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Abstract—Current practices for designing new cushions for
seats depend on superficial measurements, such as pressure
mapping, which do not provide sufficient information about the
condition of sub-dermal tissues. Finite element (FE) modelling
offers a unique alternative to integrate assessment of sub-dermal
tissue condition into seat/cushion design and development
processes. However, the development and validation of such FE
models for seated humans requires accurate representation of
the anatomy and material properties, which remain challenges
that are yet to be addressed. This paper presents the develop-
ment and validation of a detailed 3D FE model with high
anatomical fidelity of the buttock and thigh, for a specific seated
subject. The developedmodel consisted of 28muscles, the pelvis,
sacrum, femur, and one layer of inter-muscular fat, subcuta-
neous fat and skin. Validation against in vivo measurements
from MRI data confirmed that the FE model can simulate the
deformation of soft tissues under sitting loads with an accuracy
of (mean ± SD) 4.7 ± 4.4 mm. Simulation results showed that
the maximum strains (compressive, shear and von-Mises) on
muscles (41, 110, 79%) were higher than fat tissues (21, 62,
41%). The muscles that experienced the highest mechanical
loads were the gluteus maximus, adductor magnus and muscles
in the posterior aspect of the thighs (biceps femoris, semitendi-
nosus and semimembranosus muscles). The developed FE
model contributes to the progression towards bio-fidelity in
modelling the human body in seated postures by providing
insight into the distribution of stresses/strains in individual
muscles and inter-muscular fat in the buttock and thigh of seated
individuals. Industrial applications for the developed FE model
include improving the design of office and household furniture,
automotive and airplane seats and wheelchairs as well as
customisation and assessment of sporting and medical equip-
ment to meet individual requirements.
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INTRODUCTION

Technological advancements and changes in work
and travel cultures have made sitting the dominant
posture for many individuals.13 This is the case for
office workers,6 drivers12,31 as well as wheelchair
users.51 Rather paradoxically, this perceived comfort-
able posture has been shown to be associated with a
number of health concerns.52 While sitting, the weight
of the body stresses sub-dermal soft tissues in the
buttocks and thighs region, especially under bony
prominences.45 Poor cushion design can elevate these
pressures, which compromises the health of the pres-
sured soft tissues leading to discomfort or even
injury.49,58 Therefore, it is important to account for the
condition of sub-dermal soft tissues when designing
cushions for seats and wheelchairs.18,34

Current medical imaging methods may provide
some information about the geometry of the different
anatomical structures3,22 and may offer basic infor-
mation on soft tissue deformation. However, this
technology cannot provide detailed information of
local stresses and strains, and is difficult to integrate
within industrial design processes due to the complex
experimental setup and the high costs associated.
Computational modelling, especially finite element
(FE) modelling, offers an alternative to integrate
assessment of sub-dermal tissue condition into
seat/cushion design and development processes.40,43

FE models, with the appropriate level of validation
and anatomical detail, can provide information about
sub-dermal strains in seated subjects. Such capability
can inform the research and development process on
how changes in seat design may affect seated individ-
uals, prior to building and testing physical prototypes.
However, the development and validation of such FE
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models requires accurate representation of the anat-
omy and material properties of the tissues which re-
main challenges that are yet to be fully addressed.28

The anatomical fidelity of FE models used in pre-
vious studies varied depending on the detail captured
by the model geometry. Many models represent
anatomical structures by simplified geometries such as
cylinders and spheres, which do not capture the com-
plex geometry of human anatomy.1,5,7 Recent studies
used subject-specific FE models that were developed
based on medical images, but with unrealistic con-
straints such as constraining the deformation of soft
tissues to a single plane.8,22,47 While these assumptions
can reduce solution time, their potential to compro-
mise the fidelity of the model’s output cannot be
overlooked.46 3D models of the buttock and thighs
have been developed from medical images of subjects
in postures other than sitting postures,9,16,43 however,
these fail to accurately describe the orientation of soft
tissues in seated individuals.29 The resolution of pre-
vious 3D models is also limited due to the grouping of
muscles by compartment19,27 (or even grouping of fat
and muscles together33,56), which masks information
about the response of individual muscles and
enveloping inter-muscular fat to sitting loads. Com-
putational (2D) studies suggest the existence of a
relationship between high inter-muscular fat levels and
elevated mechanical loads on sub-dermal tissues.48

These results highlight the need for high fidelity 3D FE
models of seated humans that are capable of estimat-
ing the sub-dermal strains in individual muscles and
inter-muscular fat. Hence, the aim of this study was to
develop and validate a 3D FE model for a specific
seated subject, with anatomical geometry sufficient to
capture the deformation and strains in muscles and
inter-muscular fat tissues of the buttock and thigh re-
gion. This model will provide insightful information
about how the different soft tissues respond to sitting
loads, which can aid the design of better seats and
supporting surfaces in the future.

MATERIALS AND METHODS

Overview

In this single-subject case study,MRI data of a seated
male subject was segmented into individual muscles,
inter-muscular and subcutaneous fat, skin, and bones.
The segmented MRI data were used to generate a de-
tailed 3D geometry for an FE model of the buttock and
thigh.Heuristic optimisationwas used to definematerial
model parameter values for muscle and fat components
of the model. Boundary and loading conditions were
applied to simulate quasi-static sitting loads. The model

was used to estimate the deformation and strains in sub-
dermal muscle and fat tissues, as well as the pressures at
the interface between the subject and the seat. Finally,
the model was validated by comparing the FE estimates
to physical measurements (from MRI data) of the
deformation of the gluteal region soft tissues (Fig. 1).

Geometry Generation

Geometric data describing the anatomy of a seated
human buttocks and thighs were extracted from MRI
scans of a male subject (Age: 44 years, body mass:
73 kg and stature: 1.71 m). The study protocol was
approved by the University of South Australia Human
Research Ethics Committee (Protocol Number
0000023194), and the University of Aberdeen, College
of Life sciences and Medicine Ethics Review Board.
After providing written, informed consent the subject
was scanned using a positional MRI scanner (Fonar
0.6 Tesla IndomitableTM) under two loading condi-
tions: weight-bearing and non-weight-bearing condi-
tions. MRI data of the subject’s buttock and thighs in
the non-weight-bearing condition described the
geometry of the subject’s buttock and thigh before soft
tissues undergo any deformation due to the subject’s
weight. The weight-bearing MRI scans were used to
measure the deformation of the different soft tissue
layers. For the weight-bearing condition, the subject
was scanned in a recumbent sitting posture. In the non-
weight-bearing condition, the subject was asked to
adopt the same posture, but on an inclined surface and
was supported by a set of cushions to help fixate his
posture throughout the scanning. In the non-weight-
bearing setup, soft tissues in the buttock and thighs
were only under the effect of gravity (details of the
experimental setup for the MRI scanning are presented
in Al-Dirini et al.3). Solidworks 2012 (Dassault Sys-
tèmes, Vélizy, France) was used to manually segment
the MRI scans (resolution: 256 9 256, pixel spacing
(mm): 1.5625 9 1.5625), in consultation with an
experienced radiologist, and generate the subject-
specific CAD model. The CAD model (Fig. 2a) had
three bony structures (pelvis, sacrum and femur), 28
muscles (Table 1) and one layer consisting of inter-
muscular fat, fascia and subcutaneous fat.2

FE Model Setup

The generated subject-specific CAD model was im-
ported into ANSYS WorkBench v14.5 (ANSYS, Inc.,
Canonsburg, PA). It was possible to reduce the model
size by assuming symmetry about the mid-sagittal
plane passing through the sacrum, so that simulations
were only run for the left buttock and thigh. A rect-
angular flat platform was created underneath the CAD
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model of the subject’s right buttock and thigh repre-
senting the seat used in the MRI scanning (Fig. 2). The
CAD model (only the left buttock and thigh) and the
seat surface were then meshed using ANSYS
Mechanical v14.5 (ANSYS, Inc., Canonsburg, PA).
The meshed model (Fig. 2) had 255,478 nodes and

1,293,241 tetrahedral elements, with average aspect
ratio and skewness of 1.1 and 0.24, respectively. A
mesh convergence study was performed to verify the
coverage of the model for the adopted mesh density.

Throughout the simulation, isotropic constitutive
laws were used to describe the different materials in the

MRI scanning in weight-bearing 
and non-weight-bearing postures

MRI scanning in 
weight-bearing 

posture (deformed 
buttock) 

MRI scanning in 
non-weight-bearing 
posture (undeformed 

buttock)

Segmented to generate a 
detailed 3D (full) FE 

model of the buttock and 
thigh in a seated posture 

Segmented to generate a
simplified 3D FE model of the 
buttock and thigh in a seated 

1-D measurements of tissue 
thickness change at 2 locations 

MRI segmented 3D 
geometry of the 

deformed gluteus 
maximus muscle

GA optimisation

Muscle and fat 
material models

Validation FE predicted 3D 
geometry of the 

deformed gluteus 
maximus muscle

FIGURE 1. Steps for FE model development and validation. (1) MRI scans of undeformed buttock were segmented to generate a
detailed 3D FE model. (2) MRI scans of the undeformed buttock were segmented again to generate a simplified FE model. (3) 1-D
measurements of tissue thickness changes for the transition from the undeformed (non-weight-bearing) to the deformed (weight-
bearing) buttock were taken below the ischial tuberosity and the lesser trochanter in the plane of a single MRI scan. (4) 1-D
measurements were used as input for GA optimization to define soft tissue material models. The simplified model is used in GA
optimization stage to reduce simulation time. (5) Material models established through the GA optimization were applied to the
detailed FE model. (6) MRI scans of the deformed buttock (weight-bearing) were segmented to generate 3D geometry of the
deformed gluteus maximus muscle. (7) 3D deformation of the gluteus maximus muscle predicted by the detailed 3D model were
compared to those measured from the MRI to validate the detailed model’s predictions.
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model. Bones (ilium, sacrum and femur) were assumed
to be rigid, while fat and muscles were modelled using
hyper-elastic (first-order Ogden) models with parame-
ter (l and a) values defined based on genetic algorithm
(GA) optimisation (see ‘‘Material Model Parameter
Optimisation’’ section for more details). The flat sup-
port representing the seat surface was assumed to be
rigid. Muscle–bone contacts were defined as frictional
contacts with a coefficient of friction (ls) of 0.3.

42 A
tied/non-slip contact was assigned to all fat–bone26

and muscle–fat interfaces. Tendons were not indepen-
dently modelled as the MRI images’ resolution and
slice interval did not clearly show tendons. The contact
between the buttock and the flat support was assumed
to be frictional with a coefficient of friction (ls) of
0.4.59 Finally, the seat surface was displaced vertically
by 32.3 mm (a distance equal to the maximum total
soft tissue thickness change measured from the weight-
bearing and none-weight-bearing scans) and gravity
was applied throughout the duration of the simulation.
ANSYS explicit solver (AUTODYN explicit dynamics

module) was used to run the simulations on an Intel
Xeon workstation (using 14 processors) with 64 GB
RAM. The 95th percentile compressive (3rd principal),
maximum shear and von-Mises strains in each of the
muscle and fat components of the model were
recorded.

Material Model Parameter Optimisation

A linear elastic material model was assigned for the
left femur and pelvis.37 Muscle and subcutaneous fat
tissues were modelled as incompressible hyper-elastic
materials using first order Ogden models.35 The gen-
eral form of the strain energy function for the Ogden
model is:

W k1; k2; k3ð Þ ¼
XN

p¼1

lp
ap

kap1 þ kap2 þ kap3 � 3
� �

þ
XN

p¼1

1

dp
J � 1ð Þ2p;

ð1Þ

FIGURE 2. Three dimensional CAD model of left buttock and thigh. The model was created from MRI scan segmentation. This
included: (1) manual tracing over contours of muscles, fat and bones in transverse MRI scans using Bieser splines in solidworks,
(2) creating a lofted geometry that connects the segmentation contours. The path that the loft operation followed was determined
from segmentation of sagittal MRI images. The resultant CAD model included detailed geometric representation of each of the
buttock and thigh muscles, fat and bones. (a) An isometric view of the 3D subject-specific CAD model. (b) A side view of the 3D
subject-specific CAD model overlaid on to the sagittal non-weight-bearing MRI scan of the upper thigh. (c) The right view of the
meshed muscles and bones, (d) the left view of the mesh for the fat layer and the sacrum, and (e) the left view of the meshed
muscles and bones.

TABLE 1. Summary of muscles modelled in this study.

Gluteus maximus Tensor of fascia lata Adductor brevis Gracilis

Gluteus medius Biceps femoris Adductor minus Iliacus

Gluteus minimus Rectus femoris Adductor magnus Iliopsoas

External oblique Vastus lateralis Adductor longus Sartorius

Internal oblique Vastus medialis Obturator externus Piriformis

Semitendinosus Vastus intermedialis Quadratus femoris Pectineus

Semimembranosus Gemellus inferior Obturator internus Psoas major
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where k1, k2, and k3 are the stretch ratios in the prin-
cipal directions. N is the model order. lp, ap and dp are
the pth shear modulus, exponent and compressibility
respectively. J is the determinant of the elastic defor-
mation gradient and can be represented as:

J ¼ k1k2k3: ð2Þ

.
The ground-state shear modulus (l0), long-term

shear modulus (linf) and ground-state bulk modulus
(K0) can be derived using:

l0 ¼
XN

p¼1

lpap
2

ð3Þ

linf ¼
XN

p¼1

lp ð4Þ

K0 ¼
2

d1
: ð5Þ

Genetic algorithm (GA) optimisation has been used
in previous studies to identify model parameter values
that best describe thematerial properties of soft tissues17

such as the placenta14 and the liver.55 In this study,
Ogden model parameters for muscle (lm and am) and
subcutaneous fat tissues (lf and af) were optimised using
the adaptive multi-objective optimisation algorithm in
ANSYS Workbench’s design optimization module
(ANSYS, Inc., Canonsburg, PA), which combines GA
optimisation with Latin Hypercube sampling.14 Muscle
and fat tissues were modelled as nearly incompressible
material, with values of the incompressibility parame-
ters (df and dm) adopted from previous literature.44 The
objective of the optimisation was set to ensure the
optimised material models resulted in FE estimates that
matchMRImeasurement of 1-D tissue thickness change
for the Gluteus Maximus, intermuscular fat (IMF) and
subcutaneous fat3 below the ischial tuberosity and the
lesser trochanter. Thus, the objective for the optimisa-
tion was to minimise the following error functions:

e1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DTMuscle MRIIT

� �2

� DTMuscle FEIT

� �2
r

ð6Þ

e2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DTFat MRIIT

� �2

� DTFat FEIT

� �2
r

ð7Þ

e3 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DTMuscle MRILT

� �2

� DTMuscle FELT

� �2
r

ð8Þ

e4 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DTFat MRILT

� �2

� DTFat FELT

� �2
r

ð9Þ

e5 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DTIMF MRILT

� �2

� DTIMF FELT

� �2
r

; ð10Þ

where DTMuscle MRIIT
, DTFat MRIIT

, DTMuscle MRILT
,

DTFat MRILT
and DTIMF MRILT

were the muscle, fat tissue

and intermuscular fat 1-D tissue thickness changes
below the ischial tuberosity (IT) and the lesser tro-
chanter (LT), respectively, measured from the MRI
scans. Similarly, DTMuscle FEIT

, DTFat FEIT
, DTMuscle FELT

,

DTFat FELT
and DTIMF FELT

were the muscle, fat tissue

and intermuscular fat 1-D tissue thickness changes
below the ischial tuberosity (IT) and the lesser tro-
chanter (LT), respectively, measured from the FE
simulations.

The maximum allowable number of generations
was set to 200, with each generation consisting of 50
samples.14 The initial search space for the Latin
Hypercube sampling was defined based on maximum
and minimum values for each parameter, which
were derived from previous literature11,20,21,23–25,28.
GA optimisation ceased once all objectives were
achieved.54

To reduce the size of the model for the optimi-
sation algorithm to converge in a reasonable time,
MRI data for each subject were re-segmented into
only four anatomical structures (the pelvis, femur,
sacrum, GM muscle and fat tissues) to generate a less
detailed 3D representation of the buttock (Fig. 3).
The 3D geometry with less detail was further reduced
to include only tissues surrounding the ischial
tuberosity and the lesser trochanter. This was done
by creating cut planes to define the part of the 3D
geometry to be used for the material optimisation
(Fig. 3c). All geometries that were not between the
two cut planes were removed. The simplified 3D
geometry (Fig. 3c) was meshed using ANSYS work-
bench v14.5 (ANSYS, Inc., Canonsburg, PA) to
generate a pure tetrahedral mesh with the same mesh
density of the detailed 3D model.

To simulate the deformation of the buttock’s soft
tissues, the rectangular block was displaced in the
positive y-direction (anterior direction) to deform
the buttock model by 32.3 mm, which is equivalent
to the total soft tissue deformation measured
from the MRI scans. A fixed boundary condition
was applied to the bones (Fig. 3c). The simulation
ceased when the rigid block was displacement by a
total of 32.3 mm.
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Validation of the Developed FE Model

Deformation measured from MRI scans were
compared to those estimated by the FE model. To
measure the deformation, weight-bearing MRI scans3

were segmented using ScanIP software (Simpleware
Ltd. Exeter, UK) to generate a 3D surface mesh of the
deformed muscle. The surface mesh of the deformed
muscle was rigidly registered to the undeformed mesh
using iterative closest point (ICP) algorithm30 imple-
mented using Matlab (MathWorks, Inc., Mas-
sachusetts, USA). Differences between corresponding
nodal coordinated were taken to represent the 3D
deformation measured from the MRI scans. Similarly,
the FE-deformed mesh (the resultant geometry of the
muscle after the FE simulation ran to completion) was
registered to the undeformed mesh using ICP and
differences in corresponding nodal coordinates were
taken to represent the 3D deformation estimated by
the FE model. Errors in FE model estimates were
calculated as the root mean square of the differences
between the MRI-measured and the FE-estimated
deformations.

RESULTS

Material Model Parameters Optimisation

Material parameters inferred using GA optimisa-
tion are summarised in Table 2. Using Eq. (4), the
long-term shear moduli of muscle and fat tissues were
estimated to be 1.9 and 1.7 kPa, respectively.

Soft Tissue Deformations

The simulation took 157 min to run. Simulation
results showed reasonable estimates of the 3D
deformation compared to MRI-based measurement.
The mean (±standard deviation) of the root mean
square error in the FE estimates of soft tissue
deformation was 4.7 mm (±4.4 mm), with about
65% of the deformation estimates being within 5 mm
of the MRI-based measurements and less than 13%
of the model estimates had errors greater than
10 mm (Fig. 4). The highest errors were noted below
the ischial tuberosity.

FIGURE 3. An illustration of the detailed (Full) FE model (a) and the simplified FE model (c). (b) The anatomical structures
included in the segmentation of the simplified model. (c) The boundary and loading conditions applied to the simplified model.

TABLE 2. Summary of material properties used in the FE model of a seated male.

Soft tissue layer Formulation Material properties and model parameters

Bones Rigid E = 2.5E7 Pa v = 0.3 Density = 1000 kg m23

Muscles Ogden hyper-elastic model l1 = 1907.4 Pa a1 = 4.6 Density = 1100 kg m23

Fat and skin Ogden hyper-elastic model l1 = 1166.7 Pa a1 = 16.2 Density = 920 kg m23
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Interface Pressure Between the Seat Surface and the
Skin

The maximum pressure estimated at the interface
between the skin and the rigid seat surface was
31.1 kPa and was located under the ischial tuberosity.
The pressure distribution at the interface is shown in
Fig. 5.

Compressive Strains

The compressive strains estimated by the FE model
were greater for muscles (41%) than for subcutaneous
(20%) and inter-muscular fat (21%), with the maxima

being in soft tissues close to the ischial tuberosity.
Muscles that experienced the highest compressive
strains were the gluteus maximus (41%), adductor
magnus (21%), biceps femoris (29%), semitendinosus
(28%), and semimembranosus (21%) muscles
(Fig. 6a).

Shear Strains

The shear strains estimated by the FE model were
greater for muscles (110%) than for subcutaneous
(58%) and inter-muscular fat (62%). The maximum
shear strains the fat components of the model were at

FIGURE 4. FE estimates for soft tissue deformation in the Gluteus Maximus muscle (top-left), MRI measurements of soft tissue
deformation in the Gluteus Maximus muscle (top-right) and a contour plot of the distribution of the differences between the FE
estimates and the MRI measurements for the deformation in the Gluteus Maximus muscle (top-middle). The legend for contour plot
is shown in the bottom-left side of the figure. The bar graph (bottom-right) shows the distribution of the differences (or errors) in
the deformation.
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the interface between the gluteus maximus muscle and
the ischial tuberosity. Muscles that were under the
highest strains were the gluteus maximus (110%),
adductor magnus (50%), biceps femoris (55%), semi-
tendinosus (50%), and semimembranosus (54%)
muscles (Fig. 6b).

von-Mises Strains

The von-Mises strains were greater for muscles than
for fat. The highest von-Mises strains in the muscles
were in the gluteus maximus (73%), biceps femoris
(43%), adductor magnus (29%), semitendinosus
(37%), and semimembranosus (37%) (Fig. 6c). The
maximum von-Mises strains in the inter-muscular and
subcutaneous fat layers did not exceed 41 and 37%,
respectively.

DISCUSSION

The aim of this study was to develop and validate an
FE model for the buttock and thigh of a seated indi-
vidual with anatomical detail sufficient for estimating
deformation and strains in deep tissues. The developed
model was able to estimate the deformation in the
gluteal region within (mean ± SD) 4.7 ± 4.4 mm of
the MRI-measurements, with more than 65% of the
deformation estimates were within 5 mm of the MRI
measurements. The strain estimated by the FE model
also fell within ranges reported in the literature
(Table 3),11,19–21,24,47 and the FE model produced a

physiologically reasonable estimate of loading pattern
at the seat interface, with maximum pressure that
closely matched interface pressure measurements
reported in previous studies.20,22,57

Our model appears to produce a better estimation
of soft tissue deformation than possible with previous
models. The FE model that appears to have the highest
geometric detail in the literature was reported in
Makhsous et al.,27 which was developed based on MRI
scans of a subject in a simulated sitting posture and
validated against measurements of the subject’s soft
tissues deformation (average ± SD errors were
6.2 ± 10.4 mm). Although their model provided
valuable information about the distribution of strains
in sub-dermal tissues, the resolution was limited to
muscle groups/compartments. In contrast, our FE
model quantifies the response of individual muscles,
inter-muscular and subcutaneous fat and skin to sitting
loads, and with higher accuracy when compared to
MRI-measurements.

Measurements using the developed FE model sug-
gest that muscles experience higher strains than inter-
muscular and subcutaneous fat when exposed to quasi-
static sitting loads, indicating that muscles undergo
larger deformations than other soft tissues. These re-
sults agree with our previous observations3 and con-
firm findings reported in previous studies.22,29,41 The
developed FE model has also demonstrated that the
highest strains were in the gluteus maximus muscle
under the ischial tuberosity and that muscles other
than the gluteus maximus were also subjected to rela-
tively high mechanical loads. These muscles were the
adductor magnus, biceps femoris, semitendinosus and
semimembranosus muscles, which are mainly located
in the posterior aspect of the thigh. The relatively high
mechanical loads imposed on these muscles can
potentially explain the discomfort (or even pain) in the
posterior aspect of the thighs after sitting for long
hours.10,32

Despite the reasonably close estimates of soft tissue
deformation, the model seems to underestimate the
deformation when compared to the MRI measure-
ments. A localised high underestimation was noted di-
rectly below the ischial tuberosity. The MRI
measurements indicate that the gluteus maximusmuscle
entirely slides in the lateral direction, leaving only fat
tissues below the ischial tuberosity, however, the FE
model did not capture this behaviour. We believe that
this could be due to the (simplified) tied/non-slip contact
assigned to the muscle-fat interface. Currently, there is
paucity in information reported for tissue-on-tissue
contact,38,39 and further research is needed to under-
stand the contact mechanics at the muscle–fat interface.

Long-term shear modulus of elasticity is considered
an appropriate parameter to describe the material be-

FIGURE 5. FE estimate for the pressure distribution at the
seat-buttock interface. The maximum interface pressure was
estimated below the ischium with peak value of 31.1 kPa.
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FIGURE 6. Distribution of the compressive (top), shear (middle) and von-Mises (bottom) strains across the different muscles
modelled in this FE simulation.
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haviour under quasi-static loading.48 In this study, the
long-term shear moduli for muscle and fat tissues were
estimated from optimised material parameter values.
Based on the estimated values of shear moduli, muscles
and fat seem to exhibit similar response to quasi-static
loading. However, the optimal material parameters in
this study do not only represent material properties of
muscle and fat tissues, they also compensate for the
simplified contact definition and loading conditions
applied to the FE model. Therefore, the reported values
for shear moduli should not be taken as exact measure-
ments of subject-specific material properties. Nonethe-
less, the shear moduli estimated in this study were
consistent with values reported in studies that measured
shear moduli of muscles and fat tissues, in vivo on human
subjects.4,44,50,51,53 This implies that despite the inherent
limitations, the proposed method seems to be provide
reasonable estimates for shear moduli of muscle and fat
tissues. Future work is needed to differentiate (if possi-
ble) between material properties and the boundary con-
ditions described by the optimised material models.

There were several limitations in this study. The
models assumed a symmetric behaviour of soft tissues
for seated individuals. Soft tissues were also assumed
to be homogeneous isotropic materials, which does not
consider the possible heterogeneity across the different
regions of the model, nor accounts for anisotropy due
to muscle fibre direction. Also, the loading and
boundary conditions applied to the model were highly
simplified. Ideally, interface pressure would be mea-
sured while the subject is scanned then used as the
loading condition for the model instead of the simpli-
fied purely vertical displacement of the seat surface.
However, this was not possible because commercially
available pressure mats are not MRI-compatible. Also,
the contact definition assigned to the muscle-to-fat and
fat-to-bone interfaces were simplified. A tied/non-slip
contact was assumed at the muscle-to-fat interface and
the fat-to-bone interface. These boundary conditions
affect the distribution of shear and compressive load
components across the various soft tissue layers
between the bones and the seat surface. However,
investigation of how variations in the assumed

boundary conditions affect the FE estimates is outside
the scope of this study.

The developed FE model was validated against
MRI measurements of soft tissue deformation, how-
ever, only for the gluteal region of the model. This was
because MRI data in the weight-bearing posture only
captured the gluteal region of the buttock and thighs.
While this assesses the validity of the model’s predic-
tions in the gluteal region, it does not guaranty the
validity of the model in predicting the deformation in
other regions, such as the distal thighs. Future research
may consider expanding the validation presented to
evaluate the accuracy of the model in predicting the
deformation in other regions of the buttock and thigh.

The developed model can inform seat and cushion
designers about how sub-dermal tissues would behave
in new seat and cushion designs. Different variations
may be investigated, and depending on the needs of the
targeted users, designers would be able to make in-
formed decisions on how to improve seat and cushion
design. However, stress/strain criteria for injury or
discomfort are not clearly defined in the literature.36

Once such criteria become available, the developed
model can provide insight that would help designers
improve seat design to meet the needs of different
users.15

CONCLUSION

We have presented the development and validation of
a unique three-dimensional, subject-specific FE model
with high anatomical fidelity for a seated human. The
current FE model provides insight into the distribution
of sub-dermal strains in individual muscles, inter-mus-
cular and subcutaneous fat layers. When compared to
deformations measured using MRI, the accuracy of the
developed model was higher than what is reported for
previous three-dimensional FE models in the literature.
FE estimate of the mechanical strains in muscles and fat
tissues suggest that, for a seated human, the gluteus
maximus, adductor magnus and posterior compartment
muscles bear the highest mechanical loads.

TABLE 3. Summary of the stresses and strains predicted by the FE model and the literature cited range for each of the predicted
stresses and strains.

Inter-muscular fat Muscles Fat and skin

FE model Literature FE model Literature FE Model Literature

Maximum compressive strains (%) 21 – 41 7–90 20 15–83

Maximum von-Mises strains (%) 41 – 79 59–140 37 19–52

Maximum shear strains (%) 62 – 110 51–118 58 17–63

Literature: 17,40–44,46.
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