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ABSTRACT 

SENSITIVITY OF BULK LEG TISSUE STIFFNESS TO ACTIVATION 

Matija Bosnic 
University of Guelph, 2019

Advisor(s): 
Dr. Scott Brandon 

Lower limb tissue stiffness is contingent on various factors, including body composition, 

loading rates, and the geometry of the indenting object. In comparison to more 

conventional engineering materials, biological soft tissues possess complicated 

structures that exhibit unique nonlinear mechanical behaviour. Being able to predict the 

gross mechanical behaviour of human soft tissue under different loading conditions could 

enable researchers and engineers to improve the performance of biomedical devices 

through optimized human-device interfaces. In this study, a custom-built handheld 

indentation device was used to explore changes in leg tissue stiffness at rest and during 

isometric contractions. Corresponding force-displacement relationships were modelled 

using a two-parameter exponential growth function. Averaged across 18 subjects and two 

indentation locations (thigh/shank), deformation forces during activation increased by a 

factor of ~1.6x over the same displacement as inactive data. Thus, bulk tissue stiffness 

varies dramatically with underlying muscle activation; this should be considered in 

developing novel orthoses. 
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1 Introduction 

1.1 Motivation 

When humans move around throughout regular gait, aside from altering the forces 

produced by their lower limbs, they also change the stiffness of the soft tissues that 

surround these limbs (Pfeifer, Vallery, Hardegger, Riener, & Perreault, 2012). This soft 

tissue stiffness is contingent on various factors, including body composition, loading rates, 

and the geometry of the indenting object. In comparison to more conventional engineering 

materials, biological soft tissues possess complicated structures that exhibit unique 

nonlinear mechanical behaviour (Samur, Sedef, Basdogan, Avtan, & Duzgun, 2007). This 

nonlinear behaviour has been shown to follow a J-shaped pattern which can be analyzed 

using exponential functions (Itskov & Ehret, 2009). When assessing the gross mechanical 

behaviour of human soft tissues (e.g. skin, muscle, fat), soft tissue is commonly modelled 

as a homogeneous structure which approximates the net effects of each tissue layer. 

However, currently, we lack the information of how each tissue layer affects the measured 

biomechanical response. Understanding how human soft tissues respond under contact 

loads is imperative as it allows for engineers to improve prosthesis design, custom 

wheelchair seating, implant design and other biomedical devices. This can allow 

researchers and engineers to quantify which areas of human soft tissue are stiffer and 

how activation affects this stiffness. With this knowledge it could be possible to improve 

human-device interfaces where engineers can design certain regions of these interfaces 

to be stiffer or more compliant depending on the soft tissue. Ideally, we would want to 

distribute more force to these stiffer areas while simultaneously minimizing the force at 

the compliant areas. Since large forces at the compliant areas can deform the soft tissue 

to the point of potentially cutting off blood supply, create skin problems like pressure sores 

(Meulenbelt, Dijkstra, Jonkman, & Geertzen, 2006) and even potentially cause deep 

tissue injuries (Portnoy, Siev-Ner, Shabshin, & Gefen, 2011). 
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1.2 Literature Review 

This literature review summarizes the current understanding of soft tissue properties, 

previous research on the effects that muscle activation has on soft tissue stiffness, 

methods and experimental techniques used to record in vivo data. When considering all 

of the different layers involved, soft tissue can be regarded as a composite material. Even 

though the mechanical behaviour for each tissue type can vary, they share a number of 

mutual features. This is a result of soft biological tissues having similar fundamental 

constituents in their composition as well as their hierarchical configuration (Itskov & Ehret, 

2009). The most distinguishable features among soft tissue types are their anisotropy, 

incompressibility, and nonlinear mechanical behaviour, which follows an exponential 

force-displacement pattern. Researchers have found that when soft tissues are exposed 

to cyclic loading, both stress-softening and a preconditioning effect can be observed (Liu 

& Yeung, 2008). Although these effects occur due to the experimentally applied loads 

and are of an inactive nature, most soft tissues are also capable of actively reacting to 

various stimuli. These stimuli can be of an electrical, mechanical or even chemical nature, 

and cause active muscle contractions where only tensile forces are created (Bol & Reese, 

2008). As a result, the force during muscle activation is explained as being the sum of 

both the active and inactive structures (van Leeuwen, 1992). The inactive force being 

produced by muscles transpires when they are stretched from their resting length and 

continues to grow in an exponential manner, with corresponding elongation until released. 

Conversely, active force is produced by the muscles during activation which occurs when 

the muscles contract due to cross-bridging of myosin and actin (Odegard, Haut Donahue, 

Morrow, & Kaufman, 2008). Therefore, when modelling soft tissues, it is imperative to 

account for both inactive and active effects, as both play an important role in describing 

the underlying skeletal muscles found in lower limb soft tissues. 

1.2.1 Effects of Muscle Activation on Soft Tissue Stiffness 

Although not as intensively studied, some previous research has looked at the effects of 

muscle activation on soft tissue stiffness (Liu, Daluiski, & Kabo, 1995; Vannah & 

Childress, 1996; Zheng & Mak, 1999). Liu, Daluiski and Kabo examined the effects of 
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thigh soft-tissue stiffness on the control of anterior tibial displacement with knee orthoses. 

To measure the thigh soft tissue stiffness, a custom ring transducer in series with a linear 

variable differential transducer (LVDT) was used. The thigh, 7cm above the knee, was 

chosen as the test site using a total of 30 subjects. The goal was to create three tissue 

analogs of different stiffness values; therefore 10 subjects were competitive college 

athletes, 10 were recreational athletes and 10 were sedentary individuals. Measurements 

were then taken for both passive and active muscle states. The passive state 

corresponded to the subjects being in a seated position, while the active states were 

achieved by having the subjects in a semi-squat position. The force handle drove the 

LVDT core with a maximum force of 20N and both force and displacement values were 

recorded. Tissue stiffness was found as being the slope of the force-displacement plots 

using linear regression. Once the tissue analogs were created, they were attached to a 

surrogate knee consisting of a steel core surrounded by rigid foam of a cast leg. Four 

different orthoses were tested by applying anterior tibial forces from 25 to 200N while 

tibial displacement was recorded. The results reported that the competitive athletes had 

thigh stiffness values of 1.71N/mm and 3.28N/mm for the relaxed and active states 

respectively. Recreational subjects had stiffness values of 1.56 N/mm and 2.84 N/mm 

during relaxed and active states respectively, while sedentary subjects had stiffness 

values of 1.43 N/mm (passive) and 2.05 N/mm (active). Overall, it was found that there 

was no significant difference for the relaxed state among the three different subject 

groups, but there was a significant difference during active states among the same three 

groups. A limitation of the study of this study is its reliance on quantifying stiffness through 

the use of a simple linear regression. As mentioned previously, one of the main 

characteristics of soft tissue is their nonlinear mechanical behaviour, therefore using a 

simple linear model to quantify soft tissue stiffness is not an ideal approach. Another 

limitation of this study is that the stiffness values were only taken on the quadriceps and 

then applied as being a total stiffness for the entire leg. Previous research has shown that 

soft tissue compliance is influenced by the thickness, shape and boundary conditions  

(Koo, Cohen, & Zheng, 2011); meaning that stiffness at specific locations around the leg 

can vary quite substantially and should be analyzed independently of one another. 
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Vannah & Childress looked at muscle activation while trying to examine the quasi-static 

response of bulk muscular tissue under indentation. In vivo indenter experiments were 

conducted on the calves of seven human subjects, while additional tests like hysteresis 

and stress relaxation were performed on one subject. Similar to Liu, Daluiski and Kabo 

the soft tissue stiffness was recorded using a device consisting of both a load cell and an 

LVDT (Figure 1). Each of the seven subjects was tested with the indenter positioned at 

two-thirds up from the lateral malleoli to the tibial plateau, and 2.5 cm laterally out from 

the approximated centerline of the leg. Passive measurements were taken while the 

subjects were seated with a force up to 7N being applied. Active measurements were 

then taken with the subjects remaining seated and with the foot dorsiflexing against a 

resistive force of 8% of the subject’s body weight. The results showed that a force of 7N 

led to average displacements of 21.2 mm and 18.25 mm which corresponded to linear 

stiffness values of 0.519 N/mm and 0.769 N/mm for the passive and active cases, 

respectively. This indicated an average increase in tissue stiffness of 48% between 

passive and active states. Additionally, a finite element analysis was conducted to try and 

find the nonlinear composite material stiffness of the leg. This was conducted for only one 

of the seven subjects on a total of six different locations on the leg. The tested locations 

were divided into two columns, 4 cm apart over the lateral and medial heads of the 

gastrocnemius. Each column was then divided into three separate heights, 8, 14 and 20 

cm below the tibial plateau for a total of six locations. From there a mesh was constructed 

using both the external and internal geometry of the leg which was recorded using a CT 

scan. From there a Jamus-Green-Simpson strain energy function (a hyperelastic material 

model used for large strain elastic materials) was used to explain the soft tissue’s 

stiffness. It was found that despite the in-depth modeling of both geometry and 

deformation of the leg, the model was incapable at interpreting the stiffness changes that 

were experimentally recorded at the different sites on the leg. This was thought to be a 

direct result of applying a homogenous material assumption for the composite tissue. 
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Figure 1: Handheld indentation device built by Vannah & Childress. The device itself consists of 
both a load cell and LVDT transducer which are used to record both force and displacement 

(Vannah & Childress, 1996).  

Lastly, Zheng & Mak incorporated muscle activation during an experiment in which they 

used a manual indentation device to extract the quasi-linear viscoelastic properties of 

lower limb soft tissues. Their device consisted of a load cell that was connected in series 

with an ultrasound transducer which also acted as the tip of the device. The load cell 

recorded the force data while the ultrasound was used to determine the original soft tissue 

thickness as well as the change of thickness as a direct response of the applied loading. 

From there the gathered force and displacement data was incorporated into Hayes’ 

indentation solution for an infinite homogeneous elastic layer. This allowed the group to 

determine ranges for four viscoelastic parameters: an initial modulus (Eo), a time constant 

(τ), a linear factor (E1) and a time-dependent material parameter (α) through the use of a 

least-square curve fitting technique. A total of eight subjects took part in the study, while 

four different sites on the leg were analysed. The locations on the leg were: medial side 

of the tibia, lateral side of the femur, lateral side of the fibula, and the popliteal area located 

5 cm from the proximal end of fibula. These four locations were chosen due to their 

importance in below knee prosthetics. Additionally, three different body postures were 

examined to see how soft tissue stiffness would change under various levels of muscle 

activation. The first position had the subjects seated with their knees at 90o of flexion. The 

second position was the same as the first, but with the foot dorsiflexed. The last position 

was wit the subjects standing and their knees locked in hyperextension. Although it was 
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possible to extract these quasi-linear parameters, vary large variations were noted among 

subjects, sites and postures. Therefore, when analysing and developing equations to 

model soft tissue compliance, it is imperative that muscle activation is accounted for in 

predicting the gross mechanical behaviour.  

As seen these studies, the majority of previous research that has looked into the effects 

of muscle activation has quantified the changes in soft tissue stiffness in terms of linear 

components. However, it is known that soft tissues exhibit rather nonlinear behaviour, 

therefore these studies have failed to fully quantify this nonlinearity. Additionally, these 

studies considered soft tissue as a homogeneous material and therefore did not take into 

account the different layers involved (skin, muscle, fat) and how they might affect their 

results; as previous research has shown that this can greatly impact stiffness (Sparks, et 

al., 2015; Koo, Cohen, & Zheng, 2011). 

Creating a constitutive equation that can accurately describe and predict the gross 

mechanical behaviour of human soft tissues has been a debated area of research for 

several decades (Maurel, Thalmann, Wu, & Thalmann, 1998). There has been 

considerable progress made since the innovative research by investigators such as Fung 

and Gent, and a variety of constitutive equations have been suggested for explaining the 

stress-strain behaviour of various soft tissues such as: mitral valves (May-Newman & Yin, 

1998), aortic valves (May-Newman, Lam , & Yin, 2009), myocardium (Humphrey & Yin, 

1987), ligaments (Pioletti, Rakotomanana, Benvenuti, & Leyvraz, 1998), tendons (Pioletti, 

Rakotomanana, Benvenuti, & Leyvraz, 1998) and arteries (Holzapfel, Gasser, & Ogden, 

2000). Yet, there is currently no constitutive law that has been created and fully evaluated 

which clearly expresses the strain energy related to the active response of soft tissues 

(Odegard, Haut Donahue, Morrow, & Kaufman, 2008).  

As previously mentioned, a shared characteristic among of the majority of these 

suggested constitutive equations is the appearance of an exponential function. The 

presence of an exponential function originates from the ground-breaking study by Fung 

(Fung, 1972), which explained that the stiffness in soft tissues is directly proportional to 
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stress. This commonly found exponential trait is thought to be a product of the collagen 

fiber rotation and recruitment (Lanir, 1983). With all of the current knowledge on the 

fittingness of existing constitutive equations, current research is looking into applying 

these equations into biomechanical models to predict the gross mechanical behaviour of 

human soft tissues. Generally, the mechanical behaviour of soft tissues is modelled using 

either a microstructural or a phenomenological approach. The microstructural approach 

requires an in-depth knowledge of the complex microstructure therefore making it much 

more challenging to apply. A phenomenological approach is much simpler to employ as 

it is simply a regression fit to experimental data. Therefore, in comparison, this method 

makes for more straightforward mathematical relations, but is also less generalizable 

(Humphrey & Yin, 1987). Additionally, phenomenological approaches containing an 

exponential function are thought to be more capable for whole-tissue scale studies 

(Aggarwal, 2017). Being able to accurately predict the mechanical behaviour using a 

phenomenological approach requires insight on the force-displacement relationship of 

soft tissue. This information can be obtained from data collected from a variety of 

experiments such as compression and tension. Lately, in vivo measurements are 

becoming the preferred testing method as they allow for the viscoelastic parameters to 

be determined in the soft tissues’ original environment (Aggarwal, 2017).  

1.2.2 Existing Soft Tissue Measurement Techniques 

Some of the earliest attempts to record in vivo measurements of tissue stiffness used 

indentation devices that can measure soft tissue compliance, such as a compliance meter 

(Fischer, 1987) or a myotonometer (Horikawa, Ebihara, Sakai, & Akiyama, 1993). The 

tissue compliance meter designed by Andrew Fischer was made up of a 1 cm2 rubber 

disc connected to a force gauge. This handheld instrument was meant to give quick 

readings of the depth of penetration of the rubber disc at a known pressure. As the device 

is pressed against a subject, the disc glides on the shaft of the force gauge which gives 

a reading of the deformation. This device was marketed for the purpose of being able to 

record the variations of soft tissue consistency that might occur during healing of soft 

tissue or due to other medical issues like tumors or hematomas. However, the reliability 
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of this device has been heavily criticized by both Jansen et al. (Jansen, Nansel, & 

Slosberg, 1990) and Kawchuk and Herzog (Kawchuk & Herzog, 1995). When testing this 

device, Jansen et al. found that 26% of the tested sites were significantly different from 

one another, indicating that the device does not give repeatable and accurate results. 

Load-deformation data, on the other hand, should be gathered in a continuous manner, 

using a relatively large deformation so that the nonlinear tissue characteristics can be 

computed.  

The myotonometer device designed by Horikawa et al. (Horikawa, Ebihara, Sakai, & 

Akiyama, 1993) was meant as a non-invasive technique to assess the hardness of soft 

tissues, specifically that of muscles. The device itself consisted of two sections: a 

transducer element which gives a reading of the distance between the transducer and the 

indentation site being tested, and a pressure terminal that consisted of a load cell which 

would record the force being applied to the body (Figure 2). Although this device proved 

to work better than the previous design by Andrew Fischer, there were still some issues 

associated with it. Due to the proximity of the transducer to the pressure terminal, any 

deformation more than 1.5 cm resulted in a change of the soft tissue at 5 cm away from 

the pressure terminal. This directly impacts the results as the displacement could actually 

be smaller than what is reported or that the tissue could be stiffer than what is being 

recorded by the device, thus giving incorrect tissue compliance. Another issue that arises 

with this device is that the applied mechanical force is increased manually, and since soft 

tissue reacts like a viscoelastic material different frequencies of pressure loading can 

affect the strain being exhibited by the soft tissue. The final issue with the device was the 

margin of error caused by the angle that the device was held at. Even though the 

examiners tried to maintain a vertical position when testing, there was still a small angle 

being introduced which negated the normality to the tissue. Although the effectiveness of 

these devices appeared to be promising, they lacked certain necessary requirements 

needed to properly monitor the gross mechanical behaviour of human soft tissues. 
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Figure 2: Diagram of the myotonometer's pressure/displacement transducer.  As seen in the 

diagram, the closeness of the displacement transducer can cause errors when a deformation of 
more than 1.5 cm is applied (Horikawa, Ebihara, Sakai, & Akiyama, 1993). 

In recent years, there have been numerous studies that have investigated the 

biomechanical properties of human soft tissues using custom-built indentation devices 

which have improved upon the antiquated tissue compliance meter and myotonometer. 

In spite of these improvements, the majority of these studies only consider and analyse 

the soft tissue as one of three layers; either skin, muscle or fat. For instance, the 

properties of skin have been analysed using various different techniques such as 

compression (Pailler-Mattei, Bec, & Zahouani, 2008; Arokoski, Surakka, Ojala, Kolari, & 

Jurvelin, 2005), tension (Khatyr, Imberdis, Vescovo, Varchon, & Lagarde, 2004), torsion 

(Sanders, 1973) or suction (Hendriks, Brokken, Oomens, Bader, & Baaijens, 2006). In 

the same way that compression tests have been used to characterize skin properties, 

they have also been used to analyse adipose tissue (fat); by employing compression tests 

on breast tissue (Samani & Plewes, 2004), pig tissue (Wu, Cutlip, Andrew, & Dong, 2007) 
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and the human heel (Miller-Young, Duncan, & Baroud, 2002). Additionally, compression 

tests have been used to research the gross mechanical properties of inactive muscles in 

both the transverse (Linder-Ganz & Gefen, 2004; Arıtan, Oyadiji, & Bartlett, 2008) and 

orthogonal (Loocke, Lyons, & Simms, 2008; Loocke, Lyons, & Simms, 2006) directions. 

Further, the effects on the elastic modulus of muscles undergoing activation has been 

studied using various techniques such as: compression tests (Mathur, Collinsworth, 

Reichert, Kraus, & Truskey, 2001), electromyography (Nordez & Hug, 2010), and 

ultrasound imaging (Blackburn, Bell, Norcross, Hudson, & Kimsey, 2009). Although these 

studies have proven to be useful, by only analysing each tissue layer individually, it makes 

it difficult to accurately infer the gross mechanical behaviour of the soft tissue. 

1.3 Objective 

As seen in the various research papers referenced so far, carrying out experiments for 

testing soft tissue mechanical behaviour can be performed using a number of 

experimental procedures and material models. With approval from the University of 

Guelph’s Research Ethics Board (REB), this present study conducted experimental force 

and displacement measurements using a custom-built handheld indentation device on 

willing volunteers’ thighs and shanks. Using the collected force and displacement data it 

is possible to investigate the indentation stiffness and gross mechanical behaviour of 

human soft tissue around the leg during muscle activation. Previous researchers have 

shown that exponential functions can be used to model extremely nonlinear force-

displacement relationships. However, it is unknown as to how activation directly affects 

this nonlinearity and how activation might affect existing constitutive equations that are 

used to describe soft tissue stiffness. Therefore, the objective of this study was to develop 

an experimental technique to measure soft tissue compliance, and to study how activation 

affects soft tissue stiffness (via exponential models). These results can prove to be a 

valuable tool which can have both practical and theoretical applications, such as 

newfound and improved answers in the design of prostheses, orthoses, exoskeletons and 

other biomedical devices.  
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1.4 Contributions  

The contributions of the author were the overall design of the study and experiments. 

Additionally, I was responsible for all the collection of the data, analysis, statistical 

modelling and writing of the report. Dr. Brandon provided the following code used in this 

thesis: extracting marker data into TRC files, filtering of the data and the code used to 

define the virtual pointer tip; all of which were imperative to analysing the data. 

Furthermore, Jessica Oreskovic provided her code which was used as an initial template 

to create the necessary code used to convert load cell data into force, as well as for 

generating the force-displacement data. Lastly, Stephanie Williams designed the 

ultrasound transducer attachment used in the experimental measurements.   

2 Materials and Methods  
In this study, mechanical compression and displacement measurements were performed 

on both the thigh and shank of each participant. The compression and displacement 

measurements were then filtered and processed using MATLAB (version 9.5, MathWorks 

Inc., Natick, MA, USA). Subject force versus displacement data were fitted with a simple 

two-parameter exponential function (𝐹𝐹 = 𝑎𝑎 ∗ (𝑒𝑒(𝑏𝑏∗𝑥𝑥) − 1) and parameter estimates were 

analysed using JMP (version 13, SAS Institute Inc., Cary, NC, USA). Finally, a nonlinear 

least-squares (optimization) algorithm was used to develop an activation-informed model 

for the thigh and shank. These activation-informed models were fitted to the pooled 

experimental data at each location and their performance was compared to a naïve (no 

activation) model. 

2.1 Subjects 

Eighteen healthy volunteers (seven female) from the University of Guelph took part in this 

study. Each subject gave their informed consent to participate in this study, which was 

approved by the University of Guelph’s Research Ethics Board (REB#18-10-016, 

Appendix A).  
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2.2 Manual Indentation Device & Equipment 

A custom-built handheld indentation device (Figure 3) was used in this study to measure 

the transient mechanical response of the soft tissues. The device consisted of a 222 N 

load cell (MLP-50-CO-C, Transducer Techniques, Temecula, CA, USA) which was used 

to measure the indentation force applied to the soft tissue. One end of the load cell was 

attached to a handle made from 1-1/4’’x14’’ ABS pipe, while the other end consisted of a 

hemispherical indenter tip which was 3D printed using a tough resin. The 1-1/4’’ 

hemispherical indenter tip used to perform the indentation measurements was designed 

in SolidWorks (version SolidWorks 2018, Dassault Systèmes, Vélizy-Villacoublay, 

France).  

 

Figure 3: Handheld indenter device consisting of a handle, load cell, motion capture markers and 
an indenter tip.   

The handle of the device had four asymmetrical motion capture markers attached to it, 

which were used to define a local coordinate system and to track the 3D location of the 

indenter tip. The indenter tip location was defined with respect to this local coordinate 

system by rolling both the tip and the tail (Figure 4) of the device on a spiked plate and 

computing a functional joint centre using a least-squares optimization technique (Ehrig, 

et al., 2011). A two-sided estimate of the functional joint centre is computed based on the 

pose of each segment. The process was repeated to define the opposite end (tail) of the 

indenter handle. 
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Figure 4: Visual representation on how the indenter tip location was experimentally controlled. 

The indenter was rolled on a spiked plate which allowed us to experimentally control the tip 
location and then computationally find it. 

Once the tip and tail locations were known, a primary vector from one end to the other 

was created. From there it was possible to use the location of the four markers on the 

skin to compute a cross-product that was used to generate a local reference frame that 

is normal to the skin at every recorded frame (Figure 5).  
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Figure 5: Pictorial representation of how the skin markers (green) were used to create a local 
reference plane. By taking the cross product of two marker vectors it is possible to compute the 

normal vector at any given frame captured by the motion capture cameras. 

Finally, a dot product of the tip location with respect to the origin of the skin surface and 

the local skin surface reference plane was computed to generate the normal displacement 

of the soft tissue at each recorded frame (Figure 6). In addition to the four motion capture 

markers on the indentation device, each subject had eight motion capture markers placed 

around the indentation sites of the thigh and shank, respectively; only the four outer 

markers were used to define a reference plane for tissue displacement, since the four 

inner markers were found to move around too much during data collection to give a 

reliable reference plane. Without having a stable reference plane, the movement of the 

markers could lead to misrepresentative measurements of tissue displacement. 
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Figure 6: Dot product used to project the indenter tip location on to the unit normal vector. 

The device was connected to a S7DC strain gauge transducer amplifier (RDP 

Electrosense, Pottstown, PA, USA), that was used to provide a steady excitation voltage 

(10V) to the load cell while also amplifying the signal of the recorded force measurements. 

The amplifier, in turn, was connected to a junction box that led to both the initial 22V 

power supply and a Vicon MX Giganet data acquisition board (Vicon Motion Systems, 

Oxford, UK) that was plugged in to a PC computer. Nine motion capture cameras (7-

Bonita, 2-Vero, Vicon, UK) found in the University of Guelph’s Biomechanics lab (THRN 

2135) were used to record the movement of the reflective markers on the thigh and shank. 

Furthermore, the force plate (9281e, Kistler, USA) located in the lab was used to measure 

the weight of each participant and to calibrate the indenter device. The recorded force 

and displacement data were processed and analysed using MATLAB.  

A portable ultrasound (M-Turbo, SonoSite, Bothell, WA, USA), seen in Figure 7, was used 

in series with the handheld indentation device to record soft tissue displacement which 
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can be used to compare and validate to the motion capture displacement recorded. The 

ultrasound was connected in series to the handheld indenter using a custom-built 3D 

printed attachment (Figure 7). The pairing of the ultrasound and indentation device was 

only used for the last nine subjects, due to timing issues around building an adequate 

transducer attachment. The ultrasound was also used to quantify each subjects’ soft 

tissue thickness, which can be used in future work to expand the results in terms of stress 

and strain, as opposed to just force and displacement (Chapter 5: Pilot Study: Normalising 

Data in Terms of Strain). The transducer used with the ultrasound was a HFLx50 model 

which is intended for breast, musculoskeletal and nerve tissue. The bandwidth provided 

by this transducer is 6-15 MHz and allows for a scanning depth up to 6 cm. 
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Figure 7: SonoSite M-Turbo ultrasound (left) and HFLx50 transducer (middle) and 3D printed 

attachment (right). 

2.3 Measurements 

Prior to starting the experiments, each subject’s weight was measured on the force plate, 

and their height, thigh circumference and shank circumference were determined using a 

measuring tape. The sampling rate for the force measurements was 1000 Hz, while the 

Vicon cameras captured movements of the markers at 100 Hz.  

2.3.1 Motion Capture Marker Setup 

Eight, twelve-millimetre reflective motion capture markers were placed around the 

indentation sites on the thigh and shank. Adhesive tape was used to secure the reflective 
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markers to the subject’s skin. This allowed for the thigh and shank soft tissue deformation 

to be observed through the use of the Vicon motion capture software which is later paired 

with the force data from the indentation device. The indentation site for the thigh was 

chosen as superficial to the vastus lateralis muscle, roughly halfway between the ASIS 

(anterior superior iliac spine) and the lateral epicondyle of the knee (Figure 8). The 

indentation site on the shank is located superficial to the tibialis anterior muscle, roughly 

one third of the way down from the tibial tuberosity to the lateral malleolus (Figure 8). 

These two sites were chosen for their differing tissue thicknesses as well as body 

compositions, with the shank assumed to be stiffer than the thigh. Additionally, these are 

two important locations for the interfaces of knee orthoses, so it is important to get a better 

understanding of how the soft tissue at these locations behaves during active and inactive 

states. 

2.3.2 Indentation Measurements 

2.3.2.1 Inactive Indentation Measurements 

During the indentation measurements, the subjects were seated in a chair with their right 

leg raised and supported on a stool. The first set of measurements were taken on the 

subject’s thigh while at rest (i.e. avoiding muscle activation). The measurements on the 

thigh were taken at a frequency of 2 Hz which was guided by a metronome. To get in 

synch with the metronome, three initial indentations were performed before data 

recording was started. Additionally, previous reports have shown that preconditioning of 

the soft tissue can be achieved through this same process (Vannah & Childress, 1996; 

Zheng & Mak, 1999). Once the principal investigator was in synch with the metronome, 

the indentation device was then pressed into the subject’s thigh for five loading cycles 

(Figure 8). The soft tissue gradually deforms until the device is pressed against the thigh 

with a force amplitude of ~20 N. The applied force was regulated by visual feedback from 

the Vicon system which displayed a real time load cell chart. The change in force over 

the displacement indicates the stiffness of the soft tissue. Once the thigh indentation 

measurements were recorded, this same procedure was repeated on the subject’s shank 

(Figure 8).  
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Figure 8: Inactive indentation measurements being taken on the thigh (left) and shank (right) with 

the stool spanning the knee joint. 

2.3.2.2 Active Indentation Measurements 

Following the completion of the indentation measurements at rest, the study was set up 

for muscle activation measurements. The first set of muscle activation measurements 

was performed while the subject underwent quadriceps isometric contractions. The 

chosen induced flexion load was conducted at approximately 25% and 30% of the 

maximum voluntary contraction for knee flexion and plantarflexion (Meldrum, Cahalane, 

Conroy, Fitzgerald, & Hardiman, 2007).  With the subject remaining seated, an ankle strap 

tied to a 10lb weight was attached around the subject’s ankle joint (Figure 9). As the 

weight pulled down on the subjects’ ankle joint, it induced knee flexion which the subject 

was told to resist by extending their knee, thereby directly changing the stiffness of the 

soft tissue. The average moment arm for the subjects was found to be 0.4 m, which 

corresponds to a joint moment of 18 Nm. In comparison to literature, this corresponds to 

roughly 11% and 7.4% of the maximum isometric knee extension moment (160 Nm and 

242 Nm for women and men) (Danneskiold-Samsøe, et al., 2009). During inactive thigh 
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measurements, the stool spanned the knee joint for support, however during active 

measurements the stool was repositioned to support only the thigh thereby ensuring that 

the subject was indeed undergoing isometric contractions. The force and displacement 

measurements were recorded once again by pressing the indenter on to the subjects’ 

thigh five times until a force amplitude of ~20 N was reached.  

 

Figure 9: Quadriceps isometric contractions were accomplished by hanging a 10lb weight around 
the subjects’ ankle joint. 

As soon as the quadriceps isometric contraction measurements were recorded, the ankle 

strap was repositioned around the subjects’ metatarsophalangeal joints, while the 10lb 

weight was attached to the end of a pulley system (Figure 10). The weight caused induced 

plantarflexion which the subject was instructed to resist by dorsiflexing their foot. The 

average moment arm for the subjects was found to be 0.095 m, which corresponds to a 
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joint moment of 4.3 Nm. In comparison to literature, this corresponds to roughly 16.9% 

and 10.7% of the maximum isometric dorsiflexion moment (25.4 Nm and 40.2 Nm for 

women and men) (Danneskiold-Samsøe, et al., 2009). With the participants’ foot 

undergoing induced plantarflexion, the indentation measurements of the shank were 

repeated five times until a force amplitude of ~20N was reached.  

 

Figure 10: Tibialis anterior isometric contractions were accomplished by hanging a 10lb weight 
around a subjects’ metatarsophalangeal joint via cables and pulleys.  

2.3.2.3 Ultrasound Indentation Measurements 

Once both activation and rest measurements were completed, the hemispherical tip was 

removed and replaced with the ultrasound transducer. For the ultrasound transducer to 

connect to the handheld indentation device, a 3-D printed attachment, seen in Figure 11, 

was created. The device was then recalibrated using the force plate and both sets of 

measurements at rest and during isometric contractions were repeated, while ultrasound 

video was recorded simultaneously. The force-displacement data using the ultrasound 

transducer were only collected for the last nine subjects.  
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Figure 11: Ultrasound indentation measurements being conducted on the thigh (left) and shank 
(right). The ultrasound transducer is encased in the red 3D printed attachment. 

Throughout indentation measurements, the movement of the markers is monitored by the 

Vicon system. The four markers are used to determine a skin reference plane, which can 

then be used to find the displacement of the tissue. Although gaps in the collected marker 

data were minimal (a maximum gap length of eight), there would be occasions where gap 

filling was necessary. This was done using Vicon’s built-in spline fill option which performs 

a cubic spline fill interpolation. 
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2.3.3 Data Processing 

A simple breakdown of the steps taken for processing the gathered data can be seen in 

Figure 12. 

  
Figure 12: Flowchart of the code used to process the collected experimental data. 
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2.3.3.1 Processing the Force Data 

Before processing the force data, it was necessary to filter the data in order to minimize 

noise that might be introduced and recorded during the experiment. This was done in 

MATLAB using a 2nd order dual pass Butterworth filter with a cut-off frequency of 6Hz. 

The cut-off frequency was chosen as 6 Hz since the common range for most human 

movement is at low frequencies; therefore, it is suggested that a cut-off frequency 

between 4 Hz and 8 Hz should be used (Bartlett, 2007). During indentation 

measurements, force outputs were monitored by the computer in the form of electric 

potential. Each sinusoidal cycle represents one indentation measurement, accounting for 

both loading and unloading of the device. The signal gives an output of volts over time, 

which was later converted into Newtons using initial force calibration data that is 

individually recorded for each subject by pressing the indentation device on a force plate.  

  
Figure 13: Force calibration data, showing the excellent correlation between the load cell output 

(voltage) and force plate output (Newtons). 
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As seen in Figure 13, both sets of outputs (electric potential and force) show an excellent 

correlation amongst themselves. To convert the voltage output of the load cell into 

newtons, a linear regression was performed with the force plate data being the dependent 

variable while the electric potential was kept as the independent variable. However, the 

Kistler force plate was found to have low accuracy below 5 N (Figure 13) due to the 

sensitivity of the force plate which is rated for forces up to 20 kN (9281e, Kistler, Novi, MI, 

USA). This was corrected by setting a threshold which ignored any force plate outputs 

falling below 5 N. To ensure that the load cell did indeed follow a linear pattern for forces 

below 5 N, a verification was done by stacking various calibrated weights up to 4.95 N on 

the load cell, as seen in section 4.2. The relationship between electric potential and force 

was found to follow a linear trend (Figure 14a), indicating that a change in the independent 

variable produces a corresponding change in the dependent variable. This linear 

regression generated a function that was then used to convert the electric potential into 

a force. Each trial was zeroed based on the force plateau which was then used to locate 

the liftoff frame (i.e. the moment when the indenter was taken off the subject’s soft tissue) 

(Figure 14b). 
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a) 

 

b)  

  

Figure 14: Visual representation of zeroing of the force data. a) Fitted line plot showing the linear 
relationship between electric potential and force, with the predicted force in blue and the 

measured force plate force in red. Also indicated is the cutoff region of 5 N and below which was 
not considered. b) Converted force in cyan and zeroed plateau force in blue which is used to 

locate the liftoff frame. 

2.3.3.2 Processing the Displacement Data 

Similar to the force data, the first step in processing the displacement data was to filter it 

using a 2nd order dual pass Butterworth filter with a cut-off frequency of 6Hz (Figure 15a). 

The next step was to append the defined indenter tip location, from section 2.2: Manual 

Indentation Device & Equipment, to each recorded frame. From there the actual 

displacement of the soft tissue for each recorded frame was found using a scalar 

projection. By taking the cross-product of vectors between any three outer markers from 

the indentation sites it is possible to create a unit normal vector to the plane (Figure 5). 

The previously defined coordinates of the indenter tip were projected on to the direction 

of the unit normal vector to find the distance of the tip to the normal reference plane 

(Figure 6). Once the distance of the tip to the normal reference plane was found, the 

findpeaks function in MATLAB was used to locate the maximum displacement for each 
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indentation cycle. This allowed us to distinguish between each cycle and disregard the 

first and last ones. Next, the displacement data needed to be normalised with the 

reference plane. This normalisation was done by using the liftoff frame, which 

corresponds to when the device is lifted off the subject’s soft tissue and a force of 0 N is 

displayed, for each subject’s data. This liftoff frame was used to find the projected zero-

displacement tip coordinates at the instant of liftoff, which was based on the load cell 

output. This zero-displacement offset was then subtracted from each frame of data 

(Figure 15b). Given that the sampling rates for the force (1000 Hz) and displacement (100 

Hz) differed, it was necessary to upsample the filtered displacement data so that the 

sampling rate matched that of the force. Equaling the total number of samples allows for 

accurate force-displacement data which can be further analysed in terms of hysteresis. 

Lastly, the paired force-displacement data was separated into individual indentation 

cycles which was used to disregard the first and last cycle for each trial. Only the middle 

three indentation cycles were plotted and used for statistical analysis.  

a) 

 

b) 

 
Figure 15: a) Filtered displacement data overlapping unfiltered displacement data. b) Actual 

displacement of the soft tissue, found by subtracting the zero-displacement offset. 
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2.4 Data Analysis 

2.4.1 Force-Displacement 

Once both sets of data (displacement and force) were processed and cleaned, they were 

plotted together to generate hysteresis curves. The force-displacement figures included 

active versus inactive trials to give a better visual representation on how stiffness changes 

under loading. 

2.4.2 Linear Stiffness 

In addition to providing a visual representation of the stiffness, the force-displacement 

curves can be used to extract the linear stiffness coefficients for each subject (Liu, 

Daluiski, & Kabo, 1995). By considering the compression of the thigh and shank as bodies 

with a single degree of freedom, the stiffness can be defined as 𝑘𝑘 = 𝐹𝐹
𝛿𝛿
, where 𝐹𝐹 is the 

force acting on the body and 𝛿𝛿 is the displacement the body undergoes due to the applied 

force. The linear stiffness during active and inactive states was found for each location 

using a simple linear regression which computed the slopes of the pooled force-

displacement figures (Liu, Daluiski, & Kabo, 1995; Vannah & Childress, 1996).  

2.4.3 Exponential Fits 

One of the most distinguishable features among soft tissue is their nonlinear mechanical 

behaviour, which follows an exponential force-displacement pattern. Therefore, analysing 

just the linear stiffness is not enough since linear stiffness alone can lead to large errors 

in force application, while nonlinear models can capture more of the variance. This is why 

the data were examined and fitted with a two-parameter exponential model (𝐹𝐹 = 𝑎𝑎 ∗

(𝑒𝑒(𝑏𝑏∗𝑥𝑥) − 1) in order to better analyse the parameter estimates in terms of stiffness, where 

coefficients 𝑎𝑎 and 𝑏𝑏 represent a scale and growth rate, respectively. The −1 constant 

was introduced into the function so as to force the intercept to go through the origin (0,0). 

This was done to mimic realistic tissue properties, where a displacement of 0 mm would 

correspond to a 0 N indentation force. 
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The coefficient estimates (𝑎𝑎, 𝑏𝑏) for both active and inactive data, corresponding to the 

overall stiffness of the soft tissue, were extracted from the prediction model for further 

analysis. A paired t-test between active and inactive coefficients (𝑎𝑎, 𝑏𝑏) for all subjects was 

conducted to see which of the two, or both, differed with muscle activation. Similarly, a 

two factor ANOVA (analysis of variance) was conducted to examine whether the location 

(thigh or shank) had an effect on the stiffness or if it was strictly activation that led to the 

coefficient change in the soft tissue.  

3 Results 
3.1 Force-Displacement Results 

As seen in the representative subject’s force-displacement figures (Figure 16) as well as 

Appendix B, where all of the subjects’ force-displacement figures can be seen, the 

majority of the active force-displacement curves of the shank required much more force 

for the active cases than the inactive cases to generate equal amounts of displacement. 

It was found that the mean (SD, standard deviation) peak displacement and force for the 

inactive shank were 12.8 (2.3) mm and 22.1 (4.9) N. While active shank peaks were found 

to be 8.7 (1.9) mm and 23.7 (4.5) N.  

Similarly, the active force-displacement curves of the thigh required more force than the 

inactive ones for the same amount of measured displacement. On average the maximum 

displacement and force for the inactive thigh was found to be 19.8 (5.0) mm and 20.9 

(5.7) N. While the averaged maximum displacement and force for the active thigh was 

found to be 14.2 (3.5) mm and 21.9 (4.2) N. It can be seen that the thigh was observed 

to undergo greater than 50% more displacement than the shank, regardless of activation. 

These force-displacement curves directly show that during muscle activation there is 

much less deformation occurring than there is during inactive measurements, indicating 

as expected an increase in soft tissue stiffness during activation.  
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Figure 16: Representative subject’s force-displacement figures. An increase in stiffness is evident 
during the activation trials, with significantly less displacement occurring for the same amount of 

force applied. 
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3.2 Linear Stiffness 

The linear stiffness for both inactive and active cases at each location were computed 

using a first-order regression (Figure 17) to quantify the change in tissue stiffness with 

muscle activation and to enable comparison with previous literature (Liu, Daluiski, & 

Kabo, 1995; Vannah & Childress, 1996). 

  

  
Figure 17: Linear stiffness figures for active and inactive trials. A simple linear regression was 
performed over all of the subject data for the thigh and shank during both inactive and active 

states. 

The stiffness of the shank was found to be 1.19 N/mm and 1.99 N/mm during inactive 

and active states, respectively, while the stiffness of the thigh was found to be 0.73 N/mm 

and 1.11 N/mm during inactive and active states, respectively (Table 1).  
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Table 1: Linear stiffness values during inactive and active states for both shank and thigh. 

Location Active Inactive 

Shank 1.99 1.19 

Thigh 1.11 0.73 

3.3 Exponential Fits 

As seen previously, the stiffness coefficients can vary greatly between active and inactive 

measurements, therefore it is necessary to examine both cases to see how the gross 

mechanical behaviour of lower limb tissue changes under activation. The active and 

inactive experimental data for each subject were analysed using JMP 13 (version 13, SAS 

Institute Inc., Cary, NC, USA) to find the corresponding stiffness coefficients (Figure 18).  
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Shank Inactive 

 

Thigh Inactive 

 
Shank Active 

 

Thigh Active 

 
Figure 18: Representative subject’s exponential fit figures with experimental data in blue and 

exponential fits in black. Evident in both the shank and thigh is the increase in stiffness during 
activation. 

Once the coefficient estimates were pulled from each trial, they were averaged and used 

to plot the corresponding pooled model fits for active and inactive cases (Figure 19). As 

expected, the active and inactive fits for both locations differed significantly. This 

difference between model fits is a direct result of the change in soft tissue stiffness during 

isometric contractions. This indicates that activation plays a large role in soft tissue 

stiffness and needs to be considered as its own factor when developing biomechanical 

models and devices.  
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Figure 19: Averaged exponential model fits for active and inactive cases for all subjects. a) 

Exponential model fits for the shank, where a clear difference can be seen between active and 
inactive. This can be attributed to the increase in soft tissue stiffness during activation. b) 

Exponential model fits for the thigh. Similar case as in the shank, there is a clear distinction 
between active and inactive cases.  
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3.3.1 Statistical Analysis 

The coefficient estimates (𝑎𝑎, 𝑏𝑏) for both active and inactive data, corresponding to the 

overall stiffness of the soft tissue, were extracted from the prediction model for further 

analysis, with the average coefficients seen in Table 2. Subject 17’s coefficient estimates 

were not analysed since this subject was unable to fully lift the 10lb weight during 

isometric contractions, thus giving unreliable results which were also evident in the force-

displacement figures. Coefficients 𝑎𝑎  and 𝑏𝑏  followed a non-normal distribution and 

therefore were normalised using a logarithmic transform before statistical analysis.  

Table 2: Averaged model fit parameter estimates and corresponding standard deviation for the 
shank and thigh. 

Shank 

Inactive Parameter Average Estimate (Standard Deviation) 

Scale 0.769 (0.369) 

Growth Rate 284.0 (58.9) 

Active Parameter Average Estimate (Standard Deviation) 

Scale 2.706 (1.782) 

Growth Rate 313.1 (94.2) 

Thigh 

Inactive Parameter Average Estimate (Standard Deviation) 

Scale 0.869 (0.709) 

Growth Rate 189.9 (63.5) 

Active Parameter Average Estimate (Standard Deviation) 

Scale 3.004 (2.479) 

Growth Rate 174.8 (31.4) 
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The results (Table 3) showed that the sets of data between inactive and active states for 

coefficient 𝑎𝑎 (scale) changed significantly under activation (P<0.05), while coefficient 𝑏𝑏 

(growth rate) did not change significantly with activation. Since coefficient 𝑎𝑎 does change 

significantly and is a part of the overall stiffness of soft tissue it can be said that activation 

does have an overall effect on soft tissue stiffness. 

The two factor ANOVA (Table 3) indicated that coefficient 𝑏𝑏 differed significantly between 

thigh and shank (P<0.05), while coefficient 𝑎𝑎 did not change with location (P>0.05). Even 

though coefficient 𝑎𝑎 did not change significantly with location we can say that location 

does have an impact on overall stiffness since the growth rate parameter does change 

significantly with location, resulting in an increasing nonlinearity.  
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Table 3: Paired t-test for each coefficient of the thigh and shank. Two factor ANOVA comparing 
both active and inactive states and location. 

Shank t-test Thigh t-test 

Parameter Scale Growth 
Rate 

Parameter Scale Growth 
Rate 

t-stat 4.60 1.06 t-stat 7.36 |-1.28| 

P-value 2.5E-04 0.303 P-value 1.6E-06 0.219 

t-critical 2.11 2.11 t-critical 2.11 2.11 

Two Factor ANOVA: Scale Two Factor ANOVA: Growth Rate 

 Location Activation Interaction 
 

Location Activation Interaction 

F-stat 0.10 38.05 0.02 F-stat 62.16 0.93 0.08 

P-value 0.76 5.21E-08 0.89 P-value 5.17E-11 0.34 0.78 

F-critical 3.99 3.99 3.99 F-critical 3.99 3.99 3.99 

4 Verification & Validation 

4.1 Validation of the Handheld Indenter Measuring Technique 

In order to ensure that the experimental technique used during this study is acceptable it 

was necessary to perform verification and validation experiments. To verify that the force-

displacement data gathered during this study was accurate, indentation experiments were 

performed using an OTMS (Ottawa Texture Measurement System) (Voisey, 1971) 

located in the University of Guelph’s Biological Engineering lab (THRN 1102). Two pieces 

of material, roughly mimicking the inactive (foam) and active (rubber puck) response of 
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soft tissue, were tested (Figure 20). The load cell and indenter tip used for the handheld 

indentation device were mounted on the OTMS machine in order to replicate the handheld 

indentation procedure used in the study. A total of three trials were recorded for each 

material, with each trial consisting of three indentation cycles. Once testing was 

completed using the OTMS machine, indentation measurements were performed on the 

same two pieces of material using the handheld indentation device in the Biomechanics 

lab. Four markers were placed on the outer edges of each material which were used to 

compute a reference plane for indenter displacement. 

  

Figure 20: OTMS used to test on foam (left) and rubber puck (right) specimens for verification and 
validation. The same load cell and indenter tip were used to perform the experiments so as to 

recreate similar experimental conditions. 
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In order to get OTMS data in terms of force it was necessary to use the V/N sensitivity of 

the load cell which was taken as the average linear regression found from the previous 

18 calibration trials. While the starting displacement of the OTMS was locked at a point 

right before contact is made with the material (when load cell output reads zero) which 

was calibrated and verified using calipers. The OTMS machine introduced significant 

noise to the data due to the high mechanical vibrations produced by the machine, 

therefore it was necessary to filter the data at a 0.5 Hz cut-off frequency. Filtering and 

processing of the indenter and motion capture data followed the exact same procedure 

as in 2.3.3: Data Processing. Both OTMS and handheld indenter data for each material 

were plotted over one another to give a visual representation (face validation) on how the 

two sets of data compared (Figure 21). As seen in the figures, both forms of 

measurements exhibit very similar results. The biggest difference and what brought about 

the most error between both sets of measurements is the exhibited hysteresis. This is 

primarily due to the fact that the OTMS machine used for the validation experiment 

recorded cyclic indentations at a 0.1 Hz frequency for the foam and 0.16 Hz for the puck 

which could not be matched with the handheld indenter, thus allowing the materials to 

undergo greater hysteresis. This needs to be considered when analysing the error for the 

fits, since if both tests were done at similar rates, we could expect to see even closer 

results.  
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Figure 21: a) OTMS and indenter puck data superimposed over one another. b) OTMS and indenter 
foam data superimposed over one another. 
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From there the data was analysed in JMP 13 and fit with the same two-parameter 

exponential function (𝐹𝐹 = 𝑎𝑎 ∗ (𝑒𝑒(𝑏𝑏∗𝑥𝑥) − 1) used on the human subjects. The coefficients 

were pulled from the software, averaged, and used to plot the models over the same 

displacement values (Figure 22), so as to compare the errors between fits. The residuals 

were taken as the difference in force values at every individual data point.  

  

  
Figure 22: OTMS and indenter model fits with corresponding residuals. a) OTMS and indenter 

puck model fits superimposed over the same displacement values with the corresponding 
residual plot. b) OTMS and indenter foam model fits superimposed over the same displacement 

values with the corresponding residual plot. 
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The relative uncertainty was taken as the average of the residuals over the applied force. 

It was found that the average uncertainty between the two measuring techniques was 

6.75% for the puck and 26.04% for the foam. As mentioned previously, the large 

uncertainty found in the foam can mostly be attributed to the differing hysteresis found in 

the results. Nevertheless, these values found were used as uncertainty bounds to check 

if the model fits for active and inactive states of the thigh and shank were still valid. If the 

uncertainty bounds overlap, it would be assumed that the measurement technique used 

in this thesis was incorrect and therefore any conclusions regarding the effects that 

activation has on stiffness would be inconclusive. From Figure 23, it is evident that the 

uncertainty bounds do not overlap, therefore supporting that the handheld indenter 

measurement technique used for analysing soft stiffness under activation was capable of 

detecting changes in tissue stiffness at these discrete activation levels.  

 

 



 

 

43 

 

 

0

5

10

15

20

25

30

35

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016

Fo
rc

e 
(N

)

Displacement (m)

Shank Active and Inactive Model Fits

Shank Inactive Model Fit

Shank Active Model Fit



 

 

44 

 

 

Figure 23: Active and inactive model fits for the thigh and shank with corresponding uncertainty 
bounds. It can be clearly seen that the uncertainty bounds (shaded regions) do not overlap and 

therefore differences in activation can still be distinguished using the handheld indenter. 

4.2  Load Cell Linearity 

As seen in Figure 14a, the force plate is not linear for forces under 5 N. This is due to the 

fact that the force plate is rated for forces up to 20 kN and consequently is not sensitive 

enough to read such small outputs. This is why a 5 N threshold was set during linear 

regression so as to ignore any outputs from the force calibration trials that fell below this 

point. However, it was expected based on the linear stress-strain response of metals 

(Young’s Modulus) that the load cell is linear throughout and therefore, during the initial 

calibration of the handheld indenter, it was assumed that the calibration equation followed 

a linear trend.  

To ensure that this assumption was correct, it was necessary to verify that the load cell 

used for the handheld indenter was indeed linear for forces under 5 N. This was checked 

by stacking multiple weights ranging from 10 g to 500 g on the load cell and recording the 
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outputs. The recorded data was then plotted with a representative force calibration trial 

to check for linearity (Figure 24a). As seen, the trend is linear throughout the trial, even 

below forces of 5N as assumed. This indicates that the load cell is indeed linear below 5 

N, which can be seen more clearly in the blown up Figure 24b, and that the calibration 

technique used during this study was correct.  

a) 

 

b) 

 
Figure 24: Checking for load cell linearity.  a) Force calibration trial for a representative subject 

fitted with weight stacking data below 5 N. As seen in the image the load cell does follow a linear 
trend beloew 5 N as assumed. b) Blown up image of weight stacked data, showing linearity of the 

load cell for values below 5 N. 

5 Pilot Study: Normalising Data in Terms of Strain 
As seen in this thesis, all data analysis was conducted using force and displacement data. 

Although still useful for analysing the effects on activation, from an engineering 

perspective it is much more useful to have data in terms strain. Since each subject has 

varying soft tissue thicknesses, the force-displacement data will differ from person to 

person. Therefore, by converting displacement data in terms of strain, it allows for 

normalisation and gives much more generalizable models.  
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5.1 Normalising with Overall Tissue Thickness 

The first attempt at normalising was to just take the displacement data and divide it by the 

tissue thickness recorded from the ultrasound images. Since only the last nine subjects 

had ultrasound videos taken (2.2: Manual Indentation Device & Equipment), and 

additional six subjects had static images taken, these were the only subjects examined. 

The thickness of the thigh was taken as the distance from the surface of the skin to the 

femur (Figure 25a), while the thickness of the shank was taken as the length from the 

surface of the skin to the tibia (Figure 25b). This was calculated by taking the pixel count 

from the surface of the tissue to the bone, then dividing it by the length of pixels for the 

entire image and finally multiplying it by the penetration depth of the ultrasound.  

a) 

 

b) 

 

Figure 25: Ultrasound image of the thigh and shank. a) Ultrasound image of the thigh with the 
femur and surface of the soft tissue labelled. The yellow line corresponds to the thickness of the 
tissue. b) Ultrasound image of the shank with the tibia and surface of the soft tissue labelled. The 

yellow line corresponds to the thickness of the tissue. 



 

 

47 

 

Once all subject thicknesses were recorded (Table 1) the displacement data was 

normalised in terms of strain. From there all of fifteen subjects’ force-displacement data 

were pooled together and fit with the same two-parameter exponential fit (𝐹𝐹 = 𝑎𝑎 ∗

(𝑒𝑒(𝑏𝑏∗𝑥𝑥) − 1)  as before. The same procedure was done for the subjects’ force-strain data 

and the root-mean square error (RMSE) for the two fits at each location was compared 

to see which one fared better (Figure 26). It was found that the RMSE for the shank 

decreased from 4.07 to 3.15 N, whereas the RMSE for the thigh actually increased from 

2.72 to 2.97 N. Even though the normalisation for the shank had a desired effect, the 

normalisation of the thigh actually got worse. Since this did not have the anticipated 

outcome, the next step was to reconsider the normalisation of tissue thickness by 

considering the different layers involved (skin, adipose, muscle). 
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Table 4: Reported subject tissue thicknesses.  Subject specific tissue thicknesses of the thigh and 
shank with the corresponding muscle percentages. 

Subject Thigh Tissue Thickness in 
cm (% muscle) 

Shank Tissue Thickness in 
cm (% muscle) 

Subject 4 3.75 (87.9) 2.58 (91.0) 

Subject 5 4.8 (89.5) 2.84 (87.7) 

Subject 6 N/A 2.30 (74.7) 

Subject 7 4.56 (90.0) 2.53 (90.0) 

Subject 8 4.71 (79.2) 2.64 (79.6) 

Subject 9 4.02 (92.6) 2.33 (87.8) 

Subject 10 4.52 (66.8) 2.45 (65.2) 

Subject 11 5.18 (86.6) 2.42 (80.4) 

Subject 12 4.20 (70.7) 2.00 (69.6) 

Subject 13 4.58 (69.9) 2.57 (75.5) 

Subject 14 4.47 (83.7) 2.98 (82.0) 

Subject 15 4.38 (85.3) 2.18 (82.0) 

Subject 16 3.46 (75.0) 2.37 (83.2) 

Subject 17 3.84 (89.9) 2.81 (83.9) 

Subject 18 4.56 (82.7) 2.32 (77.6) 
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Non-normalised shank data

 

Non-normalised thigh data 

 
Normalised shank data 

 

Normalised thigh data 

 

Figure 26: Comparison of non-normalised data and normalised data to tissue thickness. 
Normalising the data for the shank had a desired effect by lowering the RMSE from 4.07 to 3.15, 

while it had a negative effect on the thigh where it increased RMSE from 2.72 to 2.98. 

5.2 Normalising with Tissue Layer Thicknesses 

The second attempt at normalisation involved the consideration of the different layers 

found in soft tissue (skin, adipose and muscle) (Figure 27). Not only do these layers have 

different thicknesses but they also have their own intrinsic properties which need to be 

considered. Previous research has shown that the difference amongst the stiffness of 
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these layers can vary from 1 to 5 times depending on the soft tissue location (Sparks, et 

al., 2015). 

a)  

 

b) 

 
Figure 27: Ultrasound images of the thigh and shank with corresponding tissue layers. a) 

Ultrasound image of the thigh with the various tissue layers labelled; SAT= subcutaneous adipose 
tissue, F = fascia, RF = rectus femoris muscle, VI = vastus intermedius muscle, Fe = femur. b) 

Ultrasound image of the shank with the various tissue layers labelled; SAT= subcutaneous 
adipose tissue, F = fascia, TA = tibialis anterior muscle, T = tibia. 

As seen in the ultrasound images, the various layers are connected end-to-end. 

Therefore, it was assumed that these layers and their stiffness can be treated as individual 

springs in series. For simplicity, both skin and adipose tissue were considered as one 

element while muscular tissue as a second. From there it was necessary to derive an 

equation that can describe the strain of the soft tissue while considering the different layer 

thicknesses and properties. Using a simple linear elastic approximation, the derivation 

(Appendix D) yielded a final equation:  
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𝜀𝜀 =  
𝑑𝑑 ∗ 𝑐𝑐

𝑙𝑙𝑡𝑡𝑡𝑡𝑡𝑡 ∗ (𝑝𝑝 ∗ 𝑐𝑐 + 1 − 𝑝𝑝) 

where 𝑑𝑑 is the displacement, 𝑙𝑙𝑡𝑡𝑡𝑡𝑡𝑡 is the total length of tissue analysed, 𝑝𝑝 is the percentage 

of fat in the length of the tissue examined and 𝑐𝑐 is the ratio of the stiffness of muscle over 

fat.  

Following the same procedure as in section 5.1, the displacements were normalised in 

terms of strain, but this time using the derived equation. Once again, the subjects were fit 

with a two-parameter exponential function and the RMSE was reported. In this case the 

ratio of the stiffness of muscle over fat (𝑐𝑐) was varied between 1 and 3. The RMSE values 

were then plotted in terms of the stiffness ratio to see which stiffness ratio led to the 

smallest RMSE value (Figure 28).  
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Figure 28: Reported RMSE values in terms of the stiffness ratio (𝒄𝒄). a) The lowest reported RMSE 
value for the shank was found to be c ≈ 1.6. b) The lowest reported RMSE value for the thigh was 

found to be c ≈ 2.2 

3

3.05

3.1

3.15

3.2

3.25

3.3

3.35

3.4

1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3 3.1

R
M

SE

Stiffness Ratio

RMSE vs Stiffness Ratio of the Shank

2.4

2.5

2.6

2.7

2.8

2.9

3

3.1

1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3

R
M

SE

Stiffness Ratio

RMSE vs. Stiffness Ratio of the Thigh



 

 

53 

 

It was found that the lowest reported RMSE value for the shank occurs at roughly c =1.6, 

while the lowest reported RMSE for the thigh occurs at around c =2.2. A visual 

representation of the data and reported RMSEs can be seen in (Figure 29). Therefore, by 

considering the different thicknesses and varying stiffness values of subcutaneous 

adipose tissue and muscular tissue it is possible to normalise the data in terms of strain 

which minimizes the RMSE by 25.6% and 11% for the shank and thigh, respectively.  

Non-normalised shank data

 

Non-normalised thigh data 

 
Normalised shank data (c =1.6) 

 

Normalised thigh data (c =2.2) 

 

Figure 29: Comparison of non-normalised data and normalised data using individual tissue layer 
thickness. Normalising the data for the shank lowered the RMSE even more than before from 4.07 

to 3.03, as well as lowering the thigh RMSE from 2.72 to 2.42. 



 

 

54 

 

6  Discussion 

6.1 Linear Stiffness 

In the present study a custom-built indentation device was used to identify the soft tissue 

stiffness around both the thigh and shank. In these in vivo indentation measurements, 

muscle compression is dependent on both the viscoelastic properties of soft tissue as 

well as the degree of muscle activation. Therefore, both active (isometric contraction) and 

inactive (at rest) scenarios were examined to see how the stiffness of the soft tissue would 

change. Trials were recorded first for inactive, and second for active conditions, with a 

metronome-controlled loading frequency of ~2Hz. The displacement from the Vicon 

motion capture system and force from the indentation device were paired together to get 

force-displacement curves for each cycle. As seen in the force-displacement data 

(Appendix B), it is possible to distinguish between both active and inactive phases with 

ease. Indentation results showed expected hysteresis with a distinct increase in stiffness 

when muscles were activated. It was found that activation resulted in a 1.67 and 1.52 

factor increase in linear stiffness in comparison to the inactive data for the shank and 

thigh, respectively. Therefore, muscle activation plays a large role when it comes to the 

linear stiffness of soft tissue. Additionally, it can be seen that location plays a key role in 

linear stiffness as well, with the shank being 1.63 and 1.79 times stiffer than the thigh 

during inactive and active states, respectively. These values are similar to ones found in 

literature which have been reported as 1.48 for the shank (Vannah & Childress, 1996) 

and 1.72 for the thigh (Liu, Daluiski, & Kabo, 1995).  

The difference in linear stiffness increase between that found in this study and previous 

studies can be attributed several different factors. For instance, the difference in 

measuring techniques between studies can contribute to differences. In this study motion 

capture was used to track displacement of the tissue while in those previously referenced 

studies an LVDT was used to measure displacement. Another factor could be due to the 

differences in the subjects analysed; as age, gender and fitness can have an effect on 

the tissue composition and therefore the overall stiffness of the soft tissue (Staber & 
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Guilleminot, 2017; Rahemi, Nigam, & Wakeling, 2015). The muscle contraction exercises 

differ between studies as well, which could mean that subjects might have undergone 

larger levels of activation during this study or vice versa; which can directly affect the soft 

tissue stiffness. Nevertheless, this study and previous ones show a substantial increase 

in linear stiffness due to activation that needs to be considered when developing 

biomechanical models and devices. Lastly, the specific location of testing can produce 

different results. In this study the shank portion of the leg was chosen as superficial to the 

tibialis anterior muscle, roughly one third of the way down from the tibial tuberosity to the 

lateral malleolus; whereas Vannah & Childress tested the shank at two-thirds up from the 

lateral malleoli to the tibial plateau, and 2.5 cm laterally out from the approximated 

centerline of the leg. When it comes to the thigh, this study tested roughly halfway 

between the ASIS (anterior superior iliac spine) and the lateral epicondyle of the knee; 

while Liu, Daluiski & Kabo examined the thigh at 7cm from the knee. Even with differing 

stiffness values, all three studies showed that activation has a significant difference on 

linear soft tissue stiffness and should be considered when developing novel orthoses. 

6.2 Exponential Fits 

The gross mechanical behaviour of soft tissue can be described by a high degree of 

nonlinearity, non-homogeneity and anisotropy. The nonlinear aspect in particular can be 

characterized as an exponential function in many of the existing constitutive equations 

and stress-strain relationships (Maurel, Thalmann, Wu, & Thalmann, 1998). Motivated by 

current constitutive equations, the goal was to examine each subject’s active and inactive 

data (Figure 18) using a simple two-parameter exponential function. This was carried out 

to get a better understanding on the impact that nonlinearity has on the viscoelastic 

parameters of soft tissue. Even though using a two-parameter exponential may appear 

to be an oversimplification, the function was found to mimic the observed behaviour for 

lower limb soft tissues. As seen in the overall model fits (Figure 19), there is an evident 

distinction between active and inactive cases which is a direct result in the change in soft 

tissue stiffness. The parameter estimates for each subject were then analysed using a 

paired t-test (Table 3) which indicated that we should reject the null hypothesis that the 
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means of the coefficient 𝑎𝑎 for active and inactive cases are the same in favour of the 

alternative hypothesis that they are different, while coefficient 𝑏𝑏 was found not to be 

significantly different between active and inactive states. Since coefficient 𝑎𝑎 is a linear 

parameter, it can be concluded that activation has a direct effect on the linear stiffness of 

soft tissue. Similarly, since coefficient 𝑏𝑏 corresponds to the nonlinear aspects of soft 

tissue stiffness, it can be said that activation does not affect the nonlinearity of soft tissue 

stiffness and that this is perhaps influenced by soft tissue composition. 

On the other hand, the two factor ANOVA indicated that coefficient 𝑏𝑏 differed significantly 

between thigh and shank (P<0.05), while coefficient 𝑎𝑎  did not change with location 

(P>0.05). Therefore, in this case it can be said that location affects the nonlinear stiffness 

of soft tissue but does not affect the linear portion of overall stiffness. The significant 

difference observed in the nonlinearity due to location can conceivably be attributed to 

the differing tissue composition at each location. As seen in the force-displacement 

figures (Appendix B), the thigh experiences much more displacement than the shank for 

equal amounts of force, regardless of activation. This indicates that there is difference in 

the properties of the soft tissues being examined. In the ultrasound images (Figure 27) it 

can be observed that the thigh has a thicker layer of subcutaneous fat than the shank 

which could be contributing to its more compliant nature and thus giving more tissue 

displacement.  

Furthermore, the two factor ANOVA indicated that there was no interaction among muscle 

activation and site location; meaning that the effect of muscle activation on soft tissue 

stiffness is not dependent on the site location and that the effect of site location on 

stiffness is not dependent on muscle activation. Although there is no interaction among 

the two factors, the ANOVA indicates soft tissue stiffness is location dependent and 

therefore needs to be considered independently when creating biomechanical models 

and devices. 
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6.3 Normalisation of Data 

Attempts at normalising data were done to get displacement in terms of strain, which is 

more practical and generalizable in terms of analysis. The first attempt at normalisation 

was done using the soft tissue thickness analysed from the ultrasound images and 

videos. This had the desired effect for the shank, where RMSE was reduced by 22.6%, 

but had a negative effect on the thigh where RMSE was increased by 9.2%. The reason 

why this might have occurred is the fact that the thigh has a larger amount of 

subcutaneous adipose tissue than the shank, which was not considered in this 

normalisation trial. By disregarding the subcutaneous adipose tissue, it was not possible 

to properly represent the differing stiffness properties between fatty and muscular tissue 

layers, which have proven to differ quite substantially (Sparks, et al., 2015). Therefore, 

the next step was to normalise the displacement data in terms of strain, but this time 

considering the subcutaneous adipose tissue and muscular tissue as two separate 

elements. As seen in the ultrasound images (Figure 27), these two layers are connected 

from end-to-end and were therefore considered as two springs in series. By treating these 

two layers as linear springs in series it was possible to derive a useful strain equation 

(Appendix D). The ratio of the stiffness of muscle over fat was varied within a realistic 

range (1-3) until a minimum RMSE value was obtained. For the shank, the ratio was found 

to be 1.6, which corresponded to an RMSE reduction of 25.6%. While for the thigh, the 

ratio was found to be 2.2 and resulted in a RMSE reduction of 11%. As seen, these ratios 

differ amongst the locations. This can be attributed to other various properties that were 

no quantifiable, such as the tone of muscle, the intramuscular fat, etc.  

6.4 Limitations of the Study 

As seen in the experimental data, there is a considerable amount of variability in the 

results among subjects. Since soft tissue compliance is characterized as an extrinsic 

property, aside from relying on the elastic characteristics of the tissue, it is also influenced 

by the thickness, shape and boundary conditions (Koo, Cohen, & Zheng, 2011). This 

makes it rather complicated to do a head on comparison of soft tissue compliance 
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between both subjects and locations. Therefore, the spread in tissue compliance found 

in this study can be largely attributed to the subject-to-subject results, as previous reports 

have found that subject-to-subject differences can be quite substantial (Madireddy, Sista, 

& Vemaganti, 2016). Other uncertainties which can lead to a large variability in the data 

can be caused by factors such as microstructural randomness, age and gender (Staber 

& Guilleminot, 2017). Even when normalising the displacement in terms of strain, there is 

still a sizeable variance among subjects. This can be affected by the differing muscular 

tones in the subjects analysed, as well as the intramuscular fat which has been shown to 

cause higher stiffness in the tissue studied (Rahemi, Nigam, & Wakeling, 2015). However, 

in this case the intramuscular fat is not quantifiably seen in the ultrasound images and 

therefore cannot be accounted for. Future work in the field should therefore try and 

account for these factors so as to make a more generalizable model that can be 

universally used.  

Issues with the measurement technique can also introduce error into the results. As seen 

in the verification and validation experiment, with the models used in this study there could 

be uncertainty up to 26%; even though a lot of this uncertainty can be attributed to the 

mismatching hysteresis due to unequal loading rates between techniques. This can also 

be a result on the way we located the zero-displacement of the soft tissue, since the 

location of this zero-displacement relies on the assumption that we correctly identified the 

liftoff frame. The load cell itself has an accuracy of 0.25% for the rated output (MLP-50-

CO-C, Transducer Techniques, Temecula, CA, USA), and even when zeroed before 

every calibration trial there would be a voltage output displayed without a direct force 

being applied. These slight millivolt readings made it difficult to precisely locate the exact 

liftoff frame, where we could be assuming a liftoff occurring a couple dozen frames before 

or after it actually occurred. This could have resulted in incorrect zero-displacement 

readings, thus causing shifts and inaccuracy in the displacement data. Furthermore, since 

zeroing of the load cell was done separately for each subject’s calibration trial, these slight 

initial readings from the load cell could differ by a couple dozen millivolts amongst 

subjects. Although this might seem insignificant, it could cause varying shifts in the 
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displacement data which could contribute to the large inter-subject spread seen in the 

data, as well as affect the nonlinear growth rate. Although this did not affect the overall 

conclusion of the results, this measurement technique might not be suitable for other 

applications that might require more precision. Additionally, previous research has shown 

that the Vicon system can have mean absolute errors of 0.15 mm for static trials, while 

the error can be slightly less than 2 mm for dynamic experiments (Merriaux, Dupuis, 

Boutteau, Vasseur, & Savatier, 2017). 

Furthermore, a visually better fit can be made possible by adding to the total number of 

model parameters. Nevertheless, this can come at the expense of both model variance 

(Burnham & Anderson, 2002) and parameter identifiability (Smith, 2013). While the total 

amount of parameters increases, the likelihood function can become flat, making it quite 

challenging to uniquely determine the model parameters. Simultaneously, the model’s 

capability of making predictions beyond the scope for which it is calibrated becomes 

poorer (Madireddy, Sista, & Vemaganti, 2016). Therefore, it becomes necessary to reach 

a balance between both model complexity and fit; an issue that needs to be resolved with 

more complex model selection strategies. 

Another issue that arises is the fact that activation is treated as being binary in the sense 

that it is either active and inactive. Whereas realistically, all individuals are capable of 

varying their activation levels depending on the difficulty of the task. This could mean that 

some subjects might have had their soft tissues activated more or less than others which 

could also introduce variance in the recorded data. Perhaps this issue could have been 

addressed by using weights for isometric contractions in terms of body weight 

percentages. That way each subject would be lifting proportional amounts of weight which 

could give better results. Also, electromyography (EMG) could have been included which 

could have reported back the electrical activity produced by the skeletal muscles during 

isometric contractions.  

Lastly, the data recorded and examined was in terms of force and displacement and not 

stress and strain. Although force and displacement data are still useful for this study in 



 

 

60 

 

particular and analysing whether activation has an affect; from an engineering perspective 

it is much more useful to have data in terms of stress strain. Force and displacement data 

are subject specific whereas, stress and strain are intrinsic and makes the data much 

more generalizable. Without analysing the data in terms of stress and strain, we cannot 

study and gather the true representation of the soft tissue properties.   

7 Conclusion 
7.1 Contributions 

In this study, the aim was to develop an experimental technique to measure soft tissue 

compliance, and to model changes in compliance with muscle activation. The results 

showed that muscle activation increased linear stiffness by a factor of 1.67 and 1.52 for 

the thigh and shank, respectively, during tissue indentation. Additionally, when fit with a 

two-parameter exponential model, it was found that the scaling component changed 

significantly with activation. This indicates that muscle activation plays an important role 

when it comes to the changes in linear stiffness of soft tissue. On the other hand, it was 

found that the growth rate, which is associated with the nonlinearity of soft tissue changed 

with location. This indicates that perhaps soft tissue composition plays a large role when 

it comes to stiffness as well. Therefore, researchers and engineers need to consider the 

effects of muscle activation and tissue composition when developing biomechanical 

models and creating human-device interfaces for orthoses, prostheses and other 

biomedical devices.  

7.2 Future Work 

For modelling purposes, a microstructural approach should be examined for improved 

results. By incorporating the geometry and interactions among all of the soft tissue 

components, it is possible to create a model that can predict the gross mechanical 

behaviour with improved accuracy. As of now the normalised data in terms of strain was 

only used to see the effects it had on subject-to-subject variability. Another step would be 

to look at how it impacts each individual’s exponential stiffness coefficients.  
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As of now two different indenter tip shapes were tested (hemispherical and the ultrasound 

transducer). The two sets of data from each tip can be analysed and compared to see 

how they might differ. By comparing different indenter tip shapes, it could be possible to 

make the indenter device more generalizable. Perhaps, testing another few shapes might 

be useful as well. Previous studies have suggested the use of an ellipsoidal tip, since 

axially symmetric tips can ignore important soft tissue characteristics like anisotropy 

(Ashrafi & Tönük, 2014). Furthermore, since soft tissue exhibits viscoelastic properties it 

is important to consider the effects that loading rate might have on stiffness. Data was 

collected at additional frequencies of 0.5 and 1 Hz, which should be analyzed to see how 

stiffness might differ between the three different frequencies. Perhaps, quicker loading 

rates should be examined as well, since the common range for most human movement 

is at frequencies between 4 and 8 Hz (Bartlett, 2007).  

As mentioned in the limitations of this study activation was treated as being binary 

(inactive or active). An added step would be to run isometric contraction indentation 

measurements with varying weights. This would give a better look at how soft tissue 

stiffness changes with different levels of activation which would yield valuable information 

when it comes to biomechanical modeling and design.  

Future work should also include looking at and analysing the ultrasound transducer 

recorded force-displacement data. This data could be paired with the real time ultrasound 

video which may well allow for more precise readings of the overall soft tissue 

deformation, as well as the deformation of each soft tissue layer. Additionally, this would 

allow for another and conceivably even better verification and validation technique since 

the displacement values could be compared between ultrasound video and that which 

was recorded by the motion capture cameras.  

Lastly, the current data and analysis was done on force-displacement data, which is not 

ideal in terms of an engineering and design perspective. Therefore, the main focus of the 

future work would be converting and analysing the data in terms of stress and strain. 

Indentation measurements have already been collected for nine of the subjects using the 
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ultrasound transducer. From there it is possible to process the force-displacement data 

and pair it with the real time ultrasound video to get accurate strain values, while stress 

can be computed using the surface area of the ultrasound transducer. Ideally, this would 

give researchers and engineers a greater insight on how to improve upon the design of 

orthoses as well as potentially developing and evaluating a constitutive equation that 

clearly expresses the strain energy related to the active response of soft tissues. 
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9 Appendix B: Force-Displacement Figures for All Subjects 

Force-Displacement Figures of the Thigh for All Subjects 
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Force-Displacement Figures of the Shank for All Subjects 
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10 Appendix C: Exponential Fits for All Subjects 
Exponential Fits for Thigh Data 

Subject 1 Thigh Rest 

 

Subject 1 Thigh Flexed 

 
Subject 2 Thigh Rest 

 

Subject 2 Thigh Flexed 
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Subject 3 Thigh Rest 

 

Subject 3 Thigh Flexed 

 

Subject 4 Thigh Rest 

 

Subject 4 Thigh Flexed 

 
Subject 5 Thigh Rest 

 

Subject 5 Thigh Flexed 

 



 

 

89 

 

Subject 6 Thigh Rest 

 

Subject 6 Thigh Flexed 

 

Subject 7 Thigh Rest 

 

Subject 7 Thigh Flexed 

 
Subject 8 Thigh Rest 

 

Subject 8 Thigh Flexed 
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Subject 9 Thigh Rest 

 

Subject 9 Thigh Flexed 

 
Subject 10 Thigh Rest 

 

Subject 10 Thigh Flexed 

 
Subject 11 Thigh Rest 

 

Subject 11 Thigh Flexed 
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Subject 12 Thigh Rest

 

Subject 12 Thigh Flexed 

 
Subject 13 Thigh Rest

 

Subject 13 Thigh Flexed 
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Subject 14 Thigh Rest 

 

Subject 14 Thigh Flexed 

 
Subject 15 Thigh Rest 

 

Subject 15 Thigh Flexed 

 
Subject 16 Thigh Rest 

 

Subject 16 Thigh Flexed 
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Subject 17 Thigh Rest 

 

Subject 17 Thigh Flexed 

 
Subject 18 Thigh Rest 

 

Subject 18 Thigh Flexed 
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Exponential Fits for Shank Data 
Subject 1 Shank Rest

 

Subject 1 Shank Flexed

 
Subject 2 Shank Rest

 

Subject 2 Shank Flexed
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Subject 3 Shank Rest

 

Subject 3 Shank Flexed

 
Subject 4 Shank Rest

 

Subject 4 Shank Flexed

 
Subject 5 Shank Rest

 

Subject 5 Shank Flexed
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Subject 6 Shank Rest

 

Subject 6 Shank Flexed

 
Subject 7 Shank Rest

 

Subject 7 Shank Flexed

 
Subject 8 Shank Rest

 

Subject 8 Shank Flexed
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Subject 9 Shank Rest

 

Subject 9 Shank Flexed

 
Subject 10 Shank Rest

 

Subject 10 Shank Flexed

 
Subject 11 Shank Rest

 

Subject 11 Shank Flexed
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Subject 12 Shank Rest

 

Subject 12 Shank Flexed

 
Subject 13 Shank Rest

 

Subject 13 Shank Flexed

 
Subject 14 Shank Rest

 

Subject 14 Shank Flexed
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Subject 15 Shank Rest

 

Subject 15 Shank Flexed

 
Subject 16 Shank Rest

 

Subject 16 Shank Flexed

 
Subject 17 Shank Rest

 

Subject 17 Shank Flexed
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Subject 18 Shank Rest

 

Subject 18 Shank Flexed
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11 Appendix D: Coefficient Estimates for All Subjects 

Shank 
  

Subject 
1 

Subject 
2 

Subject 
3 

Subject 
4 

Subject 
5 

Subject 
6 

Subject 
7 

Subject 
8 

Subject 
9 

 

 

Inactive 

Parameter Estimate Estimate Estimate Estimate Estimate Estimate Estimate Estimate Estimate 

Scale 0.350 0.810 0.992 0.590 1.431 0.664 0.734 0.574 0.336 

Growth 
Rate 353.4 333.2 203.9 260.4 238.7 307.3 258.1 258.7 435.4 

 

 

Active 

Parameter Estimate Estimate Estimate Estimate Estimate Estimate Estimate Estimate Estimate 

Scale 0.214 0.842 0.328 4.696 3.101 5.269 6.223 1.000 2.204 

Growth 
Rate 553.9 480.5 339.4 218.9 306.1 248.8 264.7 407.9 248.3 

  

Subject 
10 

Subject 
11 

Subject 
12 

Subject 
13 

Subject 
14 

Subject 
15 

Subject 
16 

Subject 
17 

Subject 
18 

 

 

Inactive 

Parameter Estimate Estimate Estimate Estimate Estimate Estimate Estimate Estimate Estimate 

Scale 

1.034 0.547 0.358 0.802 0.453 1.668 0.742 

N/A 0.989 

 

Growth 
Rate 

321.5 302.0 329.2 229.7 215.9 230.8 283.3 

N/A 266.4 

 

 

 

Active 

Parameter Estimate Estimate Estimate Estimate Estimate Estimate Estimate Estimate Estimate 

Scale 

0.909 2.848 4.246 3.248 4.297 2.143 2.209 

N/A 2.226 
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Growth 
Rate 

343.5 301.5 204.3 203.8 268.8 314.4 312.9584 

N/A 304.6 

 

Thigh 
  

Subject 
1 

Subject 
2 

Subject 
3 

Subject 
4 

Subject 
5 

Subject 
6 

Subject 
7 

Subject 
8 

Subject 
9 

 

 

Inactive 

Parameter Estimate Estimate Estimate Estimate Estimate Estimate Estimate Estimate Estimate 

Scale 0.075 1.085 0.526 0.701 0.617 0.090 0.348 0.406 0.403 

Growth 
Rate 217.2 164.5 136.5 220.7 205.1 267.8 254.8 260.4 286.8 

 

 

Active 

Parameter Estimate Estimate Estimate Estimate Estimate Estimate Estimate Estimate Estimate 

Scale 0.915 1.627 0.396 2.268 1.040 1.645 0.670 2.515 2.889 

Growth 
Rate 181.2 147.3 176.9 179.3 218.7 186.9 218.2 187.4 189.2 

  

Subject 
10 

Subject 
11 

Subject 
12 

Subject 
13 

Subject 
14 

Subject 
15 

Subject 
16 

Subject 
17 

Subject 
18 

 

 

Inactive 

Parameter Estimate Estimate Estimate Estimate Estimate Estimate Estimate Estimate Estimate 

Scale 0.831 2.945 1.817 0.879 1.237 1.436 0.454 N/A 0.921 

Growth 
Rate 148.2 91.8 108.5 144.8 145.1 127.6 279.5 N/A 168.9 

 

 

Active 

Parameter Estimate Estimate Estimate Estimate Estimate Estimate Estimate Estimate Estimate 

Scale 2.229 9.756 4.038 3.586 7.288 4.403 1.263 N/A 4.544 

Growth 
Rate 158.0 122.0 180.2 200.3 127.2 136.8 220.1 N/A 141.6 
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12 Appendix E: Normalisation Equation 
By considering the tissue layers as springs in series the following equation was derived: 

𝐹𝐹 = 𝐹𝐹1 = 𝐹𝐹2 

𝜎𝜎 = 𝐹𝐹
𝐴𝐴

= 𝐸𝐸 ∗ 𝜀𝜀 or 𝐹𝐹 = 𝐸𝐸 ∗ 𝐴𝐴 ∗ 𝜀𝜀 where 𝜀𝜀 = 𝑑𝑑
𝑙𝑙
  

therefore 𝐹𝐹 = 𝑘𝑘 ∗ 𝑑𝑑 

similarly 𝜀𝜀1 + 𝜀𝜀2 = 𝜀𝜀 or 𝑑𝑑1 + 𝑑𝑑2 = 𝑑𝑑 ∴ 𝐹𝐹1
𝑘𝑘1

+ 𝐹𝐹2
𝑘𝑘2

= 𝑑𝑑 

but 𝑘𝑘1 = 𝐸𝐸1∗𝐴𝐴1
𝑙𝑙1

 and 𝑘𝑘2 = 𝐸𝐸2∗𝐴𝐴2
𝑙𝑙2

 because 𝐹𝐹 = 𝑘𝑘 ∗ 𝑑𝑑𝑑𝑑 𝐹𝐹
𝐴𝐴

= 𝐸𝐸 ∗ 𝑑𝑑𝑥𝑥
𝑥𝑥

 therefore 𝐹𝐹 = �𝐸𝐸∗𝐴𝐴
𝑥𝑥
� 𝑑𝑑𝑑𝑑 

𝐹𝐹 = 𝐸𝐸1∗𝐴𝐴
𝑙𝑙1

∗ 𝑑𝑑1 = 𝐸𝐸2∗𝐴𝐴
𝑙𝑙2

∗ 𝑑𝑑2 where 𝐴𝐴1 = 𝐴𝐴2 = 𝐴𝐴 

𝐹𝐹 ∗ 𝑙𝑙1
𝐸𝐸1 ∗ 𝐴𝐴

+
𝐹𝐹 ∗ 𝑙𝑙2
𝐸𝐸2 ∗ 𝐴𝐴

= 𝑑𝑑 

𝐹𝐹
𝐴𝐴
∗ �

𝑙𝑙1
𝐸𝐸1

+
𝑙𝑙2
𝐸𝐸2
� = 𝑑𝑑 

𝐹𝐹
𝐴𝐴
∗ �
𝑙𝑙1 ∗ 𝐸𝐸1 + 𝑙𝑙2 ∗ 𝐸𝐸2

𝐸𝐸1 ∗ 𝐸𝐸2
� = 𝑑𝑑 

𝐹𝐹 = 𝐸𝐸𝑒𝑒𝑒𝑒 ∗ 𝐴𝐴 ∗ 𝑑𝑑 therefore𝐸𝐸𝑒𝑒𝑒𝑒 = � 𝐸𝐸1∗𝐸𝐸2
𝑙𝑙1∗𝐸𝐸1+𝑙𝑙2∗𝐸𝐸2

� 

now let 𝐸𝐸1 = 𝐸𝐸 and 𝐸𝐸2 = 𝑐𝑐 ∗ 𝐸𝐸, where 1 represents fatty tissue 2 the stiffer muscular 

tissue 

then 𝐸𝐸𝑒𝑒𝑒𝑒 = 𝑐𝑐∗𝐸𝐸2

(𝑙𝑙1∗𝑐𝑐+𝑙𝑙2)∗𝐸𝐸
= 𝑐𝑐∗𝐸𝐸

(𝑙𝑙1∗𝑐𝑐+𝑙𝑙2) 
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so 𝐹𝐹 = 𝑐𝑐
(𝑙𝑙1∗𝑐𝑐+𝑙𝑙2) ∗ 𝐸𝐸 ∗ 𝐴𝐴 ∗ 𝑑𝑑 

let 𝑙𝑙1 + 𝑙𝑙2 = 𝑙𝑙𝑡𝑡𝑡𝑡𝑡𝑡 or 𝑙𝑙1 = 𝑝𝑝 ∗ 𝑙𝑙𝑡𝑡𝑡𝑡𝑡𝑡 and 𝑙𝑙2 = 1 − 𝑝𝑝 ∗ (𝑙𝑙𝑡𝑡𝑡𝑡𝑡𝑡) where 𝑝𝑝 is the percentage of fat 

over the length of the tissue 

𝐹𝐹 = 𝐸𝐸 ∗ 𝐴𝐴 ∗ 𝑑𝑑 ∗ �
𝑐𝑐

𝑝𝑝 ∗ 𝑙𝑙𝑡𝑡𝑡𝑡𝑡𝑡 ∗ 𝑐𝑐 + (1 − 𝑝𝑝) ∗ 𝑙𝑙𝑡𝑡𝑡𝑡𝑡𝑡
� 

𝐹𝐹 =
𝐸𝐸 ∗ 𝐴𝐴 ∗ 𝑑𝑑
𝑙𝑙𝑡𝑡𝑡𝑡𝑡𝑡

∗ �
𝑐𝑐

𝑝𝑝 ∗ 𝑐𝑐 + (1 − 𝑝𝑝)
� 

Therefore  

𝜺𝜺 =  
𝒅𝒅 ∗ 𝒄𝒄

𝒍𝒍𝒕𝒕𝒕𝒕𝒕𝒕 ∗ (𝒑𝒑 ∗ 𝒄𝒄 + 𝟏𝟏 − 𝒑𝒑)
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