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Abstract— The purpose of this study is to quantify the load
generated on the buttocks during wheelchair operation in
order to clarify the cause of pressure injuries on the buttocks
of wheelchair users. In the case of repeated measurements,
pressure injuries may occur by conducting experiments with
people with actual disabilities. In this study, we proposed a
method of dynamic simulation using a humanoid model in order
to carry out buttock load safely due to exercise. In addition, the
load on the buttocks is quantified by reproducing a simulated
cushion that reproduces the actual physical properties on the
simulator. When we conducted an evaluation experiment of the
developed simulation to quantify the buttock load, we confirmed
the validity of this simulator in the front-back direction. On the
other hand, the correlation with the actual data is low in the
left-right direction, and it is considered necessary to improve
the humanoid model in order to improve the accuracy.

I. INTRODUCTION

Most people with spinal cord injuries require the use
of a manual or electric wheelchair to move. Therefore, by
assisting them to lead a self-reliant life, we can encourage
their social participation. Some individuals with spinal cord
injury use manual or electricpowered wheelchairs to move
and they spend many hours a day sitting on the wheelchair.
Therefore, individuals with spinal cord injury are at risk
of developing pressure sores. The National Pressure Injury
Advisory Panel (NPIAP) defined an occurrence mechanism
of the pressure injury as “A pressure injury is localized
damage to the skin and underlying soft tissue usually over
a bony prominence or related to a medical or other device.
The injury can present as intact skin or an open injury and
may be painful. The injury occurs as a result of intense
and/or prolonged pressure or pressure in combination with
shear. The tolerance of soft tissue for pressure and shear
may also be affected by microclimate, nutrition, perfusion,
co-morbidities and condition of the soft tissue [1].” Since
wheelchair users spend most of the day in a sitting posture,
the buttocks are subjected to continuous stress, and pressure
injuries are often formed on the buttocks. In addition to
the pressure on the buttocks, it has been suggested that
the shear force generated during movement is a significant
cause of pressure injuries in wheelchair users [2]. There
are several reports on the measurement of the pressure and
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displacement force acting on the buttocks [3][4]. Although
these studies only measure the shear force of the buttocks
in a static state, various behaviors such as movement and
eating are indispensable in daily life. Such movements can
dynamically change the load on the buttocks. By measuring
and quantifying them, it is considered that the risk of pressure
injury development can be evaluated in more detail.

II. PURPOSE AND PREVIOUS STUDIES

Studies on the relationship between pressure injuries and
external forces include the relationship between pressure
injury risk and pressure [5], and the measurement of pressure
and shear forces on the buttocks [6] etc. have been reported.
In addition, the effects of the type of cushion used on the
wheelchair and the posture of the upper limbs on the pressure
and blood flow at the ischial nodule have been investigated.
However, these reported cases remain stationary, and the
load survey for wheelchair users’ rowing movements has not
been conducted. In addition, several methods for calculating
the stress of the 3D buttock model using the finite element
method(FEM) have been reported [7].

Therefore, in this study, we aim to evaluate the risk
of pressure injuries due to activities of daily living by
quantifying the buttock load during movement of wheelchair
users. We will develop a simple simulator that can quantify
the buttock load during movement by dynamic simulation
even if it is only body movement. By using this simulator,
we aim to elucidate the causal relationship between the load
generated in the buttocks during wheelchair movement and
body movement.

III. SIMULATION SYSTEM

When conducting experiments on actual persons with
disabilities, there is a possibility that pressure injuries will be
uttered by repeated experiments. In addition, it is difficult to
accurately evaluate motion data of non-disabled people be-
cause the movements of non-wheelchair users differ greatly
from those of wheelchair users. Therefore, we have devel-
oped a simple simulator that can quantify the buttock load
in wheelchair rowing motion using dynamics simulation.

Figure 1 shows an overview of the simulation system.
The humanoid model can adjust each joint to any posture.
The posture input data to the simulator is obtained from the
actual human movement. An inertial motion capture system
is used to acquire attitude information. This is by attaching
the IMU [8] to each part of the body. The joint angle of
the whole body can be estimated based on the mechanistic
calculation. The humanoid model simulates the load on the
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Fig. 1. A dynamics simulation system to easily evaluate the developed pressure injury risk.

buttocks by sitting on the chair model. CoppeliaSim was
used for these dynamics simulations. By sending data from
the IMU to CoppeliaSim via socket communication, it is
possible to visualize the posture of a person in real time on
the simulator.

A. CoppeliaSim

CoppeliaSim(formerly known as V-REP) is a robot simu-
lator with an integrated environment based on a distributed
architecture [9]. Various robots and sensors are prepared
in the simulator, and by combining them, it is possible to
perform robot simulations in an environment suitable for the
user. Moreover, the control of the robot and the sensor, etc.
is possible by describing it with the Lua language in the
script in CoppeliaSim, and by using Remote API, which
is an extension function of CoppeliaSim, the exchange of
data through the socket communication is also possible by
the language other than Lua. The previous study was used
to measure the load between the cushion and the buttocks
during seating [10].

B. Simulation Model

In CoppeliaSim, there are two types of models: dy-
namics model and non-dynamics model(kinematic model).
The dynamics model takes into account the contact with
other models and mass, and enables falling, collision, and
bouncing. On the other hand, non-dynamical models do not
consider mass or contact, and cannot be used for falling or
collision, but can be used to control position and posture. For
the dynamics model, there is a joint called Revolute Joint that
controls the rotation around one axis. This enables the non-
dynamics model to output the accurate body motion and the
dynamics model to output the load between the buttocks and
the seat (cushion).

Figure 1 shows these models. The length and weight of
the body can be changed by the subjects. The shape of the

buttocks and thighs in the dynamics model has a significant
effect on the pressure distribution between the seat surfaces.
In this study, the buttocks were considered as a sphere and
the thighs as a cylinder, and they were combined to form a
simplified model.

The shape of the buttocks of the simulator is important for
quantifying the load on the buttocks in the sitting position.
Kumar et al. have proposed a method of modeling the
buttocks and thighs with hemispheres and cylinders. Based
on this, Ogata et al. have developed a soft buttock dummy
and evaluated the risk of pressure injuries. In this study as
well, we decided to model the buttocks with hemispheres
and cylinders as in these previous studies. The model of the
buttocks and thighs prepared is shown in Fig. 2 The thigh
is not a simple cylinder, but is tapered from the hip joint to
the knee joint.

(a) buttocks model

(b) thigh model

Fig. 2. The shape of the buttocks and thighs of a humanoid model of
dynamics simulation.

Figure 1 shows the model of the seat surface in contact
with the buttocks. Since wheelchair users often use cushions
for their buttocks, it is desirable that the model is not
rigid. However, since CoppeliaSim provides only rigid body
models, in this study, we simply modeled the softness of
the cushion by arranging 320 in 2×2 cm spring mass



damper models on the seat surface. The spring modulus
was determined by measuring the elastic modulus of the
actual cushion. In addition, CoppeliaSim can output the
load applied to the spring by API. Therefore, the pressure
distribution applied to the cushion model can be calculated
from the surface area of each mass and the force applied to
the spring.

C. Control Method of Models

The position and posture of each part of the body are
calculated based on the posture information obtained from
the IMU. In this study, it is assumed that the foot is on
the footrest of a wheelchair and the foot is fixed. Therefore,
the mechanistic calculation is performed using the foot as
the root. However, since the simulation is not stable when
both feet are fixed to the environment, an open-loop system
is used in which only the right ankle is fixed. By using the
posture matrix obtained from the IMUs of two adjacent body
segments, the change in the position of each joint can be
calculated.

D. Validation Experiments for Control Method

we compare the non-dynamics model behavior in the
control method using the IMU described so far with the
actual human behavior. We also compare the behavior of
the dynamics model with that of the non-dynamics model.
In addition, the pressure distribution between the seat surface
by the dynamics model and the cushion model is compared
with the actual measurement to verify the validity.

In this verification, the same motion is generated on Cop-
peliaSim using the control method described in the previous
chapter, and compared with the motion of a real person.
The object of comparison is a high-precision marker from
the National Institute of Advanced Industrial Science and
Technology [11]. These high-precision markers have higher
position and orientation accuracy than conventional visual
markers. These high-precision markers were attached to the
ankle and waist positions, and the coordinates of the waist
marker in the camera coordinate system were obtained.

The results are shown in Fig. 3 below. Since the wheelchair
motion has a large movement in the sagittal plane, only the
coordinates of the hips in that plane were compared, and
since there was almost no difference between Non-dynamics
and dynamics, it was found that there was no influence
of inertia by dynamics in the motion that moves the hips
back and forth. In addition, when the coordinate data of the
waist by CoppeliaSim and the coordinate data of Marker
are compared, the rise time of the value is almost equal,
but the convergence of the value is faster in CoppeliaSim.
This may be due to the fact that the dynamics model has
only one degree of freedom in each joint, while the non-
dynamics model has three degrees of freedom in all joints,
and also due to the difference in the position of the IMU.
On the other hand, when the model was not moving, there
was no difference in the coordinates between Marker and
CoppeliaSim. The correlation coefficients of the waveforms
of Marker and non-dynamics and Marker and dynamics were

0.96 and 0.93, respectively. Therefore, although this simula-
tion has some problems in terms of dynamics accuracy, it is
effective for understanding the trend of the motion.
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(a) Simulation model and markers

(b) Comparison of measurement results and estimation results

Fig. 3. Accuracy verification result of the estimation result of the joint
position based on the joint angle.

E. Validation Experiments for Proposed Simulator

Experiments to verify the effect of the developed simula-
tion was performed.

1) Experimental Conditions: The simulator was evaluated
by measuring the IMU and the pressure distribution sensor
at the same time. The simulator was evaluated by measuring
the IMU and the pressure distribution sensor at the same
time. Simultaneous measurements experiment of movements
and sitting pressure during wheelchair rowing for four non-
disabled adult females and one male were performed, and
compared them with her simulation results. The experiment
was approved by the ethics review board at National Reha-
bilitation Center for Persons with Disabilities.

2) Result and Discussion: The whole body movement
was calculated based on the posture information obtained
from the IMU, and the load on the buttocks was estimated
by the simulator developed in this study. The experimental
results are shown in Figs 4-6. Figure 4 shows a snapshot of a
wheelchair rowing motion simulated. Figure 5 is an example
of pressure distribution. Figure 6 shows the calculation
results of Center of Pressure(CoP) in the x-axis and y-axis
directions of the experimental collaborator A. The blue line
is the measured value and the orange line is the simulation
result.

As can be seen from Fig. 5, there are similarities in that
the pressure around the ischium is high and the pressure on
the thigh is low. On the other hand, in the simulation, the
contact area is small and the pressure around the ischium



Fig. 4. A snapshot of the visualization results on a simulation of wheelchair
rowing.

Fig. 5. Comparison of measured values of pressure distribution by SR
softvision and estimation results based on simulation.

is large. It is considered that this is because the pressure on
the thigh became smaller due to the influence of the taper on
the thigh, and the pressure on the buttocks became relatively
larger.

Comparing the CoP trajectories from Fig. 6, there is a
similar tendency in the x-axis direction, but there is not
much similarity in the y-axis direction. Therefore, when the
correlation coefficient between the measured CoP and the
simulated CoP was calculated, the x-axis was 0.612±0.155
and the y-axis was 0.0904± 0.315. As a result, although a
slightly strong correlation was found in the x-axis direction,
no correlation was found in the y-axis direction. It is con-

Fig. 6. CoP calculation result on the simulation.

sidered that the cause is that the pressure distribution on the
left and right has changed unevenly because only the right
foot is fixed to the environment.

IV. CONCLUSIONS

In this study, we proposed a simple sitting pressure simula-
tor during wheelchair operation using a dynamics simulator.
When the pressure distribution by the actual measurement
and the pressure distribution by the simulator were compared,
the pressure center in the wheelchair traveling direction was
significantly and moderately correlated with the measured
value, it was confirmed that the model can reflect the
movement of the body while the wheelchair is moving.

Although this study targeted people without disabilities,
the characteristics of movement differ between people with-
out disabilities and wheelchair users. In the future, we will
acquire data on actual wheelchair users. In addition, there
was an error in the estimation of sitting pressure in the left-
right direction. We aim to improve the simulation accuracy
by examining a method for correcting the error.
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