 

mass production and may be considerably cheaper. 

Table 42 - Hardware costs for constructing one magnetic based biaxial shear transducer in a batch 

production. 

Items Info Cost 

Hall-effect sensors Allegro A1301KLHLT-T x 4 £2.00 

Printed circuit board Standard 1mm PCB £0.20 
Magnet  Assemtech M1219-1 £0.37 

Transducer structure  3D printing £1.20 

Cables  cost estimate based on 5-way ribbon cable £1.80 
Crimp Sockets  Harwin Inc. M20-1060200 £0.56 
Elastomeric material  TARRC 0.5mm £0.10 

Total £6.23 

7.2.1.3 Physical requirements 

#19 – Transducer sensing surface area, #20 – Transducer thickness 

The current study has shown that a transducer sensing surface of 10×10mm was 

possible using surface mount A1301 hall-effect sensor ICs. Each transducer in the 

array was 22.7mm tall but this could have been further decreased for a thinner and 

more portable platform system. The miniaturised version of the transducer was only 

8.5mm thick, and could have been further miniaturised by: 1) replacing the 1mm 

PCB with thin <0.2mm polyester flexible printed circuits, thereby allowing the 

thickness of the transducer housing to reduce by ~1.5mm, and 2) reducing the 

thickness of the sensing surface plate from 2mm to 1mm. Therefore, a transducer 

thickness of 6mm would be feasible provided a stronger material than acrylic were 

used in the construction of the transducer structure. 

#21 – Suitability for in-shoe applications, #22 – Easy to mount/wear 

An ideal in-shoe transducer would be as thin as possible. However, the current 

design with a thickness of 8.5mm would be suitable for in-shoe applications. 

Although mounting of the transducer could be physically challenging, others have 

used transducers of similar thickness (10mm) inside female high-heel shoes (Cong et 
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al., 2011). The transducers for the platform system had a simple, but effective, 

mounting mechanism involving a rigid rod to secure and link adjacent transducers. 

The design allowed quick and easy construction of the transducer array, and the 

replacement of faulty transducers could have been done with ease if necessary. 

#23 – Transducer sensing surface allowable movement, #24 – Spatial resolution 

The displacement of the sensing surface plate in the representative transducer with 

the application of 30N shear load was about 0.37mm (Table 43). This displacement 

was found to be consistent between axes. Based on the displacement change in the 

sensing surface plate during calibration, the shear modulus of the transducer was 

estimated to be about 0.6MPa, which was consistent with that found for the earlier 

prototype (Section 6.3.3). 

The gap of 1.5mm between the sensing surface plate of adjacent transducers used in 

the current array would have allowed adequate space for their movement and was 

also sufficient to avoid contact even in overloaded conditions (>60N). However, if 

overloading conditions could be avoided altogether, then the gap between adjacent 

transducers could be reduced to 0.8mm, resulting in a spatial resolution better than 

the current 11.5mm for the platform system. 

Table 43 - Sensing surface displacement change from 0N to 30N in the representative transducer. Data 

presented is based on average displacement change during 1Hz cyclic loading. 

 

#25 – Reusability and life expectancy 

As discussed earlier (Section 6.3.3), longevity is a typical feature of hall-effect 

sensing devices. Although the long term reliability and the service life of the 

elastomeric material used in the current design have not been tested, it has been 

reported that 2 years of ambient temperature aging does not cause substantial 

Shear axis Average sensing surface displacement at 30N (mm) (SD)

Negative X 0.371 0.0021

Positive X 0.385 0.0023

Negative Y 0.376 0.0021

Positive Y 0.364 0.0019
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changes in properties of the material (Mott and Roland, 2001). Although the 

transducer has been tested at different temperatures in water, whether the properties 

of the acrylic material may change due to temperature and sweat inside the shoe is 

still unclear. It is recommended that a different material, such as aluminium or 

stronger plastic is used in the construction of the in-shoe type transducers. 

7.2.1.4 Manufacturing requirements 

#26 – Batch production 

Batch production of the transducers, both the platform types and the in-shoe type, 

was simple and required minimal labour. Precision and quick transducer construction 

was made possible with a simple assembling device. If the construction of the 

electronic circuits were out-sourced, the assembling of the transducers could be done 

in-house quickly at <15mins per transducer. 

#27 – Matrix arrangement capability, #28 – Cabling 

The current platform design allowed flexibility in the arrangement of the transducers. 

The platform was setup as a 4×5 array but could be easily rearranged, or even have 

the transducers scattered across the platform at different locations. For example, it is 

possible to have two array clusters instead, one for measuring the forefoot area and 

one for the hindfoot. However, additional walls for the mounting platform would be 

needed. The large number of cables from the 20 transducers was carefully managed 

(Figure 100) and they were easily accessible. Space for the connectors was not an 

issue. The detachment or reconnection of any transducer could be easily achieved. 

 

7.3 Preliminary subject trial 

7.3.1 Method 

Data were collected on the left foot of an individual (age 28, height 169cm, weight 

60kg) with no history of lower limb complications. The completed biaxial shear 

distribution measurement platform (Figure 100a) was secured on the centre of a 
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Kistler force plate and the array of transducers was set flush in a 200cm × 80cm 

wooden walkway (Figure 111). The raised wooden platform was level with the 

sensing surface of the transducer array and was neither in contact with the Kistler 

force plate nor the transducer array. The subject was tested barefoot in three 

experiments: 1) The subject was asked to balance on their heel on the transducer 

array, 2) walking was initiated from one end of the walkway and the individual was 

asked to step onto the array of transducers with their forefoot, and 3) with their 

hindfoot. One trial was conducted in each experiment. 

The purpose of these trails was not to make comparison between forefoot and 

hindfoot data but to demonstrate the utility of the system and to allow comparison 

between the Kistler force plate as a secondary check of the quality of the total shear 

output from the biaxial shear distribution measurement system under real-life 

dynamic conditions. To synchronise the Kistler system with the transducer array, a 

sharp shear load was applied manually to one of the transducers in the array and the 

measured peaks from the two systems were subsequently correlated. Both systems 

had the same sampling frequency of 200Hz. 

 

Figure 111 - Experimental setup for preliminary subject trials on the biaxial shear distribution 

measurement system. The system was secured on a Kistler force plate and the data from the two systems 

were compared. 

The total X-axis (anterior-posterior) and Y-axis (medial-lateral) shear loads 

measured by the biaxial shear distribution measurement system were calculated by 

summing the outputs from all 20 individual transducers. The results from each of the 
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3 experiments were compared with the corresponding X and Y axis shear load 

measured from the Kistler force plate. 

7.3.2 Results and discussion 

Measured shear outputs from each of the transducers are graphically illustrated in 

Appendix H along with an accompanying picture of the subject‟s foot in contact with 

the transducer array. The turning motion of the subject‟s feet was observed during 

heel contact on the transducer array, with the shear vectors from the transducers 

showing a spiral pattern (Appendix H).   

Figure 112, Figure 113 and Figure 114 below illustrates the summed outputs from 

the transducer array compared with the corresponding X and Y axis shear load 

measured from the Kistler force plate during each of the 3 experiments. The 

measured load from the biaxial shear distribution measurement system matched 

closely with the output from the Kistler force plate, with root mean squared error of 

less than 2N. The maximum resultant shear load measured by one of the transducers 

in the array during forefoot and hindfoot stepping was 14.8N and 13.4N, 

respectively. One transducer measured a maximum resultant shear load of 10.7N 

when the subject was balancing on the heel. An evenly distributed load on the 

transducer array would be unlikely when the subject was balancing on the heel, 

however the maximum error found between the Kistler force plate and the summed 

outputs from the array were no more than 4.64N (Figure 114). Therefore, high 

accuracy and reliable data can be expected from the biaxial shear distribution 

measurement system in real-life testing.  
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Figure 112 – Total shear force (X and Y axis) measured by the Kistler force plate and the biaxial shear 

distribution measurement system during ‘forefoot’ subject trail. 

 

 

Figure 113 - Total shear force (X and Y axis) measured by the Kistler force plate and the biaxial shear 

distribution measurement system during ‘hindfoot’ subject trail. 
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Figure 114 - Total shear force (X and Y axis) measured by the Kistler force plate and the biaxial shear 

distribution measurement system when the subject was balancing on the heel. 

 

7.4 Conclusion 

A low-cost high spatial resolution biaxial shear distribution measurement system has 

been designed, constructed and evaluated. The modular system consisted of 20 

transducers in a 4×5 array arrangement covering an area of 56×44.5mm and a spatial 

resolution of 11.5mm. The modular platform design could provide flexibility in the 

arrangement of the individual transducers and could be easily adapted to 

accommodate more transducers for a larger array system. Each transducer within the 

array employed magnetic-based hall-effect sensors to detect shear load. With such a 

method, miniature transducers (8.5×11.5×11.5mm) were constructed and they had 

the potential to be further miniaturised to a thickness of 6mm.  Moreover, off-the-

shelf sensor ICs were readily available at low-cost, which is a critical element 

allowing the implementation of a big array system. 

The system as a whole was very simple to use. The software package allowed real-

time monitoring, however, simultaneous data recording would have required greater 

computing power. Further optimisation in the software may be required if a greater 
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number of transducers were to be used in a large array system. Computational work 

within software could, potentially, also be reduced by performing pre-calculations 

electronically within each transducer. A different multiplexing strategy, that was as 

efficient as the current design, but deliverable at a lower cost on a larger scale, would 

be required for the implementation of a low-cost large array system. 

Although the transducer array could not measure triaxial load, results collected from 

preliminarily subject trials have shown that the transducer array could deliver 

accurate shear measurement data during gait when compared with a „gold standard‟ 

force platform system. The system also performed well in situations where an evenly 

distributed load over the transducer surfaces cannot be guaranteed. 
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Chapter 8  

Conclusions and future work 

 

 

The overall aim of the current study was to develop a multi-axial load distribution 

measurement device that could be used continuously. Although each of the separate 

chapters of this thesis have been discussed individually throughout, this chapter will 

discuss the steps taken in achieving the aim of the study, making direct reference to 

the objectives set in Section 2.4. Finally, recommendations for future research 

studies are provided. Possible clinical and industrial applications of the device 

developed in this current study are also suggested. 
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8.1 Overall project discussion 

The clinical need for a multi-axial load distribution measurement device and hence 

the motivation of the current study has been presented (Section 2.1). The overall aim 

of this study was to develop a low-cost device that could measure multi-axial load 

distribution on the foot during gait. Several objectives were identified at the outset 

and they were undertaken to achieve the ultimate goal: 

Objective 1: To identify essential and desirable system design requirements for the 

development of a multi-axial load distribution measurement device. 

The findings of the literature review (Sections 2.2 and 2.3) on prior work conducted 

in the field of biomechanics in both normal and diabetic populations provided 

sufficient information for preparing the list of system design requirements (Section 

2.4.1). Many of the requirements were determined based on the characteristics of 

commercially available pressure distribution systems and other experimental devices 

capable of multi-axial load measurement (Table 1, Section 2.2.3), so that the 

performance of the device developed in the current study would be comparable if not 

better than other existing devices. Performance of existing devices helped identify 

transducer performance requirements such as measurement accuracy, hysteresis, 

non-linearity and crosstalk. The working temperature range requirement, transducer 

dimensions and spatial resolution were also determined from the review of existing 

devices. 

The review on different transducer configurations employed by currently available 

commercial devices (Section 2.2.4) also helped identify the desired area of the 

transducer sensing surface. The findings also provided inspiring design ideas to aid 

the decision in building the final load distribution measurement system using 

multiple discrete transducers. The advantage of such a design is that each transducer 

could be detached from the assembly individually for calibration or repair when 

necessary. 
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The frequency response and sampling rate requirements were based on reported 

frequency content in plantar load measurements measured by other researchers 

(Section 2.3.1). The magnitude of loads that the transducer would need to be able to 

measure was also considered (Sections 2.3.2 and 2.3.3). The findings helped to set 

the rated capacity requirement for vertical and shear measurement. Possible 

mechanical abuse was considered and a safety factor of >2 was used to avoid 

overloading and potential damage of the transducer. 

Objective 2: To identify load sensing technologies with the greatest potential to meet 

the requirements outlined in Objective 1 

It was beyond the scope of this current study to explore all possible means of load 

sensing or to invent novel technologies for load sensing. However, 7 different 

electronic-based load sensing technologies were identified and explored (Chapter 3), 

namely: resistive, piezoelectric, capacitive, optoelectronic, magnetic, pneumatic and 

hydraulic-based technologies. Non-electronic systems or cumulative-based load 

measurement methods were not considered in the current study because they do not 

allow the recording of temporal loading information. Hence they do not meet the 

system design requirement of the current study (Section 2.4.1).  

The basic operation, possible signal conditioning and electronic circuit requirements, 

and the potential ways of constructing a transducer using each of the technologies 

were studied. The literature review on the current state-of-the-art also helped to 

predict the transducer characteristics achievable with each of the 7 load sensing 

technologies. Advantages and limitations of each technology were then critically 

reviewed and compared against the system design requirements identified at the 

outset. A scoring system was used to compare each technology to identify those 

worth investigating for their suitability for the development of a low-cost multi-axial 

load distributional measurement device (Section 3.9). From this, it was concluded 

(Section 3.10) that magnetic-based and optoelectronic-based techniques displayed 

the highest potential in meeting the system design requirements. The hydraulic-based 

method was also chosen to be investigated further because hydraulic systems can be 

very simple in design and it was believed that it may hold many opportunities for 
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achieving the aim of the current study. Piezoelectric-based systems scored relatively 

low, but were also considered because the current study benefitted from the 

availability of a pre-existing piezoelectric triaxial force transducer prototype from the 

University of Kent. Consequently, 4 different load sensing technologies were 

evaluated further, namely piezoelectric, hydraulic, optoelectronic and magnetic-

based technologies. 

Objective 3: To establish an efficient and effective method of calibrating multi-axial 

load transducers. 

The many standard practices and procedures currently used in the calibration of 

uniaxial load transducers were explored (Chapter 4). Other methods detailed in the 

literature for the calibration of triaxial load transducers were also examined (Section 

4.4). Findings from these reviews provided guidance in designing a calibration rig 

suitable for the current study. Based on the method of using a secondary force 

calibration standard, the calibration rig was custom designed to allow static and 

dynamic calibration of the many prototype transducers to be developed in the current 

study, in both the vertical and shear directions (Section 4.5). Transducers were 

mounted on a multi-channel reference load cell which recorded the applied 

calibration loads. The calibration rig also allowed the simultaneous application of 

vertical and shear load to assess the response of the transducer prototypes. While the 

manually operated calibration rig was suitable for evaluating a number of initial 

prototypes for each sensing technology, the magnitude and rate of loading was not 

sufficiently controlled or efficient for evaluating the final prototypes or the numerous 

transducers in the array. Consequently, a material testing machine was employed to 

undertake controlled static and dynamic vertical and shear loading protocols (Section 

6.2). The material testing machines, with customer designed adaptors for the 

mounting of different transducer prototypes, allowed a relatively quick and reliable 

procedure for the calibration and evaluation of the transducers. 

Objective 4: To identify the optimal transducer design to be incorporated in a multi-

axial load distribution measurement device against the design requirements in 

Objective 1. 



 

~ 262 ~ 

 

Four different load sensing technologies were identified in Objective 2 to have the 

highest potential to meet the system design requirements of the current study. 

Consequently, various multi-axial load prototype transducers based on these four 

different technologies were designed and evaluated (Chapter 5). The piezoelectric-

based prototype transducers from the University of Kent were also evaluated for 

comparative purposes (Section 5.1). The approach of using piezoelectric-based 

material as the means for triaxial load measurement did not meet the system design 

requirements, primarily due to cost and manufacturing complications. On evaluation, 

the piezoelement was found to be extremely sensitive to bending, off-axis loading 

and signal drift. While such limitations may be overcome with the use of stiffer 

housing materials and better charge amplifier circuits, such requirements render the 

technique cost ineffective. 

A novel hydraulic-based prototype transducer was constructed and evaluated 

(Section 5.2). The hydraulic system utilised off-the-shelf pressure sensors and the 

simplicity of the design allowed easy and low-cost manufacturing of the transducer. 

Theoretically, the location of the pressure tubes within the transducer housing 

predicted zero crosstalk, and the transducer had the potential to perform with 

minimal hysteresis and non-linearity if an appropriate pressure tube material was 

used. The hydraulic based transducer was the only transducer prototype suitable for 

triaxial load measurement. However, the transducer was large in size and was not 

suitable for incorporation within a matrix arrangement for load distribution 

measurement. 

Preliminary evaluation of the optoelectronic-based prototype revealed that the 

transducer was capable of biaxial shear measurement with minimal hysteresis and 

non-linearity with optimal selection of transducer components (Section 5.3). 

Although the overall dimensions of the prototype were limited by the size of the 

chosen photodiode, the design concept could potentially be miniaturised. Similarly, a 

novel magnetic-based transducer prototype was also found to capable of biaxial shear 

measurement and performed as well as the optoelectronic-based design in terms of 

non-linearity, hysteresis and crosstalk (Section 5.4). The different dimensions of the 

optoelectronic-based and magnetic-based prototypes, however, did not allow a fair a 
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fair comparison between the two transducer designs. Consequently, beta versions of 

the two prototypes were constructed with the same dimensions with further design 

modifications. 

New and improved optoelectronic-based and magnetic-based prototype transducers 

were then calibrated and comprehensively evaluated against the system design 

requirements (Chapter 6). In terms of transducer performance, both designs had 

similar characteristics such as hysteresis (~6%RC), non-linearity (~3%RC), creep 

(~0.7%RC) and frequency response (10% error at <200Hz) that met the system 

design requirements of the current study. The magnetic-based prototype displayed 

better measurement accuracy and was less affected by crosstalk. In terms of physical 

requirements, the magnetic-based system had the potential to be miniaturised easily 

using off-the-shelf sensor components. In comparison to the optoelectronic-based 

design, the sensor components used in the magnetic-based device would require 

fewer wire connections, and less power to operate, and was estimated to be 3 times 

cheaper to manufacture. Consequently, the magnetic-based prototype was identified 

to be the optimal transducer design for incorporation in a biaxial shear distribution 

measurement device. 

Objective 5: To design, manufacture and evaluate a multi-axial load distribution 

measurement device against the design requirements in Objective 1. 

Although the magnetic-based shear transducer design was not suitable for triaxial 

load measurement, the device satisfied the essential requirement of being capable of 

measuring biaxial shear load. A small transducer array was subsequently built to 

demonstrate the clinical potential of the magnetic-based design for biaxial shear 

distribution measurement (Section 7.3). To demonstrate the potential for low-cost 

manufacturing of the device, a 3D printing fabrication techniques were used in the 

construction of the transducer housing structure. Electronic circuits were manually 

prepared, requiring only short assembly times as each transducer required minimal 

electrical connection. This also allowed easy cable management when incorporating 

all 20 individual transducer into a matrix arrangement for biaxial shear distribution 

measurement. 
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A representative transducer in the array was tested and evaluated thoroughly against 

the system design requirements (Section 7.2). The performance and characteristics of 

the transducer have met all the system design requirements except in two cases: 1) in 

the extreme cases error of up to 14%RC were present when a point load was applied 

to a corner of the transducer, and 2) an error of around 14% was present when the 

transducer was used above 35°C, which nearly met the requirement of <10% below 

40°C. The device was linear over the rated capacity of 30N and accurate to ~2%RC. 

The transducers incorporated within the array were too large for in-shoe application. 

However, a transducer thickness of 6mm would be feasible using the same magnetic-

based load sensing principle. A miniature transducer with thickness of 8.5mm was 

demonstrated in the current study. 

The transducers in the array were 22.7×11.5×11.5mm in size, and contained 

mechanical features to allow easy mounting in a matrix arrangement. A preliminary 

subject trial was conducted to assess the overall performance of the biaxial shear 

distribution measurement device (Section 7.3). Load distribution data was 

multiplexed to a laptop and results were compared to a Kistler force measurement 

platform. High accuracies (RMSE <2N) were found even in situations when 

unevenly distributed load was applied to the device, for instance, when the subject 

was balancing on their heel on the transducer array.  

Further work is required to expand the current design to measure load distribution 

over the whole plantar surface of the foot. Other recommendations for future work 

are discussed further below (Section 8.2). Nonetheless, the overall aim of the current 

study was achieved successfully, with the design, manufacture and initial evaluation 

of a magnetic-based biaxial shear distribution measurement device that consists of 20 

transducer elements. The device was fit for purpose to allow data collection during 

gait, thus potentially providing valuable biomechanical data for identifying feet that 

may be at risk of diabetic neuropathic ulceration. 
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8.2 Recommendations for future Work 

8.2.1 Further evaluation of the magnetic-based transducer 

Shear forces during gait are influenced, in part, by the frictional properties of the 

surface interface. Therefore, there is a need to establish the optimal surface finish for 

the transducer. Friction coefficient of the transducer is dependent on the material 

used in the construction of the transducer sensing surface, which would influence the 

shear load to be measured. Acrylic polymer was used in the current study for the 

transducer array. Further tests would be required to verify that acrylic was sufficient 

to provide sensing surface properties that are similar to a typical hard floor surface.   

Further investigation of the effect of temperature and humidity effects are also 

necessary. Although a representative transducer from the array was tested at various 

temperatures (25°C to 40°C), the test was conducted under water without electronics. 

Although it was predicted from the manufacturer‟s datasheet that the electronics 

would have <1% differences in sensitivity over the operating range of 10 to 40°C, no 

information was found regarding how the 3D printed transducer housing material 

may response under water. Therefore, to examine the true effect of temperature and 

humidity on transducer output, the completed transducer with electronics should be 

evaluated in a dry temperature and humidity-controlled chamber. 

Tests conducted previously (Section 5.4.2.2) have shown that the magnetic-based 

shear transducers were not sensitive to the changing magnetic field from adjacent 

transducers. Further tests should be carried out to verify that any metallic material 

brought near to the array would not influence the measured output. The use of the 

system would be limited if it were sensitive to strong external field changes. For 

example, a user wearing any prosthesis or orthosis that may contain metallic or 

magnetic parts might not be able to use the device for accurate load measurement. 

The device should also be tested for its suitability to be used in conjunction with 

other magnetic based motion analysis systems, such as those from Ascension 

Technology Corp. (USA) or Polhemus (USA). 

8.2.2 Batch production of the transducers 
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There were minor issues with the production of the magnetic-based biaxial shear 

transducers in the current study. Acrylic polymer was used in the final transducer 

design and the bonding of which to the elastomeric material was relatively easy using 

cyanoacrylate adhesives. However, if the transducer were to be manufactured in a 

different material other than plastics, for example in the earlier prototypes where 

aluminium was used, it would be more difficult to bond the materials together using 

adhesives. Therefore, future transducers should have the rubber material bonded to 

the metal structure during the curing stage of the rubber. The metal surface should be 

prepared by sandblasting, painting on a primer coat and then painting on a top 

bonding coat prior to the curing stage. The whole assembly should then be put into a 

hot press and the rubber would bond firmly onto the metal as it cures (JP. Gladwin, 

TARRC, pers. comm.). 

The design of the transducer array in the current study was constructed using 

numerous discrete biaxial shear transducers. The assembly of which could be time 

consuming if a larger array were to be constructed. Wire management could also be 

challenging as the number of transducers increases. One solution would be to 

manufacture the transducer array as one device. This could be done, for example, by 

building the array in two parts: 1) the upper part consisting of a large piece of the 

elastomeric material and an array of sensing surface plates bonded next to each other 

with gaps in between, and 2) the lower part would contain all the Hall-effect sensor 

ICs, perhaps all soldered onto one big circuit board and multiplexed for minimum 

output wires. With such a design, the upper part with different elastomeric materials 

designed for different measurement range could be swapped with ease.  

8.2.3 Clinical trials 

Although with some limitations, the magnetic-based biaxial shear distribution 

measurement system developed in this thesis could now be used in clinical trials 

without major modifications. It would be necessary to locate the position of the foot 

on the transducer array during gait in order to allow comparison between its outputs 

and shear values currently available in the literature. There are two possible 

solutions: 1) incorporate more transducer elements in the current design to cover the 
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whole plantar surface of the foot, or 2) incorporate a tracking system to track the foot 

location when it is in contact with the transducer array. The latter could be readily 

achieved in most gait laboratories that have motion capture systems. Another method 

would be to mount a camera towards the underside of the transducer array with the 

subject walking on a glass walkway (Chen et al., 2010). However, this would be 

restricted to a transducer array of small size no larger than the current system 

otherwise the mounting platform would obstruct the viewing of the camera. 

Alternatively, a gait initiation rather than mid-gait data collection protocol could be 

used. As previously demonstrated on a small triaxial load distribution measurement 

platform (Davis et al., 1998), the subject could be tested with their foot strategically 

located on the transducers. The subject would subsequently initiate walking and the 

load under the specific region of the foot during the initiation phase of walking 

would be recorded.  

With any of the experimental setups described above, the ultimate goal would be to 

validate the amount of shear load the foot experiences during gait. The clinical 

validity of plantar shear parameters, and more specifically the shear-time integral, 

needs further study to clarify whether it is the peak, the average, or the exposure time 

of plantar shear load that is important in diabetic foot ulceration. In future studies, 

techniques to quantify in-shoe shear load should also be considered. 

8.2.4 Elastomeric material testing 

A compliant elastomeric material sandwiched between the sensing surface plate and 

the housing of the transducer was required in the current biaxial shear transducer 

design. The overall performance of the transducers was largely dependent of the 

mechanical characteristics of the elastomer. These materials typically demonstrate 

non-linear viscoelastic properties, including creep and hysteresis, which are often 

influenced by temperature and loading frequency. As such, transducer characteristics 

are expected to be influenced by both of these factors. As demonstrated in Section 

7.2.1.1, the output of the final magnetic-based transducer was relatively robust, with 

minimal loss of signal up to loading frequencies of 200Hz when compared to a 

reference load cell. However, the mechanical properties of both the acrylic material 
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used in the construction of the transducer housing and the elastomer separating the 

housing from the sensing surface plate were shown to be temperature sensitive, 

resulting in substantial errors (14%) at temperatures above 35C. Consequently, it is 

recommended that the current transducer array is not operated at temperatures above 

35C. 

More extensive mechanical testing of the current and alternative elastomeric 

materials over a range of different temperatures and frequencies would be necessary 

to further improve the overall accuracy of the transducers. Alternative signal 

processing methods to compensate the creep in the transducer should also be tested, 

where a study has demonstrated that the error in an elastomer-based magnetoresistive 

accelerometer could be reduced from 3% to 0.08% (Kim Le, 2008). 

8.2.5 Construction of triaxial load transducer 

The ultimate goal of the current study was to develop a triaxial load distribution 

measurement device. However, none of the low-cost prototype transducers 

investigated in this study was suitable for triaxial distribution measurement. 

Nonetheless, the magnetic-based biaxial shear transducers that was developed had 

desirable performance characteristics such as good accuracy (~2%), low hysteresis 

(<4%) and non-linearity (<2%). The transducers were not able to measure vertical 

load. The change in magnetic field due to the relatively small vertical movement of 

the magnet was not large enough for the Hall-effect sensor ICs to detect. Further 

work is recommended to investigate whether the use of a flux concentrator or an 

additional magnetoresistive-based sensor IC in the transducer would be sufficient to 

measure vertical load. Magnetoresistive-based sensors are typically more sensitive 

than Hall-effect devices but they responds to parallel fields (Section 3.6.1). As such, 

the additional ICs would need to be mounted in an upright position and would 

increase the overall thickness of the transducer. 
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Figure 115 – The construction of a triaxial load transducer by combining a shear transducer with a 

transducer capable of measuring vertical load. The magnetic-based shear transducer was Prototype C 

described earlier (Section 5.4.2.3). 

Alternatively, the biaxial shear transducers developed in this study could potentially 

be combined with existing uniaxial load transducers to form a triaxial load 

transducer. An attempt was made at bonding Kent‟s piezoelectric transducer to the 

base of the magnetic-based shear prototype transducer (Figure 115). The Kent‟s 

transducer was used to provide the additional vertical load measurement. However, 

the application of shear load during calibration testing resulted in delamination of the 

„Kent‟ transducer, a common failure mode of the device (Thornton, 2009). As a 

result, the concept was not evaluated further. However, other vertical load or 

pressure transducers could potentially be used instead. For instance, the elastomeric 

material used in the construction of the magnetic-based transducer could potentially 

be replaced with commercially available capacitance-based or a resistive-based 

pressure transducer, such as those manufactured by Novel GmbH (Germany) and 

RSscan International (Belgium). 

8.2.6 Potential of an hydraulic-based triaxial load transducer 

The hydraulic-based triaxial transducer designed in this study was not investigated 

further, primarily because its dimensions rendered it unsuitable for incorporation 

within an array of suitable spatial resolution for load distribution measurement 

beneath the foot. However, the transducer has potential to be used in a board 

spectrum of applications other than gait analysis. For example, the transducer would 

be compatible in magnetic resonance imaging (MRI) and may be useful for 

applications in which simultaneous measurement of force and soft-tissue deformation 

are required (Liu et al., 2000, Petre et al., 2008). 

In a preliminary investigation, the hydraulic-based transducer was used to record 

triaxial load beneath the hallux during uni-pedal stance (Lau et al., 2009). The 
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transducer was secured on a 6-channel reference load cell (Nano25, ATI Industrial 

Automation, USA) during testing. Dynamic performance of the transducer revealed 

average differences of <3.5N between the transducer and the reference load cell, 

which is comparable to the more expensive strain–gauge–based tri–axial device 

developed by the Davis group (Davis et al., 1998). Therefore, with minimum 

modification, the current design of the hydraulic-based triaxial load transducer would 

be readily deployable for other applications and could deliver reliable results. 

8.2.7 Potential of the optoelectronic-based biaxial transducer 

The optoelectronic-based biaxial transducer designed in this study was not 

investigated further because it was more expensive and more complex to 

manufacture than the magnetic-based transducer. However, the concept of load 

sensing using optoelectronic components should not be overlooked. Such a technique 

has an advantage over the magnetic-based design in that the optical approach would 

not be affect by external magnetic fields. Thus it would possibly be suitable for use 

within MRI machines and in conjunction with magnetic based motion analysis 

systems. 

In regard to manufacturing costs, the photodiodes may be replaced with LEDs. LEDs 

are relatively cheap and given they can also be used as both an emitter and received 

at the same time (Dietz et al., 2003) makes them an attractive alternative. 

Multiplexing such a system would seem feasible, as demonstrated in the patented 

multi-touch display (US20060086896) from New York University, and therefore 

construction of a low-cost, large transducer array would be possible. However, LEDs 

are not specifically designed for sensing and, as such, would require further 

investigation. 

It should also be noted that the advancement in stretchable substrates for 

optoelectronics (Kim et al., 2010), may make optical-based in-shoe transducer 

possible in the future. The researchers have embedded miniature inorganic LEDs and 

photo-detectors in waterproof substrates, which allow them to be flexed and 

stretched, making them suitable for in-shoe applications. 
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8.2.8 Methods for the calibration of a large transducer array 

A calibration rig capable of simultaneous application of vertical and shear load was 

designed in the current study. The apparatus was suitable for the calibration of 

individual multi-axial load transducers under both static and dynamic loading 

conditions. However, using the manually operated rig required adjustment of the 

setup between tests and manual application of load which was labour intensive. A 

more automated technique in which a mechanical testing machine was used for 

calibration of individual multi-axial load transducers was also established. Although 

both of these calibration techniques were effective for the purpose of testing and 

evaluating discrete transducers, they would not be optimal for calibration of a large 

number of transducers. A more time-effective and work-efficient calibration method 

would therefore be necessary for the calibration of a load distribution measurement 

device, which may contain more than 600 transducers thereby ensuring coverage of 

the whole plantar surface of the foot. 

The traditional least-squares calibration method was employed throughout the study, 

which required precise application of a wide set of known load to the individual 

transducers via those calibration machines described above. Alternative calibration 

methods, such as the „shape-from-motion‟ technique (Voyles et al., 1997) or its 

modified version (Oddo et al., 2007), have been suggested to be comparable to 

traditional least-squares methods but without the need for precise application of 

known loads to the transducer. Briefly, a mass attached to the transducer sensing 

surface is randomly moved through the sensing space of the transducer while its 

outputs are continuously recorded. Singular value decomposition is then used to 

calculate the calibration matrix of the transducer. While, such a method has the 

ability to economically and rapidly calibrate transducers and has been used on 

different multi-axial transducers including miniature sensors (Keekyoung et al., 

2007, Voyles and Khosla, 1997, Yu et al., 2006), it is not suitable for transducers that 

demonstrate a non-linear response to load (Voyles and Khosla, 1997). Further 

research as to the potential of the technique for calibration of a large array of 

transducers therefore is warranted. 



 

~ 272 ~ 

 

8.3 Using the devices in other applications 

The use of load transducers can be found not only in bioengineering research but in 

nearly all disciplines. Although there may be a need to modify the current designs, 

such as increasing the rated capacity of the transducer for sport analysis, there is a 

broad spectrum of applications which could potentially benefit from the devices 

developed from this study: 

Medical 

 Monitor the rapid changing of foot shape and gait pattern in children could 

enable the recognition of possible pathology to allow early interventions (Bertsch 

et al., 2004, D. Stephensen, 2009, Bosch et al., 2007). The same applies in the 

hand, where the grasping actions and forces in children could give insights into 

the neuro-motor development and any pathological dysfunctions (Del Maestro et 

al., 2011). 

 Biomechanical analysis of lower limb prosthetic systems (Magnissalis et al., 

1992) and amputee gait  (Berme et al., 1976) would help relate pressure and 

shear forces to prosthesis comfort and fitting to reduce skin damage (Beccai et 

al., 2005). Locomotion studies can also be conducted on animals (Elissa 

Krakauer, 2002). 

Sports 

 Studies have suggested plantar load measurement would help in injury 

prevention (Gabriel et al., 2008). Load measurement devices may be used to 

detect the effects of fatigue (Bisiaux and Moretto, 2008) and multi-axial impact 

loads during jumps (Elvin et al., 2007). 

 Load transducers can be applied through pedals to compare cycling 

biomechanics. Such methods may assist individuals to cycle more successfully 

and more vigorously, enough to reach a heart rate necessary for improving fitness 

and strength training (Johnston et al., 2008). Strength/power training in other 
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sports such as soccer and the evaluation of jumping skill in volleyball were also 

evaluated previously (Wong et al., 2007, Stephens et al., 2007).    

Industrial 

 Robotic fingers must have the ability of multi-dimensional tactile sensing in 

order to perform grasping and manipulating tasks (Chi and Shida, 2004, Chu et 

al., 1996). Robots used in search and rescue missions could greatly benefit from 

multi-axial load transducer to help the robot to sufficiently grasp items, whether 

to deliver aid to victims or bring back objects for analysis (Lowe et al., 2007). 

Other than industrial robots, functionality of prosthetic hands can be improved by 

incorporating transducers to measure grip force to detect the onset of object slip 

from the hand (Cranny et al., 2005). 

 The gripping performance of car tyres or even those on an aeroplane can be 

evaluated with a biaxial shear distribution measurement device, hence the 

patented transducer system by the car tyre company (Triaxial force pin sensor 

array, US6536292 B1, 2003). 

Consumer products 

 Multi-axial load distribution measurement devices have the potential to be used 

in the development of custom-made footwear. The footwear could be for diabetic 

patients (Long et al., 2007, Bus et al., 2006, Chiu and Shiang, 2007, Hennig and 

Milani, 1995) or even for military (Birrell et al., 2007) and safety purposes 

(Cooper et al., 2008). They also can be used to investigate the effectiveness of 

shear-reduction and impact absorption of insoles (Chen et al., 2003, Chen et al., 

2007, Lavery et al., 2005, Bus et al., 2006) or orthotic inserts (Lott et al., 2007, 

Burns J, 2007, Guldemond et al., 2007b). 

 Load transducers would also help to test whether contact pressure or shear data 

are factors that can determine comfort and discomfort (Buckle and Fernandes, 

1998). The results would help in the design of biomechanically sound seats and 

beds (Goossens et al., 1993) that may prevent pressure sores (Clark and Rowland, 
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1989). The products would also protect wheelchair users from ulcers (Gefen, 

2007, Akins et al., 2011, Apatsidis, 1999). 

 Video game and computer manufacturers keep pushing the envelope to make 

their products more life-like (Lowe et al., 2007). To do this, force sensing and 

feedback devices are required for a more interactive human-machine interface 

(Adams et al., 1999). The video game controllers, the Wii Balance Board, is a are 

good example, which can also be used as a clinical tool (Clark et al., 2010). 

Miniature force transducers can also be used in advanced computer pen input 

devices (Clijnen et al., 2003b). Load transducers are also used to aid in 

optimising computer key design that could possibly reduce subject discomfort 

and fatigue (Bufton et al., 2006). 

 Force transducers could be worn inside the shoe with a feedback system that 

could inform the subject when local pressure or shear exceeds a pre-determined 

threshold. Such a warning systems could potentially prevent injuries or ulceration 

by altering the subject to change their walking pattern (Descatoire et al., 2009). 

Dynamically sensing wheelchair push-rim propulsion forces would allow further 

understanding of how forces generated by the individual are being directed to 

help optimising efficiency and performance of the wheelchair as well as help 

indentifying causes of injuries (Asato et al., 1993). However, this would require 

further testing of the long-term performance of the transducer  (Hurkmans et al., 

2006). 
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Appendix A - Terminology 

This appendix describes some of the load transducer terminologies and engineering 

terms used throughout this study. Brief descriptions of how they were calculated and 

presented throughout this thesis are shown below: 

 

Figure 116 - Typical output characteristics of a force measurement system. (Modified image from The 

National Physical Laboratory (NPL) http://www.npl.co.uk, UK) 

Rated capacity: The maximum force that the transducer is designed to measure. 

Rated output (span or full-scale output): The output at the rated capacity minus 

the output at zero applied load. 

Sensitivity: Full-scale output divided by the rated capacity of a given transducer. 

Non-linearity: The maximum deviation of the calibration curve from the best-fit 

least-squares line; expressed as a percentage of the rated output and measured on 

increasing load only. 

Hysteresis: The maximum difference of readings between the increasing and 

decreasing forces at any given force; expressed as a percentage of the rated output. 
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Combined error (non-linearity and hysteresis): The maximum deviation of the 

calibration curve from the best-fit least-squares line; expressed as a percentage of the 

rated output and measured on both increasing and decreasing load. 

 

Figure 117 - Creep curve of a typical force transducer. (Image from The National Physical Laboratory 

(NPL) http://www.npl.co.uk, UK) 

Creep: The change in transducer output that occurs with time when a constant load 

is applied with environmental and other variables remaining constant. Creep is 

specified over a fixed time period, t1 to t2. 

Creep recovery: The change in no-load output occurring with time, after removal of 

a load, which has been applied for a specific period of time. 

Cross-talk: Multi-axis load measurement devices may suffer from mechanical 

coupling between the mutually perpendicular sensing axes. For example, if vertical 

axis Z is loaded, a small effect can be witnessed on both the outputs of shear X and Y 

axes. This effect is called crass-talk and is expressed as a percentage of the rated 

capacity for the axis. With one component loaded to capacity, and the other 

unloaded, the output of the unloaded component will not exceed the percentage 

specified of its rated capacity. 

Signal-to-noise ratio (SNR): SNR is a measure used to compare the level of a 

desired signal to the level of background noise. It was defined in this study as the 

ratio of signal amplitude to the noise amplitude, expressed as                . 
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Frequency response: The frequency response describes how a measurement device 

would respond given an input across the frequency spectrum. It is affected by the 

nature of the mechanical structure, both within the transducer and of its mounting. A 

transducer on a rigid foundation will have a natural frequency of oscillation and large 

dynamic errors occur when the frequency of the vibration approaches the natural 

frequency of oscillations of the system.  

Discrete Fourier transform of the signal from the reference load cell and the multi-

axial transducers from the current study were found by taking the fast Fourier 

transform (FFT). Single-sided amplitude spectrum of each signal was obtained using 

the fft() function in MATLAB. The amplitude ratios for a range of loading 

frequencies were calculated by dividing the peaks from the amplitude spectrum of 

the multi-axial transducer to the amplitude spectrum of the reference load cell. A 

bode diagram, or an amplitude ratio (gain) plot, was then plotted against frequency. 
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Appendix B - Technical drawings of equipment 

components 

1. Calibration rig assembly: Number of parts listed with brief dimensions shown in 

millimetres. 
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2. Technical drawing of the sensing surface plate for the hydraulic based load 

transducer prototype. 
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3. Technical drawing of the transducer housing for the hydraulic based load 

transducer prototype. 
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4. Technical drawing of the transducer housing for the optoelectronic based load 

transducer prototypes. 

 

  



 

~ 305 ~ 

 

5. Technical drawing of the base plate used in the optoelectronic based prototypes. 
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6. Technical drawing of the base cap used in the optoelectronic based prototypes. 
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7. Technical drawing of the transducer housing for the magnetic based load 

transducer prototypes. 
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8. Technical drawing of the transducer housing for the magnetic based bi-axial 

shear stress transducer. 
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9. Technical drawing of the first adaptor rail system for mounting transducers in the 

ElectroForce3200 testing system. 
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10. Technical drawing of the second adaptor rail system for mounting transducers in 

the ElectroForce3200 testing system. 
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11. Technical drawing of the first mounting adaptors for mounting transducers in the 

up-right position in the ElectroForce3200 testing system. 
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12. Technical drawing of the second mounting adaptors for mounting transducers in 

side-way position in the ElectroForce3200 testing system. 
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13. Technical drawing of the cap adaptor used for transferring shear load to the 

transducer during tests in the ElectroForce3200 system. 
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14. Technical drawing of the transducer housing used in the construction of the 

biaxial shear transducer in the array platform. 
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15. Technical drawing of the transducer housing used in the construction of the 

biaxial shear transducer intended for in-shoe applications. 
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16. Technical drawing of the sensing surface plate of the biaxial shear transducer. 
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17. Technical drawing of the spacer disc for the alignment of the hall-effect sensor 

ICs within the transducer housing. 
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18. Technical drawing of the base plate of the mounting platform for the assembling 

of a transducer array. The actual base plate manufactured in the study had only 

10×10 holes. 
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19. Technical drawing of the legs that can be secured to the base of the mounting 

platform shown above. 
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20. Technical drawing of the walls on the mounting platform used to compact the 

array of transducers together and to secure them in place. 
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21. Technical drawing of the base of the assembly device used in the assembly of the 

biaxial shear transducer. The assembly device allowed precise placement of the 

transducer sensing surface in the centre. 
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22. Technical drawing of the transducer holder to be used with the assembly device. 
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23. Technical drawing of the cap used during the calibration of the biaxial shear 

transducer for transmitting pure shear force to the surface of the transducer 

during tests. 
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24. Technical drawing of the spacer adaptor used in locating the transducer onto the 

calibration mounting device. 
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25. Assembly drawing of the magnetic-based biaxial shear load transducer. 
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Appendix C – Piezoelectric-based triaxial load 

transducer evaluation results 

This appendix contains results from the evaluation of the „Kent‟ piezoelectric based 

triaxial force transducer system (Section 5.1). Different loading regimes used on the 

computer controlled material testing machine are described below. Typical output 

responses from the transducer charge amplifier circuit during different loading 

regimes have been illustrated. Transducer response plots during calibration on the 

manually controlled calibration rig are also included. 

Different loading regimes applied via the Instron material testing machine: 

Impulse load: 

 Load hold at 1N for 10s 

 Absolute ramp to 42N in 1s 

 Absolute ramp to 1N in 1s 

 Load hold for 40s 

(the tensile testing machine was not 

able to ramp up to exactly 42N) 

 
Step load: 

 Load hold at 1N for 10s 

 Absolute ramp to 42N in 1s 

 Load hold for 40s 
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Cyclic load: 

 Load hold at 1N for 10s 

 Absolute ramp to 22N in 1s 

 Sine wave +/- 20N about 
22N at 1Hz for 20 cycles 

 Load hold for 10s 

 Sine wave +/- 20N about 

22N at 1Hz for 20 cycles 

 Load hold for 10s 

 Absolute ramp to 1N in 1s 

 Load hold for 40s  

Typical transducer system outputs: 

The raw voltage outputs from the charge amplifier circuits were affected by noise 

during testing in the material testing laboratory. Consequently, all transducer voltage 

outputs have been filtered as described earlier (Section 5.1.2.2). Transducer output 

plots below illustrate both the raw voltage output (BLUE) and the filtered signal 

(RED). Two data points on each plot have been highlighted to illustrate the peak-to-

peak voltage output. 

 

Figure 118 - Typical vertical (Z) output when an impulse vertical load was applied to the transducer. 
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Figure 119 - Typical vertical (Z) channel output when a vertical step load was applied to the transducer. 

 

 

Figure 120 - Typical shear (X) channel output when a vertical step load was applied to the transducer. 
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Figure 121 - Typical shear (Y) channel output when a vertical step load was applied to the transducer. 

 

 

Figure 122 - Typical vertical (Z) channel output when a cyclic load was applied to the transducer. 

Typical transducer system response during vertical and biaxial loading: 

Plots below illustrate typical transducer system response during vertical and biaxial 

loading conditions under manual loading using calibration rig. Data signals have 



 

~ 330 ~ 

 

been low-pass filtered as described earlier (Section 5.1.2.2). Transducer response in 

the shear ±X axis was evaluated in its intended orientation and the shear ±Y axis was 

evaluated with the transducer placed up-side-down. Negative shear data were made 

positive for the purpose of illustration. 

 

Figure 123 – Transducer response in the vertical (Z) channel during application of pure vertical (Z) load 

and biaxial (Z and ±X) load. 

 

 

Figure 124 – Transducer response in the shear (X) channel during application of pure vertical (Z) load and 

biaxial (Z and ±X) load. It was hypothesised that bending of the transducer during pure vertical loading 

resulted in unexpected crosstalk in the X axis. 



 

~ 331 ~ 

 

 

 

Figure 125 - Transducer response in the shear (X) channel during application of pure vertical (Z) load. It 

was hypothesised that bending of the transducer during pure vertical loading resulted in unexpected 

crosstalk in the X axis. 

 

 

Figure 126 – Transducer response in the vertical (Z) channel during application of pure vertical (Z) load 

and biaxial (Z and ±Y) load. The transducer was placed up-side-down. 
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Figure 127 - Transducer response in the shear (Y) channel during application of pure vertical (Z) load and 

biaxial (Z and ±Y) load. The transducer was placed up-side-down. 

 

 

 

Figure 128 - Transducer response in the shear (Y) channel during application of pure vertical (Z) load. The 

transducer was placed up-side-down 
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Appendix D - Rubber manufacture 

The Tun Abdul Razak Research Centre (UK), the UK-based research and promotion 

centre of the Malaysian Rubber Board, kindly provided samples of rubber material 

based on a standard conventional sulphur vulcanised recipe published earlier 

(Williams et al., 1992). A variety of spacer plates were put into the mould to achieve 

the desired sheet thickness. Rubber sheets were cured at 140°C for 40 minutes. 

Special thanks to J.P. Gladwin (Mill room manager) for manufacturing the material 

and providing the following photographs of the different stages of the production: 

1. The raw rubber used. 

2. One of the compounding ingredients. 

3. The internal mixer used to compound the batch. 

4. The mix once discharged from the mixer. 

5. The mill on which the curatives were added. 

6. The heated press used to cure the sheets. 

7. The mould within which the sheets were cured. 

8. The sheeted but unvulcanised (uncured) material. 

9. The finished products. 
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Appendix E – Optoelectronic-based triaxial 

load transducer calibration results 

 

Calibration results on the optoelectronic based load transducer prototypes in Section 

5.3.2.7. There were no significant differences between repeated trails on each 

transducer prototype. So for clarity, calibration plots only display results from one 

out of the two trails that was conducted per transducer. Transducer responses in each 

axis during the application of multi-axial loads are also plotted within the figures. 

 

Vertical calibration curve Shear calibration curves 

Key: 

 

Key: 

 
  

Prototype A  

 
 

  

Prototype B  
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Prototype C  

 
 

  

Prototype D  

 
 

  

Prototype E  
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Prototype F  
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Appendix F - Evaluation of permanent magnets 

This appendix presents the representative results from the many tests conducted to 

evaluate the suitability of two permanent magnets for the magnetic based transducer 

design, as discussed in Section 5.4.2.2. 

Results of tests on the M1219-1 magnet in unipolar slide-by mode of operation: 

 

Figure 129 – Sensor voltage output versus the distance between the magnet and the centre of the sensor IC. 

Tests were conducted with the M1219-1 magnet at different air-gap distances. Dotted lines indicate the 

sensor saturation voltage (0.1V) and the quiescent voltage (2.52V). 
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Figure 130 – Sensor voltage output wave from the 0.89mm air-gap data in Figure 129 and its calculated 

gradient. 

Results of tests on the M1219-4 magnet in unipolar slide-by mode of operation: 

 

Figure 131 - Sensor voltage output versus the distance between the magnet and the centre of the sensor IC. 

Test conducted with M1219-4 magnet at different air-gap distances. Dotted lines indicate the sensor 

saturation voltage (0.1V) and the quiescent voltage (2.52V). 
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Figure 132 - Sensor voltage output wave from the 0.89mm air-gap data in Figure 131 and its calculated 

gradient. 

Results from tests on the M1219-1 magnet in unipolar head-on mode of 

operation: 

 

Figure 133 - Sensor voltage output versus the distance between the magnet and the centre of the sensor IC. 

Test conducted with M1219-1 magnet at different locations on top of the sensor. Dotted lines indicate the 

sensor saturation voltage (0.1V) and the quiescent voltage (2.52V). 
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Figure 134 - The closely matching data from the unipolar slide-by tests (Figure 129) and the unipolar head-

on test (Figure 133).  

 

Figure 135 - The gradient of the sensor voltage output waveform when the magnet was at the corner of the 

sensor in unipolar head-on mode of operation. 
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Figure 136 - The gradient of the sensor voltage output waveform when the magnet was at the centre of the 

sensor in unipolar head-on mode of operation. 
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Appendix G – Magnetic-based triaxial load 

transducer calibration results 

This appendix contains calibration results from the magnetic based load transducer 

prototypes described in Section 5.4.2.6. Transducer responses in each axis during the 

application of multi-axial loads were plotted within the figures. 

Vertical calibration curve Shear calibration curves 

Key: 

 

Key: 

 
  

Prototype A  

 
 

  

Prototype B  
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Prototype C  

 
 

  

Prototype D  

 
 

  

Prototype E  
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Appendix H - Screenshots of the shear 

distribution measurement system software 

The screenshots below are of a program written in LabVIEW8.6 to demonstrate the 

biaxial shear distribution measurement system during a subject trial. Screenshots 

were extracted from screen captured videos created using CamStudio software. 

The program was connected with a USB camera that provided real-time video 

streams of the platform (Top-Left). The program also provided real-time visual 

display of the direction and magnitude of measured shear load from each transducer 

(Top-right), as well as the total X-axis and Y-axis shear load measured by all 20 

transducers (Bottom-right). It should be noted that the camera had a slow frame rate 

of 30fps, therefore limited images were obtained. 

 Screenshots sequence during forefoot contact on the transducer array 
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 Screenshots sequence during heel contact on the transducer array 

 

 


