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Abstract—In this study, the effects of pressure and temperature on pressure
ulcers is investigated by using both numerical simulation and experimentation
methods. Indeed, a biomechanical buttock—thigh tissue model is constructed
along with wheelchair seat cushion. A human buttock-thigh model is created to
perform thermo-mechanical simulations using the finite element method (Abaqus
software). In parallel, experiments are conducted to determine the value of the
pressure and the temperature distribution of the subject sitting on the wheelchair
cushion (pressure pad and infrared camera). The preventive measures and appro-
priate treatments for people using a wheelchair or those with disabilities are
measured. The findings show that the use of a wheelchair cushion reasonable for
better distribution of pressure, decrease shear stress and improve the heat transfer
between the contact surfaces of human buttock-thigh tissue and wheelchair cush-
ion (reduce the temperature in the contact area). It contributes to the prediction
of factors that can cause pressure ulcers to improve comfort seating and the qual-
ity of life for people with disabilities.

Keywords—Pressure ulcers, wheelchairs, numerical simulation, experimental,
cushions.

1 Introduction

The damage localized skin or underlying tissues, usually happen over a bony prom-
inence as a result of pressure or pressure in combination with shear and/or friction was
called pressure ulcers (PU), also known as pressure sores, decubitus ulcers, and bed-
sores, and now referred to as pressure injuries [1]. The PU usually appears in people
who have to sit in the same position for a long time and people who are bedridden,
wheelchairs-confined, or unable to change their positions. PU becomes socio-economic
problems, due to a significant increase in the number of people with disabilities,
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wheelchair users and treatment costs. Indeed, there are over 1 billion people with disa-
bilities in over the world, of whom 2—4% experience significant difficulties in function-
ing, according to a report of the World Health Organization (WHO) [2]. It is estimated
that around 10 percent (100 million) people with disabilities need a wheelchair for their
daily routines. For wheelchair users, PU a lot happens in areas of the ischial tuberosity,
sacrum and the greater trochanter of the femur [3]. The cost of treatment up to £10,551
for a PU case depending on the level of PU (grade 1 to grade 4) [4] — [6], [15]. Every
year in the UK, it is estimated that there are 412,000 individuals who will develop new
PU [5]. Therefore, many studies have been conducted recently to identify the causes of
PU and propose preventive measures.

PU have been interested and considered in recent years by many studies. Many in-
ternal and external factors contributing to the formation of PU were considered in few
studies [8], [12], [13], [15]. We can indicate several causes of PU, such as: pressure,
shear stress, friction, immobility, mobility problem, poor nutrition, ageing skin, health
conditions. In particular, the pressure is considered as a major factor that causes PU for
wheelchair users, disabled people sitting in the same position for a long time without
changing positions [8], [13]. The skin and underlying soft tissues are deforms while
pressure is applied to the skin, particularly over the ischial tuborosities (ITs). The mus-
cle tissue compression will cause decreased blood flow and inadequate oxygenation
(ischemia). The ischemia for a long time can cause aggregation of blood cells and cause
a blockage of the capillaries, leading to cell death in the skin [13], [15], [16]. The ca-
pillary walls may also be damaged, allowing the red blood cells and liquid to pass into
the interstitial space. This process results in non-disappearing erythema, skin discolor-
ation, and induration in first stage. Prolonged ischemia will cause skin and tissue ne-
crosis. This necrosis will increase and deepen in the tissue layers and this is the result
of higher PU.

Shear and friction are often said in addition to pressure in the context of PU. The
most recent definition of PU studied and reported periodically by the National Pressure
Ulcer Advisory Panel (NPUAP) and the European Pressure Ulcer Advisory Panel
(EPUAP) [13], [15]. These studies in Ref. [13], [15] have emphasized the role of pres-
sure and designate that shear stress may be involved in association to concerning the
formation and development of PU. In the context of deep tissue lesions, defined as
"caused by underlying soft tissue damage related to pressure and/or shear". Although
there is no consensus that friction is a direct cause of PU. Pressure and shear stress are
also closely related: pressure on the soft tissues, especially above a bone projection,
will cause some degree of shear by tissue deformation [13], [15].

We have mentioned the factors of pressure, shear and friction, which can cause pres-
sure ulcers. In recent years, many studies have concentrated on the change of microcli-
mate conditions to the formation and development of PU. The term "microclimate" in
relation to PU generally refers today to: the temperature of the surface of the skin or
tissues, and moisture or skin moisture at the interface between the human buttock-thigh
and the support surface [13], [15], [17], [29]. The increase in body temperature is a
recognized risk factor for PU. Therefore, significant attention to the microclimate fac-
tors to prevent PU is needed to reduce the current treatment cost for pathological PU.
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Some studies have undertaken clinical medical experiments to investigate the factors
which can cause the PU [7]-[10]. However, these experimental studies are costly. Other
studies have implemented a number of modeling and numerical simulations to provide
predictions of PU that suggest prevention of PU [11], [12], [15], [19]-[21]. These stud-
ies have shown many causes of PU such as: pressure, shear forces, friction, moisture,
stress inside the buttocks-thighs, temperature and humidity.

In this study, we will concentrate on the factors that can cause PU for wheelchair
users, including pressure distribution, shear stress, stress on the buttock-thigh, and tem-
perature by numerical simulations (using Finite Element Method-FEM) and experiment
methods. The results obtained in this study demonstrate more clearly the development
of PU for wheelchair users and provide preventive measures to reduce the level and
progression of PU.

2 Methodology

In our study, we used two methods to identify these factors which can cause pressure
ulcers. Firstly, the numerical simulation will be performed to identify the pressure dis-
tribution, stress inside buttock—thigh tissue human and temperature at the surface of
buttocks-human/wheelchair cushion by finite element method (FEM). In the next step,
we used an infrared camera and the pressure pad to study to measure the temperature
and pressure distribution.

2.1 Numerical simulation of thermal-mechanical

A biomechanical buttock—thigh tissue model was established along with wheelchair
seat cushions to study the influence of pressure and temperature to prevent PU for
wheelchair users. The buttock—thigh tissue model was selected based on the ISO stand-
ards 16840-2:2007 [18] and developed from the human-buttock model as stated in Ref.
[4], [11], [12], [15]. The model was designed by SOLIDWORKS® software as shown
in Figure 1.

Human body
seating

Yl Seat cushion

z X
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Fig. 1. Human body model using wheelchairs and seat cushions

In this numerical simulation, a human body model with 75 kg seating on the seat
cushion of wheelchair was used as shown in Figure 1. We have applied a gravity field
of 9.81 m/s? to the whole simulation environment and we assume that the wheelchair
users would sit on seat cushion with real weight. The material property of the human
body is complexity. To simplify this problem, we assumed that the buttock-thigh tissue
model used in our study what the material properties are homogeneous, linear, isotropic,
and incompressible. The material of finite element model used in this study is elasticity
theory equation with large deformation. The Mooney—Rivlin hyperelastic model [4],
[11], [12] was engaged for muscles comportment. The model was constructed on the
strain energy function as indicated in Equation (1).

U =Cio(Ty =3) + Cor(l = 3) +5- ( = 1)? (1

where:

U is the strain energy per unit of reference volume

Cio, Cor and D1 are temperature-dependent material parameters

I1, I are two invariants of the iso-volumic form tensors of Cauchy-Green strain

J is the total volume ratio

The parameters Cio, Co1 and D1 were taken as well as Table 1, respectively [4], [11],
[12], [15], [19], [20].

Table 1. The Mooney—Rivlin hyperelastic parameters of buttock—thigh tissue

Cu, kPa Co1, kPa Dy, kPa™!
1.65 3.35 2

The time base Prony-series model with the viscoelastic behavior of the buttock—thigh
tissue base Ref. [4], [15], [19], [20] was used in our study. Time-dependent shear re-
laxation modulus G (t) is given by equation (2):

-t

G(t) = Go — XV, G;(1 —e™) 9))

where: Gi (the relaxation magnitude) and T¢ (the relaxation time) are material de-
pendent parameters and N is the order of the Prony-series (N = 1 in the present work).
The viscoelastic parameters for the buttock—thigh tissue was set as indicated in Table 2
[4], [15], [19], [20].

Table 2. The viscoelastic material parameters of buttock—thigh tissue

g1(-) ki(-) 71 (s)
0.5 0.5 0.8

The charging and boundary conditions between the human body and wheelchair seat
cushion is showed as in Figure 2a. In this simulation, the bottom surface of wheelchair
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seat cushion is fixed. This study was permitted to quantify the impact of the load of
human body used in on the cushion in the Y axis. The mesh of model FEM is showed
as in Figure 2b. The mesh is composed of 357051 linear elements (including 94080
hexahedrons C3D8R, 262971 tetrahedrons C3D4) and 103275 nodes. The contact pair
algorithm (a penalty contact with surface to surface) with a coefficient of friction 0.5
was used in the interaction between the buttock—thigh tissue and wheelchair seat cush-
ion models, and this simulation was investigated in ABAQUS®/Explicit 6.13, as stated
in [12], [19], [20].

Fig. 2. Human body model using wheelchairs and cushions

The flat cushion on the market, with dimensions L x W x H (Length x Width x
Height) = 460 x 410 x 70 mm, is a “Polyurethane” (PUR) foam material was used in
this work. The mechanical properties are: hyperelastic and viscoelastic (non-linear, iso-
tropic, and compressible) were used for this wheelchair seat cushion. The constitutive
relation of seat cushion foam was selected to model is the hyper-elastic material. The
strain energy function of hyper-elastic material is defined as following equation (3) [4],
[19]-[20]:

A A A
U= 2?1—‘?{11% 2, 1, = 3+ L[y 1]} 3)

where: U - the strain energy potential, N - is the order of the strain energy potential,
Wi, o, Bi - are the temperature-dependent material parameters, Ai - Principal stretch ra-
tios, Jel - is the ratio of elastic-deformation to volume-change. In the present work, the
second order strain energy function was used (N=2). The ‘‘hyperfoam’’ parameters of
seat cushion material (PUR) are determined in our simulation by software ABAQUS®,
with the parameters were summarized as the following: ;= 164.861 kPa;
a,=8.88413; B,= 0 andpu,= 0.023017 kPa; a,= - 4.818; ,=0.

The viscoelastic comportment of the seat cushion is defined by using a time-base
Prony-series model as stated in Ref. [4], [19], [20]. The time-dependent shear relaxation
modulus G(t) is given in equation (2). The viscoelastic parameters for the wheelchair
seat cushion (PUR) model were as follows: G;= 0.3003; 1,=0.010014 s and
G,=0.1997; 1,= 0.002 s [4], [19], [20].
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Thermal comfort is the person who perceives satisfaction with the surrounding am-
bient conditions. The thermal location is evaluated by a subjective evaluation based on
the study of these references [22]. The heat transfer mechanism that happens in living
tissue in the so-called bio-heat formulated has developed by Pennes [23] and Fiala [24].
The differential equation describes the heat dissipation in homogeneous, infinite tissue
volume:

a%T aT aT
k(GZ+250) + G + BT, —T) = pCv 3, )

where, k is the tissue thermal conductivity [W.m™'.°C™']; T is the tissue temperature
[°C]; qyy is the metabolic heat flow density [W.m™]; for all body elements r denotes the
radial coordinate [m]; ® is a geometry factor; B(T, — T) is blood perfusion, with 3 =
Pp1- Wp- Cp; (B is heat convection term, where py, is density of blood [kg.m™], wy, is
blood perfusion rate [m®.s"'.m™], ¢y, is heat capacitance of blood [J.kg™!.°C1]); Ty, is the
arterial blood temperature [°C]. This combined effect is balanced by the storage of heat
within the tissue mass (right-hand side of equation, where p is tissue density [kg.m
3], C, is tissue heat capacitance [J.kg!.°C!], t is time [s]). We fixed 34°C according to
Ref. [23] for the modelization of human buttock—thigh tissue. The synopsis of the heat
transfer modeling is presented in Figure 3.

? conductive

¢ convective

seating textile
room Ttextile o

Fig. 3. Synopsis of the heat transfer modeling

The temperature distribution in the polyurethane foam cushion in contact with the
human buttock-thigh tissue was simulated as a function of time by a finite element
method. The general governing equation can be presented as [25]:

pCv e = kV2T + 5 (5)

where: T [°C] is the polyurethane foam cushion local temperature, t [s] is varies with
spatial coordinates and time. The thermal physical properties k, p, and C, are the mate-
rial thermal conductivity [W.m™'. °C!], density [kg.m™] and specific heat [J.kg.°C™],
respectively. The source term, S is heat generation per unit volume for the nodes. In our
simulation, the polyurethane foam cushion without cover and the temperature is con-
sidered to be at 20°C, which is the ambient temperature (Troom) Was applied. The heat
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exchange equation between two contacts is showed as equation (5), which means the
contact areas between the human buttock-tissue and the polyurethane foam cushion.
For non-contact areas, the heat exchange between the human buttock-tissue, the wheel-
chair seat cushion and the ambient air happen by convection and radiation. The effec-
tive local heat transfer coefficient can be defined as equation (6):

o=p+p.=0€(T —T,*)+h(T-T.,) 6)

The thermal simulation for the right half of the human buttocks-tissues and the pol-
yurethane foam cushion was performed by software ABAQUS®/Standard 6.13-4. The
thermal parameters of the buttock-thigh tissue and polyurethane foam materials were
showed in Table 3 [26]-[28].

Table 3. Thermal properties of human buttocks-tissues and polyurethane foam cushion at
room temperature for our simulation

. Thermal conductivity Specific heat Density

Materials (W.°Cl.m™) Jkg'.°C™) (kg.m™)
Buttock-tissue 0.4 3470 1100
PUR foam cushion 0.033 1100 175

2.2 Experimentation

A pressure pad and an infrared camera (Fig. 4 and Fig. 5) were used to determine the
pressure distribution and temperature at the contact surface (between the buttock-thigh
tissue and wheelchair seat cushion). A healthy man participated in the experimentation.
The principal characteristics of subject are summarized in Table 4. The subject was
informed by the nature, purpose and duration of the study.

Table 4. Anthropometric characteristics of the subject

Subject
Weight (kg) 75
Age (year) 34
Size (cm) 173
IMG (%) 21.69

The subject was installed in a wheelchair respectively a pressure pad as shown in
Fig. 4 with seat cushion polyurethane foam (PUR) like in the numerical simulation by
the ABAQUS® software and an infrared camera as shown in Figure 5.

The pressure pad is called “TEXIMAT’’ pressure pad and developed by
TEXISENSE Company as shown in Fig.4b, which is 50 cm x 50 cm in dimensions and
comprises of 32 pixels x 32 pixels. The data is collected, stored, analyzed and displayed
on a personal computer by the TEXIMONITOR software [14]. The sensor comprised
32x32 pixels and permits recording the pressure distribution on the human buttock-
tissue and wheelchair seat cushions at 1024 points.
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Fig. 4. Pressure pad (a) and installation this pad in the wheelchair (b)

The infrared camera is a CEDIP TITANIUM with high performance and having
640x512 InSb detectors (quantum efficiency (> 70 %)) matrix. The spectral response is
1.5pm to Spm. It has a variable integration time from 3ps to 1ms and allowing a typical
measuring range from -20°C to 3000°C at a rate of up to 100 frames/second in the full
frame mode. Indeed, in the camera software interface, for this experiment the tempera-
ture range from 20°C to 35°C was selected in order to increase the sensitivity and so
increasing the accuracy, too.

Fig. 5. Installation and set-up of the subject and the infrared camera on the wheelchair

The temperature measurements were taken with an infrared camera before the effort
like reference “0”. Then the camera recorded the temperatures at the surface of the
cushion respectively after 6 min sitting, 22 min and then at least after 35 min sitting on
the wheelchair at six zones as shown in Figure 6.
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Right ischium Left ischium

trochanter

Hamstring

Total sitting area

Fig. 6. Selecting measurement area after cushions subject sitting.

3 Results and Discussions

3.1 Pressure distribution

The peak contact pressure distribution of 36 kPa was focused in the buttock—thigh
tissue in the case buttock—thigh tissue interacts with polyurethane foam cushion as
shown in Fig. 7a. The value pressure distribution is concentrated mainly in the center
of the seat cushion and buttock-thigh tissue. This location is a common occurrence of
PU for wheelchair users or people with disabilities. Therefore, the best of redistribution
pressure will contribute significantly to improve the comfort of the sitting position and
pressure ulcers prevention. This result compared with results obtained (175.8 kPa and
187.7 kPa) [12], [19] which subjects were modeled in the same sitting position, this
study’s results yield toward a reduction in contact pressure of about 5 times. This dif-
ference is explained by the total contact surface between the cushion and the buttock-
thigh tissue. In our numerical simulation, the contact surface is larger than the studies
in Ref. [12], [19]. This result indicates that PUR cushions in our study should be of
interest in biomedical engineering to redistribute pressure, reduce PU for the disabled
and wheelchair users.

+3.600e-02

+3.000e-02
+2.700e-02
+2.400e-02
+2.100e-02
+1.800e-02
+1.500e-02
+1.200e-02
+9.000e-03
+6.000e-03
+3.000e-03
+0.000e+00

(b)

a) Numerical simulation b) Experimentation

Fig. 7. Pressure distribution on the interface of buttock-thigh tissue
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Figure 7b shown the results achieved from experimentations based on TexiMonitor
software connected to a computer for seat wheelchair cushion (PUR cushion). The pres-
sure distribution of wheelchair cushion is shown for example. We can observe the var-
iability of the pressure distribution according to the property and characteristics of cush-
ion. The pressure distribution results obtained for this cushion showed that the peak
value of pressure is concentrated respectively in ITs (the high-pressure value obtained).
The peak pressure distribution on the PUR seat cushion of our study obtained 34.45
kPa. This result is correspondent with the results on the numerical simulation (36 kPa),
with an error of about 4,3%. The error can be explained that for numerical simulation
results, a buttock-thigh tissue model without a thin layer of underwear was used. While
the experimental setup, the subject wearing thin underwear.

The pressure distribution was not the same in the left and right buttock-thigh tissues
which was explained that the subject closed their eyes and sat naturally in the experi-
mental positions. So, the subject will not be able to adjust the balance of the pressure
distribution for the left and right. However, the peak distribution pressure values meas-
ured by the two methods are equivalent.

3.2  Shear stresses distribution

The shear stress was obtained under the constant coefficient of friction in static con-
dition (0.5), is shown in Figure 8. In this study’s model, the peak shear stress value is
10.13 kPa, compared with 56.56 kPa as stated in Ref. [12].

CSHEAR1

+1.013e-02
, B is2iie-03
| +6.2882-03
, +4.3650-03
+2.442e-03
+5.185e-04
-1.405e-03
-3.328e-03
-5.251e-03
-7.1742-03
-9\097e-03
-1.102e-02
-1:2942-02

Fig. 8. Shear stresses at the interface buttock-thigh tissue

The differences in this value may be explained by the differences in the material and
structure used for the two cushions, i.e. in the study [12] the honeycomb cushion with
contacted edge versus the polyurethane foam with flat contact surface used in our study.
Indeed, the contact area between the buttock-thigh tissue and the cushion PUR foam in
our case is larger than their case. This explains why the shear stress distribution was
reduced.
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3.3 Temperature distribution

The peak temperature obtained is 34.21 °C for the time interval 35 min of numerical
simulation, shows as Fig. 9. This figure shows that almost the largest temperature val-
ues are concentrated in the center of the PUR and the buttock thigh-tissue at large con-
tact. At other locations on the seat PUR, these locations are far from the buttock-tissue
(no direct contact with the buttock-tissue), which have lower temperature. The temper-
ature of simulation was performed with the buttock-thigh tissue model excluding the
skin layer and underwear. Indeed, the results obtained in this study are larger than the
experimental results with real subjects and wearing underwear.

NT11

+3.421e+01
+3.302e+01
+3.184e+01
+3.065e+01
+2.947e+01
+2.829e+01
+2.710e+01
+2.592e+01
+2.474e+01
+2.355e+01
+2.237e+01
+2.118e+01
+2,000e+01

Fig. 9. Temperature distribution between the buttocks and the PUR foam cushion

Fig. 10 shown the results of the temperature after the cushion utilization with the
same protocol cited above. The peak temperature obtained was 31.75 °C after 35 min.
The difference in maximum temperature value between numerical simulation and ex-
perimental results is explained by the subject wear underwear and performed the stand-
up and sit-down operation for the infrared camera to record surface temperature value
of wheelchair cushion. Therefore, there is always a loss of heat due to the travel time
of the object after each measurement.

32.00

3084

3024

20.00

(c) 22 min after sitting (d) 35 min after sitting

Fig. 10. Thermal mapping at the surface of the polyurethane foam cushion
after 35 minutes sitting
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It can be seen that the highest temperature on the PUR seat cushion surface is con-
centrated in hamstring region (zone number 5), and the low temperature is concentrated
in its region (zones numbers 2 and 3). This can be explained that under influence of
body weight, pressure compress muscle tissue in the ischial tuborosities (ITs) area,
which makes it difficult for blood circulation and it causes dead skin cells due to the
lack of oxygen, the pressure effects in a long time will cause pressure ulcer disease in
this area (zones numbers 2 and 3). Indeed, compared to other zones (zones numbers 1,
4 and 5), in zones numbers 2 and 3 (ITs zones) have been shown by many studies to be
the zones where pressure ulcers often occur in bedridden patients and in wheelchair
users for long periods of time without changing positions.

Concerning the zones evolution, the temperature changed depending on measured
areas. It started around 20°C at the surface of the cushion (initial temperature) and sub-
sequently increased before stabilizing around 25 min. The higher temperature observed
at hamstring area was 31.21°C after 35 min and increased by 13.21°C in reference to
the initial temperature of 20°C. The ischium and trochanter zones reached respectively
29.59°C and 30.20°C (Table. 5).

Table 5. The temporal variation of the highest temperatures of the six measuring zones areas

of PUR seat cushion
Trochan- Ischium Ischium Trochan- | Hamstring Total
7, ter left right left ter right sitting
0,00 Zones area
.
ORE73
& "y,
Temp. Min. 28.44 28.23 28.79 29.28 29.15 22.27
Temp. Med. 29.57 28.68 29.15 29.73 30.25 29.14
Temp. Max. 30.22 29.08 29.59 30.20 31.21 31.75
Temp. difference 1.78 0.85 0.80 0.93 2.06 9.48

4 Conclusion

This study identifies factors that cause the PU such as pressure distribution, shear,
temperature and friction by two basic methods: numerical simulation and experimenta-
tion. The numerical simulation results shown pressure distribution for PUR cushions in
this study, the pressure distribution value reduced of approximately 5 times the honey-
comb cushions. This result is also proved by experiment, utilizing pressure-pad with an
error 4.3%. It can be concluded that this is a very positive research result for us to help
prevent PU by redistributing pressure values. In addition, the results obtained from ther-
mal infrared experiments and finite element simulations of thermomechanical help us
identify zones at risk of PU.

These results may help to develop prevention methods for PU disease for wheelchair
users and people with disabilities. Preventive measures include the use of a wheelchair
cushion reasonable for better distribution of pressure, decrease shear stress and improve
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the heat transfer between the contact surfaces of human buttock-thigh tissue and wheel-
chair cushion (reduce the temperature in the contact area).

In the future, the effect of different cushions, the buttock-thigh tissue with the skel-
etal system, with underwear on both experimental and numerical models to provide a
better method for selecting wheelchairs seat cushions will be focused.
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