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Comparison between a computational seated
human model and experimental verification
data
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Abstract. Sitting-acquired deep tissue injuries (SADTI) are the most serious type of pressure ulcers. In order to investigate
the aetiology of SADTI a new approach is under development: a musculo-skeletal model which can predict forces between
the chair and the human body at different seated postures. This study focuses on comparing results from a model developed in
the AnyBody Modeling System, with data collected from an experimental setup. A chair with force-measuring equipment was
developed, an experiment was conducted with three subjects, and the experimental results were compared with the predictions
of the computational model. The results show that the model predicted the reaction forces for different chair postures well. The
correlation coefficients of how well the experiment and model correlate for the seat angle, backrest angle and footrest height
was 0.93, 0.96, and 0.95. The study show a good agreement between experimental data and model prediction of forces between
a human body and a chair. The model can in the future be used in designing wheelchairs or automotive seats.
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1. Introduction

Pressure ulcers, more commonly known as pressure
sores, are a frequent complication to spinal cord injury
(SCI) patients. The aetiology of the disease is in general
poorly understood [22].

Statistics show that 24% of all patients with SCI
experience a pressure ulcer during their rehabilitation
hospital stay [7]. It is also estimated that 50–85%
of all patients with SCI will experience a pressure
ulcer during their life time [27]. These are very gen-
eral prevalences covering a range of different types
of pressure ulcers. The type of pressure ulcers that
has motivated the present investigation is the sitting-
acquired deep tissue injury (SADTI) that wheelchair
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users, i.e. paraplegic and quadriplegic patients are par-
ticularly susceptible to. [1] The prevalence of deep
tissue injury is difficult to assess because it is usually
only detected after it has reached the skin surface, at
which point the injury’s origin is impossible to estab-
lish. SADTIs have a tendency to spread under the
skin and reach proportions that are difficult to treat
and in some cases terminal [11]. For a more general
introduction to the field of pressure ulcer research has
been combined in a comprensive book by Bader, D.
et al. [3]

Investigations of the aetiology behind pressure
ulcers is broad and ranges from the seated posture
over global loading of the buttocks to tissue stresses
and strains and further on to cell deformation causing
necrosis. It is well acknowledged that pressure ulcers
are primarily caused by sustained mechanical loading
of the soft tissues [26, 28]. The types of loading can
be described as pressure, pressure gradients and shear
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forces [16]. These loads conspire in a complicated fash-
ion to generate deformation states varying from point to
point in the soft tissues. An understanding of the input
loads is therefore the first step towards a full under-
standing of pressure ulcer formation. The magnitude
and position of the loads are influenced by the patient’s
posture and the support conditions of the wheelchair.
Several research groups have contributed to the under-
standing of the forces between a seated human and
its environment, but the difference in aims and exper-
imental protocols make them impossible to compare
[4, 8, 13–16, 20, 25]. A recent review of the current
literature within the field has pointed out the need to
understand the forces acting on the buttocks for dif-
ferent seated postures [22]. It is important to realise
that those support forces also partly depend on how
the muscles are activated. It is therefore not enough to
estimate the support forces purely base on gravity and
the segment masses. The estimated support forces can
subsequently be used as global boundary conditions
for FE models of the buttocks, which subsequently
can calculate the internal strains and stresses in the
tissue under the influence of various cushion materi-
als. Several papers have described how the mechanics
of the soft tissue on the buttocks react towards loading,
but none have investigated how systematic change in
posture change the deformation of the tissue [12, 18,
19, 29].

A computational approach might contribute fur-
ther to an understanding of how the seating posture
affects the mechanical loading of the soft tissue in the
buttock region. Such an understanding might also ben-
efit designers of automotive, airline and office seats
because of the contact forces’ contribution to the per-
ceived discomfort [6, 23, 24].

A validated computational model could be used
to predict the loading on the human body from dif-
ferent seated postures without the need for costly
experiments. Furthermore, an analytical model is free
from the inevitable experimental noise and statistical
variations due to individual differences between sub-
jects and differences in protocols that may otherwise
occlude the interpretation of results.

However, before using any model it should be com-
pared to experimental data in order to verify the
predicted forces [21]. Therefore the objectives of this
study are to make an initial verification of a musculo-
skeletal model with respect to its ability to predict
the chair reaction forces and how these are changed
for different seated postures. This is accomplished by

comparing force predictions from a model with mea-
surements from test subjects.

2. Methods and materials

The study design comprised an experimental and
a modelling part. The experimental setup included
measurements of reaction forces on a wheelchair mea-
sured in synchronization with motion capture data for
recording of the sitting posture of three volunteers.
A musculo-skeletal model was created to mimic the
seated position and thereby estimate reaction forces
between the chair and the model. These reaction forces
could then be compared with the forces measured dur-
ing the experiment and in that way make an initial
verification of the musculo-skeletal model. For a study
overview, see Fig. 1.

Fig. 1. Flow chart of the study design. Recording and post pro-
cessing of experimental data using a Matlab script, transfer of the
kinematic data to the musculo-skeletal model for simulation of forces
and finally comparison between measured and calculated forces.



C.G. Olesen et al. / Comparison between a computational seated human model and experimental verification data 177

2.1. Experimental setup

2.1.1. Force measurements
A custom-built wheelchair, see Fig. 2 (Woltur-

nus A/S, Nibe, Denmark) was mounted with
force-measuring equipment (Advanced Mechanical
Technology, Inc., Watertown, MA, US). The chair was
constructed by mounting an OR6-7-1000 force plate as
a seat, as a footrest an OR6-7-2000 force plate mounted
in the floor was used. The backrest consisted of two
horizontal bars that in each side were mounted to two
multi-axis force and torque transducers. In total, four
multi-axis force transducers (2 × FS6-250 & 2 × FS6-
500) were mounted in the two backrest bars. The
backrest bars were covered with 4 mm foam and the
seat was covered with a 2 mm rubber mat.

The wheelchair could be adjusted in a number
of ways. The inclination angle of the seat and
backrest could be changed. The seat could slide
forward/backward. The two backrest bars could indi-
vidually slide up/down and forward/backwards. These
adjustments allowed the wheelchair to be adjusted con-
tinuously into any position with respect to backrest
height, seat depth, seat angle and backrest angle. The
seat and backrest angles were reported as angles in
degrees measured from horizontal seat, turning around
the intersection between seat and backrest, measured
positive rotating from seat to backrest. The forces
applied to the force plates and force transducers were
amplified using amplifiers from the same manufacturer

as the force measuring equipment. The amplified sig-
nals were sampled using Texas Instrument 16 bit A/D
converters, connected to a computer equipped with
data collection software (Mr.Kick, Aalborg University,
Aalborg, Denmark) [17]. The six channels on each
force-measuring device represented the 3 forces and
3 moments, they were all sampled giving a total of 36
channels. The sampling rate was 20 Hz over 10 seconds
giving 200 samples per channel.

2.1.2. Posture assessment
The chair positions were measured using a motion

capture system (Qualisys Proreflex 240, Gothenburg,
Sweden) with eight cameras. Passive reflective mark-
ers were placed in each corner of the two force plates
and on both sides of the two backrest bars. The posture
of the subject sitting in the wheelchair was also mea-
sured using passive reflective markers. The markers
were placed at the following anatomical landmarks:
Forehead (glabella), sternum, the lateral tip of the
acromion, the lateral elbow epicondyle), hand (Os
sesamoideum of digitus tertius), pelvis (Crista iliaca),
greater trochanter, knee (Caput fibulae) and lateral
malleolus.

The positions of the markers were measured with a
sampling rate of 20 Hz over 10 seconds.

The force measurements and the motion capture sys-
tem were started by a trigger in order to synchronize
the force and motion capture recordings.

Fig. 2. The experimental setup with a subject sitting on the instrumented chair. The white dots are the reflective markers used for motion capture.
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2.1.3. Conducting the experiment
Three able-bodied men of 179 ± 3 cm height and

68 ± 2 kg body mass were included in the study.
The subjects’ height, mass and height from floor to

the posterior side of the knee while seated were mea-
sured. The posterior knee height was used as a guide
for an appropriate seat height, i.e. the distance from
the footrest force plate to the front top edge of the
seat. This distance (H∗) was kept constant throughout
all experiments, except for the experiment varying the
seat height. The subject was seated in the chair and the
markers were attached. The subject was instructed to
sit as relaxed as possible with the arms crossed over
the chest in order to make sure they did not affect the
result. The force plates and load cells were reset every
time the posture of the chair was changed to make sure
that the baseline was the same for all measurements.
The experiment included 12 different seated postures.

The seat angle was varied from −17◦ to 6◦, while the
backrest angle was maintained 108◦ leaned back, and
the footrest height adjusted relatively to the subject’s
lower leg length (H∗).

The backrest angle was varied from approximately
90◦ corresponding to vertical, and reclined to approx-
imately 123◦. The seatpan was kept constant in 7◦
leaned backwards, and the footrest height adjusted rel-
atively to the subject’s lower leg length (H∗).

The distance from the edge of the seat to the footrest
varied from lower leg length plus 2 cm to lower leg
length minus 8 cm. while the backrest angle was kept
constant at 108◦ leaned back, and the seat angle was
kept constant at 7◦ leaned back. Between each of the
posture variations, only one parameter was changed
and the subject sat in the chair 4 minutes before 10
seconds measurement was started to ensure that the
seated position had reached a steady state as described
by Crawford et al. [8] The continuous adjustments and
the fitting of the seat to the different anthropometries
of the test subjects meant that different postures were
recorded for the three subjects.

2.2. Post processing

2.2.1. Motion capture
The motion capture data from the Qualisys cam-

eras were initially post processed in QTM (Qualisys
Tracking Manager V.1.10.282) where the markers were
identified and named. The markers were then exported
to a TSV file and then processed using a custom-made
Matlab (MatLab R2008B, Mathworks Inc., Ma, US.)

script that based on marker coordinates, defined vec-
tors representing the various parts of the chair. Angles
between the vectors representing the seat, backrest bars
and footrest was also calculated. The output of the Mat-
lab scripts was a text file that could be included in the
AnyBody model. The text file contained all the marker
positions for driving the model. For an overview of the
process, see Fig. 1.

2.2.2. Force data
The collected force data was gathered using Mr.

Kick saving each data file as a Matlab data file. A script
was used for averaging the values. A Matlab script
combined the motion capture data with the measured
forces.

2.2.3. Musculoskeletal model
The musculoskeletal analysis was performed in the

AnyBody Modeling System version 4.1 (AnyBody
Technology A/S, Aalborg, Denmark). The muscu-
loskeletal model is based on the “Seated Human”
model from the open source AnyBody model reposi-
tory [2], which was described in [9, 23]. The AnyBody
Modeling System is computer software designed for
constructing musculo-skeletal models of the human
body and its environment and for determining how
these interact. With this kind of models it is possi-
ble to estimate muscle activities, joint reaction forces
and unknown interaction forces with the environment
using optimization algorithms. The analysis is based
on inverse dynamics, and in order to solve the muscle
recruitment problem it is assumed that the muscles are
activated in an optimal way in order to avoid fatigue.
Moreover the software is based on multibody dynamics
assuming that the segments are rigid. The mathemat-
ics and mechanical theories behind it were described
in detail by Damsgaard et al. [10].

The model was scaled in mass to the body mass of
each test subject. The subjects were approximately the
same anthropometrical size as the generic model in the
public repository,

The model consists of two parts: a human model
and an environment representing the wheelchair. The
seated model relies on a set of assumptions described in
[24]. In addition, a few assumptions were made about
the interface between the chair and the human body:

Contrary to real seated persons, rigid multibody
models are by nature supported on points rather than
surfaces and by reaction forces rather than by pressure
distributions. The model has therefore been equipped
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with a number of points through which it can trans-
fer reaction forces to the supporting elements, i.e. the
backrest, seat pan and footrest. The contact between
the body and the supporting elements is modelled by
means of contact elements that can provide only com-
pressive reactions and shear forces implemented as
Coulomb friction in the contact points. The model
could choose to use any set of the contact points avail-
able, In principle this could be compared to modelling
the perfect supporting chair within the boundary con-
ditions of the seat.The friction coefficients �, between
the body and the seat and footrest was estimated to
� = 0.5 based on preliminary tests. For the backrest
� = 0.1 was used.

2.3. Comparison

Comparing absolute force values and trends when
changing an input parameter did the comparison
between the experimentally obtained forces and the
estimated forces from the musculoskeletal model. The
force values were plotted as a function of the variable
parameter. The forces used for comparison were the
seat shear forces and the normal force on the footrest.
Seat shear force was considered positive when force
applied to the skin was in the forward direction, see
Fig. 2, The forces on the backrest relates directly to the
forces on the seat, therefore these were not reported.

The normal force of the seat was not considered in this
study.

3. Results

The results from the forces measured during the
experiment and the estimated forces from the mus-
culoskeletal model were compared as absolute values
and trends of these while changing one parameter at
the time. The seat shear force was considered positive
in the frontal direction.

3.1. Effect of changing the backrest angle

Figure 3 illustrates the experimental and model
results for the three subjects for the backrest angle
variation. The results indicate that backrest inclination
increases the seat shear force. Linear regression lines
for each of the datasets reveal that the slopes differ by
18.8 %. This corresponds to an absolute difference of
maximally 20 N at the two extremes because the two
curves intersect very closely to 0 N. Please notice, how-
ever that despite the addition of the linear regression
lines, nothing in the physics of the problem indicates
that the behaviour should be linear. The correlation
coefficient, R2-value and confidence interval of how
well the model describes the experiment can be found
in Table 1.

Fig. 3. The effect on the seat shear force from varying the backrest angle. The data show clear correspondence and a trend towards higher seat
shear force when the backrest is inclined.
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Table 1
The seat angle, backrest angle and footrest height for the different experiments. The diagonal of ranges were the parameters changed in each of

the experiments

Seat angle Backrest angle Footrest height

Seat angle variation −17◦– (+6◦) 108◦ H∗
Backrest angle variation 7◦ 90◦–123◦ H∗
Footrest height variation 7◦ 108◦ (H∗-8 cm) – (H∗+2 cm)

3.2. Effect of changing the seat angle

Figure 4 shows that changing the seat angle from
tilting forward to tilting backwards while keeping the
other variables constant has a strong influence on the
seat shear force. In Fig. 4 experimental and modelling
results have been pooled for the three subjects, and
a linear regression line has been plotted for each of
the datasets. The slopes differ by 19.8 % leading to a
maximum deviation between the linear regressions of
experimental data versus model data of approximately
20 N. The correlation coefficient and confidence inter-
val for the experimental and model of the seat angle
can be found in Table 2.

3.3. Effect of changing the height of the footrest

The height of the footrest has an effect on the seat
normal force predicted by the model. Figure 5 shows
the difference between the measured and the predicted
normal force on the footrest. Most of the data points are
within ±20 N and the standard deviation of the error

is 15.5 N. The correlation coefficient and confidence
interval for the experimental and model of the footrest
height can be found in Table 1.

4. Discussion

The results quantify the correspondence between the
computational musculoskeletal model and the exper-
imentally obtained data. It was found that the seat
shear force and the footrest normal force were the ones
that varied the most when changing posture, the other
forces and moments did not vary much not in the exper-
iment, nor in the model predictions, therefore these
forces were the main focus point in the result section.

Varying the seat angle, backrest angle and footrest
height in general showed good results and the model
predicted the forces acting between the chair and the
subjects. In each experiment the goal was to vary a sin-
gle parameter, but due to (i) the continuous adjustment
of the chair, (ii) the fitting of the chair to each subject’s
anthropometry, (iii) the small postural adjustments of
the subject in each trial and (iv) the different choices

Fig. 4. The effect on the seat shear force when the seat angle is changed. The data show clear correspondence and similar trends can be observed
as well.
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Table 2
The correlation coefficients, the confidence interval and the RMS error for the seat normal and shear force prediction for each of the three

experiments

Seat angle Backrest angle Footrest height

Correlation coefficient 0.93 0.96 0.95
R2-value 0.87 0.91 0.91
95% Confidence interval 0.71–0.99 0.84–0.99 0.82–0.99
RMS Seat Fs Error 20.0 N 13.6 N 13.7 N
RMS Seat Fn Error 22.3 N 38.4 N 35.4 N

Fig. 5. The difference between the measured and predicted normal force on the footrest. The different data points are for the different experiments
where the height of the footrest was changed.

of posture in a given chair setup between the subjects,
there was small deviation in the chair setup and realized
posture between each of the experiments. However, the
majority of this variation was transferred to the model
via the kinematic input from each of the experiments
to the model.

Other researchers have conducted experiments that
can be compared with the present results. For example
Gildorf et al. [13] mounted a force plate as a wheelchair
seat and measured normal and shear forces for differ-
ent backrest angles. They found the average shear force
at the seat for a hard surface at 5◦ incline to be 27 N,
which corresponds well with this study, indicating that
the test subject was typical. In another study conducted
by Bush & Hubbard [5] 12 healthy mid-sized males
were seated in an instrumented chair in different seated
postures, and normal and shear forces were measured.
The experimental setup was somewhat different, but
approximately 15 N seat shear force was measured in

a neutral posture with the backrest reclined 20 degrees.
This could be compared with the graph on Fig. 3, pre-
dicting between 10 and 20 N seat shear force for the
same backrest angle.

Also Hobson [16] did experimental work on dif-
ferent seated postures on spinal cord injured and
able-bodied subjects. Their results are difficult to com-
pare, since the protocol used in this study, is not similar,
however some comparison can be made between seated
postures where there are only a few degrees difference
in seat- backrest angle. Posture “P4” where the seat is
horizontal and the backrest is leaned back to 110◦ is
somewhat comparable to the seat angle variation exper-
iment in this study. Hobson, D.A. measured a mean
70 N shear force, where the experimental results from
this study was 75–80 N.

The purpose of the seated musculo-skeletal model
is to give detailed information on how different seated
postures affects reaction forces between the chair and
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the human body. It is a model of how parameters
interact therefore verifying trends is an important mea-
sure of model quality [21]. The correlation coefficient
between predicted and measured shear force with back-
rest angle variation was 0.9580 with a 95% confidence
interval between 0.8419–0.9893 indicating that with
95% certainty the model can describe at least 84% of
the experimental result. Similar results were found for
variation of the footrest height, while the correlation
coefficient for variation of the seat angle was 0.9335.
Most likely, with more experiments, the confidence
interval would become smaller and thereby the cer-
tainty of how well the model describes the experiment
would be larger. The R2 values for the 3 experiments
show that the difference between the experimental and
modelling results were relatively small.

The experiment was conducted with three subjects
with a normal body mass index, if for example one of
the subjects had been over or under weight the model
would have to be scaled in order to fit the test person.
However the study was focused on validating the model
as is, not validating the scaling methods, hence the
small variation between the three subjects.

The results from varying the footrest showed a bias
towards the model predicting lower forces than mea-
sured in experiments, the difference is not big, however
most predictions were lower than the matching experi-
mental data. The largest error seen on Fig. 5 is when the
footrest is raised, i.e. the distance from the footrest to
the seat is small. This could be explained by the passive
elastic forces there is in the body when the thorax/thigh
angle becomes smaller, which is not build into the Any-
Body model. The subjects lower legs were 48–50 cm
therefore the most important part of the graph is around
this height, where the errors were small. The large
errors seen on the figure comes from somewhat unnat-
ural sitting postures.

The model predicted reaction forces between a chair
and an able-bodied person, and therefore muscles were
included in the model. The muscle activities calculated
by the model were low in all the modelled postures
(< 4%). There was, however, a slight increase in the
estimated muscle activation when the friction coef-
ficient decreases, indicating that in these situations
muscle activity is necessary to avoid slipping from the
chair.

There were a couple of possible error sources in the
experiments, such as marker placement, which could
cause prediction errors. The chosen friction coeffi-
cients for the seat and footrest, were investigated in

a sensitivity study. The two coefficients where varied
and the shear force at the seat estimated by the model
was the output. The model turned out to be insensitive
to the friction coefficients if they were above � = 0.15.
Thus, if the true friction coefficient if above 0.15, the
assumed coefficient of 0.5 does not influence the result.

The study included experimental results from three
subjects, that were chosen to match the standard Any-
Body model, this was done to exclude scaling, because
this study was done in order to verify the model results,
not the scaling method, which should be addressed in
future studies. For future patient specific cases, it will
be essential to scale the model to the subject. Espe-
cially for disabled subjects, segment masses may have
atypical values and some muscle groups should be
remodelled. Three subjects are considered enough for
verifying if the interaction between the parameters is
the same in the model compared to reality. Many data
points have been collected in the experiment for each
subject. During the experiment the subject had their
arms crossed, which is obviously not a typical seating
posture. The reason was that for normal arm positions
during sitting, essentials markers on the pelvis were
hidden. Pelvis rotation is an important parameter to
capture for estimating the support forces.

The musculo-skeletal model estimates reaction
forces between the chair and the human body with the
same trends that can be measured experimentally, and
also the absolute values correspond quite well. Overall
the result is encouraging with respect to the opportuni-
ties to use a computational model for seat adjustments
aimed at controlling the reaction forces in the human
body.
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