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A  B  S  T  R  A  C  T  
 

Soft tissue material properties are vital to human body models that evaluate interactions between the human 

body and its environment. Such models evaluate internal stress/strain responses in soft tissues to investigate 

issues like pressure injuries. Numerous constitutive models and parameters have been used to represent me- 

chanical behavior of soft tissues in biomechanical models under quasi-static loading. However, researchers re- 

ported that generic material properties cannot accurately represent specific target populations due to large inter- 

individual variability. Two challenges that exist are experimental mechanical characterization and constitutive 

modeling of biological soft tissues and personalization of constitutive parameters using non-invasive, non- 

destructive bedside testing methods. It is imperative to understand the scope and appropriate applications for 

reported material properties. Thus, the goal of this paper was to compile studies from which soft tissue material 

properties were obtained and categorize them by source of tissue samples, methods used to quantify deformation, 

and material models used to describe tissues. The collected studies displayed wide ranges of material properties, 

and factors that affected the properties included whether tissue samples were in vivo or ex vivo, from humans or 

animals, the body region tested, body position during in vivo studies, deformation measurements, and material 

models used to describe tissues. Because of the factors that affected reported material properties, it is clear that 

much progress has been made in understanding soft tissue responses to loading, yet there is a need to broaden the 

scope of reported soft tissue material properties and better match reported properties to appropriate human body 

models. 
 

 

 
1. Introduction 

 
Appropriate soft tissue material properties are integral to modeling 

the human body, particularly during interactions with objects in its 

environment (e.g. chairs, assistive devices, etc.). Finite element (FE) 

models are important tools that describe internal stresses and strains in 

the body’s soft tissues resulting from such interactions and have been 

used to evaluate automotive seating comfort, office seating, and the risk 

of pressure injuries (PIs) for wheelchair users [1–4]. Models that predict 

PI risk are particularly good examples of the need for appropriate ma- 

terial properties, specifically because internal stresses and strains have 

been related to PI formation and were shown to be affected by marginal 

changes in tissue stiffness [5]. Several researchers investigated the 

sensitivity of models to differences in material properties, showing that 

differences in material properties within one order of magnitude, 

particularly the muscle material properties, changed tissues stresses and 

strains by as much as 70% [6,7]. Furthermore, such models that evaluate 

stresses and strains should use material properties from populations of 

elderly people and wheelchair using individuals, since they are at the 

highest risk and also experience significant changes in their tissue 

composition [8,9]. However, recent models have used soft tissue prop- 

erties of animals for two main reasons, 1) there is a dearth of material 

properties representing human tissue and 2) in general, testing with 

animals is easier than testing with humans for material property 

collection [10,11]. These challenges are compounded ever further if one 

wishes to obtain personalized, human material property data in the 

clinic, or at the bedside. Though there is a clear need for material 

property data for use in models that evaluate risk of PI formation, the 

need for appropriate material properties extends to all human body 

models. 

Ideally, each human body model would use personalized data in the 

model, however there have been numerous barriers to doing so. His- 

torically, it has been easier for researchers to obtain data from animals 

than humans. If human data were collected, it also was most typically in 
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a laboratory setting. However, recently, some researchers conducted 

studies to determine soft tissue properties and geometries in clinical 

settings [12–15]. Of these studies, two of the four used magnetic reso- 

nance imaging (MRI) or ultrasound (US), both of which were available 

in clinical settings, whereas the third sought to develop a relatively 

affordable tool to determine anatomical geometry without the use of 

MRI or US, and the last determined material properties without imaging. 

One of the more common methods for determining soft tissue properties 

has been shear wave elastography, which was able to use MRI or US 

images provided that the proper loading data were collected as well [16, 

17]. A commonality between these studies was that the results were 

obtainable in a relatively short time frame (under half an hour), which 

made them possible to implement during a scheduled clinical visit. Yet, 

while there have been efforts to obtain personalized, in-clinic soft tissue 

property, these situations were very limited. Therefore, a need still exists 

for new measurement approaches to quickly and easily obtain data sets 

from a broad range of body regions for use in soft tissue material 

property determination. 

Several factors have been shown to affect material properties used in 

models, namely, the tissue being in vivo or ex vivo, whether the tissue 

properties were from humans or animals, the body region of the prop- 

erties, and the body position. Material properties of tissues have been 

obtained from a variety of sources, including in vivo and ex vivo animal 

and human tissues. Though it was noted as a limitation, FE models still 

used tissue properties from animal tissue (rats, sheep, pigs, and cows) 

when appropriate data from humans were not available [5,18–22]. 

Limited data from in vivo human tissue have been collected from mul- 

tiple body regions in humans in different body positions; whereas both 

body region and position were found to affect material properties 

[23–25]. Further, the inclusion or exclusion of persons with physical 

disabilities, such as persons with spinal cord injuries, has been shown to 

affect the material properties, as tissue compositions from the in- 

dividuals with spinal cord injury differed from those of able-bodied in- 

dividuals [9,26–35]. Considering factors such as the source of tissues 

properties from animals or humans, whether the tissues were in vivo or 

ex vivo, population, body position, and anatomical region is crucial to 

the accuracy of the FE models. 

Another challenge with the application of material properties is 

consideration of the experimental setup used to collect the material 

property data, as several types of experimental methods were used to 

collect load and deformation data from tissue samples. Load data have 

been collected in the form of force during indentation of specific regions 

of tissue or by recording pressures on support surfaces that contact tissue 

[36,37]. Deformation was defined several ways, including displacement, 

strain, or stretch in the tissue, and several methods have been used to 

obtain the deformation measurements of the tissues [34,38–51]. These 

methods included tensile testing, suction testing, indentation testing, 

compression testing, shear wave elastography, ultrasound, magnetic 

resonance elastography, and digital image correlation. The numerous 

methods used to collect load and deformation data may confound re- 

ported properties as well. 

Lastly, several material models were used to describe the mechanical 

behavior of soft tissues. Early experiments described tissues as linear 

elastic materials, however more recent investigations characterized 

tissue as either non-linear materials (e.g. Neo Hookean, Fung) or 

viscoelastic materials [43,47,52]. The choice of material model deter- 

mined the resulting material parameters, which were specific to each 

model [53–55]. The models typically used to describe each type of tissue 

(muscle, fat, and skin) were not the same, meaning the reported pa- 

rameters were different, and thus difficult to compare to one another. 

Further complicating comparisons between existing characterizations of 

soft tissues was the lack of a consistently defined stress-free, or refer- 

ence, state. This is important because it could not be assumed that tis- 

sues in vivo or ex vivo were stress-free; and as such, tissues in past studies 

likely had differing pre-strain histories, affecting results [56,57]. 

Though there is ongoing research with the goal of defining stress-free 

states for soft tissues, a consistent method of determining stress-free 

states has not been used across studies [58–61]. Since many of the 

models used to describe soft tissue were non-linear or viscoelastic, their 

behavior was dependent on residual stresses and strains in the tissues, 

which were not comparable between studies. A method has yet to be 

developed to convert between sets of material parameters designated for 

each material model without the original load and deformation data, 

even before considering pre-strain histories. This means that, although 

there are preferred material models for each tissue, there is no standard 

material characterization for each tissue. 

Numerous studies have been conducted to quantify the material 

properties of soft tissues over the past few decades. However, many 

human body model creators acknowledged that the material properties 

they used for their models may not have been appropriate for the target 

population of their study [11,62–64]. Because there are ranges of ma- 

terial properties for each soft tissue, depending on the experimental 

conditions in which they were determined, numerous researchers have 

called for, and provided, guidelines for their usage in any biomechanical 

model [65–70]. Among these guidelines are sensitivity, verification, and 

validation studies to quantify the effects of using marginally different 

material properties on the outputs of models. These studies allow for 

easier communication of models between researchers by explaining, 

identifying, and quantifying areas of uncertainty. This is especially true 

when explaining if and how differences between model predictions of 

measurable outputs, and experimental measurements of those outputs 

themselves, occur. Because of all the factors that have been shown to 

affect reported soft tissue material properties, and how those properties 

affected model outputs when implemented, a detailed documentation 

the material properties used and how they were obtained is needed. By 

documenting the tissue properties that have been reported and under 

what experimental circumstances (i.e. from what body region, in vivo or 

ex vivo, from humans or animals, etc.), it will be possible to evaluate 

what tissues properties will need to be studied to be implemented in 

forthcoming human body models. The properties reported can also serve 

as a benchmark against which future personalized soft tissue property 

results may be compared Thus, the goal of this paper was to compile the 

studies from which material properties have been obtained and cate- 

gorize them by the sources of their tissue samples (in vivo human, ex vivo 

human or animal tissue), the methods used to quantify deformation 

during experiments, and the material models used to describe the tis- 

sues. This collection of methods and data will be an invaluable tool for 

those who determine and use the material properties of soft tissues. 

 
2. Methods 

 
The authors searched for studies reporting material properties for 

soft tissues of humans and animals. A literature search was conducted 

from multiple sources: PubMed, Google Scholar, Science Direct, Elsev- 

ier, Taylor and Francis Group, Scientific Research, Springer Link, and 

the Wiley Online Library. The following keywords were used to search 

for such topics: mechanical properties of human tissue, tissue parame- 

ters, material parameters, in vivo tissue properties of humans, in vivo 

tissue properties of animals, ex vivo tissue properties of humans, and ex 

vivo tissue properties of animals. 76 papers were included in this review. 

The references of these publications were further analyzed for additional 

articles to add to the initial search results. 

 
3. Results 

 
The results from this literature review are represented in Tables 1–6. 

Studies were placed into tables by whether they included ex vivo human 

or in vivo human tissue samples or animal samples. They were then 

further categorized by the type of soft tissue in Tables 1–4 and ordered by 

the chronology of their reference in this review. Each entry of a refer- 

ence includes the type of tissue investigated, the location on the body 

from which the sample was taken, the sample size, the testing position 
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(if applicable), the material parameters found, the model used to 

describe the tissue, the method used to take deformation measurements, 

and the location of the equation used to determine the parameters in 

either Table 5 or 6. To find the equation used to determine the param- 

eters for each entry, the number before the period in the penultimate 

column gives the table number to use, and the number after the period 

gives the equation number (i.e. 5.12 is Table 5, equation number 12). 

3.1. Ex vivo human tissue properties 

 
15 studies were found that reported on ex vivo human muscle, fat, 

and skin tissues, all of which included a Young’s modulus, shear 

modulus, ultimate stress or strength of the tissue, and/or isotropic ma- 

terial constants [24,71–84]. These studies are listed in Table 1. 

 
Table 1 

Ex vivo human material properties. Each column provides information about the tissue type, sample location, sample size, parameters found, the 

model used, mechanical test (deformation definition in parentheses), where the foundational equation can be found in Tables 5 and 6, and the 

reference. 
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3.1.1. Muscle 

Ex vivo human muscle tissue were the focus of six studies [71–76]. 

Two investigated muscles from the leg, two from the arm and forearm, 

one from the shoulder, and one on muscle from the lower back. Three 

studies had less than ten samples [72,75,76], while the other three 

studies reported sample sizes greater than 20 [71,73,74], with the 

maximum number of samples being 70 [71]. 

3.1.2. Fat 

Four studies were found that experimentally quantified the material 

parameters for human fat tissue [71,77–79]. Of these four studies, two 

tested fat from the abdomen, one the heel pad, and one tested on the leg. 

Sample sizes of ranged from nine to 19 samples. 

 
3.1.3. Skin 

Seven studies reported data from human skin samples [24,80–85]. 

These studies evaluated samples from the forehead, forearm, neck, back, 
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Table 2 

In vivo human material properties. Each column provides information about the tissue type, sample location, sample size, testing po- 

sition, parameters found, the model used, mechanical test (deformation definition in parentheses), where the foundational equation can 

be found in Tables 5 and 6, and the reference. *See acronyms used throughout the table after the last entry. 
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G,,,.;n.,;,., - 24.8± I 1.8 (26.8±12.4) kPa 

 
Control Group 

G.,,mral - 8.6±2.6 (9.4±5.6) kPa 

Ga,,.;n,.;,, - 22.1±9.2 (22.5±10.3) kPa 

 
isokinetic 

dynamometer 

(not reported) 

  

  

 

 

 
 

Posterior 

thigh 

 

 

 

 
AB-5 (3 

M,2 F) 

 

 

 

 

 
Prone 

Voigt (6.12):  - 2.2-2.93x J0·
3
 kPa s, µ - 3.86-6.88 kPa 

Maxwell (6.15):  - 18.6-55.1x I o·3 kPa s, µ - 4.62-7.32 kPa 

Zener (6.16):  -3.96-6.65xJ0·
3
 kPa s, µ1 -2.92-5.2 kPa, 

µ, - 3.34-7.38 kPa 

Springpot (6.17):  - 3.96-6.65x I 0·
3
 kPa s, µ - 5.3-8.1 kPa, 

a - .158-.266 

 

Rheo Spectris (MRE) Parameters 

 
G' - 1.835-1.853 (1.358-1.579) kPa 

G" - 0.1902-0.3154 (0.2129-0.4162) kPa 

 

 

 

 
MRI, Shear 

wave 

elastography 

(not reported) 

 

 

 

 
6.12, 

6.15, 

6.16, 

6.17 

 

 

 

 

 
[87] 

  

 
Quadriceps 

 
AB-10 

(M) 

 
Seated 

 
E,,, - 79-126 kPa 

 
 

Voigt 

Ultrasound, 

Shear wave 

elastography 

(true strain) 

 

 
6.13 

 

 
[88] 

  
Rectus 

femoris 

 
AB-2(M) 

 
Not 

reported 

 

No material parameters reported 

 

N/A 

Sonoe\astogra 

phy (not 

reported) 

 
N/A 

 
[89] 

 
Quadriceps 

(Q), 

sanorius (S), 

gracilis (G), 

lschio (l) 

 

 
AB-I (M) 

 

 
Supine 

Parameters in different locations 
Overall: C10 = 11.6 k.Pa, D = l l.9xl0

3
 k.Pa-1

 

Q: C,o - 11.7 kPa, D - I 6.3x 10
3
 kPa·' 

S/G: C,o-21.3 kPa, D-12.9xl0
3
kPa·

1
 

I: C,o - 17.3 kPa, D - I 2.9x I 0
3
 kPa·' 

 

 

 

Neo-Hookean 

 
Ultrasound, 

DIC 

(Deformation 

Gradient) 

 
 

5.2 

 
 

[90] 

  

 

 

 

 

 

 
Gluteal 

Tissue 

 

 

 

 

 

 

 
 

AB-I (M) 

 

 

 

 

 

 

 
 

Prone 

Goo,M- 0.881 kPa; Go,M - 1.032 kPa 

Koo,M - 77 kPa 

 

Time-Independent Constants 

c,M - 0.441 kPa 

D,M-2.59xl0·
2
 M·lkPa·' 

k1M = 13.1 kPa 
k,M-4,69xl0

1
 

KM- J/3 

 

Time-Dependent Constants 

g, - 7.67x I 0·
1
, k, - l.17x10·

2
, r, - 2 s 

g, - 6.44x 10·
2
, k2- 2.29x IO·', r, - 40 s 

g3-6.08xl0·', k3-3.74xl0
4
, r3-80 s 

g,- 2.18x10·
2

, I<, - l.29xJ0·
5

, r, - 200 s 

 

 

 

 

 

 
 

Viscoelastic 

Holzapfel- 

Gasser-Ogden, 

 

 

 

 

 
MRI 

(modified 

right Cauchy- 

Green 

Deformation 

Tensor) 

 

 

 

 

 

 

 
5.15 

 

 

 

 

 

 

 
[91] 

  

 
Biceps brachii 

 
 

AB-I 

 
Lifting 

6 kg 

charge 

 
E - 8.29±0.14 kPa 

Vs-1 =12 ms·
1
, V/ =3 ms·

1 

 

 
Linear elastic 

Ultrasound, 

Shear wave 

elastography 

(not reported) 

 
5.1, 

6.21 

 
[92] 

  

 

 
Biceps brachii 

 

 
 

N-1 

 

 

 
N/A 

 

E, - I 3±4.5 kPa 

E, - I 85±60 kPa 

Shear modulus (µ13)- 54±3 kPa 

Experimental shear modulus (µ12) = 3.4±1 I kPa 

 

 
Transversely 

isotropic linear 

elastic 

MRE, Shear 

wave 

elastography 

(Green- 

Lagrange 

Strain Tensor) 

 

 

 
5.1 

 

 

 
[93] 

  

 

Biceps brachii 

 

 
AB-5 (M) 

Supine 

with 

elbow 

angle at 

90° 

 

 

muscle stiffness= 14.5±1.77 kPa/kg 

 

 

Linear elastic 

 
MRE, Shear 

wave 

elastography 

(not reported) 

 

 

5.1, 6.3 

 

 

[94] 

 

 

 

Fat 

 

 
Quadriceps 

(Q), 

sartorius (S), 

gracilis (G) 

 

 

 
AB-I (M) 

 

 

 
N/A 

Undifferentiated fat tissues of thigh 

C,o - 0.64 kPa 

D - 29.4x I 0
3
 kPa·' 

 

Isolated fat tissue of muscle regions: 

C,o-0.52 kPa 

D - 30.5x I 0
3
 kPa·

1
 

 

 

 
Neo-Hookean 

 

 
Ultrasound, 

DIC 

(Deformation 

Gradient) 

 

 

 
5.2 

 

 

 
[90] 

Skin 

Hypode 

rmis=H 

D, 

Dermis 

-D 

 

 
 

Inner forearm 

 

 
 

N-I0(M) 

 

 
 

Seated 

 
E-4.5-8 kPa 

 

* depending on various factors, including indentation depth and 

assumed skin thickness 

 

 
2-layer linear 

elastic model 

 
 

Indentation 

(displacement 

) 

 

 
5.23- 

5.25 

 

 
 

[39] 

  

 
Forearm 

 
 

AB-10 

 

 
Seated 

 

Cto - 9.4±3.6 kPa 

C1-1 82±60 kPa 

 
Generalized 

Mooney 

Ultrasound, 

Suction 

(displacement 

) 

 

 
5.5 

 

 
[40] 

 
Shoulder, 

Thigh, Calf 

AB-30 

(F) 

 
N/A 

 
No material parameters reported 

 
N/A 

Ultrasound 

and laser 

 
N/A 

 
[41] 

 

 

 

 
291 
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displacement 

for thickness 

and strain 

(not reported) 

  

  

Forearm Skin 

 

AB 20 

(F) 

 

NIA 

 

E•  8.3±2.1 kPa 

G•  2.8±0.46 kPa 

 

Linear elastic 

Indentation 

(displacement 

) 

 

5.22 

 

[95] 

  

Forearm 

 

AB J (M) 

 

NIA 

 
Hypodermis: C10 0.06 kPa, K 0 kPa 

Epidermis+ Dermis: Cio = 0.80 kPa, K = 0 kPa 

 

Neo-Hookean 

MRJ 

(Deformation 

Gradient) 

 

5.3 

 

[96] 

  

Volar forearm 

 

AB 3 (F) 

 

Seated 

 

Coefficient of friction = 0.7 

 

Friction 

Indentation 

(displacement 

) 

 
6.18 

 
[97] 

  

Anterior 

forearm 

 

AB J0 

(M) 

 

 
NIA 

 

 
E  129±88 kPa 

 

 
Linear elastic 

Ultrasound 

(strain, strain 

definition not 

reported) 

 

5.1 

 

[98] 

 
Palmar skin, 

dorsal 

forearm skin, 

ventral 

forearm skin 

 

 

AB l7 

 

 

NIA 

 
Rate of energy damping (a, time dependent) 

Palm: a 0.077±0.058 

Dorsal Forearm: a= 0.049±0.008 

Ventral Forearm: a= 0.044±0.006 

 

 

NIA 

 

Ballistometer 

(displacement 

) 

 

 
NIA 

 

 

[99] 

  

 

Forearm 

 

 

AB l38 

 

 

NIA 

 

 
Younger (<30 years): E 420 kPa 

Older (>30 years): E 850 kPa 

 

 

Linear elastic 

Torque 

measurement 

(strain, strain 

definition not 

reported) 

 

 
6.1 

 

 
[100] 

  

 

PH, DH,AF, 

PF, AL, PL 

** see legend 

at end of table 

 

 

 

 
AB J0 

 

 

 

 
NIA 

 
Static coefficient of friction (µ) 

PH: µ  0.62±0.22 

OH:µ 0.47±0.12 

AF: µ  0.46±0. I 0 

PF: µ 0.43±0.10 

AL: µ 0.40±0.10 

PL: µ  0.40±0.09 

 

 

 

 
Friction 

 

 

Probe 

indentation 

(displacement 

) 

 

 

 

6.19 

 

 

 

[IOI] 

  

 
Arm and leg 

 
AB 95 

(47 M, 48 

F) 

 

 
Supine 

 

 
Only plots and soft tissue thickness reported 

 

 
Linear elastic 

Ultrasound, 

Indentation 

(displacement 

) 

 

 
5.1 

 

 
[102] 

  

 

 
Forearm, 

dorsal 

forearm, calf, 

thigh, back, 

palm of hand 

 

 

 

 

N JJ (II 

M) 

 

 

 

 

 
NIA 

Parameters in different locations 

Forearm: µ 11.13±5.62 kPa, 8.96x I Q·
3
±6.06x I Q·

3
 kPa's 

Dorsal Forearm:µ 14.50±9.34 kPa, 10.09xJ0·
3
±10.37xl0·3 

kPa*s 

Calf:µ 22.33±8.77 kPa,  7.76xl0·
3
±3.77xlQ·

3
 kPa's 

Thigh: 11  11.37±5.41 kPa, I  1.04xl0·3±12.97xl0·3 kPa*s 

Back: µ 6.63±3.40 kPa, 8.16x I 0·
3
±7.31x I 0-

3
 kPa's 

Palm:µ 28.41±13.32 kPa, 32.94xlQ·
3
±22.97xl0·

3
 kPa's 

 

 

 

 

 
Voigt Model 

 

 

 
Scanning 

laser 

vibrometer 

(displacement 

) 

 

 

 

 

 
6.11 

 

 

 

 

 
[103] 

 

Bulk 

Tissue 

Buttocks and 

Thighs 

[Muscle 

+Skin+ Fat] 

 
AB 20 

(10 M, 10 

F) 

Seated, 

Quadrup 

ed, and 

Prone 

Parameters in different positions 

Seated:µ 4.8-6 kPa, a 3.5-7.5 

Quadruped: µ 4.6-6.5 kPa, a 3-6 

Prone: µ 2.5-4 kPa, a 9.5-13.5 

 

 
Ogden 

 

Indentation 

(stretch) 

 

 
5.10 

 

 
[23] 

  
Buttocks and 

Thighs 

[Muscle 

+Skin+ Fat] 

AB 20 

(10 M, 10 

F), 

DA IJ (9 

M,2 F) 

 

 
Quadrup 

cd 

Parameters in different populations 

DA Males:µ 3.51-4.54 kPa, a 4.42--6.37 

DA Females: µ 2.31-3.95 kPa, a 4.98-6.40 

AB Males: µ 4.78-5.35 kPa, a 3.84-5.72 

AB Females: µ 4.39-6.65 kPa, a 3.26-5.53 

 

 

Ogden 

 

 
Indentation 

(stretch) 

 

 

5.10 

 

 

[34] 

  

 
Buttocks 

[Skin+Fat] 

 

 

AB J 

 

 

Prone 

µ, 0.1 I 8x I Q·2; µ, 0.644x I Q·7 

a, -0.1076; a, -0.03189xl0
2
 

D1  0.169x 10
2
; D,  0.477x 10

1
 

G  1.182 kPa; E  3.53 kPa 

 

 

Ogden 

MRI (Left 

Cauchy- 

Green 

Deformation 

Tensor) 

 

 

5.11 

 

 

[47] 

  

 

Lower back, 

buttocks, 

thighs 

[Muscle 

+Skin+ Fat] 

 

 

 
AB 20 

(10 M, 10 

F) 

 

 

 

 

Seated 

Parameters in different locations, male (female) 

LB: c, 0.2 kPa (0.04 kPa), c,  9.9 kPa (4.9 kPa) 

PB: c,  2. Ix JQ·
6
 kPa (0.39 kPa), c2  11.3 kPa (7.2 kPa) 

18: c,  0.81 kPa (1.4 kPa), c,  2.9 kPa (2.7 kPa) 

PT: c,  3.2x JQ·
5
 kPa (l.2x I Q·

5
 kPa), c,  22.8 kPa (18.6 kPa) 

MT: c,  1.6 kPa (1.0 kPa), c,  5.3 kPa (4.5 kPa) 

OT: c,  3.4 kPa (2.2 kPa), c,  0.73 kPa (1.3 kPa) 

 

***see legend at end of table 

 

 

 

 

Mooney-Rivlin 

 

Motion 

Capture 

(Right 

Cauchy- 

Green 

Deformation 

Tensor) 

 

 

 

 

5.6 

 

 

 

 
[48] 
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and abdomen. Three studies reported a sample size of at least 10 

[82–84], one had eight samples [80], one had seven samples [85], one 

tested five samples [81], and one tested three samples [24]. 

 
 

3.2. In vivo human tissue properties 

 
34 studies were found that included in vivo properties of human 

muscle, fat, skin, and bulk tissue (defined as a homogeneous material of 

muscle, fat, and skin by lumping the parameters), as presented in 

Table 2. Factors that differed between the studies included region of the 

body tested, number of participants, body position, and whether the 

study included able-bodied people or persons with disabilities. 

 
3.2.1. Muscle 

Material property values were obtained from multiple body regions 

in multiple body positions and from both able-bodied people and those 

with disabilities. 12 studies reported tissue parameters from muscles of 

the lower limb, including the gastrocnemius, gracilis, sartorius, quad- 

riceps, posterior thigh, heel pad of the foot, tibialis anterior, rectus 

femoris, buttocks, and triceps surae [33,43,44,46,47,53,86–91]. Five 

studies reported on tissue from the upper limb including the biceps 

brachii, flexor digitorum profundus, and brachialis [42,46,92–94]. Six 

studies were conducted while participants were in the supine position 

(lying on their back) [33,43,44,86,90,94], three studies were conducted 

in the seated position [46,53,88], and four studies the prone position 

(lying on their stomach) [47,86,87,91]. Four studies did not report the 

testing position or tested in a different manner than supine, prone or 

seated [42,89,92,93]. Three studies included able-bodied sample sizes 

of 10 or greater [46,86,88], and 11 studies tested able-bodied partici- 

pants with a sample size less than 10 [33,42,43,47,53,87,89–94]. One 

study included individuals with physical disabilities with a sample size 

less than 10 [33], and two studies did not report whether the 
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Table 3 

Ex vivo Animal Material Properties *acronyms used in this Table are written out after the last entry. Each column provides information 

about the tissue type, animal, sample location, sample size, parameters found, the model used, mechanical test (deformation definition 

in parentheses), where the foundational equation can be found in Tables 5 and 6, and the reference. *See acronyms used throughout the 

table after the last entry. 
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participants were able-bodied or had a disability [92,93]. 

 
3.2.2. Fat 

Fat tissue was included in one study that only included able-bodied 

participants [90]. The sample location was not identified, and one 

male was tested in the supine position. 

 
3.2.3. Skin 

In vivo samples of human skin from several regions of the body have 

been tested. The testing regions included the forearm, palm, back, 

shoulder, thigh, and calf, leading to a range of tissue parameters [39–41, 

95–103]. Testing positions varied as well, as three studies tested while 

seated [39,40,97], and eight studies did not report the testing position 

[41,95,96,98–101,103]. None tested individuals with disabilities. Nine 

studies included at least 10 able-bodied individuals, with some testing 

up to 138 participants [39–41,95,98–103]. Two studies tested less than 

five participants [96,97]. 

3.2.4. Bulk tissue 

While some in vivo experiments separated the muscle, fat, and skin 

into separate components, there were several that described the tissues 

as a homogeneous material, using lumped parameters. All studies that 

described the bulk soft tissue behavior in humans collected data from 

the buttocks and thigh regions. Five of these studies had at least 20 

participants [23,34,48,49,51], while three had a single participant [47, 

50,91]. Three studies determined tissue properties in the seated position 

[23,48,49], four in the prone position [23,47,50,91], two in the quad- 

ruped position [23,34], and one in the supine position [51]. Eight 

studies included data from able-bodied people, while one study reported 

material parameters in people with spinal cord injuries and able-bodied 

people [23,34,47–51,91,102]. 

 
3.3. Using animal properties for human modeling data 

 
26 studies on in vivo and ex vivo animal muscle, fat, and skin tissue 

were published between 1987 and 2014, but the authors found no more 
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Table 4 

In vivo Animal Material Properties. Each column provides information about the tissue type, animal, sample location, sample size, test 

position, parameters found, the model used, mechanical test (deformation definition in parentheses), where the foundational equation 

can be found in Tables 5 and 6, and the reference. *See acronyms used throughout the table after the last entry. 
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recent studies. Samples were taken from sheep, pigs, mice, rats, rabbits, 

cows, and frogs. 

 
3.3.1. Ex vivo 

The studies on ex vivo animal tissue sample included properties from 

muscle, fat, and skin. The animals from which the tissue samples were 

taken are identified in Table 3. Muscle tissue data were collected from 

the extensor digitorum longus, peroneus tertius, thoracic muscle, 

gluteus, semitendinosus, abdomen, and pelvic muscles [22,45,55,89,94, 

104–108]. Two studies included sample sizes of 10 or more [22,94]. 

Eight studies included a sample size less than 10 [45,55,89,104–108]. 

Two studies included fat properties taken from the gluteus, with sample 

 

Table 5 

Strain energy density equations to determine material parameters. 
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sizes of three and 20 [109,110]. Eight studies reported properties from 

skin samples, where four studies had sample sizes less than five 

[111–114], three studies had 14 or more samples [80,115,116], and one 

study did not report a sample size [117]. Skin samples were taken from 

the abdomen, posterior hindlimb, back, and gluteus. 

 
3.3.2. In vivo 

In vivo studies found on animals include seven that tested muscle [5, 

18–20,118–120] and two that tested skin [21,116], with two reporting 

on fat properties [5,19], which are listed in Table 4. Studies of animal 

muscle tissue included the tibialis anterior, gluteus, extensor digitorum 

longus and gracilis. In addition to testing occurring over multiple body 

regions, body position of the animals varied. Three investigations tested 

in the prone position [5,19,118], one in the supine position [18], and 

five did not report the testing position [20,21,116,119,120]. Among the 

studies, three had a sample size greater than 10 [19,118,119], and six 

studies had a sample size of 10 or less [5,18,20,21,116,120]. 

 
3.4. Material model choices 

 
The choice of material model used to represent human tissue deter- 

mined the reported material parameters. Human tissues were described 

using multiple different material models to represent the mechanical 

properties of muscle, fat, skin, and bulk tissue. 11 studies used a linear 

viscoelastic model with time-dependent behavior for muscle, fat, skin 

and bulk tissue [22,79,83,84,88,99,106,109,110,118,120]. Six studies 

used hyperelastic and viscoelastic terms to generate material models 

[20,47,77,78,87,91]. Additionally, 16 studies used a purely hyperelastic 

modeling approach for muscle [5,18,19,43,53], skin [40,96,111–113, 

117], or bulk tissues [23,34,47–49]. Four studies investigated the 

differences between applying multiple material models in describing 

soft tissue, demonstrating the various material parameters that may be 

obtained for the experimental data [49,53,55,113]. Several other 

studies reported using linear elastic models to represent skin [24,39,81, 

82,84,95,98,100,102,115,116], fat [71], and muscle [33,45,46,71, 

73–76,86,92–94,104,107,108]. 

 
3.5. Measures of deformation in tissue 

 
Raw displacement, strain, or stretch data in the tissues were re- 

ported. Displacement was the absolute magnitude of the change in tissue 

thickness when loaded versus unloaded. Tissue strain was the ratio of the 

change in thickness of tissue while loaded relative to its thickness in a 

non-loaded condition, while tissue stretch was the ratio of the tissue 

thickness in a loaded condition relative to a non-loaded one. Several 

definitions for deformation were used to determine tissue properties (i.e. 

Left Cauchy-Green Deformation Tensor, engineering strain, stretch, 

displacement, etc.). The mechanical test used to measure the deforma- 

tion used by the authors is reported in Tables 1–4 in the ‘Mechanical 

Test’ column. 

Measuring tissue deformation was predominantly conducted using 

two methods: imaging of deformation of internal tissues and measure- 

ments through external electronic sensors that measured total tissue 

displacement without measuring internal deformation, such as linear 

potentiometers or digital calipers. Imaging techniques, such as MRI and 

US were used with digital image correlation to generate strain or stretch 

fields in the planes of images [24,43,85,90,114]. Other studies used MRI 

or US to detect the proliferation of shear waves in tissue during magnetic 

resonance elastography or strain fields using ultrasound [18,33,45–47, 

54,75,76,86,88,91,93,94,96,102,104]. Electronic sensor measurements 
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of displacement that did not measure internal tissue deformation were 

not able to generate a strain or stretch field, but several studies used 

indentation to determine the displacement of tissues and estimate ma- 

terial properties based on the displacement values [19,22,23,34,39, 

95–97,103]. Sixteen ex vivo studies tested in tension [24,55,72,74,77, 

79–83,107,111–113,115,116], while six tested in compression [71,78, 

105,106,108,117]. While the most studies used methodologies to collect 

deformation, data included imaging or electronic sensor measurements, 

other approaches were used as well. Geometric relationships and laser 

displacement were used to determine strain in tissue [41,53]. In some 

cases, strain rate was used in animal and human tissue ex vivo [84,107]. 

 
4. Discussion 

 
Our objective for this paper was to assemble a collection of studies 

that investigated the mechanical properties of soft tissues and categorize 

them by their inclusion of ex vivo or in vivo tissue samples from humans 

or animals, the material model used to describe tissue behavior, and the 

deformation measurements used during experiments. This search 

resulted in an extensive list of studies reporting material properties of 

 
Table 6 

Relationships used to determine material parameters. 
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soft tissues, which are key for the development of human body models. 

The studies reported that mechanical properties of in vivo soft tissue, 

especially in the buttocks and thighs, changed depending on factors such 

as the body position and the region of the tissues tested [23,25]. These 

findings indicated that the position and the region of the body, whether 

or not persons with disabilities were included, and mechanism of 

deformation measurement need to be considered. For example, if a 

model of the buttocks in the seated position is desired, then material 
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properties from the buttocks in the seated position should be used. 

Material properties from another body position (e.g. prone) or body 

region (e.g. the leg) are likely to lead to unrealistic predictions of tissue 

stresses for the buttocks. The magnitudes of the inaccuracies may vary, 

as the values of material parameters of muscle, fat and skin differed by 

factors up to two depending on differences in test conditions, body po- 

sition and body region [48,49,88,95,96,100]. For example, reported 

shear modulus values for the gastrocnemius varied between 19 and 112 

kPa depending on the angle of ankle dorsiflexion. The shear modulus of 

human muscle and skin ranged from 1 kPa to over 100 kPa [33,46,47, 

86], and the Young’s moduli of skin in vivo similarly varied from 8 kPa to 

850 kPa [95,98,100]. Further, the elastic modulus of muscle varied from 

5 kPa to 126 kPa when using the Voigt model to describe it [42,88]. 

These large ranges of properties were evidence that factors such as body 

region, body position, participants with disabilities or able bodied, and 

the methods of collection all played a role in the material properties 

reported from in vivo tissues. 

Ex vivo data also demonstrated large differences from in vivo data, 

which would affect model outputs. Such an example of this is human 

skin of the forearm, where the ex vivo measurements of the Young’s 

modulus were at least 10 times larger than the in vivo measurement in 

the reported studies [24,39,82,95,98,100]. The Young’s moduli of in 

vivo human skin samples ranged from 8 to 850 kPa [95,98,100], and ex 

vivo was reported as 0.33–99 MPa (330–99,000 kPa) [24,82]. Samples 

from in vivo and ex vivo muscles also varied, as reported values were 

3.1–126 kPa [42,88] and 12–129 kPa [71,76], respectively. These large 

ranges suggest that using the material properties of ex vivo tissues as 

opposed to in vivo tissues will significantly alter the results of a model, 

underscoring the need for material properties that represent in vivo 

human tissue when modeling humans. 

Due to variability in experimental conditions and the numerous 

material models used, there were ranges of material parameters re- 

ported [43,53,87,91]. Most studies reported a compressibility param- 

eter (such as D or K), a shear modulus (G or μ), a bulk modulus (κ), a 

stress tensor (σ), a Young’s modulus (E), or material constants (C1, C2, 

etc.). Our review found 47 distinct relationships used to determine the 

material properties of soft tissues, indicating the breadth of the different 

models used. Even if the same material model was used, in vivo and ex 

vivo studies sometimes reported different parameters as well, making 

comparison difficult, if not impossible. Studies of the in vivo human 

bicep muscle reported bulk modulus and Young’s Modulus, while some 

ex vivo studies reported ultimate tensile strength values, which with the 

data provided cannot be compared. These differences in models used 

and parameters reported can make comparisons of material properties 

between studies difficult if not impossible. 

The type of material model to represent each tissue determined the 

types of material parameters reported; and there were several classes of 

models used. Types included elastic, hyperelastic, and viscoelastic ma- 

terial models. Model choice is crucial to the description of the soft tis- 

sue’s mechanical behavior because it affects all computational 

predictions that use these data. While several models may be appro- 

priate to describe a tissue within the parameters of an experiment or 

study, models may need to make predictions outside those parameters. It 

is therefore important to consider that the hyperelastic and viscoelastic 

models, commonly used to represent muscle, fat, and bulk tissue, will 

yield different extrapolated tissue responses as compared to linear 

models. Of the hyperelastic and viscoelastic models chosen to represent 

muscle, fat, and bulk tissue, the Neo-Hookean and Ogden models were 

the most common. Furthermore, recognizing the model choice is 

important because there is no readily available method to convert the 

material parameters from one model to another. A final consideration 

for material model choice is the dependence of the model’s behavior on 

pre-strain and residual stresses and strains in the tissue. This is one area 

currently being studied that needs to be resolved before material prop- 

erties can be compared between experiments. A method for the consis- 

tent determination of a stress-free reference state will eliminate a barrier 

between comparing experimental results. 

Much progress has been made in the characterization of soft tissue, 

and there is a need to continue improving in this area to better represent 

human soft tissues. Before material properties of human soft tissue were 

available, properties of animal tissues were used. However, animal 

studies have become less frequent as data on human tissues have become 

more available, and because evidence shows that the properties of the 

muscle, skin, and fat tissue differ between humans and animals [5,20,40, 

53,90,96]. As experiments progressed to humans, early properties were 

determined in ex vivo experiments, and those properties were not 

representative of in vivo tissue. More recent tests have begun to collect 

compressive tissue response data on in vivo humans, providing more 

appropriate data for modelers to use as compared to tensile tests. 

Finally, there is a growing effort to provide patient-specific soft tissue 

characterizations, obtained in clinic, to reduce uncertainties related to 

using population-based data in models [12–16]. These advances will 

lead to more realistic models of stress/strain predictions and in- 

teractions between the human body and its environment. The conver- 

gence between the results of any human body model and experimental 

measurements is integral to establish the credibility of the model. Once 

the model has been validated by experimental measurements, it can be 

used to predict behavior and determine how marginal changes in any 

parameter would affect potential real-life outcomes [121,122]. 

One tissue that was not documented in this review was fascia. 

Though fascia does play an important part in the contact between and 

transduction of forces through other soft tissues, its use in human body 

models has not been widespread. The exclusion of fascia has been noted 

as a limitation in some models, as the modelers used simplified contact 

relationships between skin, muscle, fat, and bone, such as tying the 

contact nodes together. It is worth repeating that these tissues slide 

across each other in vivo, and as such, this assumption likely affects 

predicted tissue stresses (i.e. by overestimating interface stresses be- 

tween tissues). Some models have attempted to consider fascia by 

including one-layer thick membranes, however its relative thinness 

when compared to the other tissues, such as skin, muscle, and fat has 

made it difficult to implement, and even to study, its properties [123]. 

Several studies have investigated the properties of fascia in vivo and ex 

vivo, yet a stated limitation of the in vivo studies was that the geometry of 

the fascia was difficult to model, and thus three-dimensional properties 

like the Young’s modulus have only recently been investigated using 

some of the methods described in this review [124–128]. The study and 

inclusion of fascial properties in future literature will further explain 

their role in force transduction in the body. 

Lastly, one area that needs to be explored further is the difference 

between the material properties of able-bodies individuals and in- 

dividuals with disabilities. One study investigated the difference in the 

shear properties of muscle in the legs of individuals with and without 

disabilities, and two investigated the differences between the soft tissue 

properties in the buttocks and thighs of able-bodied people and people 

with spinal-cord injuries [23,129,130]. However, the soft tissue material 

properties of other regions of the body have not been explored in in- 

dividuals with disabilities. Persons who use wheelchairs are at an 

elevated risk of developing PIs, and many wheelchair users have dis- 

abilities, therefore it is imperative to expand the knowledge on the 

material properties of persons with disabilities. 

Substantial effort has been dedicated over the last several decades to 

developing models of the human body for multiple purposes, including 

PI risk evaluation. However, these models have used a wide range of 

material properties to represent soft tissues based on a variety of 

experimental conditions. Recent work has suggested that experimental 

conditions, such as body region, body position, and whether or not a 

person has a disability affects the mechanical properties derived for soft 

tissue [25,31,34,35]. To ensure that human body models most accu- 

rately represent the real-life situation they are simulating, the assembly 

of data presented here show that it is essential to use material properties 

from analogous experimental conditions. 
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5. Conclusions 

 
Over several decades, there have been advancements in the material 

properties used to describe soft tissue for the purposes of human body 

modeling and for practical applications. These advancements come in 

the form of determining tissue properties appropriate for wider scopes of 

applications, starting with ex vivo animal tissue properties, up to current 

experiments describing in vivo human tissue properties. Improvements 

have also been made in the models used to describe the experimental 

results, whereas early models used linear elastic models for tissue, cur- 

rent descriptions often include hyperelastic or viscoelastic components 

that capture the strain- or time-dependent properties of tissue. While 

there has been significant progress in the scope and models of soft tissue 

properties, there remain several factors that need to be explored further. 

Among these are body regions of the described tissue, the body position 

during experiments and its effect on apparent tissue properties, and the 

effects of physical disability, providing several avenues for future 

research. Further work will also evaluate current and future experi- 

mental methodologies used to deform tissue and measure the 

deformation. 
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