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1 | INTRODUCTION

Low back pain is commonly associated with sitting for

prolonged periods of time (1). Most Canadians spend

ABSTRACT

Low back pain can be caused by prolonged sitting, originating in the
sacroiliac joint (SJ) in up to 30% of patients. The goal of this study was to
develop a finite element model of the lower back and pelvis to study sit-
ting configurations that could minimize the loads in the SIJ while sitting.
The configurations were based on chair designs with geometries known
to show some benefits according to literature: a 5° downward seat pan
tilt and a 20° backrest recline. Both chairs were evaluated in neutral spine
position with upright posture and 30° forward leaning configurations. A
finite element model of the lumbar spine, pelvis and femurs was devel-
oped to compute the reaction forces at the SlJ. The intricate spinal ge-
ometry was simplified, and isotropic material properties were assumed
for all components. The chair reaction forces were first computed analyt-
ically, then inputted as loads on the model. The results demonstrate that
the improved sitting configuration reduced the loads in the SIJ compared
to a conventional chair in both upright and forward leaning positions by
5.57% body weight (BW) and 14.18%BW, respectively. The proposed sit-
ting configuration with a downward inclined seat pan and forward leaning

back was shown to be an effective method to reduce SlJ loads.
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over 10 hours per day sitting, with an incidence of low
back pain in as much as 75% of office workers (2,3). In
15-30% of patients with low back pain, the pain origi-
nates at the sacroiliac joint (S1J) (4,5). The SIJ plays an
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important in load transfer from the upper to lower body,
and stability, but it is often overlooked in low back pain
assessments (3,6,7). Studying the loading response in
vivo is invasive for patients so few studies have been
done, leading to poor and controversial models of SIJ
mechanics (19).

The optimal sitting posture was defined with the
spine in a neutral position: natural cervical lordosis, tho-
racic kyphosis, and lumbar lordosis (8). This can be
achieved by engaging the trunk muscles and stabilizing
the head, so the ears are in line with the shoulders and
the ribcage over the pelvis (9). This posture can only
be achieved while standing, and once seated, lasts 15
minutes, with the abdominal muscles engaged at least
20% before collapsing (10). These guidelines motivated
a seating configuration that maintains a braced neutral
spine while sitting.

The backrest angle can strongly affect weight redis-
tribution, which impacts disc pressure and muscle ef-
fort. By measuring the lumbar disc pressures and elec-
tromyography (EMG) output while sitting, backrest incli-
nations of 110° to 130° and seat pan downward inclina-
tion of 5° with continuous following lumbar support and
arm rests were found to decrease both the pressure and
EMG output (11). Further analysis of hip flexion angles
and hip joint loading concluded that a hip flexion angle
of 63.1° statically loaded the hip joint by 22.3% body
weight (BW) on a standard chair, while a kneeling chair
posture involved 50.2° of hip flexion and 8.7%BW load
on the hip (12). Leaning forward, i.e. hip-joint flexion,
is unfavorable as it decreases the trunk-thigh angle (13).
Instead triangular cushions can help to achieve a larger
trunk-thigh angle of 120°, closer to the ‘ideal position’
of 135° (11,13,14). This position of seat pan declination
increases the relative posterior tilt of the trunk with re-
spect to the thigh. The lumbar lordosis was closer to the
neutral spine curvature and led to a reduced intradiscal
pressure, which minimized the risk of increasing loading
that could cause low back pain.

Different features of current office chairs were com-
pared to determine which could best reduce discomfort
while sitting. Chairs with backrest mobility were com-

pared to static backrests. Those with limited mobility

backrests forced users to engage extensor muscles, re-
sulting in higher spinal compression to remain upright
(15). This worsened with slouching and improved when
reclining. Most dynamic office chair models allow users
to adjust the seat pan, suspension system and angle of
recline. Five studies suggested no difference in trunk
muscle activation, while two claimed there was greater
muscle engagement, but was associated with discom-
fort and fatigue (16). The increased activation was at-
tributed to the lack of a back rest. In another study,
four dynamic chair models were compared to a stan-
dard office chair (17). By assessing physical activity in-
tensity, posture and joint analysis, they concluded that
the activity performed played a greater role in posture
and muscle activation, with non-significant differences
in sitting improvement between the models. The use
of lumbar support is an important design consideration,
whether it be static or feedforward continuous passive
motion (CPM). A significant improvement in the visual
analog scale scores for low back pain, stiffness and fa-
tigue were measured with the use of both static and
CPM support, but there was no significant statistical dif-
ference between the two (18).

Due to the invasive nature of in vivo testing of the SIJ,
there is a lack of studies assessing SIJ mechanics while
sitting, which has led to a poor understanding of low
back pain originating at this joint (19). Therefore, there is
an increasing interest to understanding the biomechan-
ics of the SIJ while seated using finite element studies,
with the ultimate aim of alleviating low back pain (19).
The goal of this study was to build a finite element model
that could be used to test different sitting configurations
in order to determine which can lead to a reduction in
the SlJ loading forces.

2 | METHODS

2.1 | Improved Chair Design

Four design configurations (DC) were evaluated. The ref-
erence chair, DC 1, was built with a seat pan parallel to
the ground and back rest perpendicular to the seat pan,

as shown in fig. 1a. The upright position assumed di-
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(a) Design Configuration 1 (b) Design Configuration 2

A
(c) Design Configuration 3 (d) Design Configuration 4

FIGURE 1 Free-body diagrams of the four sitting
configurations, comparing the improved chair to the
reference chair while seated with both upright and
forward-leaning postures. (a) Design Configuration 1:
Reference chair model with upright posture.
Trunk-thigh angle 90°. (b) Design Configuration 2:
Reference chair model with forward-leaning posture
30° from back rest. Trunk-thigh angle 60°. (c) Design
Configuration 3: Improved chair model with upright
posture. Reclined back rest of 20° and seat pan
downward tilt of 5° from reference. Trunk-thigh angle
115°. (d) Design Configuration 4: Improved chair model
with forward-leaning posture of 30°. Seat pan
downward tilt of 5°. Trunk-thigh angle 65°.

rect contact of the spine with the backrest and femurs
with the seat pan. The forward leaning posture, DC 2,
assumed direct contact of the femurs with the seat pan
with 90° of hip flexion and a 30° forward tilt of the torso,
as shown in fig. 1b.

From literature, the promising characteristics for im-
proved chairs were a 5° downward tilt of the seat pan
and 20° back rest recline, which were included for DC 3,
as shown in fig. 1c. A leg rest was included to support
the tibia and prevent forward sliding from the down-
ward sloping seat. DC 4, the improved chair when lean-
ing forward 30° shown in fig. 1d, also incorporated sup-
porting wings for the torso to prevent forward sliding.
The improved seating design was contrasted to the ref-
erence chair for both the upright and forward leaning
positions.

2.2 | Computing Reaction Forces

Anthropometric data for people in the 50t percentile,

given in table 1, was used to analytically compute the

(c) Reaction force (d) Equivalent stress

FIGURE 2 FEA of the SlJ with pelvic basin and
lumbar spine.

reaction forces based on those shown in the free-body
diagrams (FBD) in fig.1 (20). This data was used for com-
patibility with the model geometry obtained from the
Visible Human Project BodyParts3D (21). A 3D-static
FBD of the human with the chair reaction forces treated
as distributed force loads was used to obtain the reac-
tion forces. The governing equations of motion given
were by a static sum of forces and moments. The model
was treated as a planar problem with a stable centre of
mass and rotation. The axis system is shown in fig. 2.
The x-axis is perpendicular to the sagittal plane, the y-
axis is perpendicular to the coronal plane in the ante-
rior to posterior direction, and the z-axis is perpendicu-
lar to the transverse plane pointing cephalad. The head
and torso were defined as an external force in the direc-
tion of gravity on the lumbar spine. The arms and feet
were not engaged with a support on the chair. When the
knees were bent at 90°, the weight of the lower leg was
supported by the feet in configurations 1 and 2, but not
3 and 4. The femurs were fixed parallel to the seat pan
for all four configurations, and the upward reaction force
of the seat pan accounted for the load of the upper body
and thighs acting down on the chair. The distribution of
mass from the legs and lumbar spine was assumed to be
uniform and fixed to the chair. Finally, the posture was

a perfectly braced neutral spine (9).
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Minimum Maximum Average

Entire Body Weight (kg) 54 87.9 70.95
Length CM to Head Top (cm) 65.2 74.4 69.8
Weight (kg) 30.24 50.54 40.39
Haad dnd Trunk BW Fraction (%) 54.5 61.3 57.9
Length (cm) 76.2 87.1 81.65
Length CM to Head Top (cm) 43 53.7 48.35
Weight (kg) 5.41 9.44 743
BW Fraction (%) 8.9 11.4 10.15
Length (cm) 421 48.8 4545
Length of CM from Trochanterion/Hip (cm) 149 19 16.95
Thigh (Single) Fraction of CM from Trochanterion/Hip (%) 344 39.6 37
Length of CM from Anterior Aspect (cm) 6.4 10.9 8.65
Fraction of CM from Trochanterion/Hip (%) 48.2 62.3 55.25
Upper Thigh Circumference (cm) 414 53.7 47.55
Lower Thigh Circumference (cm) 30.3 41.4 35.85
Calf and Foot Weight (kg) 29 5.52 422
(Single) BW Fraction (%) 5.2 6.7 5.95

TABLE 1 Anthropometric data for the 50th percentile human body used to calculate the reaction forces [12].

CM: center of mass, BW: body weight.

2.3 | Finite-Element Model

Computer aided designs (CADs) of the lumbar spine,
pelvic region and femur were obtained from the Body-
Parts3D database, (21), and reverse engineered with
SpaceClaim (ANSYS SpaceClaim, Concord, MA, USA)
to obtain simplified geometries for the finite element
analysis (FEA). The model was solved with ANSYS in
the static structural module (ANSYS R18.1 Academic
License, Canonsburg, PA, USA). The model inclusions
were the lumbar spine (L1-L5 vertebrae), the lumbar in-
travertebral discs (IVD), the left and right innominate
bone, the sacrum, and the left and right femur.

The bone and IVD were treated as a uniform body
of isotropic material where Epone = 1000 MPa, Vpone =
0.45, and Ejyp = 4 MPa, v;yp = 0.45 (22,23). The mus-
cles, connective tissues, skin and organs were neglected.
The resulting reaction forces were used as direct forces
inputted in the FEA of the model forces, at the center
of masses described in table 1, to evaluate the SlJ reac-
tion forces. The relative loading between the model’s

sacrum and ilium for the four configurations was con-

sidered in evaluating the reaction forces. Nonessential
complex geometries, the processes and coccyx, were
eliminated, and beam contacts replaced L2 and L4 to
maintain the curvature and reduce bodies and contacts.
Revolute joints were used to model the femur-hip joint
contacts. Bonded contacts were used between the ver-
tebrae and IVD. An automatic coarse adaptive mesh was
applied to all the bodies, with a default element size of
0.0086 mm minimum edge length, as shown in fig. 2a.
Fixed supports at the femurs recreated the static condi-
tion required to simulate sitting. The weight of the trunk
was applied to the top surface of L1 as a force in the di-
rection parallel to gravity. The analytic reaction forces
of the backrest and chest wings were treated as com-
ponent point forces applied to the middle vertebrae of
the lumbar spine (L3) in contact with the chair, from the
posterior and anterior directions respectively, as shown
in fig. 2b. Through inverse dynamics, the forces within
the system were solved for all four configurations at the
bonded contact of the SlJ, shown in fig. 2c.
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24 | Model and FEA Assumptions

The spine was in an anatomically neutral position, en-
suring a consistent spine curvature in the four positions,
controlling for the spine arch variable. The relative an-
gles between the femur and spine were constant for the
upright position in both chairs, same as for the forward
leaning postures. The analytic calculations for the chair
reaction forces assumed a stable centre of mass and ro-
tation in a static 3D plane. This assumed negligible au-
tonomous movements and symmetrical mass distribu-
tion between the left and right body sides in the frontal
plane. The points of application were determined for
the average human, and included only the lumbar back,
pelvic region and femurs, neglecting the torso, head,
lower legs, and feet from the model as these were not
directly in contact with the studied joints. These were
represented by inputs of the FEA.

Only the lumbar vertebrae were included in the spine
model, since they are the largest vertebrae supporting
the total weight of the upper body. Many of the com-
plex geometries present in the CADs of the human spine
were removed or simplified as the area of interest in this
study was the SlJ. Therefore, the spinous processes and
coccyx would not have significantly contributed to the
force distribution at this joint. An important simplifica-
tion was applying the forces directly to the bone since
they were the major weight bearing structures. How-
ever, the pressure developed in the muscles would exert
a resultant force onto the bone equal to the applied load.
This simplification made it easier to obtain the forces be-
tween the joints, as the joint reaction forces were the

focus of this study.

While configuring the FEA, parameter selections
were made to obtain accurate results without drastically
increasing run time. Isotropic material properties were
assumed for the bone and IVD (22,23). The same ma-
terial properties were assumed for all the bones in the
model. Treating these bodies as isotropic materials was
valid for this study, as they were statically loaded, thus
the strain rate was negligible. Additionally, the bone
was not divided into cortical and cancellous bone, nor

the IVD into the nucleus pulposus and annulus fibro-

sis. Treating the entire component as a uniform material
was a valid assumption, since the goal was to study the
relative difference in the reaction forces between the
various configurations rather than quantify the magni-
tude of the forces The maximum equivalent Von-Mises
stress was computed at the SlJ. Bone viscoelastic frac-
ture mechanics were based on the Coulomb-Mohr the-
ory; however, the bones were defined as isotropic mate-
rials in this FEA. Therefore, the Von-Mises stress theory
was valid for this study. The L2 and L4 vertebrae, and
the connected IVD, were replaced with beam type con-
tacts. This preserved the curved geometry of the verte-
brae and IVD between the remaining vertebrae, while
greatly reducing run time. The curvature was essential
for even redistribution of the forces throughout the lum-
bar spine. The contacts between the femur and the hip
bone were defined as revolute joints, with 0.01 m radius
for full contact. This accounted for any possible rotation
of the torso due to the applied loads at the top of the
lumbar spine, from the back rest or the wings. This was a
valid assumption as joints in the human body enable ro-
tary motion, and counterbalancing forces are constantly
in effect. The rest of the contacts in the system were
defined as static bonded contacts. There were no joints
between the vertebrae and IVD. This study evaluated a
static spine while sitting, therefore, using a bonded con-
tact for this joint was justified. Fixed supports were used
to immobilize the legs while sitting. The weight of the
torso was applied normal to the surface of the L1 ver-
tebrae since the center of mass of the torso and head
occurred at approximately this point (20). The backrest
and wing reaction forces were applied normal to the pos-
terior and anterior surface of the L3, respectively. The
middle of the lumbar spine was taken as the center of ap-
plication of the force, as it was equally distributed over
the surface of all the vertebrae and complete contact
was assumed between all the surfaces. Thus, the cen-
troid occurred at the middle vertebrae for both the back-

rest and the wings.
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2.5 | Validation

To our knowledge there are currently no in vivo or ca-
daveric studies directly computing the reaction forces
and stresses of the SlJ in the sitting configurations de-
scribed in this study. However, Van Houcke et al. (12)
studied the hip-joint reaction forces (HJRF) for sitting
configurations 1, 2 and 3 evaluated in the present study,
shown in fig.1. In their study, the HJRFs were obtained
with the AnyBody Modeling System software also using
a 50th percentile male as the model (AnyBody Technol-
ogy, Aalborg, Denmark). In the present study, the bones
were defined as isotropic, and the femur and sacrum
were in direct contact with the innominate bone without
supporting ligaments or other load bearing structures.
Therefore, the force exerted on the femur by the innom-
inate bone was equal in magnitude and opposite in di-
rection to the force exerted by the innominate bone on
the sacrum, since the system was statically determinate.
Hence, the magnitude of the HJRFs in the present study
are equal to the those in the SlJ, making them compara-
ble to those by Van Houcke et al.

The root-mean-square error (RMSE) was calculated
between the HJRFs obtained by Van Houcke et al. and
those from the FEA in this study by:

L (52
RMSE = Z% Eq. 1
i=1

Where y; is the computed FEA HJRF, y; is the HIRF
obtained by Van Houcke et al., and n is the sample size.
This indirect validation was performed to verify the con-
sistency of the assumptions taken in this model. The
Von-Mises equivalent stress was computed to find the
maximum stress at the SlJ in each scenario and again

compare the chair types and sitting positions, fig. 2d.

3 | RESULTS

The reaction forces for each DC shown in fig.1 and the
corresponding SlJ reaction forces evaluated with AN-
SYS are summarized in table 2. A standard chair design

where the back and thighs are at 90° flexion and the feet

are flat on the ground with the tibia perpendicular to
the thighs, was used as the benchmark to compare the
SlJ forces, as shown in fig. 1a. By comparing DC 1 to
3, a 5.57%BW force reduction at the SIJ was achieved
with the improved chair in the upright sitting position.
By comparing DC 2 to 4, there was a 14.18%BW force
reduction at the SIJ while leaning forward. When look-
ing at the two upright and forward leaning positions in
the reference chair, DC 1 and 2 respectively, 4.8%BW
higher SlJ reactions were developed in the forward lean-
ing position versus the upright one. Whereas for the im-
proved sitting positions, DC 3 and 4, a 3.81%BW SlJ
force reduction was found when leaning forward ver-
sus sitting upright. The maximum equivalent Von-Mises
stress values at the SlJ are given in table 2. In the for-
ward learning position, the reference chair, DC 2, had
much larger stresses in the SlJ than the improved chair
design, DC 4, which was consistent with the SIJ reac-
tion forces. The stress was also reduced in the SIJ when
using the improved chair, DC 3, in the upright position
versus leaning forward, DC 4. However, there was a
discrepancy between the two upright positions: greater
stress was developed when the improved chair, DC 3,
was employed compared the reference, DC 1. Despite
the observed reduction in force, the smaller contact area
in this position resulted in a greater stress developed
in the SlJ. The SlJ reaction forces, which were equal in
magnitude to the HJRF in this FEA, are given in table 2.
They were verified to ensure the system was statically
determinate. The results were then indirectly validated
against those obtained by Van Houcke et al., in which
the HJRF were found for the first three configurations
using AnyBody (12). No data exists for the fourth po-
sition. The RMSE between the HJRF for the 50t per-
centile human obtained in the literature and the experi-
mental results are summarized in table 2 (12). The RMSE
ranged from 19.40% to 30.25%. The maximum loading
occurred for DC 2 and the minimum for DC 3. While the
error was significant, the forces were in the same order

of magnitude and demonstrated similar trends.
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Design Configuration (DC) 1 2 3 4

AngiidicEhai Back Rest (%BW) 0 0 60.58 0

nalytic Chair

Reaction Forces Seat Base (%BW) 77.86 77.86 240.16 240.16
Wing Trunk Support (%BW) NA NA 0 65.73
Ry (%BW) 9.03 25.29 16.69 -8.56

ANSYS Computed i = P

Experimental Reaction Ry (%BW) 3.04 2181 18.66 14.87

Forces at the SIJ Rz (%BW) -30.12 -14.46 -7.36 -14.1
R (%BW) 31.59 36.39 26.02 22.21
Maximum Equivalent Von-Mises Stress

Simulation at the SIJ (MPa) 778 75:89 3862 28.91

Experimental Results Compu(t,ed Magnitude of SIJ Reaction 31.59 36.39 26.02 2291
Force (%BW)

HJRF Validation for Computed Magnitude of HIRF (%BW) 31.59 36.39 26.02 22.21

the 50t Percentile AnyBody Literature Value HIRF (%BW) 22.30 22.50 8.70 NA

Human with AnyBody | RMSE with Van Houcke et al. (%) 27.34 27.34 19.40 NA

TABLE 2 Analytic and FEA experimental reaction forces (R) of the four sitting configurations. Experimental
results for the reaction force at the SlJ for all sitting scenarios corroborated with the literature values of the HJRF

from (12). NA: not available, BW: body weight.

4 | DISCUSSION

4.1 | Improved Chair Evaluation

The results obtained for the reference chair and the im-
proved chair in the upright sitting configuration, DC 1
and 3 respectively, showed a reduction of the Sl reac-
tion forces by 5.57%BW. This was consistent with the
literature findings, which showed that a chair with a 5°
declination of the seat pan and 20° recline of the back-
rest reduced the spinal compression and hip-joint load-
ing (11,12). When leaning forward, the SIJ load was re-
duced by 14.18%BW with the improved chair, DC 4,
compared to the reference, DC 2. In both scenarios,
the improved sitting configurations minimized the Sl re-
action forces while sitting. The relative magnitude of
the reaction forces computed by the FEA were lower
in the upright configurations, DC 1, versus the leaning
posture, DC 2, for the reference chair by 4.8%BW. How-
ever, the opposite was found with the improved chair
that achieved a load reduction of 3.81%BW when lean-
ing forward, most likely due to the additional torso sup-
port from the wings.

4.2 | Future Work

Further work is needed to refine the design of the im-

proved chair. An optimization of the seat pan decli-

nation, backrest recline, and position of the wing sup-
ports along the torso should be conducted. Moreover,
details in the ergonomics of the chair and material se-
lection should be included in the FEA. Additionally, ex-
perimentation on actively returning the subject to an
ideal upright position through a spring-like mechanism
or prompt-feedback is warranted from the conclusion
that sitting upright overall results in lower SlJ forces.

Future considerations should include using a full
body CAD with advanced material properties. Also, in-
tricate geometries of the bones, with the muscles and
connective tissues, should be included. Different spine
curvatures could also be modelled rather than assum-
ing a braced neutral spine. Assessing the sensitivity of
the SlJ to these parameters would help in developing an
optimized chair. Furthermore, accounting for different
body types is important. The study was designed using
the dimensions of the 50t percentile human body. It is
important acknowledge that most of the population dif-
fers from these dimensions, which can impact the out-
comes.

Some important limitations of the proposed sitting
configuration are patient comfort beyond the scope of
the lower back. The torso support wings that were in-
cluded to facilitate maintaining a neutral spine position
and minimize forward leaning, placing an anterior load
on the abdomen. The impact of the wings on the user

and any discomfort that may arise as a result of having a
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retaining structure was not evaluated in this study. Sim-
ilarly, the tibia supports that were included to prevent
the lower legs from moving forward could cause pres-
sure discomfort on these bones. Further, as shown by
Harrison et al., a back rest recline could improve weight
redistribution and reduce both disc pressure and mus-
cle effort, however, the adverse effects on the neck
and shoulder while reclined and using standard office
equipment was not evaluated (11). Users may feel more
strain from their head leaning forward to use office tools.
These are important considerations moving forward and
should be accounted for to improve comfort.

The goal of this study was to evaluate the relative im-
provement of the SlJ loads through different sitting con-
figurations using a FEA. Overall, the new sitting config-
uration fared better than a conventional chair for reduc-
ing SlJ loads. Some limitations of the model may have re-
sulted in higher reaction force estimates than predicted
by the literature, but the relative trends were similar. For
many Canadians working desk-jobs, a significant portion
of the day is spent sitting; therefore, there is a need to
better understand the biomechanics of sitting and de-
velop ways to alleviate loads causing chronic low back

pain.
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