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Abstract

For wheelchair users, a common injury is a sitting-acquired pressure ulcer (PU) which
typically onsets near the interface between the ischial tuberosity (IT) and the overlying
soft tissues. The risk of developing PUs can be reduced considerably if an adequate
cushion is placed on the wheelchair in order to protect tissues from PUs by minimising
interface mechanical loads between the body and cushion and also, exposure to internal
soft tissue loads. In this work, we studied the biomechanical performances of an
off-loading (OL) cushion with limited adjustability, in comparison to a standard foam
cushion and a fully adjustable air-cell-based (ACB) cushion. These different cushion
design approaches were methodologically and quantitatively analysed and compared
here using a finite element (FE) modelling framework. We determined the internal
mechanical deformations, strains and stresses in soft tissues of the seated buttocks
during symmetric sitting, in a specific anatomy of a person with a spinal cord injury that
was acquired during sitting in an open, magnetic resonance imaging configuration. Our
results have shown that strains and stresses in muscle, fat and skin tissues are orders
of magnitude lower for the ACB cushion with respect to the standard foam and OL
cushions. The OL cushion design has taken the approach of protecting at-risk sites of
the buttocks by transferring local internal tissue loads away from the ITs and towards
the greater trochanters, at the price of increasing exposure to internal tissue loads at sites
other than the ITs. The ACB cushion design, however, has taken a different approach,
that is, immersion and envelopment of the entire buttocks structure, which is useful
for minimising the exposure to internal tissue loads throughout the whole buttocks.
Quantifying performances of wheelchair cushions using FE modelling provides insights
into deep tissue loads, which is essential for informed decision-making in developing
sitting solutions for individuals at risk, as well as for patient groups.

Key Messages

For wheelchair users, a common injury is a sitting-acquired
deep tissue injury (DTI), which is a specific form of a pressure
ulcer (PU). A DTI onsets under intact skin, and in wheelchair
users, it typically forms near the interface between the ischial
tuberosity (IT) and the overlying soft tissues. Any form of a
serious PU and DTTIs in particular can strongly impact the health
status, self-esteem and quality of life of the affected individual,
and can also be life threatening as a potential cause of sepsis
and osteomyelitis when the skin breaks down. Patients with a
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e in this work, we studied the biomechanical performances
of an off-loading (OL) cushion with limited adjustability,
in comparison to a standard foam cushion and a fully
adjustable air-cell-based (ACB) cushion

o these different cushion design approaches were analysed
and compared here using a finite element modelling
framework that has been developed in our group for such
evaluation of cushions
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e our results have shown that strains and stresses in soft tis-
sues are orders of magnitude lower for the ACB cushion
with respect to the standard foam and OL cushions

spinal cord injury (SCI) are a particularly vulnerable popula-
tion for developing PUs due to the chronic co-morbidities and
lack of protective sensory perception that these persons expe-
rience (1,2). In terms of health care budgets, PUs often feed a
costly vicious cycle of repeated hospitalisations and home care
needs. Annual PUs treatment costs in the US are $9-1 to $11-6
billion dollars annually, and the total costs for treating PUs in
SCI patients alone exceeds 1-2 billion US$ a year (1,3-7).
Given all these devastating consequences and the enormous
financial burden, the consensus nowadays is that PU prevention
is where health resources need to be invested in. Characterising
a good wheelchair cushion which provides long-lasting protec-
tion to the tissues of patients, that is, both their skin and their
sub-dermal tissues, is a key component of such efforts.

Indeed, it is known for decades that the risk of developing
sitting-acquired PUs can be reduced considerably by using a
soft but thick enough cushion on the wheelchair. Such a cush-
ion would act to protect from PUs by minimising the interface
mechanical loads between the body and the cushion but also, the
exposure to sustained, internal soft tissue loads (8§—10). Pres-
sure mats are often used in rehabilitation facilities worldwide
to measure the interfacial pressures between the patient’s body
and the cushion placed on the wheelchair, and the information
is then being used for selection or fitting or customising a cush-
ion. Nevertheless, interface pressure data are not providing any
meaningful information regarding the internal tissue loads such
as the internal tissue strains and stresses, and so, these pressure
data are useless in assessing the quality of protection provided
by a certain cushion for the sub-dermal tissues, that is in min-
imising exposure to mechanical loads there. Finite element (FE)
computer modelling, in contrast, is a powerful tool in evaluating
internal tissue loads and how these can be managed using ade-
quate support surfaces, and specifically, how such tissue loads
are being affected by the design specifications and features of
a wheelchair cushion (1,9,11). In published work, FE mod-
elling was used to investigate the biomechanical performances
of standard foam cushions (typically made of uniform mate-
rials) (11-17), however, most of the more complex-structured
cushions were not investigated by means of the FE method yet,
excluding our own work which reported the interactions of the
seated buttocks in a SCI condition, with an air-cell-based (ACB)
cushion technology (9).

One important approach for wheelchair cushion design
which has not been studied computationally is the off-loading
(OL) approach, where there is a certain region in the cushion
that is deliberately not supporting/transferring bodyweight
loads, for example because there is space or ‘hole’ or a very
soft material at a localised site, rather than a continuum of the
cushion materials there. In OL cushions for wheelchair users,
the off-loaded sites are typically just under the ITs. While OL
the ITs definitely protects the soft tissues right under the ITs
from sustained tissue deformations and mechanical stresses,
it is clear from basic principles of physics and mechanics that
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the bodyweight loads still need to be transferred from the
body to the cushion, which means that there are greater loads
developing in other sites. The physiological and biomechanical
consequences of that were highlighted, though in an extreme
situation, in a recent publication of our group which focused
on tissue viability when sitting on the toilet for long times. We
have experimentally and computationally studied factors, such
as tissue perfusion, oxygenation and mechanical strains and
stresses in sub-dermal tissues on non-cushion and cushioned
toilet seats (18). The aforementioned work has shown that
prolonged toilet sitting overloads the supported periphery of
the buttocks and interrupts with perfusion and oxygenation
of the buttocks tissues there (18). These new, published find-
ings motivated questioning of what are the consequences of
OL a certain anatomical site in other, adjacent sites which
now need to carry and transfer the loads that have been
taken-off the off-loaded site. For this purpose, as evident from
our recent toilet sitting work, (18) FE modelling is an ideal
research tool.

Hence, to compare the mechanical state of tissues on an
OL cushion with reasonable, practical alternative solutions for
tissue protection, we chose standard foam cushions (which
is the entry level in cushion technology) and the ACB cush-
ion which we have characterised extensively in the past, and
which has been thoroughly investigated using FE modelling
as well (9). To this end, these three different cushion design
approaches — foam, OL and ACB — were methodologically
and quantitatively analysed and compared using a FE mod-
elling framework that has been developed in our group for
such evaluation of cushions. For the first time, we have com-
putationally evaluated the OL technology, now highlighting
not only the pros in OL an anatomical site which is theoret-
ically at risk, but also the cons of essentially transferring the
risk elsewhere. Our present findings are critical for the reha-
bilitation community in making informed decisions regard-
ing when to off-load, and what would be the potential conse-
quences of prescribing an OL cushion, though it also needs to
be said that in some cases (particularly when there is an active
wound and functionality needs to be maintained), OL may be
a good approach.

Methods

The FE modelling is a well-established, computational
technique for evaluating internal mechanical loads (e.g.
deformations, strains and stresses) in a complex structure,
typically containing multiple materials that altogether form
irregular shapes. By virtually dividing such complex structures
into numerous small elements — each having a regular and sim-
ple shape (e.g. bricks or pyramids), the equations of force and
stress equilibrium are solved by the computer in each element.
Considering the mechanical behaviour of each material com-
ponent, information regarding the loads obtained for a certain
element is then transferred and used to solve the state of loads
in neighbouring elements, eventually facilitating mapping of
the magnitudes, distributions and intensities of the mechanical
loads in the entire structure. In this work, an FE modelling
framework has been developed for providing insights about
the principles and modes of action of wheelchair cushion
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technologies that take two remarkably different approaches to
tissue protection: ACB versus OL.

Geometry

A single-coronal, magnetic resonance imaging (MRI) scan of
the buttocks was used to generate an anatomically realistic slice
model of the left buttock through the ScanIP module of the
Simpleware® (19) segmentation software package. The MRI
data were acquired from a male subject with an SCI (age:
21 years; weight 90kg, injury level (13); scanned 12 months
post the injury), using a scan protocol that is described in our
previous work (13,20). In order to generate the undeformed
model geometry of the left buttock, a non-weight-bearing,
single-coronal MRI slice (the anatomy of subject #5 from the
Linder-Ganz et al. (13) study; Figure 1, left frame) was loaded
into the ScanIP module of Simpleware® (19) and segmented
to the following tissue components: subcutaneous fat, skin,
gluteus maximus muscle and IT bone (Figure 1, right frame).
The slice thickness of the buttocks model was determined
to be identical to the slice thickness of the MRI, 4 mm in
the Y-axis. The above anatomy of the buttocks was studied
while interacting with standard foam, OL and ACB cushions
to compare the internal tissue loads across these three cushion
technologies.

FE modelling
Mechanical properties of the model components

The constitutive laws and mechanical properties of all the
tissue types included in the modelling were adopted from
the literature. Specifically, the IT bone was modelled as a linear
elastic isotropic material (21). Fat, muscle and skin tissues
were assumed to be nearly incompressible, non-linear, isotropic
materials with a Poisson’s ratio of 0-495. The Neo-Hookean
material model (22) was used to describe their non-linear
large deformation behaviour, using the strain energy density W
function:

G
W=7°(x$+x§+x§—3)+§(lm)2

where G, is the instantaneous shear modulus, A; are the princi-
pal stretch ratios, K is the bulk modulus and J = det(F'), where F
is the deformation gradient tensor. The values that have been set
for these parameters per each tissue type are detailed in Table 1.

For mechanically characterising the OL cushion we have
tested commercial products, and have followed the ASTM
D3574 standard of a compressive force deflection test in order
to obtain the elastic properties of the foam components as
specified in Table 1. The Poisson’s ratios were set as 0-3
and 0-4 for the top and bottom foam, respectively, based on
literatures (23,24). We have then assigned the same elastic
modulus of the top foam in the OL to the standard foam cushion
in the modelling, to allow direct comparisons of internal tissue
loads in the buttocks when seated on these two foam-made
cushions. The ACB cushion, which was also included in the
comparison, was modelled as described in our previous work
(9); the mechanical properties of the air cells that were used in
the modelling are listed in Table 1 as well.
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Boundary and loading conditions

We simulated the downward displacement of the IT from the
non-weight-bearing configuration, where the soft tissues in the
buttocks are undeformed, to the full weight-bearing config-
uration when seated on each cushion type (Figure 1). The
downward displacement was prescribed on the superior sur-
face of the IT for all model variants. For the foam cushion
variant, the displacement that was applied to the IT was cali-
brated to produce the same extent of bone displacement that was
measured empirically — by comparing the non-weight-bearing
and weight-bearing seated MRI studies of the same subject
whose anatomy was used for the present modelling (Figure 1,
upper frame). For the OL cushion variant employing the same
anatomy, we have verified that the final distance between the
skin surface and the base of the cushion was at least 15 mm, to
avoid potential contact between the buttocks and the foam base
of the OL cushion, as per guidelines for using these OL prod-
ucts. The same displacement of the IT that has been applied for
the foam cushion variant (Figure 1, mid frame) met this con-
dition. The downward displacement for the ACB cushion was
adopted from the literature (9), with final distance of 32 mm
between the skin and the base of the cushion (Figure 1, lower
frame).

Contacts between all tissue types were set as ‘tie’. The
contact between the skin and the cushions was set as frictional
sliding, with a friction coefficient of 0-4. The inferior surfaces of
the cushions were fixed for all rotations and translations, and the
front and back planes of the buttocks and cushions were fixed in
the perpendicular direction. We defined the symmetry condition
at the medial plane, and therefore, the medial surfaces of the
buttocks and the cushions were fixed for motion in the lateral
direction (Figure 1). In the ACB cushion model a frictionless
rigid wall was placed near the lateral air cell at 10° to its vertical
wall to constrain lateral translations of the air cells, as the cover
of this cushion type would act to do in real life (9).

Numerical method

The geometries were all meshed using the Scan-IP module
of Simpleware.® (19) The model of the left buttock included
45177 four-node, linear, tetrahedral elements assigned to the
different tissues, with specific refinements to the fat and muscle
tissues near the IT and to the entire skin tissue (Figure 1).
The foam cushion model consisted of 9000 eight-node, linear,
hexandron elements. The OL cushion included a total of 35 528
four-node, linear, tetrahedral mesh elements. The ACB cushion
contained 395 893 four-node, linear tetrahedrons (Table 1).

The FE simulations were all set up and pre-processed using
PreView (Ver. 1.20.4, University of Utah, Salt Lake City, Utah,
USA), analysed using the Pardiso linear solver of FEBio (Ver.
2.6.3, University of Utah, Salt Lake City, Utah, USA) in its
structural mechanics mode, and post-processed using PostView
(Ver. 1.10.3) (25). The runtime of each model variant with either
foam or OL cushion was between 5 and 10 min, however the
runtime of the ACB cushion model variant was considerably
longer (due to the complexity of the collapse pattern of the
air cells), between 7 and 10h, using a 64-bit Windows with
a CPU comprising Intel® Xeon® CPU E5-2620 2 GHz (two
processors) and 64 GB RAM.
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Outcome measures

We compared effective strain and stress distributions devel-
oped in the soft tissues of the left buttock when seated on
foam, OL and ACB cushions. Furthermore, we determined
and compared average strain and stress values between all the
model variants in the three regions of interest (ROIs) defined
in Figure 1. In order to determine the envelopment provided by
these cushion technologies, we calculated the percentage of the
skin surface that is in contact with the cushion at simulated full
weight-bearing (a), per each cushion type.

Results

We calculated the effective strain and stress distributions in
the soft tissues of the left buttock when seated on the standard
foam, OL and ACB cushions. Stress concentrations appeared in
muscle tissue adjacent to the IT and strain concentrations were
shown in fat near the IT and gluteus muscle for all the model
variants. The immersion and envelopment were considerably
greater for the ACB cushion due to the larger contact surface
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Skin-cushion frictional sliding

Figure 1 Computational model of the left buttock
of a patient with a spinal cord injury (SCI patient
#5 in Linder-Ganz et al. (13)): (A) MRI slice (left
frame) used to generate three-dimensional model
of the left buttock and its mesh (right frame) with
three regions of interest (ROIs) defined in the
anatomy. F, fat tissue, IT, ischial tuberosity, G, glu-
teus muscle. (B) Configurations of the finite ele-
ment models with boundary and loading condi-
tions for the different cushion conditions: foam
(upper frame), off-loading (OL) (mid frame) and
air-cell-based (ACB) (lower frame) cushions.

between the skin and this type of cushion. Specifically, a for the
ACB cushion was approximately 93%, but only 60 and 36% for
the standard foam and OL cushions, respectively. Thus, peak
strain and stress values were four orders of magnitude lower
for the ACB cushion, with respect to the standard foam and OL
cushions (Figures 2 and 3).

We further compared average strain and stress values across
all the model variants in the three ROIs. Consistent with the
data described above, the effective adjustability and greater
immersion of the body contours in the ACB cushion resulted in
superior internal load distributions in tissues, and accordingly,
the resulting average tissue strain and stress values were four
orders of magnitude lower for the ACB cushion for all the
ROIs, as shown in Figure 4. The average stress values in ROI1
were one order of magnitude greater for all the model variants,
compared to the other two ROIs.

Comparing tissue loads when the body is seated on the OL
versus the standard foam cushions resulted the same order of
magnitude of average strains and stresses in the three ROIs.
Specifically, average effective tissue strain values for the OL
cushion were slightly lower in ROI1 (OL: 9%, foam: 13%), but
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Table 1 Mechanical properties of the model components and mesh elements of the finite element models

Model component Shear modulus (kPa)

Bulk modulus (kPa)

Elastic modulus (kPa) Poisson’s ratio  Number of mesh elements

Fat* 0-286 285
Muscle* 71 707-6
Skint 319 3179-37
Bone* - -
Foam cushion - -
OL cushion Top foam - -
Bottom foam - -
ACB cushionf Cells - -
Gaps - -

- 0-495 28879

_ 0-495 5144

- 0-495 8984

7 %108 0-3 2170

15-3 0-3 9000
15.3 0-3 18308
287-7 0-4 17,220
100 0-3 245,235
0-002 0-1 150658

ACB, air-cell-based; OL, off-loading.

*Data were adopted from the literature (29).
tData were adopted from the literature (20).
tData were adopted from the literature (9).

greater in ROI2 (OL: 100%, foam: 77%) and ROI3 (OL: 70%,
foam: 52%), with respect to the foam (Figure 4).

Discussion

PUs are one of the most challenging problems for wheelchair
users. Their consequence can be death, or a severe loss of
functionality and quality of life. The manpower and financial
resources invested in treating PUs are a major burden on
health services and health care budgets at any medical setting,
including home care, and for all patient populations. Hence,
prevention of PU is the key strategy. There is a large variety
of commercially available cushion designs that are aimed at
reducing the risk for PUs, but no objective, standard and quan-
titative criteria exist yet, to determine which sitting solution is
adequate for protecting the tissues of individuals, particularly
the subcutaneous tissues, from a pressure injury. Historically,
cushion manufacturers have looked at how thickness and
stiffness of cushions made of uniform materials, especially
foams, affect interfacial pressures between the patient’s body
and the cushion, and have used pressure mats to measure these
data (14). It was found that the sitting pressures decrease with
an increase in the thickness of the cushion; however, there is
a point where excessive thickness could lead to asymmetrical
posture and weight-transfer to the chair, that is the stability
of the body on the cushion decreases, which then leads to
asymmetrical interface pressure patterns as a manifestation of
this condition (1,14). While internal tissue strains and stresses
cannot be measured using pressure mats, computational mod-
elling for simulating these tissue loads and quantifying how
they are shared, and the pattern by which they are transferred
within body and tissue structures, can be extremely powerful
in evaluating the effects of cushion designs on deep tissues.

In this study, we used FE modelling to compare biomechani-
cal performances of a standard foam, OL and ACB cushions in
minimising the exposure to sustained tissue deformations and
stresses — as a measure of their efficacy in protecting against
PUs and DTT in particular. The present results have shown that
strains and stresses in muscle, fat and skin tissues are orders
of magnitude lower for the ACB cushion with respect to the
standard foam and OL cushions, which confirms our previous
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findings in this regard (9). The ACB cushion design facili-
tates immersion and envelopment of the buttocks in the cush-
ion, which is highly effective for minimising internal tissue
loads, particularly strain and stress concentrations near the ITs
(Figures 2 and 3)(9).

Tissue viability clearly depends not only on the magnitude of
mechanical loads but also on the time of exposure to these loads
(1,26). Since the ACB cushion provides greater immersion and
envelopment with respect to standard foam and OL cushions,
it appears that theoretically, the ACB cushion technology could
provide a longer safe-sitting time (27,28). With that being said,
it is also important to note that it is not feasible to define the
specific safe-sitting time for the individual on any of these
cushions, as tissue mechanical properties, injury thresholds,
tissue repair capacities and chronic medical conditions vary
considerably across individuals. The present modelling can,
however, shed light on the OL technology which has not been
investigated before by computational means, excluding the
recent paper from our group on toilet seat cushions (18) which is
in fact an extreme form of OL of the soft tissues of the buttocks.
Theoretically, OL the centre of the seated buttocks using an OL
cushion should protect the tissues directly above the OL site,
superficially and deep within. Nonetheless, at the same time,
and as shown in our aforementioned toilet seat work (18), the
OL site in the cushion imposes elevated shear deformations and
stresses on skin and deep tissues at the perimeter of the OL site
(Figures 2 and 3).

Specifically, when comparing tissue loads when the body is
seated on standard foam versus OL cushions, it was initially
expected that the OL cushion would have resulted in reducing
peak tissue loads, particularly under the IT bones and at the
surrounding soft tissues. Nevertheless, the strain and stress
concentrations when sitting on the OL cushion were actually
in the same order of magnitude as those for the standard foam
cushion, which is again due to the lateral shear at the perimeter
of the OL site, as the body loads need to shift to, and transfer
through the narrow non-off-loaded surfaces.

Computer modelling, by definition, involves assumptions
and simplifications. For example, fully three-dimensional mod-
elling would probably provide additional information regard-
ing tissue deformations on the three cushion types, but such
information is not straight-forward to analyse and interpret.
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Figure 2 Effective stress distributions developed in the soft tissues of
the left buttock when seated on: (A) foam, (B) off-loading (OL) and (C)
air-cell-based (ACB) cushions. The parameter a equals skin surface in full
contact with the cushion divided by the entire skin surface.

Likewise, in order to facilitate direct comparisons, we did not
consider anatomical variants, have omitted some anatomical
details and did not analyse asymmetrical sitting, which would
all require additional studies.

In summary, we showed here that an ACB cushion provides
better envelopment of the entire buttocks structure with respect
to standard foam and OL cushions. Surprisingly, an OL cush-
ion did not demonstrate a compelling reduction of internal tis-
sue loads underneath the ITs compared to a standard foam
cushion, which may be unforeseen at first but actually, can be
well expected when examining the biomechanics of sitting on
non-continuous surfaces. Specifically, the present work empha-
sises that OL comes with a substantial price of increasing tis-
sue loads around the OL site, particularly shear deformations
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Figure 3 Effective strain distributions developed in the soft tissues of
the left buttock when seated on: (A) foam, (B) off-loading (OL) and (C)
air-cell-based (ACB) cushions.

and stresses, which is the result of one of the fundamentals of
physics and mechanics: equilibrium of forces. The same body
forces need to be transferred via smaller contact areas when the
body is seated on an OL cushion, which then generates high
stress values and large stress concentrations at around these
narrow support sites. Our recently published work on tissue
mechanics in the buttocks when sitting on the toilet is very
relevant in this regard (18), as sitting on the toilet is perhaps
the extreme form of OL the centre of the buttocks. Clinicians
would sometimes prescribe an OL cushion to either high-risk
patients or patients with an existing PU on their buttocks, to
off-load the sites at risk or the wound (and hence allow tis-
sue repair). OL an existing PU may also have benefits in better
management of wound exudates and the microclimate of the
wound-bed. While appreciating that sometimes there is no other

© 2017 Medicalhelplines.com Inc and John Wiley & Sons Ltd
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Figure 4 Comparison of average strain (left column) and stress (right column) values between the foam, off-loading (OL) and air-cell-based (ACB)

cushions in the three regions of interest (ROIs): (A) ROI1, (B) ROI2, (C) ROI3.

choice but to off-load a wounded region, one should always
bear in mind that when OL one body site, the body forces and
tissue deformations and stresses actually shift to other sites, and
increase the risk for tissue injury in those other sites. The data
here should contribute to the debate of whether OL is good
for patients at risk (as opposed to the alternative support sur-
face technologies) or whether it should only be used in cases of
existing PUs, and even then, with caution to not generate new
injuries. In conclusion, for an OL cushion the same body loads

© 2017 Medicalhelplines.com Inc and John Wiley & Sons Ltd

still need to be transferred to the wheelchair, however given that
a certain region, the OL region, cannot transfer forces, more
forces are transferred around the OL site, which create stress
concentrations at the boundaries of the OL site, and in partic-
ular shear stress concentrations. The OL technology therefore
needs to be used with great cautiousness, and perhaps be lim-
ited to cases where there is no other alternative such as when
an existing wound needs to be treated — at the price of risking
other, non-injured tissue sites.
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