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As automated vehicles evolve, seating designs must accommodate a wider range of postures, particularly for non-
driving-related activities such as relaxing and sleeping. This study aims to model human back shapes in seated
and reclined positions to improve ergonomic seat designs. Human back contour data were collected from 36
participants using a custom measurement device in two setups: a 25° backrest angle and a seat pan angle of 15°,
simulating a driving posture, and a 50° backrest angle with the same seat pan angle, representing a reclined
posture. Statistical Shape Models (SSMs) were developed to analyze the variability of back contours. The 25°
setup exhibited a flatter spinal curve and higher compactness, capturing 79.7 % of the variance with the first
principal component (PC1), compared to 74.6 % in the 50° setup. The combined setup balanced these differ-
ences, providing a comprehensive model for diverse postures. Overall, PC1, PC2, and PC3 together captured
more than 96 % of total contour variance, indicating that variations in back height, neck bending, and lumbar
prominence constitute the dominant sources of geometric diversity. These findings offer actionable dimensions
for designing ergonomic backrests that support diverse users and postures. Future research should investigate
whether implementing these guidelines enhances comfort and should include more diverse populations and a

broader range of postures.

1. Introduction

The design of automotive seats plays an important role in providing
comfort and support during prolonged sitting (Naddeo et al., 2024). The
seat contour is often designed to align with the natural shape of the
human body. Franz et al. (2011) investigated seat contours in the
driver’s posture and adapted the backrest and seat pan shapes accord-
ingly, which led to improved comfort. Enlarged contact areas and
continuous support along the length of the backrest can help distribute
body weight, enhance stability, and reduce pressure concentrations,
thereby lowering stress on specific regions and promoting healthy
posture (Meakin et al., 2009). However, human body shapes vary, and
even for the same individual, different sitting postures can significantly
affect the curvature of the lumbar region. For instance, Tsagkaris et al.
(2022) showed that sitting often flattens the back, decreasing both
thoracic kyphosis and lumbar lordosis compared to standing. These
variations present challenges to designing backrests that effectively
accommodate diverse postures and body types.

The human spine consists of three distinct curves: the cervical (neck),
thoracic (upper back), and lumbar (lower back) regions (Kaiser et al.,

2024). Depending on an individual’s sitting height and posture, the
thoracic and lumbar regions are most likely to contact the backrest.
Studies on spinal angles in upright sitting without a backrest show that
the average thoracolumbar angle is approximately 12.01° for males and
9.76° for females, while the lumbar angle is about 8.8° for males and just
0.28° for females (Claus et al., 2016). In other postures, Andersson et al.
(1979) found that an increase in the backrest-seat angle had only a
minor effect on lumbar lordosis. In contrast, Li et al. (2022) observed
that thoracic kyphosis angles increased significantly when transitioning
from a standing posture to upright sitting and reading/writing positions,
while lumbar lordosis decreased substantially or even disappeared.
Using Magnetic Resonance Imaging (MRI), Zemp et al. made measure-
ments on 5 individuals and reported that the mean lumbar, thoracic, and
cervical curvature angles were 29° 4+ 15°, —29° + 4°, and 13° + 8° in
the upright sitting position and 33° 4+ 12°, —31° + 7°, and 7° + 7° in a
25° reclined sitting position (Zemp et al., 2013).

The presence of a backrest, particularly lumbar support, might
significantly influence spinal curvature. Andersson et al. (1979) found
that lumbar lordosis increased proportionally with the addition of
lumbar support. A detailed study by Reed and Schneider (M. Reed and
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Schneider, 1996) reported that, with a fixed backrest angle of 20° and
flexible lumbar support adjustable up to 120 mm above seat pan (M. P.
Reed et al., 1995), the lumbar contour prominence measured approxi-
mately 1.5 4+ 5.8 mm without support and 10.9 + 9.0 mm with a 40 mm
high lumbar support in preferred driving postures. However, the posi-
tion of the lumbar support along the backrest was not specified.
Regarding the height of lumbar support, Carcone and Keir (Carcone and
Keir, 2007) demonstrated that a 3 cm lumbar pad effectively provided
support and prevented flattening in the lumbar area, underscoring the
importance of lumbar support for maintaining comfort during sitting.

In a well-designed seat, the trunk is supported by the backrest,
allowing the muscles to relax and the lumbar spine to maintain its
natural curve (Varela et al., 2019). However, in seated postures, the
back aligns from the buttocks upward, and individual differences in
sitting height complicate the use of angular spinal measurements for
backrest design. Although substantial effort has been devoted to un-
derstanding differences between and within individuals across various
postures, significant gaps remain. First contour-based seat shells have
been developed using 3D body scans (Franz et al., 2011; Hiemstra-van
Mastrigt et al., 2019), and these studies show that shaping the backrest
according to human contour can improve pressure distribution and
comfort. However, these approaches rely on the mean shape for a single
posture rather than developing a generalizable geometric model of the
back that spans multiple seated configurations. Lumbar support studies
further concentrate on local prominence and its height (Carcone and
Keir, 2007; Reed and Schneider, 1996), without modelling the full back
contour or how its geometry changes between upright and reclined
seating. As a result, a comprehensive geometric model that represents
the human back contour across both seated and reclined positions re-
mains lacking, particularly one that extends beyond the limits imposed
by conventional vehicle safety constraints.

Second, existing automotive seats are optimized for upright driving
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and do not easily accommodate the large changes in spinal and cervical
curvature associated with reclined or task-dependent postures. This
limitation becomes increasingly relevant in the context of future auto-
mated vehicles, where non-driving-related activities (NDRAs) such as
sleeping are expected to become more prominent (Cai et al., 2024; Vink
et al., 2025). Although the Neutral Body Posture (NBP or “Zero-G")
suggests a trunk-thigh angle of around 128°, this concept focuses mainly
on favorable joint-angle configurations rather than on defining the
backrest’s geometric contour (Han Kim et al., 2019). Similarly, Vledder
et al. (2024) identified a 50° backrest angle as preferred for upright
sleeping in vehicles, but the detailed geometric shape of the backrest
surface was insufficiently explored.

Addressing these gaps is essential for advancing backrest designs that
can support a wide range of postures and activities in future vehicles,
including but not limited to automated driving scenarios. Therefore, this
paper focuses on two research questions: 1) What is the model of human
back shape in seated positions? 2) Is it possible to incorporate more
postures, such as sleeping, into the model to better accommodate NDRAs
in automated vehicles? By addressing these questions, this study aims to
establish a foundation for understanding human back contours across
various seating postures and to support the development of adaptable
backrest designs that improve comfort across a broad range of in-vehicle
activities in the context of automated mobility.

2. Materials & methods
2.1. Experiment setup

An experiment was conducted at the Comfort Lab of Delft University
of Technology to investigate human back contour measurements. A

digital measurement device, named the Digital Kyphometer, was spe-
cifically developed for this purpose, as shown in Fig. 1 (a). The device

25° or 50 ° inclination
regarding vertical plane

15%inctination regardirig
horizontal plane 3

Fig. 1. Experiment setup, (a) The Digital Kyphometer used for back contour measurement; (b) the custom experimental seat with a U-shaped slot allowing access for
the kyphometer probe; (c) a participant seated during measurement. The inset in the top-right corner indicates the starting landmark at C7.
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features a probe mounted on a vertical linear track, enabling it to record
both horizontal and vertical movements of a wheel at the end of the
probe as it moves along the track. Compared to other measurement
methods (de Oliveira et al., 2012; Kandasamy et al., 2021; Nijholt et al.,
2016; Voinea et al., 2016), the Digital Kyphometer offers a faster and
more efficient way to digitize vertical back profiles.

In addition, a custom wooden seat was fabricated with a 15° seat pan
angle and adjustable backrest angles of 25° and 50°, as illustrated in
Fig. 1 (b). The 25° backrest angle was selected as it is the most
commonly observed angle among drivers(M. P. Reed et al., 2020). In
contrast, the 50° backrest angle was chosen based on recent studies
suggesting that it provides comfort for sleeping (Gerbera Vledder et al.,
2024). A distinctive feature of the seat is the U-shaped slot at the center
of the backrest, which allows the probe direct access to the back during
measurement. Two layers of foam, totaling 6 cm in thickness, were
placed on the seat cushion. The distance from the bottom of the
U-shaped slot to the top of the foam is approximately 7 cm, measured
along the direction of the backrest. The 7 cm clearance was reserved to
ensure that the probe could move freely while accessing the back con-
tour of the participants during measurement. Fig. 1 (c) shows an
experiment session, during which the wooden seat was positioned on a
table to align with the measurement range of the device. The device was
placed behind the seat at an 11° inclination relative to the ground plane,
allowing improved access and more accurate back contour
measurement.

2.2. Participant

The participants consist of 18 males, 17 females, and 1 other gender.
The majority (30 participants) are of Western European origin, primarily
Dutch nationals. The group also includes individuals from South and
Southeast Asia (3), East and Central Asia (1), Eastern Europe (1), and
North Africa (1). Table 1 presents the participants’ anthropometric data.
Fig. 2 shows the distribution of participants based on stature and hip
width. The shaded ellipse represents the range between the 5th
percentile (P5) and 95th percentile (P95) of the Dutch population for
both dimensions, encompassing the central portion of the sample
(Dined, 2011).

2.3. Protocols

Informed consent was obtained from all participants prior to the
study. Anthropometric measurements were collected using a measuring
chair to document the participants’ physical dimensions following the
procedure described by Molenbroek et al. (2017). Subsequently, the
kyphometer and the corresponding wooden seat were adjusted to the
appropriate settings based on the specified backrest angles, and the
origin of the kyphometer measurement was aligned with the top surface
of the foam pad. At the 25-degree backrest angle, participants were
instructed to look at a fixed point in front of him/her to simulate a
driving posture. The researcher then used the kyphometer to measure
the back contour, starting from the seventh cervical vertebra (C7)
(Wiyanad et al., 2023) to the bottom of the U slot, recording data at 1 cm
intervals. This process was repeated three times to ensure consistency
and reliability. For the 50-degree backrest angle measurement,

Table 1
Anthropometry of the participants.
Mean + STD Min Max

Age 26.4 +£10.2 19 66
Stature height (CM) 174.7 + 8.7 158.1 191
Popliteal height (CM) 47.2 +3.2 41.6 53
Buttock-knee height (CM) 50.1 + 2.4 45.8 55
Sitting height (CM) 89.7 £ 4.1 80.7 97.5
Hip width (CM) 38.5+3.4 33.4 48
Weight (Kg) 71.5+ 135 48 98
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Fig. 2. Distribution of stature and hip width of participants.

participants were instructed to relax as much as possible while seated,
and the contour measurement process was repeated under these con-
ditions. The head position was left unrestrained, as occupants tend to
vary their head posture while sleeping or relaxing. Arm orientation was
left unconstrained to simulate a natural static forward-facing posture.

2.4. Data processing

All collected data were documented. Given a set of measured points
of a contour of the human back, the acquired data can be represented as

im sjmi; - sj.m
P = [y i=o._im)

s.j.m,i

wherep " represents the iy measured point of the j subject in the my,

try in the measurement coordinate system Cy (XyOYy) for the sy setup,
and n*/™ is the number of points in the pointset Py . Here s = [0, 1]

referring to the 25 ° and 50 ° setups, respectively. An example of pg ™" is

the point P in Fig. 3, and the x and y coordinate of P is [OA, PA] in Cy.

As the measurement was conducted in 25° and 50° backrest angles,
the distances between point P and each backrest have more meaning
regarding the shape of the human back contour. Therefore, two coor-
dinate systems Cas (X250Y25) and Cso (X500Ys50) based on two backrests
were established as Fig. 3. The X and Y coordinates of point P in Cy5 can
be represented as [OB, PB|. Here the x-coordinate OB = PO cos (), and
the y-coordinate is computed as PB = POsin (f), where PO =
VPA2 4 0A2, = 14+ a, and @ = tan"! PA/OA. In Cy4 , P is repre-
sented as [OC, PC]. Here OC = PO cos (y), where y = 39+ @, and PC =
POsin (y).
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Fig. 3. Correction of measurement results- X — X-axis of World coordinate
system; Xy - X-axis of Cpy; Xos - X-axis of Cas; Xso — X-axis of Csg
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For each subject in each setup (s = 0 for 25 ° and s = 1 for 50 ° setup),
m =3 times the measurements were conducted, respectively. All
measured points were translated to the corresponding coordinate system
following the methods above. Then 3-degree splines were used to fit the
results (Fig. 4), resulting in two sets of non-uniform rational b-spline
(NURBS) curves SP° = {SP%(u)|u € (0,1),s= [25,50],j=1.36} for each
participant in each setup, where u is the normalized parameter of the
curve. Fig. 5(a) presents two sets of these curves. In Fig. 5(b), we aligned
the Y-axis of Ca5 and Csg to Y-axis of the world coordinate (XQOY) for a
better comparison of two set of curves.

Given a set of 36 curves SP?> = {SP%J(u)|u € (0,1),j= 1.36} for the

25° setup, each can be discretized to a set of points as SP? = [SP?%J]i],
i =[0,1,2---n],j= 1.36}, where n is the number of points. A statistical
shape model (SSM) of SP,%5 can be built based on principal component
analysis (PCA) (Yang et al., 2021) as:

q25
SP2 =SPY + Z yPCE.
k=0

Here SPZ’  denotes the mean model of SP?’. 7, are the coefficients of
PCy, which are a number of uncorrelated principal components (PCs).
Similarly, SP?° | which is the SSM of SP3’, and SPyy, which is the SSM of

all curves in both 25° and 50° setups, can be denoted as:

q50

P8, =SP4+ Y P
k=0
and

q
SPum =SPppesn + Y 7kPCr
k=0

3. Results

Fig. 6 illustrates the mean models of the three SSMs for the 25° setup,
50° setup, and the combined setup. These mean models represent the
average human back contours derived from the SSMs, highlighting

Curve that 1t
measurements
Mecasurcment |

— Measurement 2
Measurement 3

Fig. 4. Fitting 3 sets of measurement points with a 3-degree B-Spline curve for
one participant.
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Fig. 6. Mean model of the 25°, 50° and combined setups, distance unit in mm.

variations in back curvature across different backrest angles. In the
mean model, the 50° setup demonstrates a more pronounced curvature,
indicative of a relaxed and reclined posture, while the 25° setup shows a
flatter curvature, consistent with an upright driving posture. The com-
bined setup balances these two configurations, capturing the diversity in
back shapes across both backrest angles.

For the top positions of the mean models, the 25° setup has a
prominence of 115.8 mm from the backrest and 650.4 mm to the foam
surface of the backrest. The 50° setup has a prominence of 114.2 mm
from the backrest and 599.0 mm to the bottom of the backrest. The
combined mean model lies in between, with a prominence of 115.0 mm
from the backrest and 624.7 mm to the bottom of the backrest.

In the 50° setup, the prominence in the lumbar lordosis region rea-
ches a maximum of 34.7 mm, positioned 130 mm above the seat pan
level. At the same level above the seat pan, the prominence in the
lumbar lordosis region of the combined setup and 25° setup are 28.0 mm
and 21.3 mm, respectively. At 374.5 mm above the seat pan level, the
prominence of the three curves regarding the backrest are the smallest.
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Fig. 7 presents the compactness of the three SSMs, detailing the
variance captured from PC1 to PC10 for each setup. The 25° setup
consistently demonstrates the highest compactness across the compo-
nents, capturing 79.7 % of the variance in PC1, 97.42 % by PC3, 99.06 %
by PC5, and over 99.95 % by PC10, indicating that fewer components
are required to represent the shape effectively. The 50° setup initially
captures less variance, with 74.6 % in PC1, 96.02 % by PC3, 98.99 % by
PC5, but converges to similar compactness levels (over 99.95 % by
PC10). The combined setup balances the compactness of both individual
setups, capturing 77.5 % in PC1, 96.61 % by PC3, 98.92 % by PC5, and
over 99.95 % by PC10, suggesting that while it accommodates greater
diversity, it retains reasonable compactness. These compactness trends
highlight that the 25° setup yields the most compact representation of
back shapes, likely due to the lower inter-subject variability typically
observed in driving postures compared to the more relaxed and variable
50° setup, which will be further discussed in Section 4.2.

To further understand the pronounced curvature in the 50° setup
compared to the 25° setup, we discretized the interpolated curves into
100 points to evaluate the accuracy of the mean models, as shown in
Table 2. The mean direct Hausdorff distance, its standard deviation
(std), and the Root Mean Square Error (RMSE) were calculated for each
setup (Song et al., 2005). The 25° setup exhibited the lowest mean error
(5.01 + 4.95 mm) and RMSE (7.04 mm), reflecting a high degree of
accuracy and consistency in representing the back shapes. In contrast,
the 50° setup showed significantly higher errors, with a mean error of
15.73 £+ 13.44 mm and an RMSE of 20.70 mm, likely influenced by the
variability in relaxed postures adopted by participants. The combined
setup achieved a mean error of 6.28 + 7.66 mm and an RMSE of 9.91
mm, balancing the errors from both individual setups.

Fig. 8 presents the combined SSM along with the range of variability
from PCl to PC5, represented by +3 standard deviations (STD),
covering 0.135 %-99.862 % of the total shape variation. In this model,
PC1 primarily influences back height, PC2 captures variations in neck
bending, and PC3 reflects differences in the lumbar lordosis region. For
PC4 and PC5, the variations are smaller and less visually pronounced,
indicating diminishing contributions to overall shape diversity.

In Fig. 9, the dimensions of the P5 to P95 back curves (+1.645 SD)
based on PC1, PC2, and PC3 are presented. For the P5 to P95 range, the
sitting height varies from 523.2 mm to approximately 726.1 mm,
measured from the seat pan level. The maximum prominence difference
in the lumbar lordosis region between P5 and P95 is 49.2 mm, located
134.1 mm above the seat pan. It is noteworthy that this prominence
difference remains 36.9 mm even at a height of 250.4 mm above the seat
pan, indicating consistent variability further up the back.

4. Discussion

This study addressed two research questions: (1) What is the model
of human back contour shapes in seated positions? (2) Can the model be

100

95

90

85

Compactness (%)

—— 25° Setup
————— 50° Setup
~-a- Combined Setup

80

75

PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PCY PC10
Principal Component

Fig. 7. Compactness of the model.
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Table 2
Errors from the interpolated curves to the mean model.
Mean error (mm) RMSE (mm)
25° setup 5.01 £ 4.95 7.04
50° setup 15.73 £ 13.44 20.70
Combined setup 6.28 + 7.66 9.91

PCl PC3 PC4 PC5

"itri)

Fig. 8. The combined SSM illustrating the mean human back contour along
with the range of variability represented by +3 STD.

extended to incorporate additional postures, such as sleeping, to better
accommodate different NDRAs in automated vehicles? By developing
SSMs and analyzing key shape parameters and their variations, this
study presents new insights into human back contours in both seated
and reclined postures.

4.1. The SSM model

The SSMs generated in this study provide detailed geometric insights
into back shapes across different postures. The principal components
reveal how back-contour variability is distributed across the population.
PC1 primarily reflects overall back height, representing the largest
source of variation. PC2 captures cervical bending, highlighting differ-
ences in upper-spine alignment among participants. PC3 shows the
greatest variation in the lumbar region, particularly in the area influ-
enced by lumbar support. Together, these findings clarify how variations
in back height, thoracic curvature, and lumbar prominence contribute to
overall contour variability, providing critical input for specifying
dimension zones in backrest design.

For the distance from C7 to the seat pan, the 25° setup measures
650.4 mm, the combined setup measures 624.7 mm, and the 50° setup
measures 599.0 mm above the seat pan level in the mean models. The
50° setup is only slightly higher than the average sitting height (598
mm) in the Dutch population (Dined, 2011). However, C7 is generally
positioned higher than the shoulder in the seated posture. This
discrepancy might be due to:1) In standard sitting height measurements,
the seat pan angle is 0° and the backrest is vertical, with participants
instructed to sit in an upright posture (Molenbroek et al., 2017). In
contrast, in this study, the seat pan angle was 15°, and the backrest angle
was either 25° (driving posture) or 50° (relaxed, reclined posture); 2) In
this experiment, participants sat on a 6 cm thick foam cushion, and the
resulting deformation was not accounted for. In contrast, anthropo-
metric measurements are typically conducted with participants seated
on a rigid wooden surface; and 3) The differences between the rotation
centers of the participant’s body and the seat backrest also contributed
to discrepancies in the measured back contour.

Across all setups, the prominence of C7 regarding the backrest
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Fig. 9. Dimensions of the P5 to P95 human back contours generated by the
model (in mm).

remains consistent at approximately 115 mm, aligning with values re-
ported in existing literature. For instance, Kim et al. (2015) noted that
the preferred pillow height for supporting the cervical region in
reclining postures was approximately 10 cm, which closely corresponds
to this measurement.

4.2. Human back contours in seated postures

The results highlight the differences in human back contours be-
tween the 25° and 50° backrest setups. The mean models indicate that
the 25° setup produces a flatter back contour, consistent with the up-
right posture typically associated with driving. In contrast, the 50° setup
exhibits larger variations among all curves and generates a more pro-
nounced back curvature, a finding that contrasts with previous literature
(Andersson et al., 1979; Li et al., 2022). Specifically, the mean error of
the SSM for the 50° setup is 15.73 mm, more than three times higher
than the 5.01 mm observed in the 25° setup. The compactness analysis
further supports these findings: the 25° setup demonstrates higher
compactness, capturing 79.7 % of the variance in PC1, compared to
74.6 % in the 50° setup.

During the experiment, the absence of a fixed task in the 50°
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(relaxed) condition allowed participants to adopt a wider range of nat-
ural postural behaviors, likely contributing to the greater variability
observed. This reinforces the conclusion that human back contours in
driving postures are relatively consistent, while those in relaxed posi-
tions are inherently more diverse. These insights underscore the
importance of designing backrests that can adapt to a broader spectrum
of user preferences and activities, particularly in automated vehicles, to
ensure both stability and comfort across varied postures.

The differences between the 25° and 50° postures also have impli-
cations for human body dynamics. The more upright 25° posture, with
its flatter and more compact back contour, supports a more stable pel-
vis-backrest interaction and results in more predictable load transfer
through the spine during vehicle motions. In contrast, the greater cur-
vature and variability observed in the 50° posture suggest reduced
passive trunk stability and altered pelvis and torso kinematics, which
may influence how occupants respond to braking or external distur-
bances. In current automotive practice, backrest recline is limited to
approximately 40° because larger recline angles greatly increase the risk
of submarining and loss of (3-point safety) belt—pelvis engagement
(Boyle et al., 2019; Ressi et al., 2022). These dynamic and safety con-
siderations further highlight the need for adaptable backrest designs and
the exploration of alternative restraint concepts, e.g. five-point belt
systems, that could safely support both upright and reclined postures in
future vehicles.

4.3. Design implications

4.3.1. Backrest height

PC1 of the model indicates that the principal variation lies in the
height of the back contours, making it a key consideration for backrest
design. The dimensions of the P5 to P95 and P0.135 to P99.865 back
curves provide actionable benchmarks, particularly regarding backrest
height and adjustability. Fig. 9 suggests that the minimum height from
C7 to the seat pan should be approximately 523.2 mm for the P5 pop-
ulation. Only for the P0.135 percentile, the back contour height reaches
439.7 mm. This supports findings from the literature (Nijholt et al.,
2016), which emphasize that participant back shapes vary significantly
from the commonly assumed 440 mm vertical distance from the seat
pan.

Headrest adjustability becomes even more critical when accommo-
dating a diverse population. To support users ranging from the P5 to P95
percentiles, the headrest must offer 202.9 mm of vertical adjustment to
ensure proper head and neck support. This range enables optimal
positioning for both shorter and taller individuals across different ac-
tivities, such as relaxing or sleeping in automated vehicles.

4.3.2. Possible hinge joint in the backrest

PC2 of the model reveals that the second-largest variation lies in the
bending of the neck. Using the mean model for backrest design may
result in a compromise in this area, as it does not fully accommodate the
variability in neck curvature across individuals. An alternative approach
could be to introduce a hinge joint at [0, 374.5] as shown in Fig. 6,
allowing the backrest to adapt dynamically to these variations and
better support different neck alignments. This adaptive feature could
enhance user comfort, particularly for different NDRAs.

A three-vertex polyline, denoted as (PP1, PP2, PP3), was defined as
illustrated in Fig. 9. This polyline was constructed within the bounding
box of the target curves. One vertex (PP1) was placed on the top edge of
the bounding box (as a parameter), another vertex (PP3) was located on
the bottom edge (also as a parameter), and the third vertex (PP2, the
hinge joint) was defined as [0, 374.5].

The best-fit polylines PP(PP1, PP2, PP3) were determined for the
combined setup, where PP1 and PP3 were identified by minimizing the
sum of squared distances between the polyline and each point in the

relevant back curves PZ;"’ This optimization problem is represented
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mathematically as:

72 n
_ . im \2
PP(PP1,PP2,PP3) =arg min, jE:O kE:O D(PP,Pg™)

where D is the Hausdorff distance calculated between PP and the n
discretized back curves P‘C;'" . The results of this fitting are presented in
Fig. 9 showing the dimensions of PP1, PP2, and PP3 with an RMSE of
17.73 mm. While an articulated region could theoretically allow the
backrest to better follow these contour differences particularly during
NDRAs such as reading or resting, this remains a geometric design
implication rather than a validated comfort improvement. The actual
comfort or usability benefits of such a hinge mechanism would need to
be tested in future studies.

4.3.3. Lumbar support

The third-largest variation in the model (PC3) occurs in the lumbar
region. To accommodate the P5-P95 population, the model indicates
that a lumbar support should provide approximately 49.2 mm of
prominence when positioned around 134.1 mm above the seat pan level
(Fig. 9). This required prominence exceeds the 30 mm recommendation
by Carcone and Keir (2007), although their findings were based on
upright office-chair postures rather than automotive seating.

In addition to prominence, the results show that lumbar support
must span a broader vertical range. Specifically, the contour variation
suggests that support may need to extend upward to roughly 250.4 mm
above the seat pan, where a prominence of 36.9 mm is still needed
(Fig. 9). These values are consistent with recommendations in earlier
studies. For instance, Korte (2013) recommended a lumbar support
height of 192 + 31 mm for office chairs, and Reed et al. (M. P. Reed
et al., 1995) proposed a lumbar-support region covering approximately
120 mm in vertical extent. The extended vertical range observed in our
model reinforces the need for adjustable or multi-segment lumbar

124.5 - -

—+ PP1

PP2

728.2

374.5

Fig. 9. The fitted polylines (units: mm).
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support in future automotive seating.
4.4. Limitations and future directions

While this study advances our understanding of back shapes in
seated positions, several limitations must be acknowledged. First,
although the participant sample included a range of individuals, it was
predominantly of young Western European origin. This may limit the
generalizability of the findings to other populations with different
anthropometric characteristics. For instance, the curvature of the cer-
vicothoracic spine changes progressively with age (Boyle et al., 2002).
Future studies should aim to include a more ethnically and geographi-
cally diverse sample to better capture the full spectrum of back contour
variability. Furthermore, though we attempted to balance gender during
recruitment, the limited number of participants prevents us from
reporting reliable gender differences or conducting in-depth correlation
analyses between anthropometric properties and back-contour features.

Additionally, this study focused solely on two static seated positions
representing typical driving and relaxing/sleeping postures. While these
postures provide valuable insights into back contours at specific back-
rest angles, there are further considerations: 1) The notion of an “ideal”
sitting posture is still debated (Claus et al., 2009). The comfortable
postures identified in the 50° setup were based on participants’ sub-
jective preferences, which can vary significantly depending on the ac-
tivity; 2) Dynamic measurements during transitions between postures
could offer a more comprehensive understanding of how back contours
evolve over time. Such transitions are important, as spinal curvature is
known to adapt in response to changing postures.

The restricted range of backrest angles, limited to the 25° and 50°
setups, also constrains the scope of the findings. Exploring a broader
spectrum of angles could improve the adaptability of the SSM, enabling
it to better accommodate a wider variety of postures and activities,
particularly those encountered in automated vehicle scenarios.
Furthermore, the absence of a headrest in the measurement setup rep-
resents another limitation. Headrests, as external interventions, can
significantly influence back contours, especially in reclined postures.
Their absence in this study, particularly in the 50° setup, may have
contributed to participants’ difficulty in achieving a comfortable posi-
tion. This, in turn, may have contributed to the greater variability
observed in the back contours for the 50° setup. Meanwhile, a 7 cm
offset from the seat pan meant the buttock region was not fully captured.
Although the dataset includes the neck, shoulder, and lumbar areas, the
role of buttock shape, potentially influencing PC3 and PC5, remains
uncertain and warrants further study.

Additionally, while posture may influence static and dynamic com-
fort as well as motion sickness susceptibility, these effects were beyond
the scope of the present geometric modelling study. Future research
should investigate these comfort-related outcomes to provide a more
complete understanding of the implications of reclined seating in future
vehicles.

Lastly, the theoretical findings presented in this study should be
evaluated in practical applications. Designing a backrest that follows the
contour characteristics identified in this study is recommended, and
future work should examine whether such designs improve perceived
comfort or reduce discomfort compared to traditional seats.

5. Conclusion

This study advances the understanding of human back contour
shapes in seated and reclined positions through the development of
SSMs. The findings reveal that the 25° backrest setup produces a flatter
back contour, while the 50° setup shows greater variability and a more
pronounced curvature. The combined setup balances these differences,
offering a comprehensive model for diverse activities. Future research
should include a more demographically diverse population and inves-
tigate the influence of headrests on back contour and perceived comfort,
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especially in reclined postures relevant to automated vehicles.
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