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Abstract 

Among fall-related injuries, scaphoid fracture accounts for 60% of all carpal 

fractures. Many of these falls occur during daily life activities and can be avoided by 

establishing preventative interventions. Understanding the mechanical properties of 

palmar soft tissue is essential since it plays an important role in modulating the magnitude 

of the peak impact force. Coupling these characteristics with age, joint position and muscle 

activation can add a new level of biofidelity that will improve the accuracy of human models 

as well as the design of any technology that depends on quantified physical contact with 

the human hand (wearables, orthoses, or assistive devices) 

In this project, the in vivo characteristics of the palmar soft tissue at three hand 

positions and different muscle activation states (rested and activated) for two age groups 

(young individuals: 19-30 and older adults: 50+) at low (0.2Hz) and high (20Hz) 

frequencies were investigated and modelled. The derived parameters were incorporated 

into a forward fall simulation to determine the peak force and energy absorption. 

The captured palmar soft tissue properties were rate and depth dependent. Muscle 

activation state and age had greater effects on palmar soft tissue behavior compared to 

hand positioning. Therefore, to add accuracy to human models and simulations, it is 

important to involve those variables. Also, as fall scenarios can occur at different heights 

and velocities, capturing tissue behavior in a viscoelastic model that accounts for the effect 

of impact rates is important for the analysis of peak force during impact in fall simulations. 

The force applied to the hand for falls above 0.4m for older adults and 0.5m for young 

adults can cause a risk for wrist fracture based on our fall simulation. 

To expand the investigation of in vivo soft tissue characteristics on other parts of 

the body, a novel indentation system was developed. The precise measurement of in vivo 

soft tissue contact characteristics can be useful for designing injury prevention 

technologies and it may have the potential to be used to provide early detection of 

ulceration or disease. 

In summary, the palmar soft tissue properties are presented in this work by 

considering variables such as muscle activation and age. This could add biofidelity to fall 

simulations and human models, which provide the foundation for understanding injury 

mechanics. 
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Chapter 1.  
 
Introduction 

1.1. Background and motivation 

According to the U.S. Centers for Disease Control and Prevention, every 

11 seconds, an older adult is treated in the emergency room for a fall and every 

19 minutes, an older adult dies from a fall. Falls are the leading cause of fatal injury and 

the most common cause of nonfatal trauma-related hospital admissions among older 

adults(Kistler et al., 2018). However, fall related injuries are not only for older adults. In 

Canada, in addition to 63% of seniors, about one-quarter (27%) of adolescents were 

injured in falls, as were 35% of working-age adults, over a year(Beattie & Schneider, 

2014). For young people (aged 12 to 19) two out of three (66%) injuries were linked to 

sports. Among working-age adults (20 to 64), sports and work were related to almost half 

(47%) of injuries. Over half (55%) of seniors' injuries occurred while walking or doing 

household chores. Therefore, it can be concluded that fall injuries can happen in many 

activities of daily living(Beattie & Schneider, 2014).   

Among different type of falls, about 60% of them occur in a forward direction 

(Espinosa et al., 2020), which can cause injuries on different locations such as shoulder, 

elbow and wrist (Palvanen et al., 2000). Wrist fracture is the most common injury, 

accounting for two thirds of injuries related to forward falls (Made & Elmqvist, 2004; 

Matsumoto et al., 2002; Schieber et al., 1996); Usually individuals use their hands to arrest 

a fall as a protective response, to help reduce the fall impact on the head, torso or hip 

(Arnold et al., 2017; Kurt M. DeGoede & Ashton-Miller, 2003; Sran et al., 2010). Among 

wrist fractures related to falls, the scaphoid bone, is the carpal bone most commonly 

fractured, accounting for 60% of all carpal fractures (Fig.1-1)(Choi & Robinovitch, 2011a). 
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Figure 1-1.  The most common injury in forward falls. The scaphoid fracture 
accounts for 60% of all carpal fractures (Choi & Robinovitch, 2011a). 

Anatomy of the Hand and Wrist: 

Carpals are the eight bones that create the wrist and consist of the scaphoid, 

trapezium, trapezoid, capitate, hamate bones, lunate, triquetrum, and pisiform bones. The 

scaphoid bone is one of the biggest carpal bones on the thumb side of the wrist adjacent 

to trapezium (Fig.1-2). The bone is important for both motion and stability in the wrist joint 

(American Academy of Orthopaedic Surgeons, 2010) . In a study by Choi and Robinovitch 

(2011) on pressure distribution over the palmar region during forward falls in different 

configurations, it was found that the location of peak pressure tends to be near the “danger 

zone”, a 2.5 cm radius centred over the scaphoid (the danger zone is shown by a gray 

area in Fig.1-2). 
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Figure 1-2. Danger zone, the location of peak pressure based forward falls 
research onto outstretched hands on Choi and Robinovitch (2011). 

The danger zone is mostly covered by the thenar group of muscles and consists 

of the abductor pollicis brevis, flexor pollicis brevis, opponens pollicis, and adductor pollicis 

muscles (Bradon J Wilhelmi, 2016). The abductor pollicis brevis is located between the 

wrist and the base of the thumb (Fig.1-3). This muscle is positioned just beneath the skin, 

slightly overlapping the flexor pollicis brevis and mostly covering the carpal bone, 

scaphoid, and trapezium. It is flat, thin, elongated, and triangular in shape. The abductor 

pollicis brevis is the largest muscle of the thenar muscle group. The main function of the 

muscle is to abduct the thumb or move it away from the palm. This muscle is also involved 

in the extension and opposition of the thumb.  
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Figure 1-3.  Abductor pollicis brevis, the largest muscle of the thenar muscle 
group.  

Wrist fracture risk depends on the distribution and magnitude of forces applied to 

the palmar surface and on the soft tissue response of the palm (Choi & Robinovitch, 

2011a). Wrist fracture may also be associated with the level of energy absorption by the 

hand, however no criteria exist for assessing wrist fracture in terms of energy. Even though 

there are several studies on the magnitude and distribution of the applied force on the 

hand during a fall (Burkhart & Andrews, 2010; Ge et al., 2014; Teoh, Lee, et al., 2015), to 

the knowledge of the author there is no study characterizing the mechanics of palmar soft 

tissues. When a fall on the palm of the hand occurs, one part of the kinetic energy deforms 

the soft tissues of the impacted zone, mainly the thenar muscles and the other on bone 

fracture itself (Nikolié et al., 1975). In a study in mid 70s by Nikoli et al. on energy 

absorption distribution in the hand tissues, it was experimentally determined that about 10 

to 15 % of applied kinetic energy was used for the fracture itself, whereas the remaining 

85 - 90% of the kinetic energy was absorbed by the palmar soft tissues. The carpal bones 

in danger zone are cushioned by the thenar soft tissues, which act as a protective layer to 

absorb the energy when contact with the hand occurs. Therefore, the contact properties 

of the soft tissues of the palm within the danger zone are expected to play a significant 

role in fracture risk for the wrist and arm.  
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Investigating the tissue behaviour under different impacts to understand the activity 

and response of load-bearing tissues can have a wide range of applications. Tissue 

characterization can be used to improve the accuracy of computational models. 

Researchers use different tools such as test dummies and computational human models 

like rigid body dynamic (RBD) models to explore and simulate a range of injury scenarios 

such as falls to design and assess injury prevention strategies (Don et al., 2003; T. Xu et 

al., 2018; Yi et al., 2011). Therefore, defining accurate contact characteristics is critical for 

advancing these human models. Also, the tissue characteristics of the hand can be useful 

for the design of any technology that depends on quantified physical contact with the 

human hand (wearables, assistive devices, etc). It provides advantages for the ergonomic 

design process of handheld products which affects grasp stability, comfort, safety and 

reduces the need for sensory tests on human subjects as well as reducing the costs and 

marketing time for expensive prototypes (Xie et al., 2013). Measurement of pathological 

changes in diseased tissue for potential clinical diagnostics and determination of the 

cellular mechanical environment and tissue engineered constructs are the other 

applications that can benefit from improved understanding of palmar soft tissue mechanics 

(Delaine-Smith et al., 2016). 

Tissue contact mechanics are required to understand the loading amplitude, 

impact attenuation and injury risk for specific tissues. However, contact mechanics 

implemented in dynamic human models mostly have not been directly measured but 

instead optimized from whole body simulations (TASS International. 2013. MADYMO 

Human Body Models Manual). This is in part because contact mechanics for in vivo human 

tissues have not been thoroughly explored; and most have been characterized using small 

deformation (Kalanovic et al. 2003,Viren et al.2018) and hand-held technologies which 

causes difficulties and noise during data collection making the measurements less reliable 

(Y. P. Zheng & Mak, 1999). Also, many of current models have been developed from post 

mortem testing where alterations in tissue properties due to tissue hydration state, time 

post mortem/tissue excision, temperature and storage medium are likely (Chan & Titze, 

2003; Rossmanna & Haemmerich, 2014). 

Another downfall with the current models is that factors that could affect tissue 

properties have not been fully explored. It has been shown in different studies that age 

can affect characteristics of soft tissues since aging can result in natural degeneration of 

tissues over time and change in tissue properties (Choi et al., 2015; Kwan et al., 2010; 
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Teoh et al., 2016). Muscle activation is another factor that can change the properties of 

soft tissues (Burkhart & Andrews, 2013; Hallis, 2001; Iida et al., 2011; Monroy et al., 2017; 

Santello, 2005). Therefore, to quantify palmar soft tissue mechanics, age and muscle 

activation effects should be investigated as well. During the pre-impact phase of a fall the 

neuromuscular system is at its best advantage to place the body in a manner to reduce 

the risk of fracture on impact (K. M. DeGoede et al., 2003). In order to successfully arrest 

the body, muscle activations occur during the pre-impact phase (Bisdorff et al., 1999; 

Burkhart & Andrews, 2013; Degoede & Ashton-miller, 2002; Santello & Mcdonagh, 1998; 

Thelen & Alexander, 2000). Activation of the muscles in the hand and forearm can be 

seen to change the contact properties. Pre-landing activation stiffens the muscle prior the 

impact and helps to control the amplitude and velocity of the joint by activating energy 

absorption mechanisms (Santello & Mcdonagh, 1998). However, the specific contribution 

of muscle activation to variations in contact properties have not been quantified. Joint 

positions can also play a role in soft tissue contact mechanics. Changes in joint angles 

can affect the forces that result from impacts (Burkhart & Andrews, 2010, 2013; Degoede 

& Ashton-miller, 2002; Kurt M. DeGoede & Ashton-Miller, 2003; Y. P. Zheng & Mak, 1999). 

Choi et al. (2011) study indicates that during a forward fall the peak force on the palm 

increased by increasing the wrist angle(Choi & Robinovitch, 2011a).  

Accurately measuring the in vivo contact properties of the palmar tissue in different 

hand positions and muscle activation states is important for developing better 

computational model of humans. Different techniques are available for mechanically 

testing a wide range of materials. However, soft tissue characterization is challenging due 

to specimen geometrical irregularities and difficulties in cutting appropriately sized uniform 

test samples (Carter et al., 2001; Delaine-Smith et al., 2016). While compression and 

tensile testing methods are common for tissue characterization, they can only be 

performed ex-vivo and can face different complications such as sample slippage or 

damage at the grips. Therefore, using indentation tests to extract the experiment data, 

which is widely used to investigate the mechanical properties of many biological tissues, 

such as articular cartilage, skin, muscles and tendons and can be performed in vivo is 

desirable (Carter et al., 2001; Choi et al., 2015; Delaine-Smith et al., 2016; Fischer-Cripps, 

2006; Han et al., 2003; Mak et al., 1987; Teoh et al., 2016; Then et al., 2012; X. Wang et 

al., 2013). 
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Despite the importance of understanding the properties of the hand soft tissues to 

develop proper injury prevention strategies, to our knowledge this has not been studied. 

The purpose of the proposed research is to quantify large deformation, viscoelastic in-vivo 

soft tissue contact characteristics of the hand in danger zone of the palmar tissue. 

Secondary objectives are to investigate the effect of age, muscle activation and hand 

positions on the properties by using an indentation system with a rigid support to improve 

the accuracy of the test. Falls, impacts, workplace activities and activities of daily living 

can all lead to palmar tissue contact and compression. Identifying, minimizing or correcting 

these loading conditions are important elements in designing effective safety systems, 

diagnosing at risk individuals, and establishing preventative interventions. 

1.2. Literature Review: 

1.2.1. Biomechanics of forward falls  

Effect of Joint position: 

Forward falls, trips and impact with the hands are associated with upper-extremity 

injury (Cumming & Klineberg, 1994; Wilson C Hayes et al., 1993; Nevitt et al., 1993; 

Palvanen et al., 2000). Individuals often use the upper extremities to help manage a fall 

event, to reduce risk of injury to the head or torso. 

Several studies have shown that a forward fall is one of the most common types 

of fall (Espinosa et al., 2020; Schieber et al., 1996). In a 24 months longitudinal study of 

falls in 482 older adults (60+) analyzing the risk factors and consequences of falls in real 

life setup, Vellas et al. (1998) demonstrated that the part of the body receiving the main 

impact was, in order of frequency: the hand (50% males, 33% females) and buttock (18% 

males, 24% females), followed by the head (8% males, 18% females)) and knee and arm 

(23% males, 25% females)(Vellas et al., 1998).  

The prevalence of hand contact during forward falls has motivated many groups 

to measure the distribution and the magnitude of the force to the palmar surface during 

falls in a laboratory setting. Dietz, Noth, and Schmidtbleicher (1981) and Santello and 

Mcdonagh (1998) suggested that the peak impact force incurred while arresting a fall with 

an outstretched hand in a self-initiated forward fall can exceed the body weight. In the 

Santello study, the peak force values following a fall for fall heights of 0.2, 0.4, 0.6, 0.8 
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and 1 m were equivalent to 3.9, 4.7, 5.6, 6.9 and 7.9 average body weights respectively. 

Chiu and Robinovitch (1998) measured forces and energies transmitted to the upper 

extremity during a fall from 1cm, 3cm and 5cm heights onto a hard surface. The study 

showed an increase in peak force in response to increasing the height/speed of the fall.  

The peak forces on each hand for these falls ranged from 400 to 1000 N, sometimes 

exceeding body weight. In subsequent studies, Robinovitch and Choi (2012) studied the 

pressure distribution on palm of the hand and concluded that the peak force distribution is 

located around a 2.5 cm radius centered at the scaphoid called the danger zone. The 

study was done in two wrist configurations of 20° and 40° from vertical and the results 

suggested the peak force was 11% greater in the 20° fall (with the greater extension of 

the wrist) than in the 40° fall configuration.  

Several studies have demonstrated the effect of joint angles on the resulting 

impact force on the hands and on the rest of the arm’s ability to absorb energy during 

forward falls (Burkhart and Andrews 2010; Degoede and Ashton-miller 2002; Kurt M. 

DeGoede and Ashton-Miller 2003; Chou et al. 209; Hsu 2011). For example, DeGoede et 

al. (2002) found that the impact forces were significantly less during impacts that occurred 

when participants were instructed to land as safely as possible, compared to falls that 

occurred with straight arms. Chou et al. (2001) also found that medial–lateral impact forces 

and elbow and shoulder loads were significantly greater when the elbow was extended. 

In another study, Burkhart and Andrews (2010) looked at the modifying elbow posture for 

reducing impact-induced accelerations at the wrist and elbow, for the purpose of 

decreasing upper extremity injury risk during forward fall arrest. Although the effect of 

elbow posture as an intervention strategy was mixed; a change in magnitude and direction 

of the acceleration response was documented at the elbow, while there was little effect at 

the wrist. It is worth mentioning that the total stiffness of the body and the forces generated 

during a forward fall on the outstretched hand, depend on the magnitudes of several in-

series components: shoulder, elbow, wrist, and palmar soft tissues. This study focused on 

palmar soft tissue characteristics and the forces generated using those parameters during 

an impact. 

Posture and the joint angles might play a role in soft tissue contact mechanics, 

which is important for energy dissipation and load transfer contributing to injury. For 

example, Chen et al. (2011) reported that the metatarsal head pad tissue response was 

dependent on the metatarsal phalangeal joint angle(W.-M. Chen et al., 2011). Teoh et al. 
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(2016) showed that the 2nd sub-metatarsal head pad displayed similar increases in 

stiffness with metatarsophalangeal joint dorsiflexion(Teoh et al., 2016). Thus, we expect 

that joint position is an important factor to take into account in soft tissue contact 

mechanics. However, the effects of joint positions on palmar soft tissue mechanics have 

not been characterized.  

Effect of Muscle Activation: 

Beside the joint positions , the results of the fall on hands can be affected by 

muscle activation as well (Arnold et al., 2017; Lattimer et al., 2018). The focus of a study 

by Burkhart and Andrews (2013) was to explore the effects of fall type and fall height on 

the kinematics and muscle activation of the upper extremity during simulated forward falls. 

All muscles experienced peaks in the muscle contraction prior to the time of the peak 

force. The average muscle activation increased from start-release to release-impact and 

from release-impact to impact-peak which gets to the level at 40% MVIC on average, 

followed by a decrease during the impact-end fall phase. As reported in this study, to some 

extent, individuals are capable of selecting an upper extremity posture that allows them to 

minimize the effects of an impact and it has confirmed the presence of a preparatory 

muscle activation response. This study suggested that muscle is the most important force 

attenuating structure given its ability to passively deform, thereby absorbing the impact 

energy, while simultaneously possessing the ability to actively adjust the amount of shock 

attenuation through contractions about the joints (Burkhart & Andrews, 2013; Hallis, 2001). 

Santello (2005) highlights the importance of the proper modulation of muscle forces to 

ensure optimal control of joint angles during impact and it is hypothesized that the muscles 

undergo a preparatory level of muscle activation in an attempt to adequately respond to 

unknown forces and force durations that are common among accidental falls (Dietz et al., 

1981; Santello, 2005). 

This pre impact muscle activation leads to the importance of understanding how 

muscle activation can change the mechanical properties of the soft tissues. Nordez et 

al.(2010) showed that the elastic modulus of the biceps brachii ,measured using 

elastography techniques, increased with increasing muscle activation(Nordez & Hug, 

2010). Challis et al. (2002), Wakeling et al. (2002), reported increasing the damping 

characteristic of leg soft tissues due to muscle activation (Pain & Challis, 2002; Wakeling 

& Nigg, 2001). In a study by Obst et al. 2014, significant differences in Achilles tendon 
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morphological parameters between resting and activated muscle was reported. Therefore, 

muscle activation affects muscle structure and mechanical properties(Obst et al., 2014). 

However, few studies have quantified the effects of muscle activation on soft tissue 

contact properties.  

1.2.2. Biomechanics of soft tissue 

The two key elements that modulate the magnitude of the peak impact force during 

a forward fall are 1) the kinematics including the pattern and speed of the movement of 

the body upon impact and 2) the mechanical properties of the impact surface and 

impacted soft tissues (Chiu & Robinovitch, 1998). As discussed above, several research 

groups have studied fall kinematics; however, there has been less emphasis on 

characterizing soft tissue mechanics. Simulation provides an important tool to study injury 

scenarios that cannot be performed experimentally. However accurate simulation of 

forward falls requires measuring the contact properties of the palmar soft tissues and 

exploring variables that are likely to affect these properties. Investigating the tissue 

behavior under different impacts can also be useful for measurement of pathological 

changes in diseased tissue for potential clinical diagnostics and determination of the 

cellular mechanical environment as there are findings have directly linked development 

and cell differentiation to mechanical response at tissue levels (Qian & Zhao, 2018; 

Verdier et al., 2009). 

Methods for measuring soft tissue properties: 

While there are many different techniques available for mechanically testing a wide 

range of materials, soft tissue characterization presents a considerable challenge. It can 

be seen in literature, experimentally characterizing biological tissue is complex due to the 

limited availability of tissue samples, the changes in state and characteristics of isolated 

tissues in ex vivo experiments versus in vivo and the inherent variability between individual 

participants(Islam et al., 2020; Maccabi et al., 2018; Ramo et al., 2018). Results from ex-

vivo studies differ from the experiments carried out on living organs due to the 

physiological differences and the effects of tissue connectivity on supporting structures 

(Delaine-Smith et al., 2016; Qian & Zhao, 2018). Chatelin (2010) believes for many soft 

tissues, mechanical characterization in the in vivo environment may have important 

consequences in understanding the physical biology. Compared with ex vivo tests, some 
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alterations in mechanical properties may exist due to perfusion pressure and tissue 

degradation effects. A more recent study (Weickenmeier et al., 2018) indicates that the 

mechanical properties change within minutes post mortem due to tissue hydration state, 

post mortem/tissue excision temperature, storage medium, etc. The difference in the 

tissue properties in ex vivo and in vivo can be seen by comparing the Young modulus 

reported for female forearm skin in the Bader and Bowker study and Elleuch et al. study. 

While Bader reported 0.0011 MPa for an in vivo indentation test, Elleuch, and Zahouani 

reported 0.014 MPa for ex vivo compression test. Although there is some literature on ex 

vivo measurements of soft tissues from human organs (Krouskop et al., 1998; Lerner et 

al., 1990; Saraf et al., 2007; Sarvazyan, 1993), there is a little quantitative information 

available on the biomechanical properties of in vivo soft tissues. 

The other factor that can affect the tissue properties is the method of the 

measurements. Two of the most widely used methods for determining mechanical 

properties of soft materials are uniaxial compression or uniaxial tensile testing of isolated 

material samples. Compression involves deforming a plane-ended, typically cylindrical 

specimen with uniform cross-sectional area, while tensile tests involve stretching the 

specimen held securely between two grips. Various different moduli may be calculated 

from the stress–strain curve generated from the load–displacement data normalized to the 

sample dimensions (Delaine-Smith et al., 2016). These methods are ideal for isolating the 

material properties of a sample; however, use of these techniques for soft biological 

tissues presents significant challenges. First, to obtain isolated tissue samples requires a 

deceased donor or tissue biopsy that removes the effects of blood pressure and tissue 

hydration on tissue properties. Second, calculations of stress and strain depend on the 

uniformity of the tissue samples. Uniform preparation and cutting of very soft materials 

such as muscle, fat or organ tissues is difficult. This means that there are few studies 

describing the compressive behaviour of soft tissues, especially those in the 1–100 kPa 

range e.g. adipose, breast, liver, kidney, prostate and spinal cord white matter (Akhtar et 

al., 2012; Kerstyn Comley & Fleck, 2012; Delaine-Smith et al., 2016; Jannesar et al., 2018; 

Korhonen et al., 2002). Uniaxial tensile testing of soft tissues is more common (Alkhouli 

et al., 2013; H. Liu et al., 2007; McKee et al., 2011) due to the ability to better 

accommodate sample irregularities; however, difficulties can arise from sample slippage 

or damage at the grips. Furthermore, many soft tissues may not be isotropic or symmetric, 

therefore characterizing the tensile behavior of the tissue may not adequately reflect the 
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compressive properties. These experimental differences make direct comparison of 

results between studies difficult (Holzapfel et al., 2002; McKee et al., 2011; Weickenmeier 

et al., 2018).   

In vivo testing is necessary to provide insight into the mechanical behavior of living 

soft tissues. Many studies have used indentation to characterize soft biological tissues 

such as articular cartilage, skin, muscles and tendons (Carter et al. 2001; Choi et al. 2015; 

Delaine-Smith et al. 2016; Fischer-Cripps 2006; Han, Noble, and Burcher 2003; Mak, Lai, 

and Mow 1987; Teoh, Lee, and Lee 2016b; Then, Vogl, and Silber 2012; Wang, Schoen, 

and Rentschler 2013;Miller et al., 2000; Carter et al., 2001; Ottensmeyer, 2001,2004; 

Schwartz et al., 2005; Tay et al., 2006; Samur et al., 2007).  Indentation allows the tissue 

to be tested in place and can be performed in vivo. However, in vivo experiments carry 

their own limitation as the test forces can only be applied in very restricted directions and 

positions and indentations must be small enough to avoid injury (Then et al., 2012; M. 

Zhang et al., 1997). 

Indentation test results can be influenced by several experimental parameters 

including indenter tip geometry and indentation depth and rate. The indenter tip geometry 

and the relative dimensions of the tip to the test specimen is an important factor to be 

considered (Fischer-Cripps, 2006). There are a range of tip geometries used in indentation 

testing of soft tissues. Hemi-spherical indenters can minimize plastic deformation, stress 

concentrations and soft tissue damage but as with conical or pyramidal indenters, non-

linear load–displacement responses occur as a result of increasing contact area making 

it harder to calculate modulus values. Use of a flat-ended cylindrical indenter can simplify 

the theoretical analysis as the contact area is assumed to be constant throughout the 

loading period leaving only two mechanical variables, the contact force, and the indenter 

displacement, recorded as functions of time (Qian & Zhao, 2018). 

Indentation rate and depth could also be other factors that affect the results. Some 

studies investigated the effects on these experimental parameters on the mechanical 

properties of soft tissues. While little work has been done to characterize palmar soft 

tissues, plantar tissues have been more thoroughly explored and provide insights into the 

potential effects of these experimental variables (Negishi et al., 2020; Teoh, Lim, et al., 

2015). For example, Teoh et al (2015) assessed the effect of deformation depth on plantar 

soft tissue behaviour and established a guideline for the minimum indentation depth that 
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is sufficient to quantify critical plantar soft tissue behaviour. They used a motorized 

indenter consisting of a 5 mm diameter flat ended indenter, and the indentation depth was 

varied from 1.2 mm to 4.8 mm. This study indicated the necessity to induce a minimum 

tissue indentation depth since the indentation depths which were less than the threshold 

depth (2.2mm) might not be representative of the nature of plantar soft tissue nor reflect 

the critical deformation it experiences during physical activities. Negishi et al. (2020) 

analyzed the dependence of the indentation rate on the stress-relaxation curve of the 

plantar soft tissue in order to correctly identify the viscous parameters of the in vivo plantar 

soft tissue. A spherical indentation tip with a diameter of 32 mm was used. Loading-

unloading cycles were applied to the heel of the foot at a rate of 0.8mm/s to 10 mm depth 

to measure the behaviour of the soft tissue. Then the planter heel was indented at rates 

of 15, 25, 50, 75 and 100 mm/s to 8 mm depth for 5 s to measure the viscous properties. 

Measured peak forces increased with the increasing indentation rate. However, viscous 

parameters were constant for all indentation rates(Negishi et al., 2020). In another study, 

Pailler-Mattéi and Zahouani (2006) analysed two different test parameters on the 

mechanical behaviour of the skin. First, they investigated the effect of indentation speed 

on the mechanical and adhesive skin behaviour which is principally due to the presence 

of continuous thin lipidic film on the body surface. Second, the effect of the size and 

material of the indenter was studied to investigate the role of material surface energy on 

adhesive properties. To conduct their experiment, spherical steel indenters of 2.25, 4.75 

and 6.35mm radius and a silicone indenter of 6.35mm radius were used. Unloading-

loading cycles were performed with a maximum displacement of 2mm and at different 

rates varying from 0.005 to 1.5 mm/s. Results showed that when the radius of the indenter 

increased, the adhesive force increased independently of the normal load and the 

indentation speed. They also showed by comparing two different indenter materials that 

adhesive is sensitive to the contact area and contact time. In case of silicone/skin contact, 

the adhesive force is greater to that of the steel/skin contact. Therefore, choosing the 

proper material for the indentation test can reduce the effect of adhesion on results. It has 

been recommended that the materials of indenter tip should be stiffer than the sample 

(Engler et al., 2004; Qian & Zhao, 2018). 

Several indentation systems have been developed for characterizing the 

biomechanical properties of various soft tissues such as skin, forearm, gluteal tissue, 

plantar soft tissue and liver (Chao et al., 2010; Kwan et al., 2010; Then et al., 2012). These 
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include a loading– unloading device with an ultrasonic transducer (Wangetal.,1999), an 

optical coherence tomography (OCT) based air-jet indentation system (Chao et al., 2010) 

and tissue ultrasound palpation systems (Y. P. Zheng & Mak, 1999).  

Many of the developed indentation technologies are handheld devices; Zheng et 

al. (2012) developed a device including a pen-size hand-held indentation probe to be used 

for the lower limb soft tissue. In Carter (2001) study, measurement was carried out on 

human liver and the process took place during open surgery using a hand-held instrument 

employing a spherical indenter. Ottensmeyer (2002) used the TeMPeST 1-D to acquire 

data on porcine liver and spleen. The instrument has a range of motion of +/- 500 μm and 

can exert forces up to 300 mN. As these devices are handheld, difficulty in keeping the 

probe stationary could result in errors during measurement and add noise to gathered 

data which can make measurements less reliable. Also, despite the importance of 

investigating the tissue properties in different deformation ranges including large 

deformations to be able to use the data in different applications, most of these devices are 

developed to investigate the viscoelastic properties of tissue under small deformations.  

Phantom indentation system with nominal position resolution of 0.03 mm to 

capture the properties of the liver is another device developed by Lim et al. (2009) 

However, it is capable of applying maximum force of 8.5 N on samples.  Zahouani et al. 

(2008) developed a light load indentation device to study the mechanical properties of 

human skin. The maximum displacement during the loading–unloading cycle can reach 

about 15mm with a resolution of 10 um and the experimental device offers a range of 

indenting velocities from 5μm /s to 1500 μm/s (Pailler-Mattei et al., 2008). 

As it has been shown so far there are several research groups working on 

measuring soft tissue mechanical properties by different devices. However, the current 

efforts are either aimed at 1) obtaining ex vivo properties or 2) using animal models. 

Reaching to different part of the bodies in a live subject can be challenging; however, in 

vivo conditions are important for accurate mechanical characterization due to change of 

conditions such as temperature, hydration, break-down of proteins and loss of blood 

supply (Garo et al., 2007; Tuttle et al., 2014; Weickenmeier et al., 2018). Animal models 

such as the porcine model provide important insights into tissue mechanics but have 

fundamental differences in anatomy and tissue consistency compared to human tissue.  
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Moreover, despite several studies on indentation of human soft tissues, the 

comparison between the properties is difficult due to the use of different systems with 

different force magnitudes and rates. In some studies the loads were applied by hand- 

held technologies without a rigid support which adds difficulty in gathering the data (Carter 

et al., 2001; Kalanovic et al., 2003; Kobayashi et al., 2012; Teoh et al., 2016; Teoh, Lee, 

et al., 2015). The importance of having a rigid support for running the indentation test 

should be noted as experimentally, the displacement measured by the displacement 

gauge actually consists of two parts: the penetration into the sample and the deflection of 

the loading frame which lead the measurements to reflect both the tissue stiffness and the 

machine stiffness. In some cases, when the load frame deflection is large enough, e.g., 

approaching the same order of magnitude as the depth of penetration, any analysis can 

become invalid on the experimental data when treating the displacement reading as solely 

from the contact response (Kalanovic et al., 2003; Li et al., 2013). This can occur 

particularly at high loads or indenting stiff materials. Higher applied load can lead to higher 

deflection of the machine which can be reflected on the measured stiffness. Therefore, 

rigidity of the frame of the indenter is required for more reliable and accurate 

measurements in different load ranges and materials (Kalanovic et al., 2003; Li et al., 

2013). Developing indentation testing devices for human tissues has been a compromise 

between mechanical integrity and mobility which has often resulted in mechanical integrity 

being compromised for tissue access. Therefore, there is a need for an indentation system 

with a rigid support that is able to reach different tissue in vivo and map the properties of 

in vivo soft tissues in different positions with muscle activated or relaxed.  

Indentation testing is an effective means to measure the mechanical 

characteristics of in vivo soft tissues; however, there have been limited human studies. 

There are multiple factors that should be considered during an experiment to achieve more 

reliable data. The indenter geometry, shape, and material should be compatible with the 

test setup. Indentation depth and rate should be picked in a way to make sure the actual 

properties of the target tissue are extracted as small deformation might not show the 

nonlinearity of the tissue properly and result in low signal-to-noise ratios (Delaine-Smith 

et al., 2016). Prior work has shown biological soft tissues to be nonlinear and viscoelastic. 

Therefore, it is important that the test parameters (indentation depth and rate) are similar 

to the event being simulated. However, performing in vivo tests limits the amount of 

deformation and loading rate to ensure the safety of the participants. The experiments 
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must be designed to capture the expected important behaviours of the tissue so that 

appropriate constitutive models can be developed to be used in different applications such 

as developing accurate dummies and human models and be the proper representative of 

the tissue behaviour under different impacts. 

In This work, 0.2 and 20Hz indentation rates were picked to capture more 

generalized properties that are suitable for both low and high impact responses. The 

frequency of 20Hz for indentation can provide the properties for more accurate prediction 

of force generated in hand in forward falls. For example, impact velocities ranged from 3.1 

- 3.7 m/s fall velocities from the standing position for participants with different heights 

(Abdolshah et al., 2019; Chiu & Robinovitch, 1998). The time of the peak force applied to 

the hand ranged from 0.02 - 0.03 s (Chiu & Robinovitch, 1998; Rajaei et al., 2018). Using 

the frequency of 20 Hz brings the closer resemblance to actual fall rates from the standing 

position (Max velocity ~3.1 m/s) and provides the accuracy in prediction of the time of the 

peak force in a fall. Also, due to in vivo characterization of palmar soft tissue, the safety 

and comfort of the participants were critical, which could still be provided by using 20 Hz 

as the high frequency. To include the properties of the palmar soft tissue for the quasi 

static loading, the frequency of 0.2 Hz was picked. Due to large experimental variability 

for in vivo tests, to be able to capture the distinct properties between low rate test and high 

rate one, selecting test frequencies that differed by orders of magnitude was required. For 

example, the difference in captured properties was detected for brain tissue by using 

0.1Hz and 10Hz (Prevost, Jin, et al., 2011). Zheng et al. could differentiate the captured 

behaviour of forearm soft tissue by increasing the indentation rate form 0.75mm/s to 

7.5mm/s. However, they suggested bigger differences between indentation rates to be 

able to capture the rate effects on tissue properties for lower limbs (Y. Zheng et al., 1999). 

Moreover, the viscoelastic parameters based on large deformation can provide 

more accurate information about the condition of the palmar soft tissue compared to small 

indentation depth which is more likely to only assess the skin properties than underlying 

tissues. To obtain useful indentation data, the indentation strain above 20% was 

recommended (Delaine-Smith et al., 2016; M. Zhang et al., 1997). Teoh et al. (2015) study 

on plantar soft tissue properties of 2nd sub-MTH and heel pad showed that indentation 

depths must be above the threshold depth (>20% of soft tissue). This can help to represent 

the nature of plantar soft tissue for the applied deformation during physical activities (Teoh, 

Lim, et al., 2015). In our work, the indentation depth of 50% of soft tissue was picked to 
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capture the actual palmar tissue properties. This indentation depth can provide the 

similarity to the range of deformation that palmar soft tissue experiences during different 

impact scenarios such as forward falls (Chiu & Robinovitch, 1998).  

Variables affecting soft tissue properties:  

Studies show that the material properties of skin, fat, and muscle could be age 

related. This could be due to changes related to the decrease of the content of elastin and 

collagen in skin over the time by aging(Derby & Akhtar, 2015; Levakov et al., 2012). There 

are several studies reporting reductions in soft tissue stiffness and damping by getting 

older. The Bot et al. (2009) study on the skin over the forearm, reported that the stiffness 

and damping were 50% and 17% higher in young adults compare to older adults(Bot et 

al., 2009). A similar observation was made in Choi et al. (2015), where older adults showed 

2.9 fold smaller stiffness and 3.5 fold smaller damping compared to young adults(Choi et 

al., 2015). However, there are other studies that shows no age-related changes in soft 

tissue properties such as Kwan, Zheng, and Cheing (2010), Hsu et al. (2005), and Teoh 

et al. (2016), who were studying plantar soft tissues behavior(Hsu et al., 2005; Kwan et 

al., 2010; Teoh et al., 2016). Considering all these studies, it appears that aging can affect 

soft tissues differently. The reason could be the underlying differences in biological, 

functional, and environmental factors (Choi et al. 2015) and the fact that tissue 

composition could change according to several others factors such as hydration (Nicolle, 

2010, Costi et al. 2002 ; Kalcioglu et al., 2011) or smoking (Freiman et al., 2004, Rees et 

al., 1984, Wolf et al., 1992, Just et al., 2007, Lee et al., 2013).   

There might be a question if there are any other factors that might affect the soft 

tissue characteristics; That is why the objective of the Teoh et al. study (2016) was to 

assess the influence of sex and physical attributes such body mass index (BMI) on plantar 

soft-tissue stiffness and to evaluate whether it is necessary to isolate the differences in 

sex and BMI in the data analysis. From the experimental results, it deduced that BMI are 

weakly associated with plantar tissue stiffness and that there is no significant difference in 

stiffness between male and female participants. While in another study by Tas 2017, it 

was found that patellar tendon stiffness was higher in males compared to females. Also, 

patellar tendon stiffness was lower in obese individuals (BMI>30) compared to individuals 

with normal weight (Taş et al., 2017). In another study Abdouni et al. (2017) found that 
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fingers stiffness was higher in females compared to male Therefore, it can be concluded 

that the effect of sex and weight might vary for different soft tissues(Abdouni et al., 2017). 

1.2.3. Modelling of soft tissue properties 

Material properties of biological tissues affect impact biomechanics as well as the 

design of devices that interface with the human body. To effectively understand and 

quantify the role of soft tissues in these different loading scenarios it is important to 

develop mathematical representations (constitutive models) of the material response.  

Although most soft tissues display viscoelastic, anisotropic and non-linear 

responses to an externally applied mechanical force, for simplicity many tissue responses 

have been characterized as linear elastic (Akhtar et al., 2012; E. J. Chen et al., 1996; Di 

Giamberardino et al., 2017). As an example, in a study on skin properties, a linear elastic 

model was used to evaluate the effect of the subcutaneous layers on the measurements 

and to characterize the tissue response as linearly elastic by reporting a Young’s Modulus 

(YM) (Pailler-Mattei et al., 2008). In another study, the Young’s modulus for thigh muscles 

was reported (Chakouch et al., 2015). Experimental results suggest that traditional elastic 

models provide only a rough approximation of the actual response, missing both the large 

deformation and rate sensitive responses of the tissues, leading to the need for 

viscoelastic models (Fung, 1993; Marchesseau et al., 2010; Prevost, Balakrishnan, et al., 

2011). Viscoelastic models are generally considered a good option for modeling biological 

tissue due to the time-dependent nature of tissue responses. To capture relevant 

behaviors that are important for characterizing the soft tissue responses, three testing 

modes are most widely used: force-displacement behavior during creep while the probe 

holds at a constant load, relaxation behavior while the probe holds at a constant strain 

and single or multiple load-unload cycles. As it is shown in Fig. 1-4, when energy 

dissipation happens inside of the material due to internal friction and fluid flow, the force 

during the unloading phase is smaller than that applied during the loading phase, forming 

a hysteresis loop (Nitta et al., 2003). Hysteresis is a manifestation of time-dependent soft 

tissues properties and is often used to characterize the viscous response.  
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Figure 1-4.  Examples of a) loading and unloading curves of a viscoelastic 
model (b) creep and (c) relaxation behaviour of a typical viscoelastic 
material (ε is the strain, σ is the stress and t is the time)(K. Wang & 
Pierscionek, 2018). 

To date, nonlinear, quasi-linear, and linear viscoelastic models have been 

developed for soft tissues. Discrimination among linear and nonlinear models is done 

by experiment. For nonlinear materials the modulus depends on strain and the compliance 

depends on stress. For quasi-linear (QLV), the shape of the relaxation curves is predicted 

to be the same, independent of peak strain (Appendix 1). Observation of recovery allows 

further comparison between models. QLV predicts recovery to follow the same time 

dependence as creep or relaxation but other theories such as nonlinear superposition 

allow a different time dependence.  

The criticism of nonlinear models is that despite dramatically increased 

mathematical difficulty, they show limited improvement in experimental performance 

prediction over linear viscoelastic models for soft tissues (X. Wang et al., 2013). In fact, 

due to complexity of these models, numerical solutions are the only option for their 

application(Brands et al., 2004; E. Gohari, M. Haghpanahi, 2011; Holzapfel et al., 2002; 

Troyer & Puttlitz, 2012; X. Wang et al., 2013). 

On the other hand, there are several linear viscoelastic models that have been 

developed for soft tissue, including the Maxwell model (Fig. 1-5a) (Kiss et al., 2004; McKee 

et al., 2011; MURATA et al., 1990), Kelvin–Voigt model (Fig. 1-5b) (Mahvash & Dupont, 

2009; Sedef et al., 2006), and the Standard Linear Solid (SLS) model (Fig.1-5c) (K Comley 

& Fleck, 2009; Koop & Lewis, 2003; Shazly et al., 2008).There are several studies using 

these models to describe the behaviour of biological soft tissues. For example, Liu and 

Bilston (2000) implemented the Maxwell model when examining ex vivo bovine liver; 
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Farshad et al. (1999) utilized the Kelvin model for ex vivo kidney; Kerdok et al. (2002,2003) 

and Kim et al. (2003) used a Kelvin model for ex vivo and in vivo porcine liver. 

 

Figure 1-5. Linear Viscoelastic models. a) Maxwell model, b) Kelvin- Voigt 
model, c) Standard Linear solid model (Rajabi & Hosseini-Hashemi, 
2017). 

There are important limitations of these simple viscoelastic models, the Maxwell 

model is incapable of characterizing the creep of viscoelastic material while the Kelvin–

Voigt model cannot describe relaxation (Baran & Basdogan, 2010; Fung, 1993; K. Liu et 

al., 2009). Using these two models will not capture certain tissue physical properties and 

can lead to a model that is mathematically inaccurate. Compared to Maxwell and Kelvin-

Voigt, the SLS model might show a relatively good balance between model generality and 

mathematical simplicity. However, there are some studies that show the SLS model 

performs poorly in fitting several soft tissues experimental data and does not predict their 

behavior accurately since the error of fitted model cannot be considered negligible (Ahn & 

Kim, 2010; Baran & Basdogan, 2010; Miller & Chinzei, 2002; Samur et al., 2007). As a 

result, studies have been driven towards using the more complicated models such as the 

generalized Maxwell by adding spring and dashpot components to the existing SLS model, 

which improves the experiment data fitting performance (Ahn and Kim 2010; Baran and 

Basdogan 2010; Samur, Sedef, and Basdogan 2007; GOLDEN 1980; Machiraju et al. 

2006; McKee et al. 2011; Samur, Sedef, and Basdogan 2007; Sedef, Samur, and 

Basdogan 2006; Wang, Schoen, and Rentschler 2013).   
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Examples of using this method are presented in Garcia et al. (2008) and Teoh 

(2015) studies on the plantar soft tissue. The tissue response was fitted with a viscoelastic 

model consisting of a Kelvin model parallel to a spring (Teoh, Lim, et al., 2015). 

Another example of more complicated model is the Wiechert model, which 

sometimes is considered a generalized form of the SLS model. It improves the original 

SLS model by including additional Maxwell units (a spring and a dashpot in series) to 

achieve a better match to the experimental data (Baran & Basdogan, 2010; Gefen, 2015; 

Samur et al., 2007). In a study by Wang, Schoen, and Rentschler (2013), starting from a 

basic Standard Linear Solid (SLS) model, a systematic modification of the viscoelastic 

model leading to a more accurate tissue model was presented. A five-element model with 

a Double Maxwell-arm Wiechert (DMW), was selected for its combination of mathematical 

simplicity and mathematical loading accuracy. This DMW model was then used to fit 

experimental data collected from stress relaxation indentation tests performed on fresh 

porcine liver and spleen. The results show that this DMW model provides a closer fit with 

the experimental liver (SLS R2=0.731, DMW R2=0.991) and spleen (SLS R2=0.720, DMW 

R2=0.981) data compared to an SLS model, while maintaining simpler mathematical 

approach by using only five model elements, compared to seven-element models. Thus, 

Wang et al. believe any model from this five-element model family can be used as a base 

compressive model for complex soft tissue with an approximate 35% improved model fit 

over SLS. 

It can be concluded that the higher the number of the units, the better description 

of the tissue response is expected. However, there is a risk of increasing the complexity 

of the model by each addition (X. Wang et al., 2013). Thus, the objective is to balance the 

need for mathematical simplicity with the need for accurate representation of the soft 

tissue response.   

Most of the described models, have been used for materials undergoing small 

deformation; however, most soft tissues undergo large deformation. To account for this, 

Fung introduced the concept of quasi-linear viscoelasticity (QLV) theory (Fung, 

1993). QLV refers to a model as a simple way to incorporate both nonlinearity 

(dependence of properties on load or strain magnitude) and viscoelasticity (dependence 

of properties on time) in a simplified integral model. This theory is one of the most 

successful phenomenological models for soft tissues. A number of studies have been 
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done using the QLV model to investigate the viscoelastic behavior of various biological 

soft tissues, such as articular cartilage, lower limb soft tissues, gluteal tissues, breast 

tissue, skin tissue, ligaments, and tendon (Abramowitch & Woo, 2004; Han et al., 2003; 

Kohandel et al., 2008; Sarver et al., 2003; Then et al., 2012; Toms et al., 2002; F. Xu et 

al., 2008; M. Zhang et al., 1997; Y. P. Zheng & Mak, 1999).  

Although the QLV model has been broadly adopted for biological soft tissues, 

difficulties in fitting the quasilinear model for stress relaxation tests were shown by 

Abramowitch and Woo 2004 and Toms et al. 2002. Using the reduced relaxation function 

(factor of time dependency) proposed by Fung can be quite complicated; therefore, 

several studies adopted a simpler approach for the relaxation function. In the Toms et al. 

2002 study, the quasi-linear viscoelastic model was applied to mechanical tests of the 

human periodontal ligament (PDL) where transverse sections of cadaveric premolars were 

subjected to relaxation tests. In this study a decaying exponential equation (Equation 1-1) 

was chosen to describe the reduced relaxation function, where coefficients a, c, and g and 

exponents b, d, and h were found by least-squares curve fit.  

 

𝐺(𝑡) = 𝑎𝑒−𝑏𝑡 + 𝑐𝑒−𝑑𝑡 + 𝑔𝑒−ℎ𝑡                                                            (1-1) 

 

Ahn and Kim (2010) used the 2nd order standard linear solid model expressed as a 

Prony series for the reduced relaxation function (equation 1-2).  

 

G(t) = G∞ +∑Gj. e
−t/τj

j

                                                           (1-2) 

 

Where G∞ is the equilibrium  modulus, τj is the time constant for each exponential term, 

and Gj is the associated magnitude of modulus. Han, Noble, and Burcher (2003) used 

QLV to describe deformation in human breast tissue. They conducted indentation tests 

and captured experiment data in the form of force -displacement for loading-unloading 

tests or force-time for the relaxation test.  Usually, indentation data are converted to stress-
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strain or stress-time to be used in QLV or any other models by simply dividing the force 

by the surface area of the indenter tip; however the stress during indentation is not just 

the force divided by the area, but is more complicated. Beside the irregularity of the 

geometry of the tissue to measure the contact surface with the indenter tip, the complexity 

rises from contributions of underlying structures and the tethering effects of the tissue 

being connected beyond the area under the inventor (Delaine-Smith et al., 2016; Then et 

al., 2012). Therefore, there needs to be a method for extracting material characteristics 

from large deformation, nonlinear indentation test data.  

Analytic solutions have been proposed for different indentation models with various 

materials, boundary conditions and indenter shapes. Boussinesq derived a linear force-

displacement solution for a cylindrical indenter with a flat or spherical tip on a semi-infinite 

isotropic elastic homogeneous medium under a small strain assumption(Qian & Zhao, 

2018). Subsequently, some simple mathematical models were developed to relate load 

and indentation depth while assuming infinitesimal strains and infinite sample thickness 

for linear elastic deformation. Table 1-2 indicates three mathematical models that are 

widely used for indentation(Delaine-Smith et al., 2016). Models incorporating 

instantaneous displacement (w) and load (P) measurements in derivative form, dP/dw, to 

take into account the nonlinearity of soft tissues allowing the effective modulus (E) to be 

calculated from any slope of the load– displacement curve which represents indentation 

stiffness, k.  

Table 1-1.  Indentation mathematical models(Delaine-Smith et al., 2016). 

Model Modulus References 

   

1 E*=k/2ac Hayes et al. (1972), Zhang et al. (1997) 

2 E*=k/2a Oliver and Pharr (1992) 

3 E*=k/(πa/2) Timoshenko and Goodier (1951) 

E*=reduced/effective modulus, E=indentation modulus, k=indentation stiffness, c=geometric correction factor, and 
a=indenter radius 

To fulfil the conditions of using these models, the indentation depth must be small 

with respect to the indenter radius and the contact radius must be small with respect to 

the sample thickness and so in practice, the indentation depth to sample thickness ratio 

is commonly kept under 10%, also most studies did ex vivo testing since samples were 
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cut to a specific shape and size. However, when complying with these assumptions it can 

be difficult to obtain useful indentation data from soft tissues as large strain indentation is 

more favourable to capture the viscoelastic behaviour of soft tissues.  

Therefore, some studies are drawn to use numerical approaches (Abellan et al., 

2013; Carniel et al., 2013; GRAMIGNA et al., 2020; Pachera et al., 2016). In these studies, 

magnetic resonance imaging (MRI) was employed for non-destructive tissue geometry 

and displacement field evaluation, using a numerical approach, the test scenarios were 

simulated, and the numerical output was fitted to the experimental data. As an example, 

Then (2012) employed a combined experimental and numerical approach to investigate 

the time dependent properties of in vivo gluteal adipose and passive skeletal muscle tissue 

(Then et al., 2012). Relaxation tests were performed. The QLV formulation with Prony 

series was used for soft tissue constitutive model parameter identification along with a 

finite element model of the indentation region. The employed material model was fit to the 

experimental data by deriving the viscoelastic model parameters by inverse finite element 

parameter estimation. Although simulation is feasible, it has its own challenges such as 

accurately simulating the geometry of the soft tissues by including all the layers and 

irregularities and transferring boundary conditions to the modelling and parameter 

estimation process (Han et al., 2003).  

Therefore, based on the current application of this investigation for fall studies, 

using the modified QLV in the form of force-displacement to fit the indentation 

experimental data and derive the tissue property coefficients to investigate the peak force 

and energy absorption during a fall can offer accuracy while maintaining simplicity. 

In summary, in order to quantify tissue viscoelastic behavior using the fewest 

parameters, the rheological constitutive equation is often used. There are several 

challenges in experimentally deriving material characteristics from soft tissues; for 

example: it can show varied behaviors under different loading profiles, the geometry of the 

tissue is often irregular, and the tissue is not a single material but a structure with multi-

phasic components. As a result of this complexity, tissues exhibit complicated time-varying 

behaviors under mechanical testing, which results in tissues being modeled as 

viscoelastic material. Some research studies only focused on the elastic portion of the 

mechanical property. However, the drawback of adopting a purely elastic model especially 

for modelling falls is that it fails to capture the information about the time-varying property 
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of the tissue in dynamic loading to the large deformation response and ignores the critical 

role of the soft tissue in energy absorption.   

One common element of all these modeling approaches is to find a good balance 

between model simplicity and experimental fitting accuracy. In general, a rheological 

model for soft tissue should have the following properties:  

1. The assumptions of the model must not be violated by the experimental 

technique used to acquire the data.  

2. The model must describe the time-varying behavior well with as few 

parameters as possible.  

3. The model should be flexible enough to incorporate the mechanical 

behaviors under expected loading conditions.  

Based on the literature, QLV is one of the most common viscoelastic models that 

has been used for soft tissues. It can provide simplicity and experimental fitting accuracy 

which is desirable.  As the experiment will be performed in large deformation and the 

normalized relaxation of the palmar tissue is noticeable at all strain levels but hardly varies 

with strain (Appendix 1), the QLV model is expected to be a good fit to predict the tissue 

behavior.  

1.3. Objectives and scope  

Falls, impacts, workplace activities, activities of daily living, and degenerative 

conditions can all lead to tissue contact, compression, and load transfer. Identifying, 

minimizing or correcting these loading conditions are important elements in designing 

effective safety systems, diagnosing at risk individuals, and establishing preventative 

interventions. While finite element models are effective for modeling local tissue damage, 

currently these models lack biofidelic contact characteristics. Therefore, research focused 

on quantifying and implementing tissue contact and joint activations to improve the 

biofidelity of human models can be helpful.  

The motivation and literature review have highlighted the importance of quantifying 

the behaviour of palmar soft tissues in understanding their role in tissue loading, load 
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transfer through the body and resulting injury risk during falls. Understanding our own 

body movements, potentially the contact mechanics are affected by more than just 

underlying soft tissues. For more accurate evaluation of the tissue properties under 

different impacts, there are several factors that should be considered. Age (Choi et al., 

2015; Kwan et al., 2010; Teoh et al., 2016), muscle activation (Burkhart & Andrews, 2013; 

Hallis, 2001; Monroy et al., 2017; Santello, 2005), joint position (Burkhart & Andrews, 

2010, 2013; Choi & Robinovitch, 2011a; Degoede & Ashton-miller, 2002; Kurt M. 

DeGoede & Ashton-Miller, 2003; Y. P. Zheng & Mak, 1999), and in vivo or ex vivo tissues 

(Delaine-Smith et al. 2016; Qian and Zhao 2018; Weickenmeier et al. 2018; Krouskop et 

al. 1998) can all change the behavior of the soft tissue. Quantifying the effects of these 

variables on tissue contact properties will add a new level of biofidelity that will improve 

the accuracy of computational models.  

The overall objectives of this thesis are to characterize the in vivo palmar soft tissue 

response to mechanical loading and develop constitutive models that capture the tissue 

response to loading typical of falls. Knowing that several factors are likely to influence 

palmar soft tissues, a secondary objective is to quantify the effect of different positions 

(neutral and extended), muscle activation (relaxed or active), and age (young individuals: 

19-30 and older adults: +50) on palmar soft tissue response and QLV model parameters. 

The final objective for this thesis is to assess the formulation of the QLV theory by 

comparing the model results for different impactor sizes and determine the effect of palmar 

soft tissue properties on peak force and energy absorption resulting from simulations of 

falls onto outstretched hands beside the development of a new mechanical test system to 

overcome limitations on tissue accessibility for in vivo tissue testing. Therefore, the goals 

of this project can be outlined as: 

1. Develop a constitutive model to represent the behaviour of palmar soft tissue. 

2. Assess how age, muscle activation state, and hand positioning affect the tissue 

behaviour and the associated models. 

3. Explore the limits of the constitutive model using small and large indenters and 

investigate the effect of these models on peak force and energy absorption in fall 

simulations. 
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4. Develop a more accessible test system to address the experimental challenges of 

in vivo tissue testing.  

In chapter 2 the model that is used for extracting the properties of the palmar soft 

tissue from relaxation test has been explained and comparison between different age and 

sex groups in tissue behavior has been conducted. We hypothesize that QLV theory can 

be a good candidate to be used for capturing the palmar tissue properties since the tissue 

indicates the linear viscoelastic behavior (appendix 1). Align with our second goal, the 

extension uses of QLV model for cyclic tests using small indenter capturing local palmar 

soft tissue behavior on two age groups with different hand positioning and muscle 

activation state is presented in chapter 3. We predict activating muscles will affect soft 

tissue contact properties since during the pre-impact phase of a fall the neuromuscular 

system place the body in a manner to adequately respond to unknown forces during falls 

by activating the muscles (Kurt M. DeGoede & Ashton-Miller, 2003). In addition, changing 

the orientation of the joints is expected to affect overall contact characteristics due to 

movement of the soft tissues. Also, studies show that the material properties of skin, fat, 

and muscle could be age related, so it can be expected the reduction in stiffness or 

damping characteristics; however, it appears that aging can affect each body part’s tissues 

differently due to underlying differences in biological, functional, and environmental factors 

(Choi et al., 2015; Kwan et al., 2010; Levakov et al., 2012; Teoh et al., 2016; Y. P. Zheng 

& Mak, 1999). We also hypothesize the captured properties will be dependent to the 

indenter size since the contact area between the indenters and the palmar soft tissue is 

different. Therefore, in chapter 4 the comparison between captured properties using 

bigger indenter and local properties using small indenter has been made. Moreover, the 

results of fall simulation from different heights and the effect of age and muscle activation 

state on predicted peak force and energy absorption has been investigated. In the final 

chapter, the steps for designing the indentation system for in-vivo soft tissue 

characterization has also been explained. The system is predicted to provide more 

accessible setup to run in vivo experiments with high accuracy and mechanical stiffness 

compared with handheld technologies. 

This study represents the palmar soft tissue characteristics directly measured in 

live human participants at loading rates and intensities typical of lower energy events such 

as falls for the first time. Coupling these characteristics with muscle activation and age to 

represent the actual behavior of the soft tissue during injury scenarios can improve the 
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prediction accuracy of tissue responses in simulations and consequently, improve the 

efficacy of injury prevention strategies. The scope of this work is limited to exploring in 

vivo palmar soft tissue mechanics at loads and deformations below levels that would 

cause injury to allow for ethical experimentation on human participants.  

The developed HITT device has the potential to provide a method for controlled 

and comparable testing of soft tissue in vivo. This device can measure tissue 

characteristics critical for advancing computational models and simulations to assess 

injury prevention technologies. It also has the potential to be used as a diagnostic device 

in identifying abnormal stiffness of tissue or as a controlled injury system for animal models 

of injury. 
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Chapter 2.  
 
A constitutive model to characterize in vivo human 
palmar tissue 

In vivo characteristics of palmar soft tissue can be used to improve the accuracy 

of human models to explore and simulate a range of contact scenarios. This can help 

assessing injury prevention strategies and designing any technology that depends on 

quantified physical contacts such as prosthetics, wearables, and assistive devices. In this 

study, a simplified quasi-linear viscoelastic (QLV) model was developed to quantify large 

deformation, in-vivo soft tissue relaxation characteristics of the palm. We conducted a 

relaxation test on 11 young adults (6 males, 5 females, 18<age<30, mean age: 25±4yr) 

and 9 older adults (6 males, 3 females, age>50, mean age: 61.5±11.5yr) using a 3mm 

indenter to a depth of 50% of each participant’s soft tissue thickness. The relaxation 

parameters of the QLV model were found to differ with age and sex, emphasizing the 

importance of using targeted material models to present palmar soft tissue mechanics. 

Older adults showed on average 2.3-fold longer relaxation time constant compared to 

younger adults. It took 1.2-fold longer for males to reach equilibrium than for females in 

young adults, whereas young females had a higher level of relaxation (36%) than young 

males (33%). Differences in other extracted QLV parameters, P1, P2, and α were also 

found between age and sex groups. QLV characteristics differentiated by age and sex, 

add bio-fidelity to computational models which can be a better representation of the 

population and their differences. 

2.1. Introduction 

Investigating the material properties of in vivo palmar soft tissue can be used to 

improve the biofidelity and accuracy of human models for the design of any technology 

that depends on quantified physical contact with the human hand (wearables, assistive 

devices, etc.) (Don et al., 2003; T. Xu et al., 2018; Yi et al., 2011). Grasping and 

manipulating objects is a part of many daily activities which can contribute to the 

development of musculoskeletal disorders(Power et al., 2015). Since the palm is an 

important factor in grasping (B. H. Wang et al., 2021), characterising its behaviour can 

provide advantages for the ergonomic design process of handheld products which affects 



30 

grasp stability, comfort, safety and reduces the need for sensory tests on human subjects 

as well as reducing the costs and marketing time for expensive prototypes (Hokari et al., 

2020; Xie et al., 2013). The mechanical properties of palmar tissue can also aid in 

assessing the resemblances of the robotic hand and prosthetics interaction force with their 

environment to the force generated in actual human hand in similar contact instances 

(Controzzi et al., 2014; Cruz et al., 2020; Fras & Althoefer, 2018; B. H. Wang et al., 2021). 

Measurement of pathological changes in diseased tissue for potential clinical diagnostics 

and determination of the cellular mechanical environment and tissue engineered 

constructs also benefit from improved understanding of palmar soft tissue mechanics 

(Delaine-Smith et al., 2016). To effectively quantify the behavior of soft tissues in different 

loading scenarios it is important to develop mathematical representations of the material 

response.  

Viscoelastic models are commonly used for modeling biological tissue due to 

tissue time-dependency (K Comley & Fleck, 2009; Mukherjee et al., 2006; Negishi et al., 

2020). Both nonlinear and linear viscoelastic models have been used to represent 

biological tissues (Argatov, 2013; Assie et al., 2010; Brands et al., 2004; Edelsten et al., 

2010; H. Liu et al., 2007; Prevost, Balakrishnan, et al., 2011; Sedef et al., 2006; W. Zhang 

et al., 2007). The key criticism of nonlinear models is that there is limited improvement in 

fit to experimental results over linear models but they are mathematically difficult (Brands, 

Peters, and Bovendeerd 2004; E. Gohari, M. Haghpanahi 2011; Holzapfel, Gasser, and 

Stadler 2002; Troyer and Puttlitz 2012; Wang, Schoen, and Rentschler 2013).  Several 

linear viscoelastic models have been developed for soft tissue (GOLDEN, 1982; Machiraju 

et al., 2006; McKee et al., 2011; Samur et al., 2007; Sedef et al., 2006; X. Wang et al., 

2013). Although mathematically simple, these models cannot capture certain tissue 

physical properties such as strain rate-dependent force response or relaxation response 

and can lead to a inaccurate model (Baran & Basdogan, 2010; Fung, 1993; K. Liu et al., 

2009).  As a result, studies have been driven towards using the more complicated models 

with added components such as generalised Maxwell models (Ahn & Kim, 2010; Baran & 

Basdogan, 2010; Samur et al., 2007). More units are expected to increase the accuracy 

of the model; however, each addition increases the complexity of the model (X. Wang et 

al., 2013). It is important to develop constitutive models that balance accurate prediction 

of the soft tissue response with mathematical complexity. This balance is also informed 

by the specific use of the model. 
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The majority of the models mentioned have been used for materials undergoing 

small deformations with no nonlinear behaviour, while characterising the mechanical 

properties of tissues under large deformation is useful for areas such as injury 

biomechanics where soft tissue injuries generally occur at large deformation, high loading 

rates and high frequency (Nicolle et al., 2004; Tan, 2014). The quasilinear viscoelastic 

(QLV) constitutive model (Fung, 1993) is perhaps the most common viscoelastic 

constitutive model used to characterize biological soft tissues, such as tendon(Sarver et 

al., 2003), lower limb(Y. P. Zheng & Mak, 1999), gluteal tissues(Then et al., 2012), 

breast(Han et al., 2003), skin(F. Xu et al., 2008), ligament (Abramowitch & Woo, 2004) 

and periodontal ligament (Toms et al., 2002). This model is linear with respect to relaxation 

but still accounts for nonlinear large deformation in a simplified integral model viscoelastic 

(Han et al., 2003; Toms et al., 2002; Yoo et al., 2009; Yong Ping Zheng & Mak, 1996). 

Difficulties in fitting the quasilinear model for stress relaxation tests were previously shown 

by Abramowitch and Woo 2004 and Toms et al. 2002 since using the reduced relaxation 

function proposed by Fung can be quite complicated (Abramowitch & Woo, 2004; Toms 

et al., 2002). Therefore, adopting a simpler approach for the relaxation function in models 

can be helpful. 

Several participant characteristics affect soft tissue properties. Aging can result in 

natural degeneration of tissues over time and changes in tissue properties (Choi et al., 

2015; Kwan et al., 2010; Teoh et al., 2016). The effect of sex varies for different soft 

tissues; for example, Teoh et al. (2016) reported no difference in plantar soft-tissue 

stiffness for males and females. While sex differences were detectable in patellar tendon 

stiffness (Taş et al., 2017) and fingertip stiffness (Abdouni et al., 2017). Testing tissues in-

vivo compared to ex-vivo, some alterations in mechanical properties exist due to 

physiological differences, perfusion pressure, and the effects of tissue connectivity on 

supporting structures (Delaine-Smith et al. 2016; Qian and Zhao 2018; Weickenmeier et 

al. 2018) 

The purpose of this work was to quantify large deformation, viscoelastic relaxation 

in-vivo soft tissue indentation characteristics of the hand in the scaphoid zone of the 

palmar tissue which is most commonly injured of all carpal fractures and can lead to a 

reduction of the mobility sector and the strength of grasp (Bahri et al., 2000; Choi & 

Robinovitch, 2011b; Jørgsholm et al., 2010), using a simplified approach to QLV model. 

Secondary objectives were investigating the effect of age and sex on palmar relaxation 
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parameters to take subject variability into account to define results that are more 

representative of the population, by using an indentation system with rigid support to 

improve the accuracy of the test. We hypothesize that the tissue characteristics are 

affected by sex and age with a decrease in viscosity of the tissue is expected for older 

adults compared to young adults. We further expect that the constitutive model 

parameters will be affected by sex and age.  

2.2. Materials and methods 

2.2.1. Experimental procedure 

Participants included 11 young adults between the age of 19 to 30 years old (6 

males, 5 females, mean age: 25±4yr, mean height: 167±15cm, mean body mass index 

(BMI): 23.31±4.48) and 9 older adults with the age above the 50 years old (6 males, 3 

females, mean age: 61.5±11.5yr, mean height: 175±10cm, mean BMI: 26.47±5.53).  The 

criteria for participant selection excluded any participants with acute or chronic pain, active 

disease states that could affect soft tissue stiffness, thickness, and any history of 

hand/wrist surgery two years prior to the experiment. All participants provided written 

informed consent. The experimental protocol and consent form were approved by the 

Office of Research Ethics at Simon Fraser University. 

To measure soft tissue thickness, an ultrasound probe (Clarius L7 BW, Burnaby) 

was placed on the palmar surface of the thumb, longitudinal to the trapeziometacarpal 

joint (Créteur et al., 2014). The measurement was recorded twice, and the average was 

recorded as the soft tissue thickness of the participant (Spartacus, Shojaeizadeh, and 

Sparrey 2021).  A custom-made hand and forearm support was used to hold the hand at 

0° dorsiflexion for wrist in neutral position perpendicular to the indentation probe (Fig. 2-

1) for the indentation test. Relaxation tests were performed on each participant once with 

a 3mm flat-ended cylindrical indenter (Bose LM 3200, Bose Corporation, Minnesota) by 

loading the palmar tissue to 50 % of the soft tissue thickness at 0.5 mm/s and holding the 

compression for 15 seconds. A preload of 0.1 N was applied on the target tissue of the 

hand for each relaxation test trial (Seyfi et al., 2018).  

The test system was precision controlled with safety limits within the software and 

an emergency stop button that could halt the test at any time. For additional safety, a metal 
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plate was placed under the Bose actuator that is connected to a rigid support (optical 

plate) to physically limit the movement of the indenter to that determined to be tolerable 

by participants (Fig. 2-1).  

In order to validate the suitability of using QLV theory to study the behaviour of the 

hand tissue, stress relaxation tests at four different strain levels (휀= 40%, 50%, 60%, 80%) 

were performed(F. Xu et al., 2008).  

 

Figure 2-1. Indentation angles at 0° dorsiflexion for wrist in neutral position. 
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2.2.2. Constitutive Model 

The viscoelastic response of the soft tissue was modeled using quasilinear 

viscoelastic (QLV) theory (Fung, 1993) based on a stress relaxation function and the 

instantaneous stress resulting from a ramp strain.  

The force-displacement formulation of the QLV model was used to fit indentation 

experimental data (Han et al., 2003): 

𝑭(𝒕) = ∫ 𝑮(𝒕 − 𝝉)
𝝏𝑭𝒆

𝝏𝜹

𝝏𝜹

𝝏𝝉
𝒅𝝉

𝒕

−∞

 
(2-1) 

The instantaneous force response (𝐹𝑒 ) was represented by the nonlinear elastic 

relationship used by Fung (Han et al., 2003; Toms et al., 2002; F. Xu et al., 2008): 

𝑭𝒆(𝜹) = 𝜶(𝒆𝜷𝜹 − 𝟏)    (2-2) 

where 𝛼 is a linear factor having the same dimension as force, and 𝛽 is a non-dimensional 

parameter representing the nonlinearity of the elastic response (F. Xu et al., 2008).  

A Prony series was used to model the relaxation response and the number of terms 

was assessed by how well they will fit the data (Wang, Schoen, and Rentschler (2013)).  

Prony series with 1,2 and 3 terms were considered. The reduced form of 2 terms Prony 

relaxation function was:                   

𝐆(𝐭 − 𝛕) = 𝟏 − 𝐩𝟏(𝟏 − 𝐞
−(𝐭−𝛕)/𝛕𝟏) − 𝐩𝟐(𝟏 − 𝐞

−(𝐭−𝛕)/𝛕𝟐) (2-3) 

with 𝑝1 and 𝑝2 as Prony coefficients and 𝜏1and 𝜏2 as time constants.  

Using the instantaneous force response: 

𝛛𝐅𝐞(𝛅)

𝛛𝛅
= 𝛂𝛃𝐞𝛃𝛅 = 𝛂𝛃𝐞𝛃𝛄𝐭    (2-4) 

After applying the integration limits for both time domains, loading time (𝑡 ≤ 𝑡0): 
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𝑭(𝒕 ≤ 𝒕𝟎) = 𝜶𝜷𝜸((
𝒆𝜷𝜸𝒕

𝜷𝜸
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And relaxation time (𝑡 > 𝑡0): 

𝑭(𝒕 > 𝒕𝟎) = 𝜶𝜷𝜸((
𝒆𝜷𝜸𝒕𝟎
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(2-6) 

 

Parameter optimization of 𝛼, 𝛽, Prony coefficients (𝑝1, 𝑝2) and relaxation time 

constants (𝜏1, 𝜏2)  was performed using non-linear optimization (Matlab R2019b, 

MathWorks Inc., Natick, MA, USA). QLV constants were fit to the experimental test results 

for each individual participant. To achieve a unique solution, the Prony series coefficients 

were constrained as p1<1 and p2<1 (T. Chen, 2000), the loading (t<t0) and relaxation (t>= 

t0) were  summed in the objective function (Abramowitch & Woo, 2004): 

𝐦𝐢𝐧
𝜶,𝜷,𝒑𝟏,𝒑𝟐,𝝉𝟏,𝝉𝟐

∑[𝑭𝒊
𝒆𝒙𝒑(𝒕𝒊) − 𝑭𝒊

𝒎𝒐𝒅𝒆𝒍(𝒕𝒊)]
𝟐
+

𝒕𝟎

𝒕𝒊=𝟎

∑[𝑭𝒋
𝒆𝒙𝒑
(𝒕𝒋) − 𝑭𝒋

𝒎𝒐𝒅𝒆𝒍(𝒕𝒋)]
𝟐

𝒕

𝒕𝒊=𝒕𝟎
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Optimization terminated when the step size was less than the value of the step size 

tolerance (1e-10). Multiple initial guesses were examined to investigate the relative 

insensitivity of the solution to them. The best solution for the QLV model was determined 

primarily by the best fit to the experimental data; however, computational efficiency 

(number of Maxwell elements) was also considered. 

2.2.3. Data analysis 

For statistical analysis, Multivariate ANOVA (MANOVA) (SPSS Inc, Chicago, 

Illinois, USA) was used to compare QLV coefficient values between young and older 

adults and male and female participants. Multivariate tests were considered significant at 
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p < 0.05. Post hoc analyses were performed with univariate ANOVA when significant 

differences were found in the MANOVA, with alpha was set at p < 0.05. 

2.3. Results 

The two-term relaxation function provided a closer fit with the experimental data 

compared to one-term model while maintaining appreciable mathematical simplicity 

compared to a three-term model (one element  0.78<R2<0.95, two elements 

0.82<R2<0.98, three elements 0.82<R2<0.98). The normalized relaxation of the hand 

tissue was consistent at all strain levels (Figure 2-2). Therefore, the assumption of linearity 

in the viscoelastic model was determined to be acceptable. 

 

Figure 2-2. Stress relaxation on hand tissue in four different strain levels 

The QLV model captured the experimental relaxation response of palmar soft 

tissues (Fig. 2-3). Measures of fit quality (R2) showed the QLV model was able to capture 

both the loading and relaxation responses well. The individual mechanical responses of 

the palmar soft tissues for all participants were well captured (R2> 0.87). The fit to the 

loading response (R2> 0.9) was better than the relaxation part (R2> 0.82). Due to the 

duration of the relaxation test, keeping the positioning of the hand stable was harder for 

some participants. Four older adults with hand tremor which was indicated by increased 

noise in the data.  
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Figure 2-3. Schematic of curve fitting of the experimental data using QLV model 
for a young adult and older adult at 0-degree hand positioning, 
relaxed muscle, 0.5 mm/s loading rate. 

The experimental data showed large variability between subjects and distinct 

differences in the mean response between older and younger adults (Fig. 2-4). The force 

during relaxation dropped by 35%±17 for younger adults. Older adults' loading was more 

linear and the drop during relaxation was 34%±18. There was a significant difference 

between younger adults and older adults when considered jointly on the QLV model 

variables (P1, τ1, P2, τ2, α, β), Pillai’s trace=0.89, F(6,22)= 6.25, P<0.05, partial ƞ2=0.95 

(Table 2-1). Univariate ANOVA found that there was a significant difference between 

younger adults and older adults on P1, τ1, τ2, α (p<0.05). Younger adults had 27% larger 

P1 values than older adults and 207% larger α. The model predicts a steeper initial slope 

(τ1) and faster time to reach equilibrium (τ2) for younger adults compared to older adults. 

There was not a significant difference between younger and older adults on P2 or β. 

Table 2-1. The QLV parameters for young and older adults in stress relaxation 
test. 

Subjects 𝑷𝟏 𝝉𝟏 𝑷𝟐 𝝉𝟐 𝜶 𝜷 

 M Range M Range M Range M Range M Range M Range 

Older 
adults 

0.4
7 

0.41-
0.54 1.90 

1.73-
2.07 0.35 

0.27-
0.43 198.11 186.3-210.2 0.65 0.58-0.72 0.31 

0.27-
0.35 

Young 
adults 

0.6
0 

0.53-
0.64 0.70 

0.60-
0.76 0.41 

0.33-
0.47 102.94 91.5-109.1 2.01 1.79-2.19 0.32 

0.26-
0.35 
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p-value <0.05 <0.05 0.05 <0.05 <0.05 0.56 

 

 

Figure 2-4. The average modeled relaxation curves for young and older adults. 

Sex differences in tissue response were evident in younger adults (Figure 2-5). A 

significant difference could also be seen between males and females in younger adults on 

the QLV model variables (P1, τ1, P2, τ2, α, β), Pillai’s Trace=0.93, F(6,8)=23.69, P<0.05, 

partial ƞ2=0.94 (table 2-2). Univariate ANOVA found that there is a significant difference 

between males and females in younger adults on P1, τ1, P2, τ2, α, β (p<0.05) with males 

having higher P1, τ1, P2, τ2, and α values than females (by 11%,14%,20%,10%, and 9%, 

respectively) and females having 10% higher β values compared to males. Young females 

showed a steeper initial slope (τ1) and faster time to reach equilibrium (τ2) compared to 

young males. Young females showed greater (36% ±19) and more instantaneous 

relaxation compared to young males (33% ±17). Due to a small number of females 

compared to males in older adults, sex differences for this age group were not 

investigated.  
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Figure 2-5. The average modeled relaxation curves for males and females in 
young adults. 

Table 2-2. The QLV parameters for males and females in young adults in stress 
relaxation test. 

Subjects 𝑷𝟏 𝝉𝟏 𝑷𝟐 𝝉𝟐 𝜶 𝜷 

 M Range M Range M Range M Range M Range M Range 

Female 0.56 
0.53-
0.59 0.64 

0.60-
0.71 0.36 

0.33-
0.40 95.11 91.2-101.1 1.91 

1.79-
2.03 0.33 

0.31-
0.35 

Male 0.62 
0.57-
0.64 0.73 

0.69-
0.76 0.43 

0.38-
0.47 104.54 99.8-109.3 2.08 

1.97-
2.19 0.30 

0.26-
0.33 

p-value <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 

 

2.4. Discussion 

Biomechanics of soft tissues have been studied for many years due to the wide 

range of their applications (Delaine-Smith et al., 2016; Don et al., 2003; Griffin et al., 2016; 

Xie et al., 2013; T. Xu et al., 2018; Yi et al., 2011). However, many of these earlier studies 

assume the soft tissues such as tendon, heart, skin, and cartilage to be linear elastic and 

only report Young’s modulus (Akhtar et al., 2012; E. J. Chen et al., 1996; Di Giamberardino 

et al., 2017). For a perfectly elastic material, no energy is lost to the sample during 

indentation and both the loading and unloading curves will be coincident (McKee et al., 

2011).  However, this is not the case for many soft tissues. Most of the biological tissues 
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possess complicated bio-rheological properties such as time dependency, hysteresis, and 

nonlinear elasticity (Chotard-ghodsnia & Verdier, 2007; Verdier et al., 2009). In this study, 

a simplified quasi-linear viscoelastic (QLV) model was assessed for its ability to capture 

the in-vivo soft tissue biomechanics of the palm.  QLV model parameters were found to 

differ with age and sex, highlighting the importance of using targeted material models 

instead of a single generic model to present palmar soft tissue mechanics. 

Similar to the strain history approach (Abramowitch & Woo, 2004), all constants 

were fitted simultaneously in our QLV model. Using reduced relaxation function, proposed 

by Fung, in QLV model encountered challenges such as fail of convergence to a solution 

or convergence to solutions that are not unique(Abramowitch & Woo, 2004; Madjidi et al., 

2009; Quaia et al., 2009; Y. P. Zheng & Mak, 1999). To address these issues, α was kept 

constant related to previous works or a different function for the instantaneous response 

was considered (Abramowitch & Woo, 2004; Y. P. Zheng & Mak, 1999). Other approaches 

imposed multiple constraints to solutions and replaced the Fung reduced relaxation 

function with a decaying (exponential) equation (Toms et al., 2002; F. Xu et al., 2008).  In 

this study, using the prony series as the reduced relaxation function, we have considered 

2 constraints for P1 and P2 (p1,p2<1) to achieve the best estimation for parameters. The 

comparison of the experimental data and theoretical results showed a good agreement. 

The measures of fit quality compare well (R2>0.87)  with other studies (R2>0.90)  on the 

accuracy of fitting the QLV model to the experimental soft tissue mechanics (Abramowitch 

& Woo, 2004; Kohandel et al., 2008; Lim et al., 2009; Sarver et al., 2003; Toms et al., 

2002; F. Xu et al., 2008; Y. P. Zheng & Mak, 1999). However, due to the in-vivo nature of 

the experiments and the length of relaxation, the fluctuation in gathered data was 

inevitable which caused a higher error for some participants especially older adults 

compared to studies using ex-vivo experiments (Abramowitch & Woo, 2004; Kohandel et 

al., 2008; Lim et al., 2009; Sarver et al., 2003; Toms et al., 2002; F. Xu et al., 2008). 

Hand characteristics and force data are needed for design of objects and 

ergonomic analysis. It provide users with sufficient control over objects that need to be 

held, transferred, or manipulated by the hand(Zhou, 2013). The continual use of the hand 

and repetitive grasping tasks can expose the upper limb to disabling musculoskeletal 

disorders such as tendonitis or carpal tunnel syndrome(Power et al., 2015). To prevent 

such problems, ergonomics studies focused on improving handles’ geometrical 

characteristics (Edgren et al., 2004; Kong & Lowe, 2005; Power et al., 2015). However, 
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the measurement of the grip force intensity and its distribution in the hand remained 

challenging since no quantified references for palmar soft tissue contact response were 

available. Currently, physical models in actual size are made and human subject 

experiment is performed to evaluate the grasp and comfort (Hokari et al., 2019, 2020).  

The repetition of this cycle to achieve the desired result is costly and time consuming. 

Numerical simulation was used to address the mentioned challenges to determine the 

contact force on the palm during grasping (Hokari et al., 2019, 2020). However, in these 

hand models, the properties used for palmar soft tissue were derived from a uniaxial 

compression test of subcutaneous tissue of pig due to lack of availability of human palmar 

tissue characteristics. Soft robotic hands and prosthetics are the other applications that 

require hand mechanical properties. As their advantage compared with their rigid 

counterparts, are safer human–robot and environment–robot interactions, they require the 

consideration of factors such as interaction forces and stiffness of the used materials 

(Deimel & Brock, 2015). Design studies of soft robotic hands have focused mostly on the 

soft fingers and bending actuators (Controzzi et al., 2014; Cruz et al., 2020; Fras & 

Althoefer, 2018; B. H. Wang et al., 2021). However, the palm plays a considerable role in 

grasping functionality which has drawn the attention of recent research work (B. H. Wang 

et al., 2021). Currently, Silicone layers which were widely used for mimicking the fingertips 

were considered for the palmar area as well (Cruz et al., 2020; Fras & Althoefer, 2018; B. 

H. Wang et al., 2021) despite the fact that the properties of the palm is different than the 

fingers. The availability of palmar tissue mechanical characteristics can be helpful to 

quantitatively evaluate the similarity of hand tissue and robotic hands and prosthetics in 

response to contact scenarios. The QLV parameters of hand soft tissues can be effectively 

incorporated into finite element algorithms. In the discrete finite element model, each term 

in the Prony series adds a substantial number of global variables. Thus, a short Prony 

series, which can accurately represent the material, is desirable (T. Chen, 2000; Pacheco 

et al., 2015).  Here, a two- term Prony series was picked, which balanced simplicity with 

fit to the data.  

The viscoelastic parameters based on large deformation can provide more 

accurate information about the condition of the palmar soft tissue compared to small 

indentation depth which is more likely to only assess the skin properties than underlying 

tissues.  
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The time constant (τ1) of the palmar tissue extracted in this study for young adults 

was smaller than that of the lower limb (4.69s) (Y. P. Zheng & Mak, 1999) and neck tissue 

(1.34s) (Huang et al., 2005) measured previously. Periodontal ligament (Toms et al., 2002) 

also showed longer time constants(τ1= 6.5s and τ2= 200s) compared to young and older 

adults' palmar tissue values. While palmar tissue showed a smaller value for τ1 compared 

to gluteal tissue (τ1= 2s) which indicates the faster initial drop during relaxation, higher τ2 

(M=102.9 for young adults and M=198.1 for older adults VS. 40s for gluteal tissue) showed 

a longer time that palmar tissue needs to reach to equilibrium state compared to the gluteal 

tissue(Then et al., 2012).  

A range of QLV parameter values is presented in this work. Selecting the 

combinations of variables within the range reported (which falls between the dashed lines 

indicated in Figure 2-6 for each age and sex group) is useable for future researchers to 

develop models that represent the diversity in human responses.  Age and sex 

differentiation of model parameters could help for more accurate predictions of applied 

force on the soft tissue. For instance, for young and older adults (figure 2-6a), the 

outcomes of different models for the same loading scenario would underestimate the force 

in the hand for older adults between 8s-25s time of relaxation compared with using a 

targeted material property for older adults. 

 

 

Figure 2-6. The relaxation curves for range of behavior (dashed lines) and 
average behavior (solid lines) based on the developed model for a) 
young and older adults and b) female and male adults with the same 
loading scenario. 
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Age and sex affect palmar soft tissue properties. The relaxation time constants for 

older adults were on average 2.3-fold higher than younger adults. This means besides the 

slower rate in force drop (approximately 72% of the force drop happened in the first 3 

seconds of relaxation for young adults while for older adults this amount was 49%), it takes 

longer for older adults to reach an equilibrium state. The force during the 15s of relaxation 

phase showed more decrease for younger adults compared to older adults (35%±17 VS. 

34%±18) which could suggest a less viscous response for older adults compared to 

younger adults. Other studies on the effects of aging on tissue properties confirm our 

findings of changes in soft tissue behaviour with age on skin and hip soft tissue (Bot et al. 

2009; Choi et al. 2015). Hip tissue stiffness was reduced by 2.9 fold and damping by 3.5 

fold (Choi et al., 2015) and skin stiffness and damping values dropped by 1.5 and 1.2 fold, 

respectively, in older adults compared to young adults(Bot et al., 2009). The decrease in 

the magnitude of the relaxation response in Achilles's muscle in aged rats compared to 

young ones (20% vs 25%) was also reported (Plate et al., 2013). Age-related differences 

in QLV parameters may be in part due to tissue thickness differences between young and 

older adults (Choi et al., 2015). Based on our ultrasound measures, total soft tissue 

thickness changed significantly between young and older adults (p<0.05), the total soft 

tissue thickness increased 19% in older adults which corresponded with a 13% higher BMI 

compared to young adults. Material properties of skin, fat, and muscle could be age-

related(Derby & Akhtar, 2015). Investigating various body regions (face, neck, abdominal, 

back, lumbar, gluteal, limbs) showed that the fibrous trabeculae were thickened in older 

skin. Aging reduced the capacity to divide and produce collagen and the enlargement of 

collagen fibrils diminished the skin elasticity ( Levakov and Bozanic 2012; Y. P). Up to 75 

% decrease in corresponded parameters to the recovery phase of the skin was reported 

(Luebberding et al., 2014).  Moreover, muscle fibers in aged populations have been found 

to be 20–60% smaller than those found in the 20-year-olds(Miljkovic et al., 2015). 

However, there are other studies that show no age-related changes in soft tissue 

properties such as Kwan, Zheng, and Cheing (2010) and Teoh et al. (2016), who were 

studying plantar soft tissue behavior. Considering the results of these studies it appears 

that aging can affect tissues differently. The reason could be the underlying differences in 

biological, structure, functional, or environmental factors (Choi et al., 2015). 

Comparing the value of time constants between males and females indicates that 

it takes longer for males to get to an equilibrium state (on average 1.2 fold) compare to 
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females in young adults while young females showed greater relaxation compared to 

young males (36% ±19 Vs. 33% ±17). While no difference was reported in effect of sex 

on mice liver QLV parameters(MacManus et al., 2019) and plantar tissue 

characteristics(Teoh et al., 2016), soft tissue over the medial side of the tibia showed sex-

related changes in reported parameters (Y. P. Zheng & Mak, 1999). Male showed 2.8 fold 

longer time constant and 1.29 fold higher α parameter compared to female similar to our 

trends (1.2 fold and 1.1 fold higher mean values in males for time constant and α, 

respectively, compared to females). The sex related changes could arise from difference 

in hormone levels and less heavy physical work in women (Abdouni et al., 2017; Moura 

Neto et al., 2013).  

A key limitation of our study is that the QLV model used based on force-

displacement makes the model less generalizable. However, for a more generalised 

approach (stress-strain), stress during indentation is not simply the force divided by the 

area but is more complicated due to irregularity of tissue geometry and contributions of 

underlying structures and tethering effects of the tissue being connected beyond the area 

under the indenter(Han et al., 2003). Analytic solutions (W. C. Hayes et al., 1972; M. 

Zhang et al., 1997) exist for different indentation shapes while assuming an isotropic 

elastic material under small strain, which is not the case for large deformation soft tissue 

mechanics. Simulation and numerical approaches (Abellan et al., 2013; Carniel et al., 

2013; GRAMIGNA et al., 2020; Pachera et al., 2016; Then et al., 2012) using magnetic 

resonance imaging (MRI) for non-destructive tissue geometry also have been used. 

Although they are feasible, besides being costly, they have their own challenges such as 

accurately simulating the geometry of the soft tissues by including all the layers and 

irregularities and transferring boundary conditions to the modelling and parameter 

estimation process (Han et al., 2003). Therefore, using the modified QLV in the form of 

force-displacement to fit the indentation experimental data in our study can offer accuracy 

while maintaining simplicity to investigate the applied forces during different scenarios of 

palmar tissue contacts. 

In general, there are many factors playing role on the soft tissue properties such 

as participants, the positioning of the tissue, and the testing site. As the location of the 

indentation is marked by the palpation method, the error in picking the exact location is 

possible, which can affect the test results. Maintaining a stable position during the whole 

test was challenging for some participants, especially older adults due to hand tremor. 
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However, while in-vivo characterization of soft tissue introduced mentioned challenges, it 

provided a more accurate and practical approach to obtain tissue behaviour that 

represents the reality of variability in impact responses. These variations could be due to 

differences in participant’s level of hormones(Chotard-ghodsnia & Verdier, 2007; Hama et 

al., 1976; IIVARINEN, 2014), the level of physical activity affecting the muscle 

tone(IIVARINEN, 2014; Liberman et al., 2017; Plate et al., 2013), or hydration state of their 

bodies(Kalra & Lowe, 2016; Main, 2011; Qian & Zhao, 2018; Then et al., 2007). Future 

attention to extend this study to a larger number of subjects, varying in gender is 

recommended for more thorough investigations. Also, testing different tissues in various 

parts of the body can help for better understanding and quantifying the aging process in 

soft tissues and mapping the tissues behavior in different impact scenarios more 

comprehensively. Therefore, developing a new indentation system that can reach different 

parts of the body and provide consistent data with minimum noise could be helpful. 

In conclusion, this paper quantified in-vivo soft tissue relaxation characteristics of 

the hand using large deformation which brings in the nonlinearity of the tissue behaviour 

besides considering the perfusion pressure and tethering effect. It is important to take 

subject variability into account while considering palmar soft tissue characteristics in 

human models as age and sex affect tissue behavior. Older adults showed less viscous 

response compared to younger adults and it took on average 1.2-fold longer to get to 

equilibrium state for males compare to females in young adults while young females 

showed greater relaxation (M=36%) compared to young males (M=33%). Age and sex 

differentiated QLV characteristics can be helpful to add bio-fidelity to human models that 

are better representative of the population. 
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Chapter 3.  
 
Effect of age, muscle activation and hand positioning 
on palmar soft tissue characteristics; better 
understanding the tissue behavior in different impact 
scenarios 

Contact and compression of the palmar tissue can occur during daily activities and 

incidents such as falls. It is critical to investigate the characteristics of palmar soft tissue 

because of its role in absorbing energy and mitigating load transfer to the upper extremity 

and torso. This can aid in improving the accuracy of human models and investigating injury 

risks in various injury scenarios. The purpose of this work was to capture large 

deformation, high-rate characteristics, typical of injury, of in vivo palmar soft tissue using 

QLV. We conducted cyclic test on 10 young adults (5 males, 5 females, 18<age<30, mean 

age: 26±2yr) and 9 older adults (8 males, 1 female, age>50, mean age: 57.9±5yr), in two 

muscle activation states (rested and active) at 0,45 and 65 degree hand positioning, using 

a 3mm indenter. The QLV parameters were found to differ with muscle activation state. 

While on average a 1.3-fold increase in Prony coefficient was found by activating the 

muscles, the time constants values dropped on average 45% for young adults and 33% 

for older adults.  Due to high inter-subject variability, the difference between age groups 

and hand positioning were not significant. However, trends could be found. The age-

related tissue stiffness for 0.2 Hz data experienced on average 23% and 46% drop for 

rested and activated state of muscle respectively and for 20 Hz data, the stiffness 

decreases by 26% for rested and 10% for activated state of muscle comparing older and 

younger adults. Therefore, it is important to use targeted material models to present 

palmar soft tissue to add biofidelity to human models. 

3.1. Introduction 

Falls, impacts and activities of daily living can all lead to palmar tissue contact, 

compression, and load transfer. Identifying these loadings and injury risks are important 

elements in designing effective safety systems, diagnosing at risk individuals, and 

establishing preventative interventions. Tissue characteristics can be used to improve the 

accuracy of computational models and test dummies which are tools to explore and 
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simulate a range of injury scenarios such as falls (Don et al., 2003; T. Xu et al., 2018; Yi 

et al., 2011). Wrist fracture due to fall depends on two main factors: the distribution and 

magnitude of forces applied to the palmar surface and the soft tissue response of the palm 

(Choi & Robinovitch, 2011a). Bone strength and integrity of each individual can also affect 

the severity and the probability of wrist fracture (Egund et al., 2020). There are several 

studies on the magnitude and distribution of the applied force on the hand during a fall 

(Burkhart & Andrews, 2010; Ge et al., 2014; Teoh, Lee, et al., 2015); however the is little 

work characterizing the mechanics of palmar soft tissues.  

Although little is known about palmar soft tissues, the few studies that have 

explored it suggest that it plays an important role in energy absorption during a fall and 

warrants further exploration. Palmar soft tissues may absorb up to 85 - 90% of the applied 

kinetic energy during impact (Nikolié et al., 1975). Choi and Robinovitch (2011) study on 

pressure distribution over the palmar region during forward falls in different configurations 

found that the location of peak pressure tends to be near the “danger zone”, a 2.5 cm 

radius centred over the scaphoid(Choi & Robinovitch, 2011a). Therefore, the contact 

properties of the soft tissues of the palm within the danger zone are expected to play a 

significant role in fracture risk for the wrist and arm.  

To accurately characterize palmar tissue mechanics in the context of a fall event it 

is important to consider other factors which may affect the observed tissue properties. For 

example, soft tissue stiffness and damping characteristics over the hip decreased with 

age (Choi et al., 2015; Kwan et al., 2010; Teoh et al., 2016). Muscle activation is another 

factor important factor in falls that may affect palmar tissue properties(Burkhart & 

Andrews, 2013; Monroy et al., 2017).  In a study by Santello & Mcdonagh (1998) on fall 

arrests, due to pre-landing activation, the stiffening of the arm muscles was reported 

(Santello & Mcdonagh, 1998). However, the specific contribution of muscle activation to 

variations in contact properties has not been quantified. Joint positions may also affect the 

forces that result from impacts due to changes in contact mechanics (Burkhart & Andrews, 

2010, 2013; Degoede & Ashton-miller, 2002; Kurt M. DeGoede & Ashton-Miller, 2003; Y. 

P. Zheng & Mak, 1999). Choi et al. (2011) found the peak force on the palm increased by 

increasing the wrist angle during a forward fall.  

In vivo soft tissues properties are both nonlinear and viscoelastic; therefore, it is 

important to characterize the palmar soft tissue at high loading rates and large 
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deformations. Using 20Hz frequency can provide a closer resemblance to actual fall rates 

from the standing position (Abdolshah et al., 2020; Chiu & Robinovitch, 1998) while 

maintaining the safety and comfort of the participants. For large deformations, the QLV 

model (Fung, 1993) is commonly used to characterize soft tissues, such as breast (Han 

et al., 2003), skin (F. Xu et al., 2008), tendon and ligament (Abramowitch & Woo, 2004; 

Sarver et al., 2003; Toms et al.) by incorporating both nonlinearity and time dependency 

(Han, Noble, and Burcher 2003; Toms et al. 2002; Yong Ping Zheng and Mak 1996). 

However, Fung’s proposed time dependant function (reduced relaxation), adds challenges 

for convergence and uniqueness of the solution (Abramowitch & Woo, 2004; Y. P. Zheng 

& Mak, 1999). Therefore, other approaches such as replacing the relaxation function and 

imposing constraints in model parameters were proposed (Chapter2) (Toms et al., 2002; 

F. Xu et al., 2008).   

The purpose of this work was to develop and validate a viscoelastic constitutive 

model for in vivo palmar soft tissue, which captures large deformation high-rate 

characteristics typical of injury. Secondary objectives were to investigate the effect of age, 

muscle activation and hand position on the constitutive model parameters and tissue 

stiffness. We hypothesize that the identified characteristics from large deformations are 

different than the ones from small deformations. Moreover, tissue characteristics are 

influenced by muscle activation, positioning of the hand and age as stiffening in palmar 

soft tissue is expected by activating the muscle and extending the wrist while lower 

stiffness is expected for older adults compare to young adults. This work represents the 

first report and comparison of in vivo characteristics of the human palmar tissue between 

different muscle activation states, age, and wrist angles. 

3.2. Methods and materials  

3.2.1. Subjects 

Participants included 10 young adults (5 female + 5 male) between the age of 19 

to 30 years old (mean age: 26.9 ± 2 yrs., mean height: 169 ± 10cm, mean body mass 

index (BMI): 22,45 ± 1,77) and 9 older adults (1 female + 8 male) above 50 years old 

(mean age: 57.9 ± 5.8yr, mean height: 180 ± 7cm, mean BMI: 26,13 ± 2,52). All 

participants provided written informed consent.  The experimental protocol and consent 

form were approved by the Department of Research Ethics at Simon Fraser University. 



49 

3.2.2. Test procedure 

The details of experimental setup can be found in V. Spartacus et al. (2021). 

Briefly, the measurements of the soft tissue thickness above the trapezium were taken 

twice (Fig.3-1) in a rested position with a handheld ultrasound scanner (L7, Clarius 

Mobile Health) and the average was considered as the soft tissue thickness for each 

participant.  

 

Figure 3-1. The location of ultrasound, d: soft tissue thickness. 

A custom-made arm support was used to hold the hand in three different angles 

(0,45 and 65 degrees) perpendicular to the indentation probe (Figure 3-2). Bose LM 3200 

(Bose Corporation, Minnesota), supported by an optical plate, was used to run the loading-

unloading (22 cycles) tests with a 3mm flat-ended cylindrical indenter. The loading- 

unloading tests were conducted at two different frequencies 0.2Hz and 20Hz to 50% of 

the participant’s soft tissue thickness to characterize the rate sensitivity of the tissue 

properties (Chen et al., 2011). For the analysis on both frequencies, the fifth cycle to the 

twenty-first cycle were considered. The first four cycles were not considered to avoid the 

preconditioning tissue response (V.Spartacus et al. 2021). At high frequency the 

displacement of the probe did not reach 50% of tissue thickness before reversing. 

Therefore, in the analysis the data loading up to 31% ( 0.2) of soft tissue thickness was 

considered for consistency in comparing high and low-rate tests. At each position, the 

participant’s data was recorded while they maintained two muscle activation states. Once 

when it was rested and once when activated (activating the thenar muscles by pulling 

against an elastic band). A surface electromyographic (EMG) (Trigno mini sensor, Delsys) 

used to record the muscle activation at each positioning angle. 
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Figure 3-2. Indentation angles, (A) 0° extension for wrist in neutral position, (B) 
45° extension and (C) 65° extension. 

In addition to an emergency stop button, a metal plate was connected to optical 

plate under the Bose actuator to physically limit the movement of the indenter to that 

determined to be tolerable by participants (Figure 3-2). 

3.2.3. Analysis model 

In this study, a simplified approach to QLV model was used to characterize the in 

vivo behaviour of the human palmar tissue for loading in both high and low frequencies 

(chapter 2). The method employed a separable viscoelastic formulation (QLV) with a two 

terms Prony series reduced relaxation function. The complex tissue structure was 

modelled as an isotropic continuum material with non-linear elastic (time-independent 

behavior) and linear viscoelastic material behavior (time-dependent behavior) (chapter 2). 

In a cyclic experiment, no time is allocated for the soft tissue to relax, therefore 

only the loading part of the QLV model presented in previous work (chapter 2) (equation 

3-1) was used to fit the loading curve:  
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(3-1) 

 

Where, 𝛼 is a linear factor and 𝛽 is a parameter representing the nonlinearity of the 

elastic response. 𝑃1, 𝑃2, 𝜏1, 𝜏2 and γ are the Prony series coefficients, the time constants, 

and the loading rate.  

To address the objective to develop a general QLV model that effectively 

captures the tissue response at different loading rates the model optimization can 

include all test conditions in the same cost function. Therefore, the optimization in 

MATLAB (R2019b, MathWorks Inc., Natick, MA, USA) with constraints of p1<1 and p2<1 

was performed to derive the material parameters to employ the objective function shown 

in equation 3-2:  
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(3-2) 

Where the first term represents the loading for low frequency (0.2 Hz) and the second 

term represents the loading for the high frequency (20 Hz). 

The material parameters for the QLV model were determined for each of the 

different experimental groups. Data was grouped by age (younger/older), wrist position (0, 

45, 65 degree) and muscle activation (activated/rested).  

Also, to have a better comparison between our variables; the muscle conditions 

(rested and activated), hand positioning, loading frequency and age range, an evaluation 
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of soft tissue stiffness on the force-normalized displacement (D/Dmax at 31% of soft tissue 

thickness) graph by estimating the slope of the loading curve was conducted. To calculate 

the stiffness of the soft tissue and including the properties of the whole tissue and not only 

the skin similar to Teoh et al. (2016) study, the slope of the data from 0.6 D/Dmax to 1 

D/Dmax was calculated and compared with the small deformation stiffness.  

3.2.4. Data Analysis  

For each incremental isometric task, root mean square (RMS) values were 

calculated from the raw EMG data in a 0.5-s window. EMG RMS values were normalized 

with the maximal level reached during the maximal isometric contractions (calculated over 

a 0.5-s interval centered on the maximal torque). 

For statistical analysis, Multivariate ANOVA was used to compare QLV coefficient 

values jointly between young and older adults at 3 different hand positioning and 2 muscle 

activation states (rested and active). Post hoc analyses were performed with univariate 

ANOVA when significant differences were found in the MANOVA. Wilcoxon test was used 

to analyze whether stiffness values are associated with muscle activation and frequency. 

Mann Whitney U test and Friedman test were used to evaluate difference in stiffness 

between different age groups (young and older adults) and different wrist angles, 

respectively. All analyses were conducted with a significance level of α=0.05. 

3.3. Results 

Captured palmar soft tissue behavior at 0.2 and 20 Hz frequencies indicated bio-

rheological properties such as nonlinearity, rate dependency and hysteresis (Fig.3-3).  
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Figure 3-3. Force-displacement curves for a young adult in 65 degree hand 
positioning in low (0.2) and high (20) frequency showing bio-
rheological behavior of palmar soft tissue. 

The QLV model proposed in previous section used to fit loading data up to 31% ( 

0.2) of soft tissue thickness at low and high frequencies, simultaneously. The results for 

older and younger adults in different hand positioning while the palmar tissue asked to be 

rested and activated showed high variability between participants (Fig. 3-4). 

  

 

Figure 3-4. Fitted models in both low and high frequencies to the curves at 25 
degree hand positioning for 2 muscle activation state for young 
adults shows high inter-subject variability. 

The QLV model was able to represent the loading well at both rates, as measured 

by fit quality (R2)(table 3-1 and 3-2). However, due to the length and in vivo nature of the 
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trials, the fluctuation in gathered data could not be avoided for some participants resulting 

lower fit accuracy for those participants especially older adults with hand tremor.  

Table 3-1. The QLV parameter from loading test for rested muscle state. 

Subjects 𝑷𝟏 𝝉𝟏 𝑷𝟐 𝝉𝟐 𝜶 𝜷 𝑹𝟐 

O-65 0.58±0.17 0.54±0.04 0.17±0.10 241.69±10.73 1.27±0.01 0.37±0.08 ≥0.80 

O-45 0.64±0.17 0.42±0.03 0.15±0.09 233.91±11.34 1.25±0.01 0.42±0.09 ≥0.85 

O-0 0.59±0.15 0.31±0.03 0.21±0.09 205.76±11.45 1.20±0.01 0.31±0.08 ≥0.85 

Y-65 0.69±0.13 0.42±0.03 0.20±0.11 140.16±9.34 1.33±0.02 0.32±0.11 ≥0.85 

Y-45 0.70±0.11 0.34±0.05 0.21±0.08 130±8.77 1.31±0.01 0.29±0.10 ≥0.90 

Y-0 0.60±0.09 0.25±0.02 0.28±0.09 112.89±9.89 1.29±0.01 0.50±0.10 ≥0.90 

 

Table 3-2. The QLV parameters from loading test for activated muscle state. 

Subjects 𝑷𝟏 𝝉𝟏 𝑷𝟐 𝝉𝟐 𝜶 𝜷 𝑹𝟐 

O-65 0.80±0.12 0.35±0.05 0.20±0.08 235.24±13.74 1.32±0.02 0.48±0.12 ≥0.80 

O-45 0.85±0.13 0.27±0.03 0.19±0.08 217.43±11.36 1.26±0.01 0.54±0.10 ≥0.80 

O-0 0.71±0.09 0.21±0.03 0.29±0.10 195.78±12.13 1.21±0.01 0.67±0.09 ≥0.80 

Y-65 0.86±0.13 0.25±0.04 0.25±0.12 134.37±12.41 1.49±0.02 0.37±0.11 ≥0.85 

Y-45 0.90±0.11 0.20±0.02 0.24±0.08 123.83±10.04 1.34±0.01 0.41±0.12 ≥0.85 

Y-0 0.78±0.11 0.13±0.03 0.31±0.12 86.65±12.02 1.38±0.01 0.53±0.11 ≥0.90 

 

Investigating the effect of age on QLV parameters using multivariate ANOVA for 

each angle and muscle activation state, no significant difference between young adults 

and older adults was detected (P1, τ1, P2, τ2, α, β), Pillai’s Trace= 0.12-0.56, p>0.05. 

However, trends can be seen in P1, τ1, α and β. Univariate ANOVA found that the time 

constant (τ1) was associated with age at all angles (p<0.05). For rested muscle, on 

average, the time constants for older adults were on average 1.7-fold higher than younger 

adults and while the muscle was activated, on average a 1.5-fold increase in the value of 

time constants was seen. This increase in time constant indicates that the older adults 

need for more time to get to equilibrium state. The change due to aging can also be found 
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in change of the other parameters such as Prony coefficient P1 and linear factor α, which 

show higher values for younger adults by on average 1.2 and 1.1-fold increase, 

respectively, compared to older adults. 

Muscle activation state showed a significant effect on palmar soft tissue properties 

extracted from the QLV model (Pillai’s Trace= 0.58-0.71, p<0.05) for young adults. 

Although the effect for older adults was not significant (p>0.05), the similar trend could be 

found for changes in parameters. While on average a 1.3-fold increase in Prony coefficient 

can be seen by activating the muscles, the time constants values drop 45% for young 

adults and 33% for older adults. This difference in effect of muscle activation on young 

and older adults might come from their ability to activate their muscle in different angles.  

 

Figure 3-5. Comparison of muscle activation between young and older adults in 
different angles. 

The percentage of muscle activation (the ratio of the muscle activation in each 

position to maximal voluntary contraction (MVC) of each participant captured during 3 s 

maximal isometric voluntary thumb flexion) was greater for young people compare to older 

adults (Fig. 3-5). The trend showed that young adults had a greater muscle activation for 

the angle 45° than the angles 0° and 65°. The level of muscle activation for older adults 

decreased by increasing the wrist extension angle. 

There was no statistical significance in effect of hand positioning on QLV 

parameters (Pillai’s Trace= 0.105, P>0.05) for either younger or older adults. 
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Figure 3-6. Typical curve fitting on loading curves in two frequencies for a 
volunteer. 

The average skin thickness for younger and older adults was 2.18±0.21 mm and 

2.48±0.26 mm respectively. As it is near to 60% of the indentation depth for the captured 

data, to emphasize the importance of large deformation and including the properties of the 

whole tissue, the large deformation stiffness has been assessed as well as small 

deformation (0 to 0.4 D/Dmax) (Fig. 3-6). 



57 

 

 

Figure 3-7. Stiffness for younger and older adults for low (0.2Hz) and high (20 
Hz) frequency in small deformation (S.D) and large deformation (L.D) 

Based on the data form our loading-unloading experiments (Fig. 3-7), there was 

an association between tissue stiffness (N/%indentation) and muscle activation for low 

frequency (p<0.05) except for older adults in 65 and 0 hand positioning angle. In 0.2 Hz 

frequency, on average, the tissue gets 90% and 62% stiffer for younger and older adults, 

respectively, by changing the state of muscle from rested to activated. Same trend can be 

detected at 20Hz frequency; on average 23% and 60% increases can be seen in the tissue 

stiffness for younger and older adults respectively by activating the muscle.  A significant 

association was found between the tissue stiffness and the test frequency for all muscle 

activation states and group ranges (p<0.05) except for 0-degree hand positioning. The 

stiffness captured at higher frequency (20Hz) were greater than low frequency (0.2Hz) 

stiffness. Also, soft tissue of older adults shows lower stiffness compared to younger 

adults except in low frequency at 0-degree hand positioning; however the results were not 
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significant. On average, the age-related tissue stiffness for 0.2 Hz data experience 23% 

and 46% drop for rested and activated state of muscle respectively and for 20 Hz data, 

the stiffness decreases by 26% for rested and 10% for activated state of muscle comparing 

older and younger adults. Calculated stiffnesses were significantly different between small 

and large deformation for each angle and age groups (p<0.05) except for 0-degree hand 

positioning at 20 Hz.   

3.4. Discussion 

Palmar tissue contact and compression can occur during sports and daily activities 

and incidents such as falls. Due to the role of palmar soft tissue in absorbing the energy 

and mitigating the load transferred to upper extremity and torso (Choi & Robinovitch, 

2011a; Nikolié et al., 1975), it is important to explore its characteristics. This can help to 

improve the accuracy of the human models and investigating the injury risks in different 

injury scenarios.  

While the effect of post-mortem time, muscle activation, age and joint position on 

soft tissue impact responses has been acknowledged (Burkhart & Andrews, 2013; Choi 

et al., 2015; Kurt M. DeGoede & Ashton-Miller, 2003; Kerdok et al., 2006; Monroy et al., 

2017; Ramo et al., 2018; Santello, 2005; Teoh et al., 2016; Y. P. Zheng & Mak, 1999), 

very few studies have quantified these effects on the in vivo response.  

Experimentally characterizing biological tissue is complex due to the limited 

availability of tissue samples, the changes in state and characteristics of isolated tissues 

in ex vivo experiments versus in vivo and the inherent variability between individual 

participants. Chatelin (2010) believes for many soft tissues, mechanical characterization 

in the in vivo environment may have important consequences in understanding the 

physical biology. Compared with ex vivo tests, some alterations in mechanical properties 

may exist due to perfusion pressure, tissue connectivity and tissue degradation (Chatelin 

et al., 2010; Delaine-Smith et al., 2016; Qian & Zhao, 2018; Weickenmeier et al., 2018). 

The difference in the tissue properties in ex vivo and in vivo can be seen by comparing 

the Young modulus reported for female forearm skin (Bader & Bowker, 1983; Elleuch et 

al., 2006). While Bader reported a modulus of 0.0011 MPa for an in vivo indentation test, 

Elleuch, and Zahouani reported 0.014 MPa for ex vivo compression test. The stiffening of 

the tissue in ex vivo experiments also has been reported in Prevost et al. on porcine brain 
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tissues comparing ex vivo and in vivo properties (Prevost, Jin, et al., 2011). In vivo 

indentation responses of soft tissue have been reported to be highly rate dependent, peak 

forces showed increase of 2.5-fold changing the rate from 1Hz to 10 Hz (Prevost, Jin, et 

al., 2011). However, in an ex vivo study  on porcine skin the material was reported 

insensitive to the strain rate (Remache et al., 2018). Other researchers have reported 

similar differences in material properties between in vivo and ex vivo conditions making 

the applicability of ex vivo properties questionable in investigating injury scenarios. Kerdok 

et al  reported stiffer (47%) and more viscous (87%) properties for liver ex vivo compared 

to the in vivo state, resulting in permanent strain deformation with repeated indentations 

(Kerdok et al., 2006). In a study by Ramo et al. on in vivo and ex vivo properties of spinal 

cord of a porcine, ex vivo samples experienced a higher stress, quicker and greater 

relaxation, and stiffer characteristics than in vivo samples. Significant differences between 

model parameters also was reported showing distinct relaxation behaviors, especially 

short-term response (0.1–1 s) (Ramo et al., 2018). This study suggested that the use of 

ex vivo experimental data would lead to significant model over predictions of the stress 

response and the relaxation due to a traumatic event which highlights the necessity of 

utilizing material models developed from in vivo experimental data. However, 

characteristics for in vivo human tissues have not been thoroughly explored; and most 

have been characterized using small deformation (Kalanovic et al. 2003,Viren et al.2018) 

and hand-held technologies which makes the measurements less reliable (Y. P. Zheng & 

Mak, 1999). Defining accurate contact characteristics using large deformation and various 

impact rates can be useful for advancing human models for designing of any technology 

that depends on quantified physical contact with the human hand (wearables, assistive 

devices, etc).  

The current study is the first to provide a detailed quantitative comparison of 

effective factors on in-vivo behaviour of palmar soft tissue. A simplified quasi-linear 

viscoelastic (QLV) model presented in previous study (chapter 2) was used to extract the 

nonlinear and time-dependent properties of in vivo palmar soft tissue located in danger 

zone. The QLV parameters were obtained by curve fitting the experimental indentation 

data. The indentation responses were collected in cyclic tests at 0°,45° and 65° hand 

positioning with 0.2hz and 20hz frequencies while the muscle was in rested and active 

states.  
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The comparison of the experimental data and theoretical results using the QLV 

model shows that there is a good agreement between the experimental data and analytical 

predictions. The nonlinear and viscoelastic properties of the soft tissues determined in this 

study can provide more information about the condition of the palmar soft tissue in different 

angles and muscle activation state in different group ranges compare a single Young's 

modulus.  

The influence of muscle activation state on palmar soft tissue properties captured 

by the QLV model parameters was significant. For instance, by activating the muscles, on 

average, the time constant values dropped 45% for young adults and 33% for older adults. 

This can be related to the fact that muscle activation stiffens the muscle. At 0.2 Hz 

frequency, on average, the tissue was approximately 2-fold stiffer for younger and older 

adults by changing the state of muscle from rested to activated. At 20Hz frequency, about 

1.5-fold increases were seen in the tissue stiffness for younger and older adults by 

activating the muscle. This observation is in agreement with previous studies by Boyer 

and Nigg (2004) and Tome Ikezoe, Yasuyoshi Asakawa, Yoshihiro Fukumoto and 

Ichihashi (2012) which showed that increase in muscle activity was accompanied by an 

increase in the stiffness of the soft tissue. This difference in the effect of muscle activation 

on young and older adults might come from their ability to activate their muscle at different 

joint angles as studies showed muscle activation changed with joint angle. Marsh et al 

study found changes in EMG activity regarding ankle dorsiflexion and Kubo witnessed the 

observation in knee joint position (Kubo et al., 2004; Marsh et al., 1981).  

The properties varied highly between individuals. While age was not a significant 

factor in tissue properties, the trend could be observed that soft tissues of older adults 

showed lower stiffness compared to young adults by estimating the slope of the loading 

curve. On average, the tissue stiffness for 0.2 Hz data experienced 23% and 46% drop 

for rested and activated state of muscle respectively and for 20 Hz data, the stiffness 

decreases by 26% for rested and 10% for activated state of muscle as aging occurs.  

Studies has shown that there are several factors that can result age-related differences in 

tissue stiffness; for instance, soft tissue thickness(Choi et al., 2015; Garcia et al., 2008), 

decrease of the content of elastin and collagen in skin over the time ( Levakov and Bozanic 

2012; Y. P. Zheng and Mak 1999), muscle tone reduction (Choi et al., 2015; Ezure & 

Amano, 2010) and environmental exposures and smoking (Derby & Akhtar, 2015) could 

be effective factors. Based on our ultrasound measures, total soft tissue thickness 



61 

changed significantly between young and older adults, the total soft tissue thickness 

increased  on average 16% in older adults. Thus, similar to studies by Kinoshita et al. and 

Garcia et al. on plantar tissue and Robinovitch, McMahon and Hayes on greater trochanter 

(Kinoshita 1996; Garcia et al. 2008; Robinovitch, McMahon and Hayes 1991), decrease 

in soft tissue stiffness could be the result of higher tissue thickness. Other studies on the 

effects of aging on tissue properties confirm our findings of reductions in soft tissue 

stiffness with age as well. In a study on the forearm by Bot et al.(2009), 50% higher 

stiffness reported in young adults compare to older adults Similar trend also was observed 

in Choi et al. (2015) with older adults showed 2.9 fold less stiffness compared to young 

adults. Contrarily, there are other studies such as Kwan, Zheng, and Cheing (2010) and 

Teoh et al. (2016) on plantar soft tissue that the stiffening of the tissue was reported by 

aging. Taking account the results of different studies on various tissues, due to differences 

in microstructures, functional and environmental factors, effects of aging can vary (Choi 

et al., 2015; Derby & Akhtar, 2015). Based on the observations in our work, even for the 

same tissue, the level of aging effectiveness could vary when the muscle is activated or 

rested or when the properties captured using low or high frequencies; the change between 

younger adults and older adults when the muscle is activated in high frequency is less 

compared to results from rested muscle.  

No statistical significance was found in effect of hand positioning on palmar soft 

tissue behavior. However, some trends could be found; in both muscle activation states, 

for both young and older adults, 65 degree showed longer time constants. Also, the 

increase in stiffness by flexing the wrist to 65° can be seen at high frequency when the 

muscle state is active for older adults. This finding is in agreement with Chen et al. that 

showed dependence of the mechanical response of the metatarsal head pad with joint 

angle, showing stiffer material responses in the flexed position than in the neutral 

position(W.-M. Chen et al., 2011). The reason for less trendy influence of hand positioning 

could be that during different muscle activations or joint positions, different type of soft 

tissue deformation occurs. Soft tissue motion is a factor accounted for most of the energy 

transfer and dissipation during an impact (Morgan, 1977).  

In this study, two Prony terms (X. Wang et al., 2013) was used in QLV model to fit 

to the experimental data. Evaluating the sensitivity of the results to the parameter, 

changing P1, τ1, α and β values to 2 times higher affects the results by 10%,6%,80% and 

950% respectively. However, changes in P2 and τ2 values has a very small effect on the 
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outcome (< 0.01%). Reducing the value of the parameters by 50% also resulted in change 

of 4% for P1, 3% for τ1,49% for α and 56% for β, while again minimum changes could be 

observed due to changes in P2 and τ2 (<0.01%). Therefore, to avoid redundancy and 

complications in simulations using QLV extracted parameters, it can be suggested that 

using one Prony term in QLV model (P1, τ1, α, β) can provide sufficient accuracy.    

It is worth mentioning that the parameters extracted from our model were fitted to 

low and high frequency at the same time which makes the model more suitable to be used 

for both high impact and low impact simulations. Since the difference on palmar soft tissue 

behavior between low and high frequencies was noticeable, as palmar soft tissue showed 

stiffer properties in 20 Hz compared to 0.2 Hz, the influenced derived parameters by higher 

frequency will be able to predict the consequence of impacts more accurately in various 

injury scenarios. The change in behavior of soft tissues in different impact rates confirms 

Toms et al. (2002) assumption that by utilizing a faster deformation rate a different tissue 

response for characterizing the coefficients of QLV model can be achieved. Moreover, the 

difference in calculated stiffness between the first 40% and last 40% of the maximum 

indentation depth points out the necessity of proper indentation depth for capturing the 

tissue properties. Small indentation depth is more likely to only assess the skin properties 

than underlying tissues. 

In this study there were number of factors that could affect the captured properties.  

As the location of the indentation marked by palpation method, the error in picking the 

exact location is possible. The tissue behavior could be different in different locations 

adjacent to the desired location (in 0.6 cm distance of the center in four directions) which 

could affect the test results (Fig. 3-8). One of the other factors is that in our testing protocol, 

the subjects were instructed to maintain a specific body posture and contract their muscle 

during the indentation test. However, there was no quantitative criterion used to monitor 

the degree of muscle contraction while the test was running. It was possible that different 

subjects might involve different degrees of muscle activation to maintain a specific 

position. Maintaining the stable position during the whole test was challenging for some 

subjects, especially older adults due to hand tremor, which caused noise in our 

measurements.  We found that there was a great variation in tissue behavior within-group 

among young and older adults. This may have been due to differences in their level of 

hormones, the level of physical activity, affecting the muscle tone, or hydration state of 

their bodies (Derby & Akhtar, 2015) as all of these may affect tissue properties. The tissue 



63 

behavior for an individual was observed to change across test days (Fig. 3-9), which may 

be in part due to the previously mentioned factors. Another limitation of this study was 

gathering enough data points for data analysis at 20 Hz frequency. Due to the speed of 

the experiment the maximum displacement recorded for each cycle was less than 50% of 

the soft tissue thickness. Also, the number of data collected in each cycle was a limited 

amount. Therefore, to gather enough data point for the analysis, on both frequencies the 

data from fifth to twenty first cycle and displacement up to 31% (±0.2) of soft tissue 

thickness were considered. 

 

Figure 3-8. The comparison between loading-unloading curves in adjacent of 
the desire test location. 
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Figure 3-9. The comparison between loading-unloading curves in 3 different 
days for a volunteer. 

In summary, it is suggested based on this study that muscle activation state and 

age could be the effective factors on palmar soft tissue behavior during impacts. 

Therefore, to add biofidelity to fall simulations and human models, it is important to involve 

these factors. Also, as fall scenarios can occur in different heights and velocities, the 

elaboration of tissue behavior in different impact rates into the model can help for more 

accurate analysis.  
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Chapter 4.  
 
Forward fall simulation: Investigating the effect of 
age and muscle activation on impact force using 
palmar soft tissue properties 

 

Prevalence of using hands in managing forward falls, to reduce risk of injury to the 

head and torso are associated with wrist fractures. To develop proper injury prevention 

strategies, characterizing the palmar soft tissue mechanics is critical as energy absorption 

by palmar soft tissue can help modulating the magnitude of the peak impact force. In this 

study we characterized the in vivo palmar soft tissue response to mechanical loading using 

two impactor sizes. The effect of muscle activation (rested and active) and age (19<young 

adults<30, 50<older adults) was quantified using QLV model parameters and incorporated 

to a forward fall simulation to determine the peak force and energy absorption. Muscle 

activation state affects the tissue properties. On average, τ1 values drop by 0.63-fold for 

young adults and 0.77-fold for older adults by activating their muscles. The increase of on 

average 1.3-fold in P1 values and 1.47-fold in α values were also detected for both age 

groups when the muscle was active compared to rested. While age was not a significant 

factor, the trends could be found; P1 showed on average 0.85-fold and 0.81-fold drop in 

values by aging for active and rested muscle, τ1, α and β increased on average 1.8, 1.2 

and 1.1-fold. Lower fall heights for older adults (0.4m) for fracture risk compared to young 

adults (0.5m) using forward fall simulation suggests the increase of injury risk of the wrist 

for older adults. These captured properties are critical inputs for computational models, 

which provide the foundation for understanding injury risk and assessing injury prevention 

strategies. 

4.1. Introduction  

Forward falls are one of the most common types of falls for younger and older 

adults(Espinosa et al., 2020) which are associated with upper-extremity injuries such as 

proximal humerus, elbow and wrist fractures (Cumming & Klineberg, 1994; Wilson C 

Hayes et al., 1993; Nevitt et al., 1993; Palvanen et al., 2000). Individuals often use their 
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hands to help manage a fall event, to reduce risk of injury to the head or torso. The hand 

was the most common point of impact (50% males, 33% females) in a longitudinal study 

analyzing the risk factors and consequences of falls in real life (Vellas et al., 1998).  

The prevalence of hand contact during forward falls has motivated many research 

groups to measure the distribution and the magnitude of force on the palmar surface 

during falls. Dietz, Noth, and Schmidtbleicher (1981) and Santello and Mcdonagh (1998) 

found that the peak impact force on the outstretched hand in a self-initiated forward fall 

can exceed the body weight. While fall kinematics has received more attention, there has 

been less emphasis on characterizing soft tissue mechanics despite their role in energy 

absorption and modulating the magnitude of the peak impact force and transmit it to other 

tissues during a forward fall (Chiu & Robinovitch, 1998). Therefore, quantifying the role of 

palmar soft tissues in forward fall dynamics is important for understanding injury risk and 

mitigation. The mechanical characteristics of the palmar soft tissue located in the palmar 

danger zone were previously assessed using small indenter tip (3mm) (Chapter 3). 

However, soft tissues  are affected by indenter tip geometry (Fischer-Cripps 2006; Qian 

and Zhao 2018). Therefore, a bigger indenter or contact plate would better replicate the 

contact surface during fall. Palmar soft tissues properties are important inputs into fall 

simulations. Quantifying the effect of variables that are likely to affect these properties, will 

improve the accuracy of these simulations. 

The results of the fall onto the hands are affected by age and muscle activation 

(Arnold et al., 2017; Lattimer et al., 2018). Age related differences in upper extremity 

strength and fall arrest strategy (the lower elbow extension angle and diminished capacity 

to absorb energy in older women compared to younger women) put older adults in higher 

risk for fall injuries (Lattimer et al., 2018a). During forward falls, all upper extremity muscles 

were active with activity peaking prior to peak impact forces (Burkhart & Andrews, 2013; 

Dietz et al., 1981; Santello, 2005). Studies on the biceps brachii (Nordez & Hug, 2010) 

and quadriceps femoris (Tome Ikezoe, Yasuyoshi Asakawa, Yoshihiro Fukumoto & 

Ichihashi, 2012) demonstrated an increase in tissue elastic modulus and damping 

characteristics due to muscle activation. Knowing that muscles are active before impact 

in a fall and that muscle activation affects other soft tissue properties, motivates the need 

to quantify the effect of muscle activation on the mechanical properties of palmar soft 

tissues.  
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Tissue properties are important input into models of falls that are used to estimate 

impact forces. There are several modeling methods used to estimate impact force 

including: single-damper models (Hansen et al., 2014; Kawalilak et al., 2014; Kazakia et 

al., 2011; Patsch et al., 2013); single-spring models (Johnston et al., 2019), two-mass 

spring-damper models (Abdolshah et al., 2020; Chiu & Robinovitch, 1998; Davidson et al., 

2006); and multicomponent models (Biesiacki et al., 2016; Kurt M. DeGoede & Ashton-

Miller, 2003; Gittens, 2005). While providing simplicity, the single spring and damper 

models do not provide any information about the low frequency impact force and the force 

transferred to shoulder (Johnston et al., 2019; Kawalilak et al., 2014). The multi-link 

dynamic models include elbow flexion but increase the complexity of the model (Biesiacki 

et al., 2016; Kurt M. DeGoede & Ashton-Miller, 2003; Gittens, 2005). Also, falls from 

various height levels can not be investigated because the models are fixed on the ground 

(Biesiacki et al., 2016).The two mass spring-damper model, which is capable of evaluating 

the impact forces from different fall heights, has shown good agreement with experimental 

results for estimating both high and low frequency impact forces (Abdolshah et al., 2020; 

Chiu & Robinovitch, 1998; Davidson et al., 2006). Therefore, the latter could be a good 

candidate to simulate the fall heights in outstretched hand from different height levels. 

However, the effect of palmar soft tissue properties has not been thoroughly investigated 

in this model. 

The overall goal of this work was to quantify the effect of palmar soft tissue 

properties on fall biomechanics for falls on to outstretched hands. The specific objectives 

of this work were: 1) to characterize the in vivo palmar soft tissue response to mechanical 

loading and assess the formulation of the QLV theory by comparing the model results for 

different impactor sizes. 2) to quantify the effects muscle activation (relaxed or active), 

and age (young individuals: 19-30 and older adults: +50) on palmar soft tissue response 

and QLV model parameters, and 3) to determine the effect of palmar soft tissue properties 

on peak force and energy absorption resulting from simulations of falls onto outstretched 

hands. We predict activating muscles will increase soft tissue stiffness and the peak 

impact forces in the fall simulations. We also hypothesize the captured properties will be 

dependent to the indenter size since the contact area between the indenters and the 

palmar soft tissue is different, particularly at large deformations. The results of this study 

will provide important quantification of palmar soft tissues for researchers building 
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computational models of falls and injuries and quantify the effect of these tissue properties 

on fall biomechanics. 

4.2. Methods and materials 

4.2.1. Participants 

Participants included 13 young adults (7 females + 6 males) between the age of 

19 to 30 years old (mean age: 26.9 ± 2.1 yrs., mean height: 168 ± 9 cm, mean body mass 

index (BMI): 22.6 ± 2.35) and 11 older adults (2 females + 9 males) above 50 years old 

(mean age: 58.4 ± 6.4 yr, mean height: 178 ± 8cm, mean BMI: 25.38 ± 2.73). The criteria 

for participant selection excluded any participants with acute or chronic pain, active 

disease states that could affect soft tissues and any history of hand/wrist surgery two years 

prior the experiment. Only right-handed participants were selected to eliminate effects of 

handedness. All participants provided written informed consent.  The experimental 

protocol and consent form were approved by the Department of Research Ethics at Simon 

Fraser University. 

4.2.2. Test procedure 

The test procedure has been detailed previously (chapter 2 and 3). Briefly, the soft 

tissue thickness was measured above the trapezium twice when the hand was in a rested 

position. The indentation depth was set at 50% of the average of the measured soft tissue 

thickness. Muscle activation was confirmed using a surface electromyographic (EMG) 

(Trigno mini sensor, Delsys) with the wrist angle of 65° by pulling the elastic band attached 

to the hand support that activated the thenar muscles.  

Indentation tests (Bose LM 3200, Bose Corporation, Minnesota) were run using a 

flat rectangular shape indenter with 2×5 cm2 surface area. The hand was positioned with 

the wrist at 65°. The results of the indentation test were compared to previously reported 

results using a 3mm diameter indenter used (chapter 3) to determine the effect of indenter 

size on palmar tissue properties. Twenty-two cycles of loading- unloading tests were 

performed at 0.2Hz and 20Hz frequencies once when the participants were asked to rest 

their hands and once when they were asked to activate their muscle. The test system was 

controlled with safety limits within the software and an emergency stop button to halt the 
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test at any time. For safety assurance, a metal plate was connected to optical plate under 

the Bose actuator to physically limit the movement of the indenter to that determined to be 

tolerable by participants (Fig. 4-1).  

 
 

Figure 4-1. Indentation test at the angle of 65° with bigger indenter tip. 

4.2.3. Analysis model 

A simplified approach to QLV model was used to characterize the in vivo tissue 

behaviour of the human palmar tissue. Tissue model variables were optimized to fit the 

results at both loading rates (Eq. 4-1).  
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(4-1) 

Where, 𝛼 is a linear factor and 𝛽 is a parameter representing the nonlinearity of the 

elastic response. 𝑃1, 𝑃2, 𝜏1, 𝜏2 are the Prony series coefficients and the time constants.  

The material parameters for the QLV model were determined for each 

experimental group. Data was grouped by age (younger/older) and muscle activation 

(active/rested). 

The sensitivity analysis of the QLV model to the parameter fitted to big tip data was 

done by changing each parameter value to 100% higher values and evaluating the effect 

on calculated force. 
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4.2.4. Simulation analysis 

Combining the derived QLV parameter in a two degree of freedom spring mass 

damper system (Chiu & Robinivitch) quantified the impact forces and energy absorbed in 

the hand and shoulder for different simulated fall heights (Fig. 4-2). 

 

 

Figure 4-2. Two mass model combined with QLV characteristics of palmar soft 
tissue. 

The equations of motion for the fall simulation were: 

𝑚𝑥1̈ + αβ∫ (1 − p1 (1 − e
−
t−τ

τ1 ) − p2 (1 − e
−
t−τ

τ2 ))𝑒𝛽𝑥1�̇�1𝑑𝜏
𝑡

0
+ 𝑏2�̇�1 + 𝑘2𝑥1 =

𝑏2�̇�2 + 𝑘2𝑥2 +𝑚1𝑔                                                                                                                  

 

(4-2) 

 

𝑚𝑥2̈ + 𝑏2�̇�2 + 𝑘2𝑥2 = 𝑏2�̇�1 + 𝑘2𝑥1 +𝑚2𝑔                                                             (4-3) 

According to sensitivity analysis, on derived QLV parameters for both big tip 

(presented in results) and small tip (chapter 3), the changes in P2 and τ2 values had 

almost no effect on calculated force (< 0.01%). Therefore, to avoid the complications in 

simulations and being able to reduce the impact problem to a solvable system of the 

first-order and second order differential equations (Argatov et al., 2016), P2 and τ2 were 

eliminated (using one-term Prony series in QLV model (P1, τ1, α, β)). 



72 

By adopting Argatov et al. approach (Argatov et al., 2016), the following system of 

equations was derived and solved (ParametricNDSolveMathematica, Version 12.2, 

Wolfram Research, Inc., Champaign, IL (2020)) to investigate the applied force and 

energy absorbed in the hand and shoulder: 

{
  
 

  
 

𝑥1
′(𝑡) = 𝜖(𝑡)

𝑚1𝜖
′(𝑡) + 𝛼𝛽𝐹(𝑥1, 𝑡) = 𝑏 𝑦

′ + 𝑘 𝑦 + 𝑚1𝑔 

𝑚2 (𝑦
" + 𝜖′(𝑡)) + 𝑏 𝑦′ + 𝑘 𝑦 = 𝑚2𝑔

𝐹′(𝑥1, 𝑡) = 𝑒
𝛽𝑥1(𝑡)𝜖(𝑡) −

1

𝜏1
𝐹 +

1

𝜏1
(1 − 𝑝1)𝑓(𝑥1, 𝑡)

𝑓′(𝑥1, 𝑡) = 𝑒
𝛽𝑥1(𝑡)𝜖(𝑡)

 

 

(4-4) 

With the initial conditions of: 

𝑥1(0) = 0, 𝜖(0) = √2𝑔ℎ, 𝐹(0) = 0, 𝑓(0) = 0, 𝑦
′(0) = 0, y(0) = 0                                                                                                                                            (4-5) 

Where 𝑚1 is equal to the mass of the entire upper extremity (hand, forearm, and arm), 

estimated at 5% total body mass (Chiu & Robinovitch, 1998; Clauser et al., 1969), 𝑚2 is 

equal to the effective mass of the torso, with approximation of 49% body weight (Chiu & 

Robinovitch, 1998), k and b represent the effective stiffness and damping of the shoulder 

and torso (adopted from Chiu & Robinovitch study)(Table 4-1) and P1, τ1, α and β 

represent the contact properties of palmar soft tissues. 𝑥1 is palmar soft tissue deflection, 

y= (𝑥2-𝑥1) is shoulder deflection, h is fall height and g is the gravitational constant 9.81 

m/s2. 

Table 4-1. The parameter values used in simulation 

  

 

 

 

 

 

Parameters values 

m1 (kg)-Older adults 4.0±0.6 

m2 (kg)-Older adults 39.7±5.9 

m1 (kg)-Young adults 3.2±0.5 

m2 (kg)-Young adults 31.6±5.4 

k (kN/m) 2.8(Chiu & Robinovitch, 1998) 

b (kNs/m) 0.29(Chiu & Robinovitch, 1998) 
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To achieve the impact response for both hand and shoulder,  a correction factor 

was needed to modify the QLV parameters of the palmar soft tissue contact 

properties(Delaine-Smith et al., 2016; Hill & Lapizco-Encinas, 2019).  For the big tip 

indenter results, the correction factor (γ) needs to be placed for p1 and for small indenter 

tip results it needs to modify the 𝜏1value. Therefore, the 𝑭′(𝒙𝟏, 𝒕) in system of equations 

(4-4) will be modified in form of:  

𝐹′(𝑥1, 𝑡) = 𝑒
𝛽𝑥1(𝑡)𝜖(𝑡) −

1

𝜏1
𝐹 +

1

𝜏1
(1 − γ p1) 𝑓(𝑥1, 𝑡) 

(4-6) 

For big tip and  

𝐹′(𝑥1, 𝑡) = 𝑒
𝛽𝑥1(𝑡)𝜖(𝑡) − γ

1

𝜏1
𝐹 + γ

1

𝜏1
(1 −  p1) 𝑓(𝑥1, 𝑡)                                                                                                                                      (4-7) 

For small tip.          

The simulation model was calibrated for 1,3 and 5cm falls for young adults based on the  

reported experimental values for the same age group for peak force applied to the 

hand(Chiu & Robinovitch, 1998). The correction factors have been found using NMinimize 

tool of Mathematica (Wolfram Research, Inc., Mathematica, Version 12.2, Champaign, IL 

(2020)) by minimizing the value of below function: 

 [((F peak hand-F experiment) 2) @1cm+ ((F peak hand -F experiment) 2) @3cm+ ((F peak hand -F 

experiment) 2) @5cm ]                                                                                                     

(4-8) 

The simulation has been done with 0.001m intervals for fall heights up to 0.75m, the fall 

height during a standing position (Abdolshah et al., 2020; Chiu & Robinovitch, 1998). 

Hand contact force for different age groups and muscle activation states were estimated 

by: 

𝐹ℎ𝑎𝑛𝑑 = αβ𝐹(𝑥1, 𝑡)                                                                                                  (4-9) 

And shoulder contact force was estimated by: 
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 𝐹𝑠ℎ𝑜𝑢𝑙𝑑𝑒𝑟 = b 𝑦
′ + k y 

 

(4-10) 

4.2.5. Data Analysis  

For statistical analysis, a multivariate ANOVA was used to compare QLV 

coefficient values between younger and older adults, two muscle activation states (rested 

and active), and 2 different indenter tips (big and small tips). Post hoc analyses were 

performed with univariate ANOVA when significant differences were found in the 

MANOVA. A Wilcoxon test determined the association of peak forces and energy 

absorption with muscle activation for younger and older adults. A Mann Whitney U test 

evaluated differences in contact force and energy absorption between different age groups 

(younger and older adults). The Spearman correlation test was used to test relationships 

between the body mass of participants and impact forces. All analyses were conducted 

with a significance level of α=0.05. 

4.3. Results 

QLV model variables (P1, τ1, P2, τ2, α, β) were significantly different between rested 

and active states of muscle, for young adults (Pillai’s Trace= 0.82, p<0.001) and older 

adults (Pillai’s Trace= 0.85, p<0.001) (Fig. 4-3).  On average, τ1 values drop by 0.63-fold 

for young adults and 0.77-fold for older adults by activating their muscles, while on average 

increase of 1.3-fold in P1 values and 1.47-fold in α values were detected when the muscle 

was active (p<0.05). There was no significant effect of age on the QLV model parameters, 

in part due to the high variability between subjects (Pillai’s Trace= 0.54, p=0.07 for active 

state; Pillai’s Trace= 0.52 , p=0.09 for rested state), trends could be found in changing the 

parameters. For example, while P1 showed 0.85-fold and 0.81-fold drop in values by aging 

for active and rested muscle, τ1, α and β increased on average 1.8, 1.2 and 1.1-fold (Table 

4-2). QLV model parameters were significantly different between small tip and big tip 

experiments (Pillai’s Trace= 0.65-0.76, p<0.05) for all age groups and muscle activations 

(Table 4-2). Specifically, P1, time constant (τ1) increased and α decreased with indenter 

size (p<0.05). 
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Figure 4-3. Fitted models in both low and high frequencies to the curves in 2 
muscle activation state for young and older adults for big tip. 

Table 4-2. The comparison of QLV parameters between big and small tip for 65 
angle hand positioning. 

 

Relaxed 

 

Active 

 

Parameters Older  Young Older Young 

𝐏𝟏  BT*  0.09±0.05  0.11±0.03  0.12±0.04  0.14±0.04  

ST** 0.58±0.17 0.69±0.13 0.80±0.12 0.86±0.13 

𝛕𝟏 BT  (0.99±0.21) ×10-2  (0.61±0.11) ×10-2  (0.77±0.25) ×10-2  (0.39±0.18) ×10-2  

ST 0.54±0.04 0.42±0.03 0.35±0.05 0.25±0.04 

  
𝐏𝟐 

BT 0.22±0.15 0.23±0.13 0.24±0.13 0.26±0.11 

ST 0.17±0.10 0.20±0.11 0.20±0.08 0.25±0.12 

  
𝛕𝟐 

BT 5172.51±178.45 5106.66±113.54 5154.06±153.66 5076.66±126.78 

ST 241.69±10.73 140.16±9.34 235.24±13.74 134.37±12.41 
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𝛂 

BT 2.10±0.24 1.6±0.21 2.89±0.26 2.51±0.23 

ST 1.27±0.01 1.33±0.02 1.32±0.02 1.49±0.02 

  
𝛃 

BT 0.51±0.08 0.44±0.07 0.55±0.07 0.49±0.06 

ST 0.37±0.08 0.32±0.11 0.48±0.12 0.37±0.11 

*BT: Big tip, ** ST: Small tip T: Big tip ST: Small tip 

Similar to sensitivity analysis of small tip parameters (chapter 3), the QLV model 

showed higher sensitivity to change of P1, τ1, α and β to 100% higher values (change in 

resulted force: 60%,21%,98% and 633%, respectively) compared to P2 and τ2 (< 0.01% 

on outcome force). Therefore, eliminating those parameters (reduction in the Prony series 

expansion) from the constitutive model for both small and big tip simulations led to 

avoidance of complexity in solution while maintaining the accuracy.  

Looking at the peak forces from loading tests for big tip (table 4-3) and comparing 

them to small tip data, presented previously, bigger contact surface resulted in higher peak 

forces. Older adults reached to peak force approximately 5 times higher and young adults 

reached to 3 times higher than the force reached with small tip for both frequencies while 

muscle is active. However, regardless of indenter tip size for capturing the tissue behavior, 

activation state of muscle had a significant effect on tissue properties while effect of aging 

was not significant although trends could be found.  

Table 4-3. The peak forces for low and high frequency cyclic tests for both age 
groups and muscle activation states. 

 Rested muscle Active muscle 

 0.2hz 20hz 0.2hz 20hz 

Subjects Force 
(N) 

Range  Force 
(N) 

Range Force 
(N) 

Range Force 
(N) 

Range 

Older 2.50 0.15-7.98 7.32 0.84-
19.14 

5.05 0.83-
10.44 

11.64 1.34-
19.61 

Young 2.79 0.93-6.98 4.19 1.35-
10.27 

3.87 0.75-8.59 8.14 2.81-
13.16 
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Figure 4-4  Comparison between the peak forces applied to the hand as a result 
of simulated forward falls onto the hands for three fall heights for 
small and big tip data compared with published experimental results 
(Chiu & Robinovitch, 1998) for young adults with muscle activated. 

The difference between small tip and big tip results was also confirmed by finding 

different correction factors (γ) for fall simulation. While, for big tip data, the calculated 

correction factor equal to 7.3 needed to be applied for P1 value, for small tip data this value 

was equal to 1/10-2, which modifies the 𝜏1 values in formulations. The range of calculated 

forces from applying the correction factor to parameters for all subjects were close to range 

of forces recorded in lab setting for falls from 1, 3 and 5 cm(Chiu & Robinovitch, 1998).  

The difference between reported average peak forces (Chiu & Robinovitch, 1998) and our 

simulation average peak forces to the hand was less than 5% for Big tip data and 6% for 

small tip data for all three fall heights (Fig. 4-4).  
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Figure 4-5  Impact force during simulated forward falls onto outstretched hands 
for older and younger adults from 5 cm fall heights in active state of 
muscle. 

Our simulation was able to characterize the hand contact forces during falls by an 

initial peak (high-frequency peak force, F1max) followed by a second peak (lower frequency 

peak, F2max) (Fig. 4-5).  

The results of our simulation showed a good agreement with experimental values 

for the time of the high and low frequency forces as the approximate time of first peak for 

young and older adults was predicted at 0.022 second and 0.018 second, and the 

approximate time of second peak is predicted 0.13 second after impact. 

Increase in the fall heights resulted in more increase in force applied to hand 

compared to shoulder. By changing the fall height from 0 to 0.75m, the force applied to 

the hand and shoulder increased on average 3227.9 N and 685.41N for young adults, 

respectively (Fig. 4-6.a). While The force applied to the hand showed higher values for all 

age groups, shoulder had higher energy absorption compared to the hand (Fig. 4-6.a,b). 

Models fit to big tip data resulted in lower peak forces in the hand for fall heights 

bigger than 4cm and lower shoulder force in all heights compared to small tip data (Fig. 

4-6.c,d). For instance, in 0.75m fall height, the big tip peak forces applied to the hand were 

12% lower than the small tip data. 
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Figure 4-6.  The simulation prediction of changes in a) peak forces and, b) 
energy absorption of hand and shoulder for young and older adults 
in active state of muscle for big tip data ,c) changes in peak forces 
and d) energy absorption of hand and shoulder for young adults 
resulted from big tip and small tip data. 

Muscle activation affected the peak force and energy absorption of the hand in 

both young and older adults significantly (p<0.05). In falls from standing position, by 

activating the muscle, the force and energy increased on the hand by on average 1.34-

fold for young adults and 1.37-fold for older adults (table 4-4). Similar trend was followed 

for shoulder as peak forces and energy absorptions have on average 1.1 and 1.37-fold 

higher value while the muscle is active compared to rested state. In general, by aging, 

the impact force and energy absorption applied to the hand and shoulder increased. For 

peak force on hand and shoulder, older adults showed on average 1.15 and 1.47-fold 

higher values compare to young adults. 

Table 4-4.  The peak forces and energy absorption for falls from 0.75 m height 
for younger and older adults for 2 muscle activation states 

 

Young adults 

 

Older adults 

 

Active Rested Active Rested 

Peak force- 

Hand (N) 

3227.9±1497.9 2401.5±1643.8 3593.4±2029.6 2619.1±2130.9 
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Peak force-
Shoulder (N) 

885.8±411.1 788.7±539.9 1289.2±728.1 1199.6±976.1 

Energy 
absorption-Hand 
(J) 

84.0±44.0 66.6±37.2 115.8±79.1 81.1±72.5 

Energy 
absorption- 
Shoulder (J) 

329.4±172.5 237.1±132.5 366.8±250.4 269.8±241.3 

 

The statistical analysis also showed that the impact forces applied to the hand in 

3cm and 5cm fall heights were positively correlated with body mass (p<0.05). 

4.4. Discussion 

The distribution and magnitude of force on the palmar surface is important due to 

the prevalence of hand contact during forward falls (Vellas et al., 1998). Palmar soft tissue 

helps to absorb the energy and modulate the magnitude of the peak impact force during 

a forward fall (Chiu & Robinovitch, 1998; Nikolié et al., 1975). In this study, a simplified 

quasi-linear viscoelastic (QLV) model was used to extract the nonlinear and time-

dependent properties of palmar soft tissue. The model was fit to experimental data 

obtained using two different indenter sizes.  

Muscle activation had a significant affect on palmar tissue properties while age of 

the participants did not. These observations were consistent between big and small tip 

experiments. For example, by activating the muscles, the time constant values dropped 

36% for young adults and 22% for older adults on average for big tip data. Increase in soft 

tissues stiffness was observed by muscle activation which could be the reason for 

changes in parameters(Boyer & Nigg, 2004; Monroy et al., 2017; Tome Ikezoe, Yasuyoshi 

Asakawa, Yoshihiro Fukumoto & Ichihashi, 2012). Although not significant, aging can also 

change the properties of soft tissue. While on average, p1 values dropped by 14% and 

18%, the time constant increased 98% and 61% for active and rested muscle, 

respectively. Also, increase in α and β values was detected by aging. The recorded soft 

tissue thickness for older adults was on average 16% thicker than young adults that could 

be one of the reasons of observed changes(chapter 3)(Choi et al., 2015; Garcia et al., 

2008). Decrease of the content of elastin and collagen in skin over the time ( Levakov and 
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Bozanic 2012; Y. P. Zheng and Mak 1999), muscle tone reduction (Choi et al., 2015; Ezure 

& Amano, 2010) and environmental exposures (Derby & Akhtar, 2015) are the other 

factors that could explain changes due aging.  

Three QLV model parameters were mostly affected by indenter size (p1, time 

constant (τ1) and α values). For instance, for young adults in rested muscle state, the p1 

value dropped on average by 70%, τ1 dropped by 98% and α increased by 25% by 

changing the small indenter to bigger size. The size and geometry of the indenter affects 

soft tissue properties (Oyen et al., 2012; Simha et al., 2007); the change of indenter size 

to three times bigger, changed equilibrium modulus of the cartilage by 50% (Simha et al., 

2007). The difference in captured data could be due to differences in amount of fluid flow 

from the soft tissue (Oyen et al., 2012). Also, fitting the QLV model in form of force-

displacement made the captured parameters more susceptible to change of the indenter 

size since the bigger contact surface resulted in higher force. However, a modification in 

our QLV characteristics was done for small tip and big tip parameters using correction 

factor. This resulted the values in a same range and introduced more unified QLV 

parameters as palmar soft tissue characteristics that can be used in simulations involving 

palmar soft tissue. 

The simulation model in this study, used spring mass damper system (Chiu & 

Robinovitch, 1998) to represent the characteristics of the shoulder and torso, with modified 

palmar soft tissue characteristics from our QLV model. It produced an impact force 

characterised by an initial force peak, Fmax1, followed by Fmax2 similar to other fall studies 

(Abdolshah et al., 2019, 2020; Chiu & Robinovitch, 1998; Degoede & Ashton-miller, 2002; 

Kurt M. DeGoede & Ashton-Miller, 2003; Rajaei et al., 2018). The values of both peak 

forces were more sensitive to change of α and β parameters in the model. By changing 

each QLV parameter to 2-fold of its average value, the force applied to hand and shoulder 

changed by 11% and 6% for α and 19%, 8% for β while changes in P1 resulted 7% and 

4% and changes in τ1 resulted in 5% and 3% changes in peak force of the hand and 

shoulder, respectively.   

Our simulation appears to have a higher estimation for the magnitude of peak force 

of the hand; For instance, the model reports 4% and 5% higher values compared to 

average measured applied forces (Chiu & Robinovitch, 1998) to the hand for 3cm and 

5cm fall heights in a lab setting, respectively. Higher predicted applied force to the hand 
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for higher fall heights (3.2kN for 0.75m) compared to predicted forces in other studies 

(2.7kN(Chiu & Robinovitch, 1998) and 1.4kN(Abdolshah et al., 2020)) suggests more 

rigorous safety plans for forward falls. The reasons for higher estimation in our model 

could be the difference in measured properties of the contact force of the hand using 

indentation compared to hand release experiments. Captured properties of indentation 

method does not bring the effect of position of the elbow and shoulder into account. 

However, in hand release experiments elbow flexion and contact with other parts of the 

body such as knees can affect the recorded response. Most volunteers demonstrated an 

arm angle of between 10° and 60° flexion as a landing strategy to reduce the injury risk in 

fall studies on the outstretched hand (Chou et al., 2001; Kurt M. DeGoede & Ashton-Miller, 

2003; Kim KJ, Schultz AB, Ashton-Miller JA, 1997).  Also, the correction factor was found 

using experiment data recorded for low height levels (1, 3 and, 5 cm), involving more, 

experimental results for higher level of falls can increase the possibly of reducing the error 

of predictions.   

The magnitude of peak force in shoulder increased with fall height, but not as great 

as the increase peak force in hand (Fmax1). For instance, the magnitude of the increase in 

Fhand for the young adults in active state of muscle is on average 5.5-fold higher than 

increase in Fshoulder by increasing the fall height from 0 to 0.75m. These results correlate 

well with the findings of Robinovitch & Chiu (1998) that reported increased applied force 

to hand by the average of 390 N, while 36N increase was measured for the force applied 

to shoulder for fall height from 1cm to 5cm. Moreover, energy absorption in shoulder 

shows higher values compare to energy absorption of the hand due to the low ratio of 

shoulder-to-wrist stiffness and greater displacement in shoulder (Abdolshah et al., 2020; 

Chiu & Robinovitch, 1998; Davidson et al., 2006; Gittens, 2005).  

Our simulation results show a good accuracy in prediction of time for impact forces 

compare to other studies. The approximate time of first peak force for young and older 

adults was predicted at 0.022 and 0.018s compare to 0.02s-0.03s from experimental 

results, and for second peak was predicted approximately 0.13s after impact compare to 

0.11s (Abdolshah et al., 2020; Chiu & Robinovitch, 1998; Kim & Ashton-Miller, 2009; 

Rajaei et al., 2018) while the time estimation of other simulations tended to underpredict 

the time to Fmax1 , and overpredict the time for Fmax2(Abdolshah et al., 2020; Chiu & 

Robinovitch, 1998; Gittens, 2005; Johnston et al., 2019). 
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The peak force applied to the hand could lead to a risk for wrist fracture. Burkhart 

et al, reported the probability of the fracture as 25% for impact force of 1053N, 50% for 

1858.2N, 75% for 2906N and 90% for 4015.3N (Burkhart et al., 2013). Chiu & Robinovitch 

considered 2270±880N for impact force for fracture by averaging the values reported in 

previous studies (Chiu & Robinovitch, 1998). Considering the average of the force 

associated with 75% probability in fracture from Burkhart et al. and the force reported by 

Chiu& Robinovitch, the fracture force equal to 2588±880N was used to assess the risk of 

fall from heights in our study. The variation in measured fracture forces in different studies 

such as Myers et al. (1991) which obtained 3390±880N for the fracture load of the radius 

and Spadaro et al. (1994) which reported 1640N±980, are due to differences between the 

methodologies such as age, condition and preparation of the cadaveric material, the 

position of the arm during loading, and the rate of loading (Burkhart et al., 2013; Frykman, 

1967; Myers et al., 1991; Spadaro et al., 1994). Based on our fracture threshold, on 

average fall heights above 0.4m for older adults and 0.5m for young adults can increase 

the risk of fracture. Similar to Lattimer et al., (2018), our results suggests the increase of 

injury risk of the wrist for older adults compared to young adults due to the higher impact 

force on hand and shoulders (results in table 4-4 for fall from standing position). Other 

than previously mentioned factor for changes in contact properties due to aging, the cause 

of higher impact force in older adults could be the heavier body mass (Chiu & Robinovitch, 

1998; Gittens, 2005), as older adults in our study on average had 1.2-fold higher value for 

the weight compared to young adults in our study. However, it is worth mentioning that the 

properties used for energy and force predictions for shoulder in older adults were the 

values reported in Chiu & Robinovitch study, measured from release experiment of young 

adults (age between 20 to 35), which can affect the results for older adults. 

Comparing the simulation results from different muscle activation states, lower 

peak force applied to hand and shoulder in rested muscle compared to active muscle is 

predicted. This points out the necessity of capturing the actual properties of the tissue 

based on the injury scenario to have a more accurate prediction of tissue response in 

injury simulations. Muscles undergo a preparatory level of muscle activation during falls 

(Burkhart and Andrews 2013; Dietz et al., 1981; Santello, 2005). EMG activity in arms 

began 130-200 ms prior to impact and built up continuously until impact occurred(Dietz et 

al., 1981). Therefore, it is important to consider the active state of muscle and consequent 
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changes in properties when developing an injury simulation to improve the bio fidelity of 

the model and strategy planning for injury prevention. 

However, while in vivo testing provides valuable insight into human tissues it can 

be confounded by uncontrollable variables. One of the limitations of our study is the 

uncertainty in level of muscle activation involved by our participants during indentation test 

and the possible difference from actual activation that happens during forward falls as the 

perceived danger during actual event can cause different level of reaction. Challenges in 

maintaining the stable position during the whole test for some subjects resulted in variation 

in tissue behavior within-groups among young and older adults. Future work to extend this 

study to a larger number of subjects, varying in sex and collecting more comprehensive 

demographic data could provide insights into the effects of these subject specific 

parameters on palmar soft tissue properties.  

In conclusion, this study characterized in vivo palmar soft tissue properties for the 

first time using different indenter sizes and applied those parameters in fall simulations to 

quantify their effect on impact force and energy. Muscle activation state had the greatest 

effect on tissue properties and highlights the necessity of including activation in soft tissue 

testing. Age was not a significant factor in tissue properties due to the high inter-subject 

variability. However, the trends could be found. This highlights the need to develop models 

that reflect a range of tissue responses. These properties are critical inputs for 

computational models of falls, which provide the foundation for understanding injury 

mechanics, injury risk and assessing injury prevention strategies. 
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Chapter 5.  
 
Developing and building a novel portable precision 
indentation system for in-vivo soft tissue 
characterization 

 

In vivo testing is necessary to investigate the mechanical behavior of living soft 

tissues which provides critical insights into tissue injury thresholds, the effect of 

disease/damage on tissue and inputs for computational models. Since access to different 

parts of the body in a live subject can be challenging, the current research is more focused 

on obtaining ex-vivo properties or using animal models despite the fundamental 

differences that they have compared to live human tissues. Moreover, the comparison 

between the obtained properties in studies is difficult due to the use of different systems 

with different force magnitudes and rates. In this work, we aimed to develop a portable 

high-precision in vivo tissue testing (HITT) system, to provide mechanical integrity and 

mobility. It has 300 mm range of motion in 3 axes to reach various tissues beside providing 

a range of force up to 200N with displacement up to 13 mm and velocity up to 1 m/s to 

capture the tissue behavior in greater forces and rates closer to injury scenarios. The 

maximum force and stiffness gathered from cyclic test, using 3mm and 25mm indenter 

tips, performed by HITT system was compared to ones from a Bose actuator connected 

to an optical plate to assess the accuracy of the system. The device showed a good 

accuracy in both low and high loads with less than 1.2% differences.  

5.1. Introduction  

Mechanical characterization of biological tissues provides critical insights into 

tissue injury thresholds (Budday et al., 2019; Estrada et al., 2021; Kalcioglu, 2013; Qian 

& Zhao, 2018), the effect of disease/damage on tissue behavior (Delaine-Smith et al., 

2016; Qian & Zhao, 2018), and as inputs for computational models (Chiu & Robinovitch, 

1998; Choi et al., 2015; Don et al., 2003; T. Xu et al., 2018). These experiments have 

primarily been conducted on isolated samples or in vitro specimens due to the logistical 

and ethical challenges of testing live humans. However, in vivo testing is necessary to 
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provide insight into the mechanical behavior of living soft tissues where blood pressure 

and interstitial fluids have a significant effect on tissue properties (Chatelin et al., 2010; 

Delaine-Smith et al., 2016; Qian & Zhao, 2018; Weickenmeier et al., 2018). Accurate 

measurement of in vivo soft tissue properties has been limited due to the cost and 

complexity of precision mechanical testing systems. There is a need for a new mechanical 

test system, which includes mobility to reach the tissue of interest to enable participant 

comfort while providing the mechanical rigidity necessary for precise measurement.  

Indentation testing is preferred for in vivo soft tissue testing. However, in vivo 

experiments have restricted directions and positions (Then et al., 2012; M. Zhang et al., 

1997). Handheld indentation technologies (Carter et al., 2001; Kalanovic et al., 2003; 

Kobayashi et al., 2012; Teoh et al., 2016; Teoh, Lee, et al., 2015); overcome accessibility 

issues but result in little control of displacement rate and lack mechanical rigidity for 

precision measurement (Kalanovic et al., 2003; Li et al., 2013). These systems are often 

limited by the range of displacement or applied force necessary for larger tissue 

deformations required to characterize the nonlinear soft tissue response. Therefore, a new 

system is required that is capable of larger deformations and higher applied forces while 

maintaining mechanical rigidity to accurately characterize in vivo soft tissue properties. 

Developing indentation testing devices for human tissues has been a compromise 

between mechanical integrity and mobility which has often resulted in mechanical integrity 

being compromised for tissue access. Therefore, we aimed to develop a portable high-

precision in vivo tissue testing (HITT) system to address a need for an indentation system 

with a rigid support to be able to reach different tissues in vivo and comprehensively map 

the properties of the various body parts in different positions.  

5.2. Method and material 

The system design and the components were selected to address prescribed 

design criteria (table 5-1).  The criteria were defined with three goals in mind 1) mechanical 

rigidity, 2) safety, and 3) portability to be able to test in different locations. Iteration of 

designs according to feasibility of manufacturing with input from machinists were 

considered. Based on computational analysis on different components to assess the 

rigidity, the final design was built, and its mechanical performance was evaluated.  
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Table 5-1. Design criteria for HITT system 

Design criteria 

Limited deflection in the system (<0.05mm) 

The ability to move the actuator through a range of positions (300× 300 ×300 mm3 volume) 

System stability (no tipping) while at any position and under full load (200 N). 

Portable system to move around the test table 

Must be able to assemble the system with hand tools and system must be able to be disassembled to 
move to different facilities.  

Self-contained system – all electronics housed within the table to facilitate the movement of the system 

Cost of frame < $150,000 CAD 

 

5.2.1. Integrated electronic components 

The HITT system is made up of the following components to provide proper 

traveling distance and the accuracy for the measurements:  

Actuator: 

Bose LM 3200 precision linear actuator (Bose Corporation, Minnesota); This motor 

technology provides a wide range of force (up to 200N), displacement (up to 13 mm) with 

1μm minimum incremental motion, and velocity (up to 1 m/s) for data accuracy. The 

system is controlled with limits within the software and an emergency stop button that can 

halt the test at any time.  

Linear stages: 

Three linear stages to provide X, Y, Z axis movements for the Bose linear actuator; 

MTN300CC Linear Stage controlled with XPS-D4 motion driver, for Z axis movement. It 

has 300 mm of travel and 0.1 μm minimum incremental motion. MTN stage can bear up 

to 100 kg with a high axial load capacity up to 200 N. The nut design includes anti-backlash 

preloading and a decoupling system ensuring little to no stage movement. The non-

migrating ball cage design prevents any drift in vertical applications.  

IDL225-300LM Linear Motor Stage integrated with XPS-EDBL controller providing 

the X and Y axis movements for the actuator. A travel range of 300 mm provides a broad 

coverage to measure soft tissue properties in different positions. A minimum incremental 
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motion of 50nm allow a precise positioning of the actuator above the subject. The off-axis 

load capacity up to 1000 N, provides the necessary stability for accurate measurements. 

5.2.2. Frame Design and Analysis 

To meet the defined design criteria, the system design was separated into a 

portable table platform to mount the IDL225-300LM linear stages and an upper frame to 

rigidly mount the MTN300CC linear stage and actuator and provide the reach to access 

different tissues. Modular system components were designed (SolidWorks 2016, Dassault 

Systems SolidWorks Corp., Waltham, MA, USA) and analyzed for stress and deformation 

(Ansys 2016, Ansys Inc., USA). For the FE models the properties set based on material 

used for the upper frame and the table; For aluminum 6105, E=70 GPa and Structural 

steel E=200 GPa with u=0.3 for both materials. The upper frame and table were subjected 

to loads of 300N and 1500N, respectively, equal to the approximate force applied by the 

weight of the parts. Boundary conditions were assigned as rigid at the points where the 

part was bolted to the adjoining piece. The model was meshed using hex dominant 

method. 

Materials were selected to maximize rigidity while minimizing custom machining 

needs. In order to keep the system simple and obtainable to be rebuilt, the 45×45 and 

45×90 t-slot aluminum profiles for frames were sourced from 80/20® Inc. The provided 

CAD files by manufacturer were used for each t-slot in developed models. 

Different designs for the upper frame were considered to meet the requirements 

(Fig. 5-1a,b). Fewer parts and cuts result in less variance in each measurement and higher 

accuracy in the final dimensions. Therefore, the final design using t-slot aluminum profiles 

was chosen to balance mechanical rigidity, weight, and limited parts (Fig. 5-1c) 
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Figure 5-1. Evolution of the frame design and table. Different itterations of 
design from a to c showed higher accuracy in final dimensions 
using aluminium t-slot profiles with fewer cuts.  

To make the connections between each profile cuts, custom designed 5mm thick 

steel plates were used. Custom machined plates resulted in increased rigidity at the 

connection points and decrease in cross bracing/additional parts. It also made in feasible 

for machining the profile cuts in specific desired angles that could not be considered in 

case of using commercially available connections. 

As the system is supposed to be operated not only in laboratories but also in 

operating rooms, which space efficiency is important, efforts were made to keep the 

footprint of the system as small as possible by utilizing a trapezoidal shape for the table. 

The stages, actuator, tabletop, and upper frame weigh approximately 150kg. This 

high load could result in deflection of the table legs. Therefore, truss elements were used 

to prevent buckling. To maximize the reach of the actuator, the LM stages and the frame 

were mounted orientated at the front edge creating a high loading at the front of the table. 

Thus, arch like arrangement, made from three 45° angled profiles (Fig. 5-1c) were added 

to the front of the table. Aluminum and structural steel plates with thickness ranging from 

0.5 inch to 1 inch were analyzed to determine the effect of material selection and thickness 

on table deformation and portability. An opening was added to the table top to feed 

electrical cables from the stages and actuator to their controllers. To achieve a higher 

dimensional stability and reduce the deflection in the upper frame, aluminum skins with 

thickness of 1mm were added to the frame. 
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The center of gravity (CG) was analyzed using SolidWorks 2016 to predict the 

probability of the system tipping in end range positions. To prevent deflection on top stage 

in a storage position (shown in Fig 5-1c, marked by a red cross), two Single Mount 

Unibearing™ Assemblies were attached to the back of top stage, eliminating the moment 

of force acting on the connection between the stages while allowing for smooth 

movements. To enhance stability at maximum extension, 96 kg of steel counterweights 

were added to the back of the table base. As HITT was intended to be portable and stable 

at the same time, a combination of a stand and a caster (leveling casters) was required. 

A pedal activated caster with adjustable stand (HRLK series, Caster-Case Solutions Ltd) 

was selected to enable rapid locking and adjustment for varied floor surfaces and level. 

5.2.3. Validation of the system 

To evaluate the system performance cyclic test (22 cycles) to displacement of 4.4 

mm were performed on Polyurethane rubber sheet with ¼ inch thickness. The test was 

done in two frequencies of 0.2 and 20 Hz using a 3mm flat indenter. The data (maximum 

force and stiffness) were compared with data gathered from Bose actuator connected to 

a rigid body (an optical plate). To evaluate the performance of the system in higher loads, 

a bigger size indenter with 25mm diameter and the frequency of 0.2 Hz was used to reach 

the displacement of 3.2mm.  Each test was repeated five times. The performance of HITT 

system was evaluated in three upper frame positions reflecting maximum extension of the 

system and maximum lateral positioning (Fig. 5-2). The 11th cycle of loading-unloading 

curve was considered to assess the peak force (N) and material stiffness (N/mm) from 0.7 

D/Dmax to 1 D/Dmax for each position.  

 

Figure 5-2. Positioning of HITT system for validation test. Case1) Actuator 
located at the middle of the stage, Case2 and Case3) Actuator 
located at the both ends of the stage. 
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5.3. Results 

The maximum amount of deformation in the simplified upper frame was 0.052mm 

for the prescribed loading. The revised frame design with less parts appeared to result in 

a smaller range of tolerances due to having less cuts and less deflection compared to 

initial design with deformation of 0.067mm. Adding the skins helped to reduce the frame 

deformation < 0.05 mm. Also making it easier to clean which will be crucial in using it in a 

lab or surgical environment. 

For the table deformation analysis, steel plate of 0.5-inch thickness showed the 

least deflection (0.05 mm) while aluminum plate had greater deflection (0.1 mm). 

However, the mass of the steel plate was about 30 kg higher compared to the equivalent 

aluminum plate. Increasing the thickness of the plate to 1 inch reduced the deflection of 

the steel plate and aluminum plate to 0.013 mm and 0.024 mm respectively, while the 

wight of the steel plate was about 60 kg higher than the aluminum one. Although, steel 

provided more rigidity to whole structure, but the effect was not significant enough 

compromising the weight that would have been added to the device limiting its 

maneuverability. So, the aluminum plates with thickness of 1 inch were chosen to be used. 

The stability of the system during CG analysis was assured by adding 8 metal blocks as 

counterweights, which helped to keep the fabrication process simple. 

The performance of the HITT system was assessed with comparing the indentation 

test results for the peak force and stiffness with recorded results from a Bose actuator 

connected to a rigid optical plate (table 5-2 and 5-3). 

Table 5-2. Measured maximum force of two frequencies by HITT system and 
Bose attached to optical plate. 

 
Max force(N)  
0.2 Hz 20 Hz 

Case1 9.68±0.12 7.86±0.05 

Case2 9.97±0.41 7.89±0.04 

Case3 9.81±0.22 7.82±0.02 

Optical 
plate 

9.81±0.17 7.85±0.03 
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The difference between measured maximum force for all three cases and the 

optical plate is less than 1.2% for 0.2 Hz frequency data and less than 0.5% for data 

gathered from 20 Hz cyclic load. 

The difference between measured stiffness for all three cases and the optical plate 

is less than 1% for 0.2 Hz frequency data and less than 0.7% for data gathered from 20 

Hz cyclic load. 

Table 5-3. Measured stiffness of two frequencies by HITT system and Bose 
attached to optical plate. 

 
Stiffness (N/mm)  
0.2 Hz 20 Hz 

Case1 3.83±0.10 3.45±0.02 

Case2 3.78±0.26 3.46±0.03 

Case3 3.81±0.12 3.42±0.02 

Optical 
plate 

3.75±0.17 3.44±0.02 

 

The difference between recorded maximum force for all three cases and the optical 

plate using a 25 mm indenter to reach a higher load, is less than 1% and the difference 

between measure stiffness was less than 1.1% (table 5-4). 

Table 5-4. Measured maximum force and stiffness using 25mm indenter tip. 
 

Max force (N) Stiffness (N/mm) 

Case1 143.05±2.75 72.15±1.40 

Case2 143.87±2.80 72.80±1.41 

Case3 142.66±2.65 71.85±1.3 

Optical 
plate 

142.70±1.61 71.97±0.9 

 

Our designed system (Fig.5-3) has a footprint of 75x75 cm and 186cm height, 

small enough to be used in laboratory and surgical settings. The built system is portable 

and can be repositioned and realigned for each test allowing and entire limb contact 

characteristics to be captured in one test session.  
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Figure 5-3. The built HITT system. 

5.4. Discussion 

The developed in-vivo indentation system in this work is believed to help gaining 

knowledge for a better and more precise understanding of soft tissue contact 

characteristics in vivo.  

Many soft biological tissues such as liver (Carter et al., 2001; Kalanovic et al., 

2003; X. Wang et al., 2013), omentum tissue (Delaine-Smith et al., 2016), breast tissue 

(Han et al., 2003), articular cartilage(Mak et al., 1987) and plantar tissue (Teoh, Lim, et 

al., 2015) have been characterized using indentation method. However, the current efforts 

are either aimed at 1) obtaining ex vivo properties or 2) using animal models. Reaching to 

different part of the bodies in a live subject can be challenging; However, in vivo conditions 

are important for accurate mechanical characterization due to change of conditions such 

as temperature, hydration, break-down of proteins and loss of blood supply (Garo et al., 
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2007; Tuttle et al., 2014; Weickenmeier et al., 2018). Animal models such as the porcine 

model provide important insights into tissue mechanics but have fundamental differences 

in anatomy and tissue consistency compared to human tissue.  

Moreover, despite several studies on indentation of human soft tissues, the 

comparison between the properties is difficult due to the use of different systems with 

different force magnitudes and rates. These systems include a loading– unloading device 

with an ultrasonic transducer (Wangetal.,1999), an optical coherence tomography (OCT) 

based air-jet indentation system (Chao et al., 2010) and tissue ultrasound palpation 

systems (Y. P. Zheng & Mak, 1999). The majority of these instruments were designed to 

investigate tissue viscoelastic properties under small deformations and forces despite the 

importance of investigating tissue properties in a variety of deformation and force ranges 

in order to use the data for different application. For instance, Phantom indentation system 

is capable of applying maximum force of 8.5 N on samples (Lim et al., 2009), a light load 

indentation device (Pailler-Mattéi & Zahouani, 2006) offers 100mN maximum force, a 

range of indenting velocities from 5 to 1500 μm/s and indentation depth up to 2 mm, and 

TeMPeST instrument (Kalanovic et al., 2003) has a range of motion of +/- 500 μm and 

maximum force of 300 mN, while tissue behavior in greater forces and rates closer to 

injury scenarios might be different. This makes the use of those extracted characteristics 

questionable in applications such as injury simulations. Our developed HITT system can 

provide a range of force up to 200N with displacement up to 13 mm and velocity up to 1 

m/s.   

Using hand- held technologies without a rigid support to overcome the reachability 

to targeted tissue introduces difficulty and inaccuracy in gathering the data (Carter et al., 

2001; Kalanovic et al., 2003; Kobayashi et al., 2012; Teoh et al., 2016; Teoh, Lee, et al., 

2015). The importance of having a rigid support for running the indentation test should be 

noted as experimentally, the displacement measured by the displacement gauge consists 

of two parts: the penetration into the sample and the deflection of the loading frame which 

lead the measurements to reflect both the tissue stiffness and the machine stiffness. When 

the load frame deflection is large enough, e.g., approaching the same order of magnitude 

as the depth of penetration, any analysis can become invalid on the experimental data 

when treating the displacement reading as solely from the contact response. Therefore, 

rigidity of the frame of the indenter is required for more reliable and accurate 
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measurements in different load ranges and materials (Kalanovic et al., 2003; Li et al., 

2013). 

Our developed portable HITT system showed acceptable results in measuring the 

Polyurethane rubber mechanical behavior in response of cyclic load in two different 

frequencies compare to the Bose actuator connected to an optical plate as a rigid support. 

The difference between the results (maximum force and stiffness) using 3mm indenter tip 

were less than 1.2% for low frequency and less than 0.7% for high frequency. The device 

also showed acceptable accuracy comparing the results in higher loads using a 25mm 

indenter tip. The difference between the HITT system results and Bose actuator connected 

to optical plate were less than 1.1% for peak force and stiffness. As the material has a 

porous structure, the difference between results can come from the porosity distribution in 

the material that has been compressed by indentation system for each trial. The difference 

between the high frequency results compare to low frequency ones was less noticeable 

as the material is compressed for less amount of time and was able to recover faster than 

lower frequency which needed more time to recover. A limitation of our current approach 

to characterize system performance was that we did not complete a modal analysis to 

identify the natural frequency of the system to understand where the operating limits of 

the system may be. This will be conducted in future studies.  

The device developed is believed to have the potential to define characteristics 

critical for advancing computational models and simulations to design improved injury 

prevention technology. It provides a method for controlled and comparable testing of soft 

tissue in vivo and for use as a diagnostic device in identifying abnormal stiffness of tissue. 

Since our device does not provide rotational degrees of freedom, including this feature 

could be the focus of the future work on designing the next generation HITT system to 

improve the accessibility to various tissues. 

In summary, our portable impact indentation system facilitates high-precision in 

vivo mechanical testing at the bedside in the clinic or operating room for the first time. It 

has 300 mm range of motion in 3 axes to test a range of tissues and allows us to generate 

precise spinal cord contusion impacts on large animals.  
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Chapter 6.  
 
Discussion and conclusion 

 

6.1. Discussion 

Forward falls are one of the most common types of falls for younger and older 

adults (O’Neil 1996; Espinosa et al. 2020), which are associated with upper-extremity 

injuries such as proximal humerus, elbow and wrist fractures (Cumming & Klineberg, 

1994; Wilson C Hayes et al., 1993; Nevitt et al., 1993; Palvanen et al., 2000). Individuals 

often use their hands to help manage a fall event, to reduce risk of injury to the head or 

torso. Among fall-related injuries, scaphoid fracture located in danger zone accounts for 

60% of all carpal fractures(Choi & Robinovitch, 2011b). 

The prevalence of hand contact during forward falls motivated many research 

groups to measure the distribution and the magnitude of force on the palmar surface 

during falls (Chiu & Robinovitch, 1998; Dietz et al., 1981; Santello & Mcdonagh, 1998). 

While fall kinematics has received more attention, there has been less emphasis on 

characterizing palmar soft tissue mechanics despite the key role that it plays in modulating 

the magnitude of the peak impact force and transmitting it to other tissues during a forward 

fall (Chiu & Robinovitch, 1998). Therefore, the overall objectives of this thesis were to 

characterize the in vivo palmar soft tissue response to mechanical loading using different 

impactor sizes and forces and develop constitutive models that capture the tissue 

response to loading typical of falls to predict the peak force and energy absorption from 

different fall heights using fall simulation. Coupling these characteristics with age (young 

individuals: 19-30 and older adults: +50), wrist joint position (neutral and extended) and 

muscle activation (relaxed or active) added a new level of biofidelity that improves the 

accuracy of human models as well as the design of any technology that depends on 

quantified physical contact with the human hand (i.e., wearables, orthoses, assistive 

devices, haptic interfaces, etc.). The current study is the first to provide a detailed 

quantitative comparison of effective factors such as muscle activation, age and hand 

positioning on in-vivo behaviour of palmar soft tissue. 
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While the effect of post-mortem time on soft tissue impact responses has been 

acknowledged (Kerdok et al., 2006; Monroy et al., 2017; Ramo et al., 2018; Santello, 2005; 

Teoh et al., 2016b; Zheng & Mak, 1999), very few studies have looked at in vivo responses 

of soft tissues.  Experimentally characterizing biological tissue is complex due to the 

limited availability of tissue samples, the changes in state and characteristics of isolated 

tissues in ex vivo experiments versus in vivo and the inherent variability between individual 

participants. Compared with ex vivo tests, some alterations in mechanical properties may 

exist due to perfusion pressure, tissue connectivity and tissue degradation (Chatelin et al., 

2010; Delaine-Smith et al., 2016; Qian & Zhao, 2018; Weickenmeier et al., 2018). The 

stiffening of the tissue in ex vivo experiments also has been reported in Prevost et al. on 

porcine brain tissues comparing ex vivo and in vivo properties (Prevost, Jin, et al., 2011). 

In vivo indentation response was reported to be highly rate dependent, with peak forces 

increasing 2.5-fold from 1Hz to 10 Hz (Prevost, Jin, et al., 2011). While in an ex vivo study 

by (Remache et al., 2018) on porcine skin, the material was insensitive to strain rate. Other 

researchers have reported similar differences in material properties between in vivo and 

ex vivo conditions making the applicability of ex vivo properties questionable in 

investigating injury scenarios. Kerdok et al  reported stiffer (47%) and more viscous (87%) 

properties for liver ex vivo compared to in vivo state (Kerdok et al., 2006), Ramo et al. 

reported a higher stress, quicker and greater relaxation and stiffer characteristics for ex 

vivo samples of porcine spinal cord compared to in vivo (Ramo et al., 2018). Therefore, 

use of ex vivo experimental data would lead to significant model overpredictions of the 

stress response and the relaxation due to a traumatic event which highlights the necessity 

of utilizing material models developed from in vivo experimental data. Characteristics for 

in vivo human tissues have not been thoroughly explored; and most have been 

characterized using small deformation (Kalanovic et al. 2003,Viren et al.2018) and hand-

held technologies which makes the measurements less reliable (Y. P. Zheng & Mak, 

1999). Defining accurate in vivo contact characteristics using large deformation and 

various impact rates in our study can be useful for advancing human models. 

Linear and nonlinear viscoelastic models have been used to represent biological 

tissues due to time dependency (Argatov, 2013; Assie et al., 2010; Brands et al., 2004; 

Edelsten et al., 2010; H. Liu et al., 2007; Prevost, Balakrishnan, et al., 2011; Sedef et al., 

2006; W. Zhang et al., 2007). The criticism of nonlinear models is that there is limited 

improvement in fit to experimental results over linear models but they are mathematically 
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difficult (Brands, Peters, and Bovendeerd 2004; E. Gohari, M. Haghpanahi 2011; 

Holzapfel, Gasser, and Stadler 2002; Troyer and Puttlitz 2012; Wang, Schoen, and 

Rentschler 2013).  Although mathematically simple, linear viscoelastic models cannot 

capture certain tissue properties such as strain rate-dependent force response and can 

lead to a inaccurate model (Baran & Basdogan, 2010; Fung, 1993; K. Liu et al., 2009).  

Adding components such as generalised Maxwell models is expected to increase the 

accuracy(Ahn & Kim, 2010; Baran & Basdogan, 2010; Samur et al., 2007); however, each 

addition increases the complexity of the model (X. Wang et al., 2013). It is important to 

develop constitutive models that balance accurate prediction of the soft tissue response 

with mathematical complexity.  

Most of these models have been used for materials undergoing small deformations 

with no nonlinear behaviour. However, for areas such as injury biomechanics, soft tissue 

injuries generally occur at large deformation, high loading rates and high frequency 

(Nicolle et al., 2004; Tan, 2014). The quasilinear viscoelastic (QLV) constitutive model 

(Fung, 1993) is linear with respect to relaxation but still accounts for nonlinear large 

deformation in a simplified integral model viscoelastic (Han et al., 2003; Toms et al., 2002; 

Yoo et al., 2009; Yong Ping Zheng & Mak, 1996). It has been used widely to characterize 

biological soft tissues, such as tendon (Sarver et al., 2003), lower limb (Y. P. Zheng & 

Mak, 1999), gluteal tissues (Then et al., 2012), breast (Han et al., 2003), skin (F. Xu et al., 

2008), ligament (Abramowitch & Woo, 2004) and periodontal ligament (Toms et al., 2002). 

However, difficulties in fitting the quasilinear model for stress relaxation tests were 

previously shown (Abramowitch & Woo, 2004; Toms et al., 2002) since using the reduced 

relaxation function proposed by Fung can add challenges for convergence and 

uniqueness of the solution (Abramowitch & Woo, 2004; Y. P. Zheng & Mak, 1999). 

Therefore, adopting a simpler approach for the relaxation function in models can be 

helpful. 

In this study, a simplified quasi-linear viscoelastic (QLV) model was assessed for 

both stress relaxation and cyclic tests for its ability to capture the in vivo soft tissue 

biomechanics of the palm. The comparison of the experimental data and theoretical 

results using the QLV model showed that there was good agreement between the 

experimental data and analytical model. The QLV parameters of hand soft tissues can be 

effectively incorporated into finite element algorithms. In the discrete finite element model, 

each term in the Prony series adds a substantial number of global variables. Thus, a short 
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Prony series, which can accurately represent the material, is desirable (T. Chen, 2000; 

Pacheco et al., 2015).  In our model, using two-term Prony series as the reduced relaxation 

function balanced model simplicity with accuracy. We have considered 2 constraints 

(P1,P2<1) and all constants were fitted simultaneously for ramp up and relaxation sections, 

to achieve the best estimation for parameters.  

The calculated stiffness based on our experimental data showed on average 150% 

higher stiffness at 20 Hz compared to 0.2 Hz. The derived parameters, influenced by both 

high and low frequencies, will be able to predict the consequence of impacts more 

accurately in various injury scenarios. Therefore, in cyclic tests, the parameters extracted 

from our model were fitted to low and high frequency at the same time. The distinct 

characteristics that were found between 0.2 and 20 Hz made them good candidates to 

capture more generalized properties that is suitable for both low and high impact 

responses. The reason for including 20 Hz is the closer resemblance to actual fall rates 

from the standing position (3.1-3.7m/s) (Abdolshah et al., 2020; Chiu & Robinovitch, 1998) 

and providing the accuracy in prediction of the time of the peak force in a forward fall (Chiu 

& Robinovitch, 1998). Also, due to in vivo characterization of palmar soft tissue, the safety 

and comfort of the participants were critical, which could still be provided by using 20 Hz 

as the high frequency. The change in behavior of soft tissues in different impact rates 

confirms Toms et al. (2002) assumption that by utilizing a faster deformation rate, a 

different tissue response for characterizing the coefficients of QLV model can be achieved 

(Toms et al., 2002). Moreover, the difference in calculated stiffness between the first 40% 

and last 40% of the maximum indentation depth points out the necessity of large 

deformation (>30% of soft tissue thickness) for capturing the tissue properties. Small 

indentation depth is more likely to only assess the skin properties than underlying tissues.  

A range of tissue responses was provided in this work to highlight the high inter-

subject variability. This can assist future researchers to develop computational models of 

different injury scenarios that consider the diversity of human responses. Assessing how 

the variables such as muscle activation and age affect the palmar soft tissue behaviour, 

pointed out the importance of using targeted material models instead of a single generic 

model to add bi- fidelity to human models (Chapters 2 and 3). 

QLV model parameters for relaxation test were found to differ with sex and age. 

Comparing the value of time constants between males and females indicates that it takes 
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longer for males to get to equilibrium state (on average 1.2-fold) compared to females in 

young adults while young females showed greater relaxation compared to young males 

(36% Vs. 33%). The sex related changes could arise from difference in hormone levels 

and less heavy physical work in women (Abdouni et al., 2017; Moura Neto et al., 2013).  

Investigating the effect of aging, the trend was observed that soft tissues of older 

adults showed lower stiffness compared to young adults by estimating the slope of the 

loading curve (Chapter 3). On average, the tissue stiffness for 0.2 Hz data experienced 

23% and 46% drop for rested and activated state of muscle respectively and for 20 Hz 

data, the stiffness decreases by 26% for rested and 10% for activated state of muscle for 

older adults compared with younger adults. The force during 15 s of relaxation phase 

decreased more for younger adults compared to older adults (35% VS. 33%) which could 

suggest less viscous properties for older adults compared to younger adults (chapter 2). 

However along with the decrease in viscous damping in older adults the reduced tissue 

stiffness in older adults resulted in on average 2.3-fold higher value for time constant 

compared to younger adults (τ= ƞ/k). This means beside slower rate in force drop 

(approximately 72% of the force drop happened in first 3 seconds of relaxation for young 

adults while for older adults this amount was 49%), it takes longer for older adults to reach 

to equilibrium state in relaxation test. Also, Age-related differences in QLV parameters 

could arise in part from tissue thickness differences between young and older adults (Choi 

et al., 2015). Based on our ultrasound measures, the total soft tissue thickness increased 

19% in older adults while on average they showed 13% higher BMI compared to young 

adults as well. Also, studies showed that the material properties of skin, fat, and muscle 

could be age related. Therefore, these changes could be related to the decrease of the 

content of elastin and collagen in skin over the time by aging (Levakov and Bozanic 2012; 

Y. P. Zheng and Mak 1999). Other studies on the effects of aging on tissue properties 

confirm our findings of changes in soft tissue behaviour with age on skin and hip soft tissue 

(Bot et al. 2009; Choi et al. 2015). However, there are other studies that shows no age 

related changes in soft tissue properties such as Kwan, Zheng, and Cheing (2010) and 

Teoh et al. (2016), who were studying plantar soft tissue behavior. Considering the results 

of these studies it appears that aging can affect tissues differently. The reason could be 

the underlying differences in biological, structure, functional, or environmental factors 

(Choi et al., 2015). 
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Muscle activation state affected palmar soft tissue (chapter 3). For instance, by 

activating the muscles, the time constant values dropped on average 45% for young adults 

and 33% for older adults. This can be related to the fact that muscle activation stiffens the 

muscle.  At 0.2 Hz frequency, on average, the tissue got about 2-fold stiffer for younger 

and older adults by changing the state of muscle from rested to activated. At 20Hz 

frequency, about 1.55-fold increases were seen in the tissue stiffness for younger and 

older adults by activating the muscle. This observation is in agreement with previous 

studies by Boyer and Nigg (2004) and Tome Ikezoe, Yasuyoshi Asakawa, Yoshihiro 

Fukumoto and Ichihashi (2012) which showed that increase in muscle activity was 

accompanied by an increase in the stiffness of the soft tissue. This difference in the effect 

of muscle activation on young and older adults might come from their ability to activate 

their muscle in different angles as studies showed muscle activation changed with joint 

angle in ankle and knee (Kubo et al., 2004; Marsh et al., 1981).  

Compared to muscle activation state and age, hand positioning shows less 

influence on palmar soft tissue behaviour (chapter 3). The reason could be that during 

different muscle activations or joint positions, different type of soft tissue deformation 

occurs. Soft tissue deformation is a factor accounted for most of the energy transfer and 

dissipation during an impact (Morgan, 1977). 

In chapters 2 and 3, the mechanical characteristics of the palmar soft tissue 

located in the palmar danger zone was assessed using small indenter tip (3mm). However, 

for better imitation of contact surface during fall with the palmar soft tissue, a bigger 

indenter (2×5 cm2) was used in chapter 4 to investigate the influence of indenter tip 

geometry on test results. Three QLV model parameters were mostly affected by indenter 

size (P1, time constant (τ1) and α values). Looking at the effect of muscle activation and 

age on properties, similar trends detected from small tip data were found for big tip data 

as well (chapter 4). 

The derived parameters were used to investigate peak force and energy 

absorption in different height levels of falls. In studies by other researchers on impact force 

during falls, most falls conducted in a lab setting are from low fall heights due to limit injury 

risk (Abdolshah et al., 2020; Chiu & Robinovitch, 1998; Johnston et al., 2019). Simulation 

provides a method for studying falls that cannot be performed experimentally.  
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There are several different methods for simulating palmar soft tissues. Single 

spring models provide simplicity but are not capable of estimating both force peaks applied 

to the hand in response to the falls  (Johnston et al., 2019; Kawalilak et al., 2014). 

Multicomponent models (Biesiacki et al., 2016; Kurt M. DeGoede & Ashton-Miller, 2003; 

Gittens, 2005) are fixed on the ground and not capable of studying the fall impact from 

different height levels. Two-degree of freedom spring-mass-damper system, proposed  by 

(Chiu & Robinovitch, 1998a) are capable of explaining the applied forces to the hand and 

shoulder during the forward falls from different height levels on a outstretched hand 

(Abdolshah et al., 2020; Davidson et al., 2006; Hansen et al., 2014; Kazakia et al., 2011). 

The simulation model in this study advanced the two-degree of freedom spring-mass-

damper by integrating the characteristics of the shoulder and torso, with modified obtained 

palmar soft tissue characteristics from our QLV model. The resulting model produced an 

impact force characterised by an initial force peak (Fmax1), followed by Fmax2 regardless of 

the changes in fall height. The QLV characteristics were modified for small tip and big tip 

models, which resulted in values in a same range and introduced more unified QLV 

parameters that can be used in simulations involving palmar soft tissue characteristics. 

Including the characteristics captured by different impactor sizes and finding the correction 

factors for each of those geometries could be helpful to confirm the generalizability of the 

presented modified QLV parameters.  

Our simulation results show a good accuracy in the prediction of time for impact 

forces compared to other studies. The approximate time of first peak force for young and 

older adults was predicted at 0.022 and 0.018 s compared to 0.02s-0.03s from 

experimental results, and for second peak was predicted approximately 0.13 s after impact 

compared to 0.11s (Abdolshah et al., 2020; Chiu & Robinovitch, 1998; Kim & Ashton-

Miller, 2009; Rajaei et al., 2018). The time estimation of other simulation studies tended 

to underpredict the time to Fmax1 and over-predict the time for Fmax2 (Abdolshah et al., 2020; 

Chiu & Robinovitch, 1998; Gittens, 2005; Johnston et al., 2019).  

Our model accurately estimated the magnitude of peak force of the hand, within 

5% and 6% of average measured applied forces (Chiu & Robinovitch, 1998) to the hand 

for 3cm and 5cm fall heights in a lab setting, respectively.  

An increase in fall height produced an increase in impact force and energy. 

Although the magnitude of peak force in the shoulder also increased with fall height, it was 
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not as great as the increase in the peak force in the hand. For instance, by increasing the 

fall height to 0.75m (fall height from standing position) for young adults while their muscle 

is active, the increase in force applied to their hand was 5.5-fold higher than the increase 

in force applied to the shoulder. Moreover, energy absorption in shoulder showed higher 

values compared to energy absorption of the hand which is believed to be due to the low 

ratio of shoulder-to-wrist stiffness and greater displacement in shoulder (Chiu & 

Robinovitch, 1998). Similar observations were made by other research groups which 

confirm the trends captured from our simulation results (Abdolshah et al., 2020; Chiu & 

Robinovitch, 1998; Davidson et al., 2006; Gittens, 2005; Rajaei et al., 2018).  

The applied peak force to the hand could lead to a risk for wrist fracture. In our 

study 2588±880N was considered as the threshold for wrist fracture force which is the 

average of the force associated with 75% probability in fracture (Burkhart et al., 2013) and 

the force reported by Chiu& Robinovitch. The variation in measured fracture forces in 

different studies such as Myers et al. (1991) which obtained 3390±880N for the fracture 

load of the radius and Spadaro et al. (1994) which reported 1640±980N, are due to 

differences between the methodologies used in each study such as age, condition and 

preparation of the cadaveric material, the position of the arm during loading, and the rate 

of loading used (Burkhart et al., 2013; Frykman, 1967; Myers et al., 1991; Spadaro et al., 

1994). Based on our simulation, the falls from heights above 0.4m and 0.5m for older 

adults and young adults can increase the risk of fracture. Higher impact force on hand and 

shoulders (chapter 4) suggests the increase risk of injury of the wrist in older adults 

compared to young adults, similar to Lattimer et al., (2018). In addition to age-related 

material property changes (chapter 2 and 3), the cause of higher impact force in older 

adults in our simulations could be the heavier body mass (Chiu & Robinovitch, 1998; 

Gittens, 2005), as older adults on average had 1.2-fold higher value for the weight 

compared to young adults in our study. These results could be valuable since most of the 

fall studies on older adults had more focus on their activation strength, fall timing and their 

balance due to safety considerations as it is not known whether falls from even small 

heights onto force plates might cause any injuries(K. M. DeGoede et al., 2003; Gittens, 

2005). However, it is worth mentioning that the properties used for energy and force 

predictions for shoulder in older adults were the values reported in Chiu & Robinovitch 

study, measured from release experiment of young adults (age between 20 to 35) which 

can affect the results for older adults. 
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Differences in tissue properties that were observed with rested and active muscle 

emphasize the necessity of capturing the actual properties of the tissue based on the 

injury scenario. Our simulation results predicted higher forces and increased fracture risk 

in activated muscle compared with rested muscle for the same fall heights (chapter 4). 

Several studies have confirmed that the muscles undergo a preparatory level of muscle 

activation in an attempt to adequately respond to unknown forces during falls (Burkhart 

and Andrews 2013; Dietz et al., 1981; Santello, 2005). Therefore, applying the active 

palmar soft tissue contact properties in fall simulations could be helpful for improving the 

bio fidelity of the simulations and strategy planning for the injury prevention.  

In our study, the palmar soft tissue characteristics were captured using an 

indentation system. The indentation system can provide independent control over applied 

displacement and rate. Therefore, more accurate experimental parameters (displacement 

and velocity) similar to the actual impact scenarios such as falls can be implemented to 

capture the tissue properties (Delaine-Smith et al., 2016; Griffin et al., 2016). The other 

method for capturing the tissue characteristics according to the impact scenarios is the 

pendulum test. While in this method, the control over the rates and displacement is limited, 

the soft tissue behaviour can be captured including characteristics of the joints such as 

wrist and elbow joint (Burkhart & Andrews, 2010). The damping characteristics of the joints 

affects the impact forces (Burkhart & Andrews, 2010; Chiu & Robinovitch, 1998). In 

pendulum setups, applied force continuously decreases along with the strain rate (Varga 

et al., 2007) and accelerometers are used to measure the characteristics of the transmitted 

shock through the upper extremity following impact (Burkhart & Andrews, 2010; Varga et 

al., 2007). Therefore, in future work, the comparison between captured tissue behavior 

using indentation system and tissue behaviour using a pendulum test is suggested to be 

used in injury simulations such as forward falls. 

The need to characterize soft tissues in vivo to accurately capture their behaviour 

in live humans has driven the development of several testing methodologies. Indentation 

tests are most feasible as they can characterize local tissue behaviour. However, 

indentations tests have been limited by the reliability and repeatability of the test 

equipment. Despite several studies on indentation of human soft tissues, the comparison 

between the properties is difficult due to the use of different systems with different force 

magnitudes and rates (Chao et al., 2010; Han et al., 2003; Kalanovic et al., 2003; Lim et 

al., 2009; Pailler-Mattéi & Zahouani, 2006; Y. P. Zheng & Mak, 1999). Current indentation 
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systems are mostly designed to capture the tissue properties under small deformations 

and forces (Kalanovic et al., 2003; Lim et al., 2009; Pailler-Mattéi & Zahouani, 2006). 

Moreover, developing indentation testing devices for human tissues has been a 

compromise between mechanical integrity and mobility which has often resulted in 

mechanical integrity being compromised for tissue access. Using hand- held technologies 

without a rigid support to overcome the reachability to targeted tissue introduces difficulty 

and inaccuracy in gathering the data (Carter et al., 2001; Kalanovic et al., 2003; Kobayashi 

et al., 2012; Teoh et al., 2016; Teoh, Lee, et al., 2015). Handheld technologies reflect both 

tissue stiffness and the machine stiffness in their measurements (Kalanovic et al., 2003; 

Li et al., 2013). Therefore, to address a need for an indentation system with a rigid support 

to be able to reach different tissues in vivo and accurately map the properties of the various 

body parts in different positions, we developed a portable high-precision in vivo tissue 

testing (HITT) system. Our developed HITT system can provide forces up to 200 N with 

displacement up to 13 mm and rates closer to injury scenarios (up to 1 m/s) to make the 

extracted characteristics of the tissue more applicable in injury simulations. Our portable 

HITT system showed acceptable results in measuring the Polyurethane rubber 

mechanical behavior in response of cyclic load in two different frequencies compared to 

the Bose actuator connected to an optical plate as a rigid support. The difference between 

the results (maximum force and stiffness) were less than 1.2% for low frequency and less 

than 0.7% for high frequency for smaller loads and less than 1.1% in higher load values. 

As the material has a porous structure, the difference between results can come from the 

porosity distribution in the material that has been compressed by indentation system for 

each trial.  

In this study there were number of factors that could affect the captured properties.  

As the location of the indentation marked by palpation method, the error in picking the 

exact location is possible. Moreover, the participants were instructed to maintain a specific 

body posture and contract their muscle during the indentation test. However, we could not 

directly capture the degree of muscle contraction while the test was running as the EMG 

interfered with the indentation probe. It was possible that participants might involve 

different degrees of muscle activation to maintain a specific position. The level of muscle 

activation during the test could also be different from the actual activation that happens 

during forward falls as the perceived danger during actual event can cause different level 

of reaction. 
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Maintaining the stable position during the whole test was challenging for some 

subjects, especially older adults due to hand tremor, which caused noise in our 

measurements. We also found a great variation in tissue behavior within-group among 

young and older adults that might be due to differences in their level of hormones 

(Chotard-ghodsnia & Verdier, 2007; Hama et al., 1976; IIVARINEN, 2014), the level of 

physical activity affecting the muscle tone (IIVARINEN, 2014; Liberman et al., 2017; Plate 

et al., 2013), or hydration state of their bodies(Kalra & Lowe, 2016; Main, 2011; Qian & 

Zhao, 2018; Then et al., 2007). However, while in-vivo characterization of soft tissue 

introduced these challenges, it provided more accurate approach to represent the reality 

of variability in impact responses. 

6.2. Contributions 

The current study is the first to provide nonlinear and time-dependent properties 

of in vivo palmar soft tissue and conducted a detailed quantitative comparison of effective 

factors such as hand positioning, age, and muscle activation on in-vivo behaviour of 

palmar soft tissue. The parameters extracted from our model were fitted to large 

deformation at low and high frequency at the same time which makes the model more 

suitable to be used for both high and low impact simulations to predict the consequence 

of impacts more accurately in various injury scenarios.  

Our study provides the palmar soft tissue properties in different muscle activation 

states (rested and active). This is important since activation changes these properties. 

Considering the actual characteristics of the tissue in simulation of injury scenarios such 

as falls can help with accuracy in prediction of tissue response and consequently, 

improvement in developing the proper injury prevention strategies.  

The HITT device has the potential to define characteristics critical for advancing 

computational models and simulations to design improved injury prevention technology 

and provide a method for controlled and comparable testing of soft tissue in vivo. 

Moreover, it can be used as a diagnostic device in identifying abnormal stiffness of tissue 

associated with a high risk for some diseases. 
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6.3. Future research directions 

Extending this study to a larger number of participants, varying in sex is 

recommended. Collecting more comprehensive demographic data could provide insights 

into the effects of participant specific parameters on palmar soft tissue properties.  

Bringing the effect of positioning of the elbow and shoulder into account while 

capturing the palmar soft tissue properties in future studies can help to improve the 

accuracy of injury simulations such as forward falls as the flexion in arm is a landing 

strategy to reduce the injury risk (Chou et al., 2001; Kurt M. DeGoede & Ashton-Miller, 

2003; Kim KJ, Schultz AB, Ashton-Miller JA, 1997). Most volunteers in fall simulations in 

a lab setting demonstrated an arm angle of between 10° and 60° flexion that affected the 

impact forces applied to the hand(Chou et al., 2001; Kim KJ, Schultz AB, Ashton-Miller 

JA, 1997). 

Testing different tissues in various part of the bodies in a controlled environment, 

using our developed portable high-precision in vivo tissue testing (HITT) system, can help 

for a comparable testing which lead to better understanding and quantifying the effect of 

aging, joint positioning and muscle activation on soft tissues and mapping the tissues 

behavior in different impact scenarios more comprehensively. Including rotational degrees 

of freedom could be the focus of the future work on designing the next generation of HITT 

system to improve the accessibility to various tissues.  

A future attention is suggested to evaluate the system performance in different 

frequencies. Modal analysis could be helpful to capture the dynamic characteristics of the 

system. The impact hammer testing method can be used to determine the natural 

frequency which alongside the sweep test can evaluate the vibration modes that might 

lead to system excitation (Centre et al., 2011). 

6.4. Conclusions 

▪ This work quantified in-vivo soft tissue characteristics of the hand in low and high 

rates, using large deformation. 

▪ The captured palmar soft tissue properties were rate and depth dependent. 

Therefore, the derived parameters in rates and deformation typical to injuries in 
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this work can improve the accuracy of prediction of the consequences of impacts 

in simulations. 

▪ It is important to take subject variability into account while considering palmar soft 

tissue characteristics. 

▪ Muscle activation state changed the properties of palmar soft tissue. Although the 

effect of age was not significant, trends could be found. This highlights the 

importance of using targeted material models instead of a single generic model to 

present palmar soft tissue mechanics to add bio-fidelity to human models and 

simulations. Hand positioning shows less trendy influence on palmar soft tissue 

behavior compared to other variables. 

▪ Based on our forward fall simulation in different heights, the force applied to the 

hand can cause a risk for wrist fracture for falls above 0.4m and 0.5m for older 

adults and young adults, respectively.  

▪ Our developed portable indentation system facilitates high-precision in vivo 

mechanical testing at the bedside in the clinic or operating room for the first time. 

It has 300 mm range of motion in 3 axes to access various tissues to expand the 

study on effect of aging and to quantify the effect of muscle activation, joint 

positions on other part of the body on live humans that have not been 

comprehensively explored. The data can be useful for designing injury prevention 

technologies for different activities and it may have the potential to be used to 

provide early detection of ulceration. 
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Appendix A. 
 
Stress relaxation tests at four different strain levels 

Figure A1. Normalized stress relaxation response on hand tissue in four 
different strain levels(ε= 40%, 50%, 60%, 80%). 
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Appendix B.  
 
Equations 

QLV 

The viscoelastic response of the soft tissue can be modeled based on a stress relaxation 

function and the instantaneous stress resulting from a ramp strain as: 

𝜎(𝑡) = 𝜎𝑒(휀) ∗ 𝐺(𝑡)   (B-1) 

where 𝜎(𝑡) is the stress at any time t, 𝜎𝑒(휀) is the stress corresponding to an instanteous 

strain, G(t) is the reduced relaxation function representing the stress of the material 

divided by the stress after the initial ramp strain. 

The complete stress history at any time t is then the convolution integral: 

𝜎(𝑡) = ∫ 𝐺(𝑡 − 𝜏)
𝜕𝜎𝑒

𝜕

𝜕

𝜕𝜏
𝑑𝜏

𝑡

−∞
   (B-2) 

where the relaxation function G(t) is a continuous varying decreasing function and 

defined as 𝐺(0+) = 1 (normalized to 1 when t=0), 
𝜕𝜎𝑒

𝜕
 represents the instantaneous 

elastic response, and 
𝜕

𝜕𝜏
 is the strain history. 

The extracted experiment data are usually in the form of force -displacement for loading-

unloading test. Therefore, Han, Noble, and Burcher (2003) suggest that the QLV model 

needs to be modified to the form of force-displacement to fit the indentation experimental 

data: 

𝐹(𝑡) = ∫ 𝐺(𝑡 − 𝜏)
𝜕𝐹𝑒

𝜕𝛿

𝜕𝛿

𝜕𝜏
𝑑𝜏

𝑡

−∞

 
(B-3) 

The instantaneous force response (𝐹𝑒 ) is assumed to be represent through the 

nonlinear elastic relationship used by Fung (Han et al., 2003; Toms et al., 2002; F. Xu et 

al., 2008): 
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𝐹𝑒(𝛿) = 𝛼(𝑒𝛽𝛿 − 1)    (B-4) 

where 𝛼 is a linear factor having the same dimension as force, and 𝛽 is a non-

dimensional parameter representing the nonlinearity of elastic response(F. Xu et al., 

2008).  

Using 5 elements relaxation function in form of: 

𝐺(𝑡) = 𝐺∞ + 𝐺1𝑒
−(

𝑡

𝜏1
)
+ 𝐺2𝑒

−(
𝑡

𝜏2
)
   

(B-5) 

where 𝐺∞ is the long-term modulus once the material is totally relaxed, 𝜏1 and 𝜏2 are the 

relaxation times. 

An alternative form is obtained noting that the elastic modulus is related to the long-term 

modulus by; 

𝐺(𝑡 = 0) = 𝐺0 = 𝐺∞ + 𝐺1 + 𝐺2   (B-6) 

Therefore, 

𝐺(𝑡) = 𝐺0 − 𝐺1(1 − 𝑒
−(

𝑡

𝜏1
)
) − 𝐺2(1 − 𝑒

−(
𝑡

𝜏2
)
)   

(B-7) 

Where in normalized form 

𝐺(𝑡)/𝐺0 = 1 − 𝑝1(1 − 𝑒
−(

𝑡

𝜏1
)
) − 𝑝2(1 − 𝑒

−(
𝑡

𝜏2
)
)   

(B-8) 

So the reduced form of Prony relaxation function is presented as, 𝐺(𝑡 − 𝜏) = 1 −

𝑝1(1 − 𝑒
−(𝑡−𝜏)/𝜏1) − 𝑝2(1 − 𝑒

−(𝑡−𝜏)/𝜏2)  with 𝑝1 and 𝑝2 as Prony coefficients and 𝜏1and 𝜏2 

as time constants.  

The rate of applying the indentation depth for the ramp up and relaxation section was 

𝜕𝛿

𝜕𝜏
= 𝛾 = 0.5 𝑚𝑚/𝑠 for t ≤t0    and 

𝜕𝛿

𝜕𝜏
= 0 for t>t0    

Using the instantaneous force response: 
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𝜕𝐹𝑒(𝛿)

𝜕𝛿
= 𝛼𝛽𝑒𝛽𝛿 = 𝛼𝛽𝑒𝛽𝛾𝑡    (B-9) 

After substitution into the QLV model to obtain the stress history from 0 to t0 and from t0 

to the end of the test period for t≤t0 we have: 

𝐹 = 𝛼𝛽𝛾 ∫ (1 − 𝑝1 (1 − 𝑒
−
𝑡−𝜏

𝜏1 ) − 𝑝2 (1 − 𝑒
−
𝑡−𝜏

𝜏2 ))𝑒𝛽𝛾𝜏𝑑𝜏
𝑡

0
    

(B-10) 

The stress response from t0 to the end of the experiment includes the stress history up to 

t0 plus the stress history from t0 onward. However, since the strain rate from t0 onward is 

zero, for t>t0 we are simply left with: 

𝐹 = 𝛼𝛽𝛾 ∫ (1 − 𝑝1 (1 − 𝑒
−
𝑡−𝜏

𝜏1 ) − 𝑝2 (1 − 𝑒
−
𝑡−𝜏

𝜏2 ))𝑒𝛽𝛾𝜏𝑑𝜏
𝑡0
0

   
(B-11) 

After applying the integration limits, we get to: 

𝐹(𝑡 ≤ 𝑡0) = 𝛼𝛽𝛾((
𝑒𝛽𝛾𝑡

𝛽𝛾
(1 − 𝑝1) +

𝑝1
1

𝜏1
+𝛽𝛾

𝑒𝛽𝛾𝑡 −
𝑝2

𝛽𝛾
𝑒𝛽𝛾𝑡 +

𝑝2𝑒
𝛽𝛾𝑡

1

𝜏2
+𝛽𝛾

) −

(
(1−𝑝1)

𝛽𝛾
+
𝑝1𝑒

−
𝑡
𝜏1

1

𝜏1
+𝛽𝛾

−
𝑝2

𝛽𝛾
+
𝑝2𝑒

−
𝑡
𝜏2

1

𝜏2
+𝛽𝛾

))     

(B-12) 

For 𝑡 ≤ 𝑡0 and for t > 𝑡0 we have: 

𝐹(𝑡 > 𝑡0) = 𝛼𝛽𝛾((
𝑒𝛽𝛾𝑡0

𝛽𝛾
(1 − 𝑝1) +

𝑝1
1

𝜏1
+𝛽𝛾

𝑒
−
𝑡

𝜏1𝑒
(
1

𝜏1
+𝛽𝛾)𝑡0 −

𝑝2

𝛽𝛾
𝑒𝛽𝛾𝑡0 +

𝑝2
1

𝜏2
+𝛽𝛾

𝑒
−
𝑡

𝜏2 𝑒
(
1

𝜏2
+𝛽𝛾)𝑡0) − (

(1−𝑝1)

𝛽𝛾
+
𝑝1𝑒

−
𝑡
𝜏1

1

𝜏1
+𝛽𝛾

−
𝑝2

𝛽𝛾
+
𝑝2𝑒

−
𝑡
𝜏2

1

𝜏2
+𝛽𝛾

))   

(B-13) 

The equation of motion: 

The equations of motion for the fall simulation were: 
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𝑚𝑥1̈ + 𝛼𝛽 ∫ (1 − 𝑝1 (1 − 𝑒
−
𝑡−𝜏

𝜏1 ) − 𝑝2 (1 − 𝑒
−
𝑡−𝜏

𝜏2 ))𝑒𝛽𝑥1�̇�1𝑑𝜏
𝑡

0
+ 𝑏2�̇�1 + 𝑘2𝑥1 =

𝑏2�̇�2 + 𝑘2𝑥2 +𝑚1𝑔      

(B-14) 

𝑚𝑥2̈ + 𝑏2�̇�2 + 𝑘2𝑥2 = 𝑏2�̇�1 + 𝑘2𝑥1 +𝑚2𝑔   (B-15) 

To solve the presented system of equations, adopting Argatov et al. (2016) approach we 

define: 

𝐹(𝑥1, 𝑡) = ∫ 𝐺(𝑡 − 𝜏)𝑒𝛽𝑥1
𝜕𝑥1
𝜕𝜏

𝑑𝜏
𝑡

0

 
(B-16) 

𝐺(𝑡) = 1 − p1 (1 − e
−
t

τ1)                                                                                         
(B-17) 

𝑓(𝑥1, 𝑡) = ∫ 𝑒𝛽𝑥1
𝜕𝑥1

𝜕𝜏
𝑑𝜏

𝑡

0
                                                                                           (B-18) 

𝜖(𝜏) =
𝜕𝑥1

𝜕𝜏
                                                                                                                  (B-19) 

By rewriting equation (B-16), with considering equations (B17-19) we have: 

𝐹(𝑥1, 𝑡) =  (1 − 𝑝1) 𝑓(𝑥1, 𝑡) + 𝑝1 𝑒
−
𝑡

𝜏1  ∫ 𝑒
𝜏

𝜏1  𝑒𝛽𝑥1𝜖(𝜏)𝑑𝜏
𝑡

0
                                    

(B-20) 

Differentiating equation (B-18) and (B-20) with respect to t, we have: 

𝑓′(𝑥1, 𝑡) = 𝑒
𝛽𝑥1(𝑡)𝜖(𝑡)                                                                                              (B-21) 

𝐹′(𝑥1, 𝑡) = 𝑒
𝛽𝑥1(𝑡)𝜖(𝑡) −

1

𝜏1
𝐹 +

1

𝜏1
(1 − 𝑝1) 𝑓(𝑥1, 𝑡)                                           (B-22) 

Taking into account the above relations, the following system of equations was derived : 
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{
  
 

  
 

𝑥1
′(𝑡) = 𝜖(𝑡)

𝑚1𝜖
′(𝑡) + 𝛼𝛽𝐹(𝑥1, 𝑡) = 𝑏 𝑦

′ + 𝑘 𝑦 +𝑚1𝑔 

𝑚2 (𝑦
" + 𝜖′(𝑡)) + 𝑏 𝑦′ + 𝑘 𝑦 = 𝑚2𝑔

𝐹′(𝑥1, 𝑡) = 𝑒
𝛽𝑥1(𝑡)𝜖(𝑡) −

1

𝜏1
𝐹 +

1

𝜏1
(1 − 𝑝1)𝑓(𝑥1, 𝑡)

𝑓′(𝑥1, 𝑡) = 𝑒
𝛽𝑥1(𝑡)𝜖(𝑡)

                                             

(B-23) 

With the initial conditions of: 

𝑥1(0) = 0, 𝜖(0) = √2𝑔ℎ, 𝐹(0) = 0, 𝑓(0) = 0, 𝑦
′(0) = 0, y(0) = 0                                

 


