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Estimation of Forward Tilt Angle during Wheelchair Use
Considering Back Curvature
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Abstract— This study proposes a method of estimating the
forward tilt angle using an illuminance sensor, focusing on
changes in the illuminance value of the seat surface due to
changes in the posture during wheelchair use, for the purpose
of preventing wheelchair accidents. The effectiveness of the
proposed method was tested by fixing the position of the
wheelchair and installing an illuminance sensor at the center of
the rearmost part of the seat surface. The proposed equation
was proposed by measuring illuminance values using a board
as a preliminary experiment, and then three healthy subjects
measured illuminance values five times per person as in the
preliminary experiment and compared them with the proposed
equation. The comparison showed that the proposed equation
and the measured values had errors due to the curvature of
the back, so a correction method that takes into account the
curvature of the back during forward tilt was studied and the
results were discussed. The results showed that the proposed
correction method reduced the error of the forward tilt angle
on average, and the error accuracy of the forward tilt angle
estimation was within 3 °, with an average error reduction rate
of approximately 23.5%.

I. INTRODUCTION

According to a survey by the Ministry of Health, Labour
and Welfare (MHLW), approximately 45% of the disabled
people in Japan in 2016 were physically disabled people
suffering from spinal cord injury or cerebral palsy [1].
The number of such persons was about 1.93 million as
of 2016, and the number has been increasing since 1987
[1]. Because people with physical disabilities have difficulty
walking on their own, wheelchairs are used as a mobility
aid [2]. There are different types of wheelchairs, such as
manual and electric, and their use depends on the degree of
the user’s disability. Approximately 65% of wheelchair users
have experienced falls or tumbles from their wheelchairs [3],
making it difficult for them to return to a stable position
on their own when they are in an unexpected posture.
Therefore, it is important to estimate the posture of a user
during wheelchair operation in order to prevent accidents
from occurring. In addition, it is expected that quantitative
understanding of changes in the forward tilt angle will
contribute to maintaining the health and improving the safety
of wheelchair users.

Conventional studies on the posture of wheelchair users
have mainly used pressure sensors. In a study by Vermander
et al [4], a total of 16 pressure sensors, eight on the seat
and eight on the back of a wheelchair, were installed to
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estimate forward tilt and left/right body tilt based on the
ratio of pressure values on the seat and back. Forward tilt is
defined as a state in which the back is tilted forward about 40
°, and left-right body tilt is defined as the back contacting the
backrest while the trunk shifted laterally by 15 to 20 °. This
database and pressure values are used to classify postures.
This study was able to classify postures with an accuracy
of approximately 95%, but it was not able to determine the
degree of tilting when tilting forward or to the left or right.
In a study by Kini et al [5], three pressure sensors were
installed on the seat and an ultrasonic sensor on the back to
determine postural stability. The ultrasonic sensor measures
the distance between the back of the wheelchair and the
back, and in combination with the values from the pressure
sensors, classifies the user into one of three types of unstable
sitting postures: forward, right or left tilt. This study is able
to identify inappropriate sitting posture in over 99% of cases,
but it is difficult to estimate the degree to which the body is
tilted. In the study by Perez et al [6], eight pressure sensors
were installed on the seat and back of the wheelchair as in
the study by Vermander et al. In addition, the wheelchair is
equipped with an IMU that integrates a 3-axis gyroscope,
3-axis accelerometer, and 3-axis magnetic sensor, enabling
accurate measurement of rotational and linear motion in three
dimensions. It also features a posture monitoring system
that incorporates proximity sensors to record tire mileage,
temperature and humidity sensors mounted on the rear,
and FSR sensors, which are pressure sensors, in the body,
seat, armrests, and backrest. A posture monitoring system
designed with FSR sensors was installed on the body, seat,
armrests, and backrest to evaluate posture stability based on
the correlation between the angle and speed of the wheelchair
and pressure values. Although the system can make real-
time measurements, it uses a large number of sensors, which
increases the amount of data and increases the cost. In a
study by Chénier et al [7], motion capture was installed
on the upper arms, forearms, chest, and head to measure
the position of the center of gravity of the whole body. In
this study, the subjects had different trunk functions, which
resulted in measurement errors. In addition, the method of
attaching multiple sensors to the body has issues in terms
of user comfort and practicality of implementation. In these
studies, it is possible to evaluate the stability of the sitting
posture, but it is not possible to directly and quantitatively
estimate continuous physical changes such as the forward
tilt angle. Pressure distribution, which is an indicator of
posture stability, may indirectly suggest subtle changes in
posture, but it often requires complex sensor configurations.
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On the other hand, directly estimating continuous physical
parameters such as forward tilt angle enables a simpler and
more quantitative understanding of dynamic posture changes.
This approach is considered to be useful not only for early
detection of posture deterioration but also for effective safety
management.

When operating a manual wheelchair, some users move
their own body away from the backrest and tilt forward
to operate the wheelchair wheels to move forward [8]. The
operation also causes the body to tilt forward. However, if the
wheelchair comes into contact with an unintended obstacle
or an unpredictable situation occurs during wheelchair oper-
ation, the user is at risk of falling forward. This safety issue
may affect the user’s safety and convenience. Therefore, to
ensure safety, it is necessary to make a decision immedi-
ately when an unintended posture occurs. In conventional
studies, many sensors are often used to estimate the posture
of wheelchair users, which increases the amount of data
collected. This not only increases the complexity of data
processing but also may affect user comfort due to the
physical burden of attaching multiple sensors to the body
or wheelchair and the limited space in the seating area.
The objective of this study is to propose a method that not
only improves the safety of manual wheelchair users during
movement but also enables posture estimation during forward
tilt using minimal data and a minimal sensor configuration.

II. PROPOSED METHOD
A. Posture Estimation When Tilting Forward

When operating a wheelchair, a forward tilt is performed
[8]. When tilting forward, the back and the backrest are
separated, so light shines into the last part of the seat surface,
and the amount of light changes as the user tilts forward,
resulting in a change in the illuminance value of the seat
surface. Based on the above, the equation relating the angle
of forward tilt and illuminance is assumed to be as shown
in Equation (1). 6 [°] is the angle of forward tilt, /g [IX] is
the illuminance value at a certain angle , and [y [Ix] is the
illuminance value when no one is sitting in the wheelchair.
The maximum forward tilt angle was set to 40 °because the
forward tilt of a wheelchair user is defined as 40 °based on
the study by Jaffery et al [9].

0
lg :loxﬁ (1)

B. Posture Estimation Considering Back Curvature

Equation (1) implies that the illuminance value increases
linearly with the angle of forward tilt, but when humans tilt
forward, their backs do not form a straight line, and they
tilt forward while curving [10]. Therefore, it is necessary
to introduce a correction method that takes into account
the measurement error caused by the curvature of the back.
The spine is deeply involved in the curvature of the back,
which consists of five regions: the cervical spine, thoracic
spine, lumbar spine, sacrum, and coccyx [11]. Ratios were
calculated as in equation (2) to determine the sitting height S

[m] from the wheelchair user’s height H [m], and the heights
of the iliac crest P; [m], the inferior angle of the scapula P,
[m], and the cervical vertebra P; [m] in a seated posture were
calculated from the ratio of the sitting height S [12].

S=0.540H, P, =0.248S, P, =0.493S, Py =0.720S (2)

Py to P5 are the heights from the seat surface. Bezier curves
are created using these control points P; to P; and the seat
surface point Fy to correct the illuminance value.

C. Correction Method

As shown on the left side of Fig. 1, control points Py to P3
were determined. Py is the buttocks, P; is the iliac crest, Ps is
below the scapula, and P; is the lowest cervical vertebra. As
shown on the right side of Fig. 1, the curvature of the back
was created using a third-order Bezier curves from those
control points, as shown in equation (3). dx and dy are values
obtained from the seat height S as in equation (4). The Bezier
curves were discretized into 1,000 points for each forward tilt
angle, and the curves were drawn as solid lines. The dashed
lines are the theoretical straight lines, obtained from equation
(1). The coordinates at each angle of controllable points Fy
to P; were determined by the parameters shown in equation
(5). Py is the point closest to the backrest where the user’s
body and the seat of the wheelchair come into contact, and
this point is the origin of the Bezier curve.
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Fig. 1. Bezier curves at each angle obtained from control points Py to
P; and control points. Py is the buttocks, P is the iliac crest, P is below
the scapula, and Pz is the lowest cervical vertebra. The Bezier curves are
calculated from equation (3) and drawn by discretizing them into 1,000
points for each forward tilt angle. The solid lines are the Bezier curves, and
the dashed lines are the theoretical straight lines obtained from (1).

Py to P3 are points that change depending on the forward
tilt angle, with o = 0.3, op = 0.32+0.0035-60, oz =
1.2+0.01-6, r; =0.248, r, =0.493, and r3 = 0.720. The
rate of change of the control points of the Bezier curve for
each forward tilt angle used in this study was not based
on biological structures or musculoskeletal models, but was
arbitrarily set according to the behavior of the illuminance
distribution. Specifically, as the forward tilt angle increased,
the X and Y positions of control points P1 to P3, and the
curvature amount R of the back corresponding to the forward
tilt angle, were changed in stages to reproduce the nonlinear
curvature associated with forward tilt of the back. Such
arbitrary settings offer the advantage of flexible adjustments

1033



that reflect individual differences in the rate of change of
control points. Subsequently, the maximum volume Viax
obtained from the straight line in equation (1) was calculated
using the area of the triangle formed by dx and dy and the
sensor width w, as shown in equation (6), and the shaded
volume Vih.ge Of the region where the Bezier curve is to
the left of the straight line in equation (1) was calculated
as shown in equation (7). xgif is the sum of the x-direction
differences between the straight line and the Bezier curve
in the region where the Bezier curve is to the left of the
straight line in equation (1). Ay was defined as the difference
between the lower 5th percentile value ysq and the upper
95th percentile value yysq, of the y coordinates on the Bezier
curve in the area considered to be shaded, and this difference
Ay = Y959, — y59 was defined as the “ effective height ” of
the shaded area. The sensor width w is 0.05 [m]. Then, the
shielding rate p is calculated as in equation (8), and the
shielding illuminance value [g at a certain angle is calculated
as in equation (9).

B(t) = (1—1)*Py+3(1 —1)’tPy

+3(1=0)*P+3P;, 1€]0,1] (3)
dx=S-sin(0), dy=S-cos(0) 4)
Py=(0, 0)

P = (Otl-dx—l—R, S-rl)
P=(-dx+R, S rp+B-(dy—L))
Py =(

[04] -dx, S-r3) (5)
1

VmaX=§~dx-dy~w (6)

Vihade = Y, Xdift - Ay - w (7)
Vshade

p— 8

Vmax ( )

fo=1p-(1—p) )

III. PRELIMINARY EXPERIMENT
A. Measurement Method

In this experiment, a manual wheelchair (CAH-50SU,
Care-Tec Japan, Japan), an illuminance sensor (IWS660-
CS, Tokyo Devices, Japan), and a Black board 0.500 [m]
long, 0.395 [m] wide, 0.010 [m] thick were used. This
experiment was conducted in a room under standard lighting
with uniform illumination to eliminate the influence of the
lighting environment. The position of the wheelchair was
fixed, and an illuminance sensor was placed at the center
of the rearmost part of the seat, as shown in Fig. 2. The
blackboard represented the human back, with the contact
point between the backrest and the wheelchair defined as
0 °. luminance was measured while tilting the board in
5 °increments from O °to 40 °. These measurements were
made five times in total, and each measurement was plotted
on a graph with the angle on the horizontal axis and the

illuminance value on the vertical axis. The illuminance
values were obtained by connecting the illuminance sensor to
a PC with a USB cable. Angles were measured by attaching
a protractor to the wheelchair.

Fig. 2. Measurement method using illuminance sensor, one illuminance
sensor in the center of the rearmost part of the seat of the wheelchair.

B. Measurement Result

Fig. 3 shows the results of one of the five measurements
of illuminance values. The horizontal axis is the angle of
forward tilt [°] and the vertical axis is the illuminance value
[Ix]. The orange line is the theoretical value obtained from
the initial illuminance value [, = 479.5 1x and equation (1),
and the blue line is the measured value. The experimen-
tal results in Fig. 3 show that the average error of the
illuminance value between the proposed equation and the
measured value is 12.8 1x, which is 1.20 °in the forward tilt
angle. The average error of the illuminance values for the
entire five measurements was 21.8 1x which is 2.06 °in the
forward tilt angle. Fig. 3 shows that the illuminance value
increases approximately linearly with the angle of forward
tilt. Therefore, the proposed equation is valid.
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Fig. 3. Relationship between forward tilt angle and illuminance value
and comparison with proposed method. The horizontal axis is the angle
of forward tilt angle 6 [°] and the vertical axis is the illuminance value
1(0) [1x]. The orange line is the theoretical value obtained from the initial
illuminance value /, = 479.5 Ix and equation (1), and the blue line is the
measured value.

IV. VALIDATION ofF EFFECTIVENESS

This section shows the experimental procedures conducted
by the subjects and the results without correction in IV-A,
and the results after correction using the proposed correction
method in IV-B.

A. Experiment Without Correction

Preliminary experiments have confirmed that the illumi-
nance value increases approximately linearly with the angle
of forward tilt in the case of a board. However, since
the purpose of this experiment is to estimate the forward
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tilt angle of wheelchair users, the validity of the proposed
equation was confirmed by experiments with human subjects.

1) Measurement Method: Preliminary experiments
showed that the maximum illumination was obtained when
the forward tilt angle was 40 °. The landmark was placed
on the seventh cervical vertebra (C7), which is responsible
for the balance of the back curve and is easily palpable [10].
The illuminance values were then measured at 5 °intervals
from O to 40 °using the landmark, as shown in Fig. 4. A
total of three subjects performed the measurements, with
each subject taking five measurements. The experimental
environment was the same as in the preliminary experiment.
In each measurement, the illuminance value was first
measured when no one was seated, and this time was used
as the initial illuminance value. Three healthy male subjects
in their 20s were used in this experiment. The clothing worn
by the subject of the study was of a standard design, without
any protrusions such as hoods or large collars. The subjects
were 1.65 m, 1.72 m, and 1.70 m in height, starting from
the first subject. All subjects signed an informed consent
statement prior to participation in the study.

Fig. 4. Schematic Diagram of the Experiment. The illuminance values
were then measured at 5 °intervals from 0O to 40 °using the landmark. The
red star shows the landmark position set for this experiment, which is the
seventh cervical vertebra (C7).

2) Measurement Result: Fig. 5 shows the results of one of
the five experiments with three subjects, with the horizontal
axis representing the angle of forward tilt and the vertical
axis representing the illuminance value. From the top of
Fig. 5, these are the results for the first, second, and third
subjects. The orange line is the theoretical value obtained
from the initial illuminance value of the first person to
10=452.9 1x, 447.8 1x, 399.6 1x and equation (1), and the blue
line is the measured value, and the gray dots are the average
value and standard deviation of five times. Fig. 5 shows
that the illuminance values of all three subjects increased
approximately linearly with the angle of forward tilt, but
after 25 °, the difference between the measured illuminance
values and the proposed equation tended to increase and the
deviation also increased. Overall, the measured illuminance
values are smaller than those of the proposed equation.
Table 1 shows the results of calculating the average error
illuminance values [, for each measurement after correcting
the results obtained in this experiment. The rows show the
average error illuminance values for each measurement and

the error illuminance values for all five measurements, while
the columns show the illuminance value errors [, for each
of the three subjects. Table 2 shows the conversion of the
illuminance value errors [, in Table 1 into the error angles
X.. The error angle x, was calculated from the ratio of the
initial illuminance value ly and the error illuminance value
l,, as shown in Equation (10).

lo:40=1,:x, (10)
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Fig. 5. Relationship between forward tilt angle and illuminance value
and comparison with proposed method. The horizontal axis is the angle of
forward tilt O [°] and the vertical axis is the illuminance value [(0) [Ix].
Results of one of the five measurements for the first, second, and third
subjects from the top. The orange line is the theoretical value obtained
from the initial illuminance value of the first person to 10=452.9 Ix, 447.8
1x, 399.6 Ix and equation (1), and the blue line is the measured value, and
the gray dots are the average value and standard deviation of five times.

TABLE I
ILLUMINANCE VALUE ERROR BETWEEN MEASUREMENTS
AND PROPOSED METHOD.

Tlluminance Value Error [, [IX]

Time |t T || Subject 2 || Subject 3
Tst 19.0 407 216
2nd 390 95 246
3rd 536 193 210
4th 331 242 168
5th 238 241 11
Average 37.7 25.6 19.0

TABLE II

FORWARD TILT ANGLE ERROR BETWEEN MEASUREMENTS
AND PROPOSED METHOD.

Time Forward Tilt Angle Error x, [°]
Subject 1 Subject 2 Subject 3

Ist 1.6 3.6 2.0
2nd 34 1.7 2.4
3rd 4.7 1.7 2.2
4th 2.9 2.2 1.7
Sth 3.8 2.2 1.1
Average 33 2.3 1.9
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B. Experiment With Correction

The measurement results of the main experiment showed
that the illuminance value tended to be smaller than that of
the proposed equation due to an error in the illuminance
value compared to the proposed equation. This is due to
the fact that when people tilt forward, their backs are not
in a straight line but are curved as they tilt forward, and the
curvature becomes larger as the angle of forward tilt becomes
larger. Therefore, as the angle increases, the illuminance
error is expected to increase. Corrections were considered
to reduce these errors.

1) Measurement Method: The experiment was conducted
based on the measurement values obtained in the main
experiment. The corrected illuminance values were calcu-
lated using equations (3) to (9). When the illuminance
value at 10 °was lower than the illuminance value obtained
from equation (1), it was determined that the illuminance
sensor was blocked by the curvature of the back, and the
measurement value was corrected by adding the corrected
illuminance value. In other cases, no correction was applied
as the measurement did not meet the proposed criteria.
Next, as in the main experiment, a comparison was made
with the proposed equation, and the measured values were
compared with the corrected results. The value of 10 °was
chosen because it was considered to provide relatively stable
measurement accuracy and make it easier to observe the
overall trend.

2) Measurement Result: Table 3 shows the results of
calculating the average error illuminance values /, for each
measurement after correcting the results obtained in this
experiment. The rows show the average error illuminance
values for each measurement and the error illuminance values
for all five measurements, while the columns show the
illuminance value errors /, for each of the three subjects.
Table 4 shows the conversion of the illuminance value errors
I, in Table 3 into the error angles x, using equation (10).
Based on the illuminance values at 10 °, measurements that
were not corrected occurred twice for all subjects. Fig. 6
compares the measured and corrected illuminance values
when the theoretical value is set to O Ix. The horizontal
axis is the forward tilt angle 0 [°] and the vertical axis
is the error illuminance value [(6) [Ix]. The results for
subjects 1, 2, and 3 are shown from top to bottom. Orange
dots are measured values, gray dots are corrected values.
The theoretical illuminance value at each angle calculated
from the proposed equation is set to 0, and the measured
and corrected illuminance values obtained in this experiment
and the deviation from the theoretical illuminance value are
shown. These values are all calculated from the average of
five measurements. Tables 1 to 4 show that although some
measurements were uncorrected, the corrected measurements
showed a reduction in error for all participants. Among the
uncorrected measurements, the percentage of overall illumi-
nance values exceeding the theoretical values was 44% for

the fourth measurement of subject 2 and 33% for the fourth
measurement of subject 3, but for all other measurements,
the percentage was 56% or higher. Overall corrected results
showed an average reduction rate of 23.5% compared to the
measured values. Regarding the correction results in Fig. 6,
it can be seen that the error after correction is greater than
the error before correction in subjects 1 and 3 in the range
of 10 °to 25 °, and in subject 2 at 10 [°]. However, it can be
seen that the error decreases after 30 °in all three subjects.

TABLE III
ILLUMINANCE VALUE ERROR BETWEEN MEASUREMENTS
AND PROPOSED METHOD.

Time Illuminance Value Error [, [Ix]
Subject 1 Subject 2 Subject 3
Ist 16.4 24.1 15.1
2nd 39.9 4.7 24.6
3rd 36.5 19.3 14.8
4th 33.1 24.2 16.8
Sth 25.7 10.7 8.8
Average 30.3 16.6 16.0
TABLE IV

FORWARD TILT ANGLE ERROR BETWEEN MEASUREMENTS
AND PROPOSED METHOD.

Time Forward Tilt Angle Error x, [°]
Subject 1 Subject 2 Subject 3

Ist 1.4 2.2 1.4
2nd 3.4 0.42 2.4
3rd 32 1.7 1.5
4th 2.9 2.2 1.7
Sth 2.3 1.0 091
Average 2.6 1.5 1.6
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Fig. 6. Comparison of measured and corrected illuminance values when
the theoretical value is O Ix. The horizontal axis is the forward tilt angle 6
[°] and the vertical axis is the error illuminance value /(0) [Ix]. Results for
the first, second, and third from the top. The orange dots are the measured
values and the gray dots are the corrected values.
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V. DISCUSSION
A. Experiment Without Correction

Fig. 5 shows that the measured illuminance values are
smaller than the proposed equation. This is thought to be due
to the curvature of the back when the subject tilts forward.
The reason for the different illuminance values for each sub-
ject is thought to be that the degree of curvature of the back
differs according to the difference in height, and the reason
for the different illuminance values in each measurement case
is thought to be that it was difficult for the subjects to assume
the same posture completely. Subject 1 showed a particularly
large deviation, which may be due to the low reproducibility
of the posture during the measurement. It is also possible that
the lack of uniformity in clothing types caused errors in the
illuminance values. To reduce the error in each measurement,
it is thought that attaching landmarks to multiple areas, such
as the head as well as the back, is necessary to improve
posture reproducibility and to standardize clothing. In 80%
of the measurements, the illuminance error increased as the
angle of forward tilt increased, which is thought to be due
to the fact that the degree of back curvature also increases
as the angle of forward tilt increases. In another 20% of the
measurements, the measured illuminance values were larger
than the proposed equation, but this is thought to be due to
errors in the angle of forward tilt or misalignment of the
illuminance sensor during forward tilt.

B. Experiment With Correction

As shown in Tables 1 and 3, when illuminance values were
compared using the proposed equation, errors decreased in
all measurements corrected using the illuminance value at 10
°as a reference, and the overall average error also decreased.
In particular, the error decreased by approximately 23.5%
compared to before correction, confirming the effectiveness
of this correction method quantitatively. When determining
the necessity of correction based on illuminance values at a
10 °forward tilt angle, in one-third of the measurements in
which correction was not applied showed that the proportion
of measured illuminance values exceeding the theoretical
values was less than 50% of the total measurement points.
In these measurements, the average illuminance error was
relatively small at 24.2 1x and 16.8 Ix, and the angles were
2.2 °and 1.7 °, respectively, suggesting that the measurement
accuracy was high overall. Therefore, although the correction
was not applied due to a slight deviation at 10 °, it is
considered that no significant error actually occurred. Despite
such exceptions, the error decreased in all measurements
where the correction was applied, and the average error
decreased significantly overall, suggesting that the correction
method proposed in this study is effective.

VI. CONCLUSIONS

In this paper, focusing on the change in illuminance
between the back and backrest during forward tilt of a
wheelchair, a forward tilt estimation method using an illumi-
nance sensor was proposed. This paper described a method

for estimating the forward tilt angle using a single illumi-
nance sensor installed at the center of the rearmost part of the
seat of a wheelchair, based on changes in illuminance values
that occur when a person is tilted forward. The effectiveness
of the proposed method was verified by comparing the
illuminance values with those of the proposed method, where
the position of the wheelchair was fixed and the illuminance
was measured at intervals of 5 °from 0 to 40 °. The results of
this experiment showed that the illuminance value increased
approximately linearly with the angle of forward tilt, but the
overall illuminance value tended to be smaller than that of
the proposed equation. This is attributed to the curvature of
the back during forward tilt, and a corresponding correction
method was proposed. Based on the illuminance value at a
10 °tilt, corrections were selectively applied. Effectiveness
was verified by comparing deviations between experimental,
corrected, and true illuminance values. As a result, the
average error of the illuminance value was reduced, and
the effectiveness of the correction method was verified. In
the future, it is necessary to verify the effectiveness of
the proposed equation not only when the wheelchair is
stationary, but also when the wheelchair is actually being
operated. In addition, since the subjects in this experiment
were healthy individuals, it will be necessary to confirm
whether the same results can be obtained for wheelchair users
in the future.

REFERENCES

[1] Ministry of Health, Labour, and Welfare. "Survey on Living Difficul-
ties,” https://www.mhlw.go.jp/toukei/list/dl/seikatsu_chousa_b_h28.pdf,
2016 (accessed Oct. 30, 2025.)

[2] SIMPSON, Richard C.; LOPRESTI, Edmund F.; COOPER, Rory A.
How many people would benefit from a smart wheelchair?. Journal of
Rehabilitation Research & Development, 2008, 45.1.

[3] KIRBY, R. Lee, et al. Wheelchair-related accidents caused by tips
and falls among noninstitutionalized users of manually propelled
wheelchairs in Nova Scotia. American Journal of Physical Medicine
& Rehabilitation, 1994, 73.5: 319-330.

[4] VERMANDER, Patrick, et al. Intelligent sitting posture classifier
for wheelchair users. IEEE Transactions on Neural Systems and
Rehabilitation Engineering, 2023, 31: 944-953.

[5] KINI, K. Ramakrishna, et al. Efficient sitting posture recognition
for wheelchair users: an unsupervised data-driven framework. IEEE
Instrumentation & Measurement Magazine, 2023, 26.4: 37-43.

[6] PEREZ, Nerea, et al. Continuous postural and movement monitoring
system for wheelchair users assessment. Measurement, 2024, 237:
115179.

[7] CHENIER, Félix; MARQUIS, Etienne; FLEURY-ROUSSEAU,
Maude. Tracking the whole-body centre of mass of humans seated
in a wheelchair using motion capture. Journal of Biomechanics, 2023,
156: 111675.

[8] MMIYASAKA, Hiroyuki, et al. Influence of sitting posture on anterior
buttock sliding during wheelchair propulsion of hemiplegic stroke
patients. Japanese Journal of Comprehensive Rehabilitation Science,
2023, 14: 54-59

[9] JAFFERY, Mujtaba Hussain, et al. FSR - Based Smart System for
Detection of Wheelchair Sitting Postures Using Machine Learning Al-
gorithms and Techniques. Journal of Sensors, 2022, 2022.1: 1901058.

[10] ROUSSOULY, Pierre; PINHEIRO-FRANCO, Jodo Luiz. Sagittal pa-
rameters of the spine: biomechanical approach. European Spine Jour-
nal, 2011, 20.Suppl 5: 578.

[11] National Spine Health Foundation. ”The Spine:
and  Function,”https://spinehealth.org/article/spine-anatomy/,
(accessed Oct. 30, 2025.)

[12] Artificial Intelligence Research Center. ” Database of Human Body Di-
mensions, ” https://www.airc.aist.go.jp/dhrt/91-92/data/list.html, 1992
(accessed Oct. 30, 2025.)

Anatomy
2023

1037



