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ABSTRACT

This work aimed to develop a mathematical model to evaluate the effect of seat inclination using as input
the biomechanical characteristics of the user. The biomechanical model includes weight, posture, flexion
of the pelvis and trunk and 5° and —5° seat inclinations. Using actual data collected during an experiment
with 26 participants, a validation process was carried out to measure the model’s ability to correctly predict
load values on the ischial tuberosity. The results show a consistent model with an accuracy of 82% and
a predictive quality of pred (25) = 0.77. Another outcome of the study is an equation to calculate the
intradiscal pressure based on the load at the ischial tuberosity. The biomechanical model and the equations
can be used to assess the effects of inclination of the seat and its backrest in chair design processes.

Keywords: Biomechanical, driving activities tilt, sitting posture, intradiscal load.
RESUMEN

Este trabajo se oriento al desarrollo de un modelo matemdtico para evaluar el efecto de la inclinacion
de la silla teniendo en cuenta las caracteristicas biomecdnicas del usuario. El modelo incluye el peso
corporal, la postura, la flexion de la pelvis y el tronco, y se consideran inclinaciones en el asiento de
5°y =5°% A partir de la informacion recogida durante un experimento con 26 participantes se realizo
un proceso de validacion para medir la habilidad del modelo para predecir correctamente los valores
de la carga en la tuberosidad isquidtica. Los resultados muestran que el modelo es consistente puesto
que su precision es de 82% y la calidad de prediccion de pred (25)= 0,77. Se desarrollo también una
ecuacion para calcular la presion intradiscal a partir de la carga en la tuberosidad isquidtica. El modelo
biomecdnico y sus ecuaciones pueden ser utilizados para analizar los efectos de la inclinacion de la silla
v de su espaldar en los procesos de diserio de asientos.

Palabras clave: Biomecdnica, inclinacion del asiento, postura sedente, carga intradiscal.
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INTRODUCTION

The seated posture in office work has been
extensively studied by different authors [1-5].
The purpose has always been improving postural
demands and reducing the risks associated. Although
drivers population has been pointed out because
its increased risk of developing conditions such as
low back pain [6, 7], there have not been a great
number of studies on the driving seated posture
and meanwhile, the prevalence of LBP (low back
pain) among this population remains being one of
the highest [8-10].

Poor nutrition of intervertebral discs leads to a
degenerative process and is strongly associated with
back pain [1, 11]. The kyphosis due to the flexion
of the trunk maintains a continuous pressure of the
discs resulting in dehydration [12]. This is one of
the reasons for low back pain among drivers [13].

A literature review on ergonomics chair
requirements for drivers shows that they are
largely focused on reducing the discomfort or
risks factor for low back pain. Therefore, studies
are aimed on defining specifications for lumbar
supports [14-16], dimensions and inclination of
the seat and backrest [14, 17-19] and cushion
features [20-23]; others, focus on the effects of
vibration [24-25]. However, it seems that the key
to reducing low back pain in seated posture has
not been found yet, since the prevalence of the
disease remains high.

Actually, the intradiscal pressure determines the
biomechanical load on the spine. Particularly, the
study of the typological characteristics of the seated
posture has been the key to find the less demanding
postures [26-27]. However, the invasive nature of
these studies result in least population willing to
participate in them (n =1) which leads to important
limitations in the results due to factors such as body
mass index (BMI) that may influence the final load
on the spine [28].

Conversely, the review by De Looze [43] shows that
the pressure distribution of the ischial tuberosity
has been generally used for seats studies as there
is a clear association with discomfort scales [15,
27, 29]. Other than being a noninvasive method,
it enables the estimation of the intervertebral disc

compression based on biomechanical models [30].
The biomechanical models reviewed did not use
this measure for its estimates focusing only on
trunk flexion regardless of the inclination of the
pelvis [3, 23] or the curvature of the lumbar spine
that affects intradiscal pressure [31]. Other models
developed using computer-based systems are
limited by the use of specific programs they were
created for, restricting the use in the seats design
community [32-33].

On the other hand, there is evidence that
biomechanically less demanding seated postures
are not necessarily comfortable [34-35]. This
relationship has been studied in office postures
[36], but not in driving tasks, therefore, it was
necessary to analyze it in the context of this project.
It revealed that seat inclination postures of 5° and
—5° angles are perceived as less uncomfortable.
According to the literature, available studies
suggest that forward seat inclination improves
body pressure distribution on the seat and
minimizes muscular effort to maintain stability
[2-3], conditions which lead to the absorption
of vibration. This fact explains why a forward
inclination of the seat, which is not too pronounced,
is perceived as comfortable.

Accordingly, this research aimed to develop and
validate a biomechanical model that includes weight,
posture and flexion of the pelvis and trunk to estimate,
based on simple formulas, the intradiscal pressure
in seat inclinations of 5° and —5°. This tool will
assess the inclination of the seat according to the
biomechanical characteristics of the subject, which
will turn into a useful tool for decision-making in
the seat design field.

MATERIAL AND METHODS
Biomechanical Model

Biomechanical and physiological considerations
Moving from a standing to a seated posture is due to
the flexion of the pelvis, which rotates backwards.
Flexion of the hip is not folded at a right angle on the
femur. Such bending is only about 60°, whereas the
angles needed to form 90° in the seated posture are
achieved by lowering kyphosis, that is, moving the spine
forward about 30° [2]. Also, it should be considered
that the maximum flexion of the spine is 60° [37].
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When the posture is posterior, i.e. supported on
the back, studies show that the inclination of the
backrest result in a low reading of electromyographic
signals because the posterior lumbar spine muscles
are relaxed [2, 38]. Therefore, the model does not
consider reactions as a result of muscle forces when
leaning on the backrest.

Body weights were taken based on the online
software tool PSC from the Universidad Politécnica
de Valencia.

To calculate the intradiscal pressure it is considered
that the radius (r) of an intervertebral disc for an
adult is about 0.02 m [3].

When the angle between the trunk and the thigh
(M) is less than 120° a reduction of lumbar kyphosis
is generated by creating extra pressure (P) on the
intervertebral discs. In this way, it is considered that the
intradiscal pressure increases linearly, considering the
minimum pressure while being in a standing posture
where P = 0.5 when trunk flexion equal to zero, i.e. B
=0[26] and the maximum pressure in sitting posture
with maximal trunk flexion, where P = 0.83 Pa when
B =60°[26], i.e. the increase in intradiscal pressure
is 0.33 Pa. Therefore, when A<120° a pressure of
Pdicional = 0.00558 Pa will be added.

Table 1 was used to measure the centers of gravity
for each body segment [31]. Table 2 shows the
nomenclature used to identify variables and their
description.

Table 1. Distance of centers of mass of each body

segment.
Force Point Distance in
reference percentage of length
Wg R 43
Wf T 44
Wp L 50
Wcebt C 17

Mechanical system diagram and system of
equations

The Figure 1 shows the biomechanical model.
This model includes the body segments
that directly influence the intradiscal pressure.
All the subsequent force diagrams for each segment
were made based on the biomechanical model proposed.
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Table 2. List of the nomenclature of each variable
and its description.

Variable Description
B Trunk flexion angle based on the vertical
o Backrest inclination
[0} Pelvis angle
0 Seat inclination
) Knee angle
A Trunk-thigh angle
\\% Body weight
Wp Force exerted by the weight of the pelvis
Wf Force exerted by the weight of the thighs
Force exerted by the weight of the legs
We
and feet
Webt Force exerted by the weight of the head,
arms, hands and trunk
FNE Reaction force due to support
Lx Reaction at point L on the x-axis
Ly Reaction at point L on the y-axis
Ln Reaction at point L on the normal axis n
Tx Reaction at point T on the x-axis
Ty Reaction at point T on the y-axis
N Reaction force due to support
Rx Reaction at point R on the x-axis
Ry Reaction at point R on the y-axis
Px Reaction force due to support on the
X-axis
Py Reaction force due to support on the
y-axis
r Radius of intervertebral disc
Intradiscal pressure
C,g Webt

Figure 1. Biomechanical model.

From segment CL (Figure 2):
Y Fy=0=FNEcosa—Webt + Lx (0
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Y Fx=0=FNEsina— Ly (2)

> M, =0=(Wcbtcosor+0.83CL) -

(3a)

(FNE*O.SE)

FBD of segment CL

AV
I
1

FBD segment TR FBD segment RP

Figure 2. Free Body Diagrams.

Clear FNE from equation (3a)

FNE =1.66*Wcbtcoso (3b)

From segment LT (Figure 2):
2Fy=0=Ny—Wp—Ly—Ty (4)
Y Fx=0=Lx—Tx—Nx )

ZML =0 :((Nx+Tx)ﬁ*sin¢)+

(Wp*O.Sﬁ*cos¢)+(Ty*ﬁ*cos¢)— (6)

(Ny*ﬁ*cosq))

From segment TR (Figure 2):
Y Fy=0=Ry+Ty-Wf (7
Y Fx=0=Tx-Rx (®)

Mp=0=(Ty*TR*cosf)—

Z R ( y ) 9)

(Wf #0.56TR * cos@) + (Tx # TR % sin@)
From segment RP (Figure 2):

Y Fy=0=Py—Ry-Wg (10)

Y Fx=0=Rx—Px (11)

> Mp=0=(Rx*RP*sind)- .
Ry*RP#cosd)—(Wg#0.57RP *cosd
( )= )

The reaction in each of the ischial tuberosity is

equal to:
N =4Nx? + Ny?

Intradiscal pressure is equal to (segment CL,
Figure 2):

13)

_ILn _ | Webt sin
p= /m2 _[ /7r>:<0.022:|+

0.00558 if A <120°

(14)

Bearing in mind that we must validate the
biomechanical model, we sought to simplify the
equations obtained to used them in a simple way
that depends on body weight (W) as shown below.
According to the literature, the posture selected was
considered ergonomics. It has a seat-back angle of
105° (o0 = 75°) relative to the horizontal [38], the
knee angle of 70° (8)[39], the angle between trunk
- thigh (A) always between 121° and 60° leading
to a pelvic angle (¢) of 30°. Seat angles (0) will be
equal to +5° and -5° (see Table 3).

Table 3. Equations for calculation of the pressure
on the seat based on body weight.

Seat Correction Load on
inclination (0) factor () the seat (N)
-5° 2.95 equation (15)

N= ,u\/(O.262W2)—(0.273W)+0.1 10

+5° | 2.95 | equation(16)

N = ,u\/(O.309W2)—(0.331W)+0.110

Based on a straight comparison of each of the
experimental data with the estimated data in the
initial biomechanical model, an adjustment factor
that reduces systematic errors in the data set was
developed. This factor was included in the final model.

In the same way and keeping the same posture,
the equation (14) was simplified to make
the calculation of intradiscal pressure easier
(Table 4).
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Table 4. Equations for calculation of intradiscal
pressure based on body weight.

Estimated intradiscal pressure based
on the biomechanical model
P =428.56W —270.863

Seat inclination | Extra pressure| Final intradiscal
0) (Mpa) pressure (Pa)

—5° 0.055

equation (17)

P =[428.56W —270.863]+ 55000
0.11 | equation (18)
P =[428.56W —270.863]+ 110000

+5° |

Biomechanical model validation

We proceeded to compare the biomechanical
model predictions with data from the real world,
in order to validate the equations. For this purpose,
an experiment that allows measuring the pressure
exerted on the seat and the contact area regarding
the desired posture was conducted. Based on the
mat FSA-ISB it was possible to calculate the
load on the ischial tuberosity and proceed to a
later comparison with those obtained from the
biomechanical model.

Participants

The actual data collection was conducted with 26
participants, 7 of whom were women and 19 were
men. A heterogeneous population was sought to
study the equations obtained in different body
morphologies. The population has an average
weight of 70.11 kg (DS 14.6), a body mass index
(BMI) of 24.87 (DS 4.4) and an age of 34.29
(DS 8.2).

Test description for obtaining the actual data
After obtaining informed consent from the
participants, data collection of age, weight and
height was the first step to record the data of
the population. Once the equipment that allows
to measure the pressure exerted on the seat and
backrest was installed on the seat (mat FSA-
ISB), seat inclination was adjusted to —5° and +5°
according to the corresponding treatment. The
participant was asked to sit down with a knee angle
of 70° (8) and to rest on the backrest. The backrest
always had an inclination of 105° relative to the
horizontal. The posture assumed by individuals
is the same that was used for the calculation of
equations (15) and (16).
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Once the adjustments on the seat were set, data
collection began for a period of 20 seconds. The
first and last 5 seconds of each collection were
eliminated, thus each treatment was studied for a
period of 10 seconds. At the end of the treatment, the
participant was asked to stand up while modifying
the inclination of the seat. Once the seat adjustment
was set, the participant was asked to assume the
seated posture again and the process of collecting
data for 20 seconds was repeated.

Statistical analysis of the data

In this research the coefficient of determination (r2)
was not included in the validation process. Despite
being a good indicator of precision it is not a good
indicator of accuracy [40]. Therefore, to assess the
accuracy of the biomechanical model estimates the
techniques recommended by Mendes [41] were
used, based on the mean magnitude of relative error
(MMRE) and the quality of the prediction, pred(l)
with a [ = 25.

The mean magnitude of the relative error was
calculated by using the following equation:

MMRE='/,> 3" MRE, (19)
Where MRE is defined as the magnitude of the
relative error of each data pair.

The quality of the prediction is calculated as a set
of n values where i is the number of them in which
MMRE is less than or equal to /.

pred(i)="1/, (20)

RESULTS

Biomechanical model accuracy

The mean magnitude of the relative error (MMRE) is
0.18 which indicates that on average, the estimated
values have 82% accuracy, which is relatively high
and because of that it is considered a good model.
The quality of the prediction for a pred (25) is 0.77
which means that 77% of the estimated data are
75% accurate. Based on Tedeschi [40] and Mendes
[41], the findings suggest that the biomechanical
model predicts quite accurately.

The data for load on the seat (N) and intradiscal
pressure (P) were estimated according to the
biomechanical model already validated. It was found
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that there is a strong correlation (r= 0.97) between
them. The trend line that best fits the scatter plot,
revealed a possible equation (P =0.0003N + 0.067)
to estimate the intradiscal pressure based on data
load on the ischial tuberosity (see Figure 3).

0,6

500 2000

y = 0,0003x + 0,067
R?=0,94139
Figure 3. Scatter plot of intradiscal pressure vs.
load on the seat.

1000 1500
N(N)

Biomechanical load depending on seat inclination
To determine whether the seat inclination angle
affects intradiscal pressure the analysis of variance
of the data (ANOVA) found significant differences
between groups (p = 0.00). Table 5 shows that the
forward inclination of the seat (negative angles)
promotes the reduction of intradiscal pressure.
The mean, minimum and maximum values with an
inclination 6 = —5°are lower compared to 6 = +5°.

It was also found that the weight has a significant
effect on intradiscal pressure (p = 0.003). Therefore,
if values are compared by gender, men have higher
intradiscal loads (¢ = 0.4 Mpa) than women (u =
0.307 Mpa) because they are heavier which has
nothing to do with the seat inclination.

DISCUSSION

Biomechanical models are considered an excellent
tool for the analysis of internal and external loads
on the body structure. As a result, this research
aimed to obtain a simple mathematical equation that
allows the estimation of load on ischial tuberosity
to obtain intradiscal pressure, considering factors
such as weight, posture and flexion of the pelvis
and trunk. Likewise, the literature has shown that
forward inclination of the seat affects intradiscal
pressure [3, 32]. Based on literature and prior

experimentation, this research uses a seat inclination
of +5° and -5°.

Table 5. Description of intradiscal pressure variable
depending on the inclination of the seat.

Intradiscal pressure * Seat inclination

Pressure P (MPa)
Seat inclination N Min Mean | Max
0=-5° 26 0.25 0.35 0.48
0=+5° 26 0.30 0.40 0.54

Although this model is restricted only to the sagittal
plane, it has a fairly high level of accuracy that
could be improved in future researches considering
variables such as torsion or lateral deviation. However,
the accuracy of 82% is considered excellent for
predictive models like this one [40-41].

The mathematical equation was obtained from
the ergonomics postures of drivers suggested by
different authors [38-39], simplifying it in terms
of body weight. The weight is one of the most
important factors of intradiscal pressure. It can be
analyzed in the equations proposed as well as in
the analysis of variance of this research. According
to Reed [42], anthropometry has no influence on
intradiscal pressure as it doesn’t determine trunk
flexion, but rather the posture assumed in the seat
regardless of the size or gender of the person.
Likewise, analysis of the equations obtained through
this research shows that anthropometry does not
affect intradiscal pressure.

In consequence, the biomechanical model proposed
allows to analyze the effect of the inclination of
the seat on the spine and estimate the intradiscal
pressure without performing invasive experiments,
as only data from pressure and contact area on the
seat is needed.

Regarding the effects of seat inclination on intradiscal
pressure, the model works according to the findings
of other authors on office tasks [2-3]. Statistically,
some differences were found and it was also
observed that negative angles (forward seat) cause
less demand on the spine. Although this aspect
has never been studied in driving activities, this
biomechanical model confirms that these findings
can also be applied to the postures assumed when
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driving a vehicle. However, the analysis of equations
suggests that while the load on the spine is reduced,
due to a forward tilt of the seat, the load on the
knees joints is increased. This is probably due to
the need of holding the body weight as a result of
the gliding. Rasmussen’s studies [32] show that
the coefficient of friction on the seat is one of the
factors that affects intradiscal load and suggest that
forward inclination must not exceed 10°.

Finally, the estimation values of intradiscal pressure
obtained from the biomechanical model are consistent
with those obtained from in vivo experiments by
other authors [26-27]. It is important to note that
equations (17) and (18) were obtained from a model
already validated and the level of accuracy of the
estimates of intradiscal pressure was not assessed
for actual data, thus it is recommended that future
researches perform such validations to enhance the
equations proposed here.

CONCLUSIONS

This biomechanical model shows that it is possible
to improve the quality of the seated posture in
driving activities. The demands on the spine can
be decreased to generate intradiscal load variations
by changing the seat inclination, which improves
the nutrition of intervertebral discs. Therefore, it
is necessary to design experiments in order to test
these hypotheses for relieving lumbar pain during
driving activities. It should be considered that as
the aesthetic considerations in chairs are important
design requirements, so are the ergonomics
considerations, which would improve the perception
of comfort by reducing the biomechanical demands
on the spine.

Finally, this paper provides a basic tool based on
mathematical equations which can be used to analyze
the effects of seat inclination and intradiscal pressure
resulting from such modifications.
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