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Abstract

The aim of this systematic review is to summarize studies that apply the finite element
method (FEM) to simulate human-seat interaction, while also evaluating the role of 3D-
printed foam materials in enhancing sitting comfort. These studies employ a variety
of human body models, ranging from basic to fully detailed representations including
muscles, bones, and joints. Although simulation methods have continuously evolved,
contact pressure remains the most commonly used evaluation metric. Additionally, 3D
printing is a technology that enables the customization of material structures and has
gained increasing attention due to its wide applicability in engineering. Recognizing the
potential of 3D-printed foams in improving pressure distribution, this review systematically
analyzed 42 full-text papers. The findings reveal a significant gap in the integration of
3D printing technology into foam design using FEM for the human-seat interface. This
identifies a promising direction for future research.

Keywords: finite element method (FEM); sitting comfort; human-seat interaction; 3D-
printed foam

1. Introduction

Sitting is a common daily activity, occupying approximately 7-9 h per day [1-3]
for tasks such as commuting, working, eating, or resting. For many, sitting is not a
conscious act [4] but rather supports other primary goals. However, improper sitting
posture can negatively affect health, leading to issues such as back pain, neck stiffness,
or more severe spinal problems [5,6]. Therefore, researchers have focused on enhancing
sitting comfort across various fields, including aerospace [7,8], transportation [9,10], and
office environments [11,12], to improve work efficiency and user experience. Additionally,
optimizing sitting posture helps wheelchair users feel more comfortable over extended
periods, reducing physical strain and enhancing their quality of life [13,14]. To address
these comfort-related challenges, researchers have adopted various approaches to study
human-—seat interaction, ranging from experimental setups to simulation-based methods.

Various approaches have been employed to simulate human-seat interaction and to
conduct subsequent analysis and evaluation. These include experimental studies using spe-
cialized equipment [15], simulation-based analyses conducted in virtual environments [16],
and hybrid methods that combine both approaches [17,18]. In addition to these method-
ological differences, studies have been conducted under varying test conditions, such as
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static loading scenarios [18] and vibration environments [19], further contributing to the
diversity and expansion of the research field. Among these approaches, the Finite Element
Method (FEM) has emerged as a leading tool, offering unique advantages for analyzing
human-seat interaction and contributing significantly to the development of ergonomic
seating designs.

This paper focuses on finite element analysis of human-seat interaction. Compared to
experimental approaches, virtual simulations offer several key advantages. For instance,
they reduce the need for physical prototyping, allow easy adjustment of design parameters
like material properties or seat tilt, and enable the testing of impractical real-world condi-
tions, such as prolonged vibrations, without posing risks. Moreover, simulations provide
detailed data on pressure distribution and internal stress, which are often difficult to obtain
through physical experiments [20].

To further enhance seating performance, FEM can be combined with innovative mate-
rials, such as 3D-printed foams, which offer new possibilities for customized seat designs
by enabling control over key properties like porosity, stiffness, and geometry to improve
comfort [21]. Unlike traditional foams, 3D-printed foams allow for tailor-made designs to
optimize pressure distribution and support, which some authors have successfully applied
in related areas such as shoe soles and motorcycle seats [22,23]. However, its application
in human-seat interaction, particularly when combined with FEM simulations, remains
largely unexplored. This gap highlights the need for a systematic evaluation of current
research to inform future seating design innovations.

Unlike previous reviews that focused only on FEM simulations, human-seat
interaction [24,25] or on 3D printing in studies not related to seats [26,27], this review
takes an interdisciplinary approach by combining FEM simulations with 3D-printed foams
to study seating comfort. This combination not only shows the limits of current studies,
such as the lack of work combining 3D-printed foams with FEM, but also makes this review
a useful resource to guide future research in developing advanced, personalized seats.

To address this research gap, this systematic review synthesizes studies on FE based
human-seat interaction modeling and assesses the role of 3D-printed foam in improving
seating comfort. The review investigates three questions:

(1) To what extent have human-seat interaction models been investigated and simu-
lated using the Finite Element Method (FEM)?

(2) Which FEM simulations have been employed to evaluate sitting comfort in human-
seat interaction models?

(3) How effective is 3D-printed foam in enhancing seating comfort based on
existing studies?

By answering these questions, the review provides recommendations and identifies
opportunities for future research to advance the development of innovative, comfort-
enhancing seating solutions.

2. Methods

This review was conducted following the 2020 PRISMA statement guidelines [28] and
adhered to a pre-registered protocol in PROSPERO (number: CRD420251144659).

2.1. Literature Search Strategy

A comprehensive search was conducted to identify studies on FEM based human-
seat interaction, pressure evaluation methods, and comfort-related research involving
new materials such as 3D-printed foam, on electronic databases such as ScienceDirect,
Scopus, SAE, Google Scholar, and Web of Science covering the period from 2015 to 2025.
Keywords used included Finite Element Method, FEM, Human, Human body model,
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HBM, Seat, Chair, Pressure, 3D-Printed, and 3D Printing. Keywords were combined using
Boolean operators such as AND and OR to refine the search results. In order to ensure
comprehensive retrieval, the author also searched and filtered papers that met the criteria
from the references of previously screened and highly relevant papers.

2.2. Screening and Selecting Papers

The inclusion criteria were defined as follows: publications written in English from
2015 to 2025; journal or conference papers; all types of seats/chairs (e.g., automotive, air-
craft, etc.); studies involving human-seat interface using the finite element method (FEM);
and those addressing pressure-related aspects (including pressure variables, pressure
distribution, interface pressure, etc.).

The exclusion criteria included: publications in languages other than English; studies
that did not utilize FEM; studies that did not involve a human body model (HBM); and
studies that did not focus on the human-seat interface.

2.3. Extracting Relevant Information

The extracted information focused on the study subject, body region, simulation
methods, evaluation approaches, comfort enhancement strategies and their outcomes, as
well as analyses related to cushioning and 3D-printed foam.

2.4. Literature Search and Selection Process

The screening process followed PRISMA guidelines [28]. Based on the databases,
papers were identified. Then, titles and abstracts were screened using the Rayyan tool [29].
This was followed by a full-text assessment according to the eligibility criteria. Papers
were excluded if they were irrelevant, did not use FEM, lacked HBM, or did not address
human-seat interaction or 3D-printed foam applications.

The studies were assessed according to the GRADE approach. A weighted score was
assigned to each factor based on the relevance of the studies. The ratings were given as
“Yes” (Y) [1], “Partial” (P) [0.5], and “No” (N) [0]. The highest possible quality rating was a
weighted score of 10, corresponding to the ten listed factors. Criteria were established to
analyze the strengths and weaknesses as well as the relevance of each study to the focus of
this review. Based on the total scores, the studies were categorized into four quality levels:
“Very Low” [1.0-2.9], “Low” [3.0-5.9], “Moderate” [6.0-8.4], and “High” [8.5-10].

3. Results
3.1. Search Results

The screening process followed the PRISMA flow chart guideline [28]. The initial
search yielded 1218 papers, including 901 from Science Direct, 183 from SAE, and the
remaining from sources such as Web of Science, Google Scholar, and Scopus. A total of
126 duplicate papers were removed. After screening titles and abstracts, 118 papers were
selected for full-text evaluation. These papers were then reviewed in detail to determine
whether they met the inclusion criteria, resulting in 32 papers selected for data extraction
and analysis. In addition, 10 studies were searched from references of selected papers
and manually searched. Figure 1 illustrates the screening process (PRISMA flow diagram)
leading to the final selection of 42 papers. Research information of the papers is presented
in Appendices A and B.
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Figure 1. Search strategy (PRISMA flow diagram).

The quality assessment of the studies is closely related to the three research questions,
covering aspects such as human body models, finite element simulations, pressure analysis

or related measures, comfort evaluation, issues concerning 3D-printed products, and

structural analysis. Results of the quality assessment of each selected and analyzed paper

are presented in Appendix C. From the assessment, no study fell into the “Very Low”
category; 4 studies were rated as “Low”, 36 as “Moderate”, and 2 as “High”. However,
most studies did not employ a combination of 3D printing and FEM, which limited their
quality and prevented the majority from reaching the “High” category, thereby leaving a
research gap that will be discussed in detail below.

Based on the GRADE ratings, this review is composed from three point of view as
follows (Figure 2):

- Finite Element Human Body Models

Model variations.

Model posture determination process.

- Methods for Studying Sitting Comfort

Simulation conditions.
Evaluation methods.

- 3D-Printed Foam in Sitting Comfort

§7.

'_-_5

Finite Element
Human Body Models

Methods for
Studying Sitting Comfort

Figure 2. Three point of viewpoints for review.

3D-Printed Foam
in Sitting Comfort
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3.2. Finite Element Human Body Models
3.2.1. Model Variations

Researchers have used several approaches to develop and apply finite element (FE)
models of the human body. One common approach is to create models using 3D scan-
ning [30-37]. These methods allow the model to closely match the size and shape of
real participants, but they also raise challenges in simplifying the boundary conditions
for simulation.

Another approach is to use existing human models available in simulation software,
such as HYBRID III [38,39], MADYMO [40], POSER [41], GHBMC (Global Human Body
Models Consortium) [42], THUMS [43], ANYBODY [44], and the Toyota dummy [45].
These models were originally developed for crash and safety studies, but they have also
been used for ergonomic simulations. However, most of them do not fully represent
muscles and ligaments, which limits their ability to simulate soft tissue behavior.

In contrast, the CASIMIR model [46-52] was specially designed for studying both
static and dynamic seating comfort across different body sizes (Figure 3). Recently, the
PIPER Adult model [18,20] has been developed based on the earlier PIPER Child Full Body
model. This adult version includes detailed information on muscles, bones, and joints
(Figure 3). According to the authors, the model aims to support personalized simulations,
which can improve the accuracy of comfort analysis. It also helps to identify how factors
such as bone shape, soft tissue thickness, and posture affect sitting comfort. These findings
could be combined in the future to develop more general models that better represent a
wide range of people [53].

Figure 3. CASIMIR model (left) [49] and PIPER Adult model (right) [53].

In addition, not all authors use full-body models to study human-seat interaction.
Many studies focus only on a specific body region (Figure 4), such as the buttocks
alone [54-57], or the buttocks combined with elements like bones and
muscles [30-33,36,37,42,44,58]. This approach offers advantages in terms of reducing com-
putational load and simplifying the simulation process. However, it also presents major
challenges regarding accuracy and generalizability, as such models are often overly simpli-
fied and rely on multiple assumptions.

Most studies use models representing the 50th percentile, which is considered to
reflect the average human body [32,34,35,37,39-42,45,50,52]. Some studies also examine
the 5th percentile [34,35,52] and the 95th percentile [34,35,38,48,51,52] to account for body
size variation.
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Figure 4. Buttock—Thigh model in [31,54,58].

3.2.2. Model Posture Determination Process

The sitting action usually occurs in a very short time, from the moment the body first
contacts the seat until a stable posture is achieved. In most studies, this is treated as a free-
fall process starting with zero initial velocity and ending in a static equilibrium between
the body and the seat. This setup is often referred to as “static seating” or “static loading”.

For this type of simulation, the human body model is placed very close to the seat
surface (Figure 5). In some cases, the distance between the body and the seat is specified
as 0.1 mm [58], while other studies simply state that the body lightly contacts the cushion
surface [48,54,55], or that the body and seat are positioned very close together without
specifying the exact gap [18,20,38,43,46].

—

| Foot Angle

L 4

Heel Location

Figure 5. The human body model is very close to the seat model [43,49].

Because of this close contact, air friction is usually ignored, and studies focus only
on the friction coefficient between the human body and the seat [30,31,35,42,46,54,55].
One study found that the friction coefficient significantly affects the simulation results [20],
suggesting that this parameter plays an important role in static seating simulations.
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Static sitting is commonly assessed in general research on seating. In addition,
many studies investigate human—seat interaction in specific contexts such as vehicles and
equipment, including automobiles [34,41,42,46-48,59], wheelchairs [33,54-56], high-speed
trains [43], and excavators [45]. Therefore, researchers often combine the analysis with vi-
bration problems, using dynamic loads applied from below the seat to simulate forces trans-
mitted to the seated person [39,45,46,52,59,60]. In one wheelchair-related study [33], the
authors simulated straight-line movement at a constant speed (i.e., pushing the wheelchair)
to predict stress beneath the skin of the buttocks.

In a recent study published in 2024 [20], a new loading method called “Drop and
Rotate” (D&R) was proposed. The study demonstrated that adding a rotational load, which
mimics the action of rotating the hips to lean back against the seat, made the simulation
more realistic. This rotational motion was applied for a certain period and then removed to
allow the human-seat system to reach a static equilibrium. The force and pressure results
obtained using this method showed better agreement with experimental data compared to
the traditional free-fall approach. This was seen as a promising improvement, encouraging
other researchers to explore new simulation directions for improving accuracy.

3.3. Methods for Studying Sitting Comfort
3.3.1. Simulation Conditions

In addition to defining static and dynamic boundary conditions, several studies also
explored different sitting postures and analyzed the seat cushion materials.

Regarding posture, studies [20,49,61] evaluated the backrest angle, including condi-
tions with and without back support. Meanwhile, studies [34,43,49] focused on the tilt
angle of the seat surface or cushion. Study [61] also considered arm support and foot
placement in order to thoroughly analyze the influence of posture on user comfort.

Studies that only used buttock models (or models including the pelvis and surrounding
muscles) focused on the effects of the seat pan on the seated user.

In terms of seat cushions, most studies analyzed the seat area that comes into contact
with the buttocks, which is considered the region experiencing the highest pressure during
sitting. Researchers examined various aspects of seat cushion design [34], structure [54],
shape [37,50], and stiffness distribution [45,50]. To enhance comfort, some authors [58] also
investigated the integration of pneumatic springs into the cushion.

3.4. Evaluation Methods

In the study of the human-seat interface, the evaluation of results plays an important
role in ensuring comfort, safety, and the effectiveness of the design.

The validation of simulation results using experimental models is a critical step car-
ried out in most studies [20,30,33,35-38,42—46,48,53,54,56,58,60]. Another approach is to
compare the results with previously published data [31,34,40,41,54] or with results from a
different research method [60].

Most authors focus on evaluating contact pressure (Figure 6), which is considered a
key factor in determining sitting comfort. Studies have shown that lower contact pressure
generally corresponds to higher comfort. Additionally, a more even pressure distribution is
often associated with greater comfort for the seated person.

Some authors analyze more factors in their studies. In [31,33,38,41,42,46], the authors
mention stress. In other studies [20,39,60], the authors address shear forces at the contact
surface, while study [56] combines thermal simulations in the human-seat interaction.

For each parameter analyzed, the simulation results were considered acceptable if
the error was within a 20% range. For example, study [31] reports a 13% error, ref. [33]
reports a peak pressure error of 4.09%, ref. [38] reports an error of less than 10%, ref. [43]
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shows an error for peak pressure, average pressure, and contact area ranging from 3.5% to
14.43%, ref. [44] shows a peak pressure error of 14 & 11%, ref. [58] reports a peak pressure
difference of 20%, and many other studies report simulation results that closely match
experimental results with errors less than 5%.

N/em?
1.25

1.04
0.84
0.63
0.42
0.21
0.00 <—Front  Cushion Backrest Up —

N/cm?
0.90

0.75
0.60
0.45
0.30
0.15

0.00 <+—Front  Cushion Backrest Up —

Figure 6. A case of Pressure distribution [30].

Overall, the main goal of these studies is to improve comfort, reduce pressure,
and prevent pressure sores for users by evaluating the human-seat interface and
various parameters.

3.5. 3D-Printed Foam in Sitting Comfort
3.5.1. Overview

3D printing, also known as additive manufacturing, is a process of creating objects
layer by layer from digital models. This technology allows precise control of complex
geometries and material distribution. With the advancement of 3D printing technology,
this technique has been studied and applied in various fields [62], such as aerospace,
automotive and healthcare. In ergonomic research, particularly concerning human com-
fort, the application of 3D printing is considered highly feasible. Several studies have
explored its use in foot cushioning design [63], shoe soles [64,65], and foam seat designs
for motorcycles [23] and airplanes [21]. In the field of cushioning, 3D printing enables the
fabrication of foam structures with customized internal shapes and patterns, improving
comfort and performance in many products.

3.5.2. Structural Characteristics

In additive manufacturing, there are various structural networks such as Honeycomb,
Cubic, Triply Periodic Minimal Surfaces (TPMS), Random Porous Structures, and more.
Among these, TPMS has been frequently used as an alternative to conventional foams due
to its comparable compression properties; However, not every TPMS structure can fully
replace conventional foams. David et al. (2022) studied six types of structures designed with
two different materials, resulting in a total of 12 test samples (Figure 7A(a)), to experiment
and compare with three types of traditional foam in order to determine the most suitable
structure [66].
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In another study [67], the authors used a Schwarz structure (a type of TPMS) to design
a wheelchair cushion instead of using a Gyroid structure (Figure 7A(b)).

(B)

Figure 7. Gyroid (A) [66] and Schwarz (B) [67] printed samples.

In addition, some studies have also used honeycomb structures [68] to design cushions
that help attenuate vibrations transmitted from the road surface and the car floor to the
seated person. The authors also evaluated this structure as a form of negative Poisson’s
ratio (NPR) structure, which expands in the perpendicular direction when subjected to
force. As a result, the contact area increases, and the applied forces are distributed more
evenly and over a wider surface. Similarly, Random Porous Structures [23] have been
designed for motorcycle seats to enhance sitting comfort.

Beyond modifying individual structures or parameters to determine a suitable re-
placement shape or even to increase comfort compared to conventional foams [64—66],
another approach widely adopted by researchers is to fabricate a product that contains mul-
tiple structures or varying parameters [21,67]. Such customized designs allow 3D-printed
cushions to have position-dependent stiffness: areas under high pressure exhibit lower
stiffness, while areas under lower pressure are stiffer. This results in more uniform pressure
distribution and greater sitting comfort.

3.5.3. Three-Dimensional Printing Technology Combined with Finite Element Simulation

Literature on 3D printing has been reviewed; however, the integration of 3D-printed
structural models into simulations of human-seat interaction has not yet been identified
within the scope of this systematic review.

Other related studies include [63,64], which highlighted simulations using 3D-printed
materials, but these were focused on interactions between the foot and footrests or shoe
soles (Figure 8). These studies also concluded that there was a reduction in pressure
distribution and prevention of foot ulcers, suggesting that similar methods may improve
comfort in seating applications.

The study [69] combined Design, Finite Element Analysis, and 3D printing to eval-
uate bioprinted scaffolds, providing design and fabrication strategies for tissue-specific
scaffolding systems in tissue engineering applications.
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Study on 3D-printed cushions was conducted for airplane seats, but no simulation
methods were applied in this research [21]. The study concluded that 3D-printed cushions
are fully feasible (Figure 9). The study [67] designed cushions based on pressure mapping
and experiments without the use of simulations, which may result in repeated cycles of
design and product optimization. However, this limitation was not explicitly discussed by
the authors. The studies are detailed in Appendix B.

Unit: MPa

. 4.5633 Max

- 38971

= 323
2.5649

1.0587
0.5698
0.2795
0.1875
I 0.050703
4.2961e-6 Min

-

iy

rie

Y

e

TPU
Cactus leather

Cactus leather

Maezio

Aluminium

Figure 9. 3D-printed cushion for seat [21].

From the studies, it can be concluded that simulating 3D-printed structures in
the human-seat interaction is feasible, and the application of 3D printing in seat cush-
ion design is also viable. However, no such studies have been found to date, which
presents a significant gap that could be explored to develop new directions in human-seat
interaction research.

4. Discussion

This study aims to synthesize knowledge related to finite element modeling of the
human body, as well as summarize findings regarding the human-—seat interaction interface,
simulation methods, and identify future research gaps. Understanding and comparing
different human body models and simulation approaches offers opportunities to shape
future research directions in this field.

Some studies have directly applied FEM to the lattice structures of 3D printed shoe
sole models, and a similar application is entirely feasible for seat foam. Moreover, the
homogenization method can be considered by replacing the original 3D printed block with
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an equivalent homogeneous model. Such substitute models match in terms of Young's
modulus, Poisson’s ratio, shear or compressive properties, or strain energy, etc. This ap-
proach simplifies the simulation and is suitable for investigating stiffness, overall pressure,
and ability to carry a load, but it cannot capture local effects or 3D printing defects. The
choice of method depends on each researcher’s objectives and research conditions.

In addition, this study focused on the results of simulation using commercial software.
This means users cannot modify calculation logic or formulas. Recently, enhancement of
finite element (FE) mathematical expression proposed [70], it may enhance capabilities of
FE simulation software in the future. This can make the simulation process more detailed
and further optimized.

The moderate quality of the studies reflects limitations in study design and data
availability. The customized criteria indicated a moderate to high risk of bias in FEM and
3D printing studies, with inaccuracy being particularly evident in 3D printing due to the
limited number of studies. Future research should standardize reporting and strengthen
3D printing studies with FEM validation.

The reviewed studies reveal that the process of building simulation models varies
among researchers, often conducted independently without inheritance from previous
works. Most authors develop their own models tailored to specific research conditions.
Over time, through their own series of studies, some level of inheritance has emerged.
Studies using scanned data as input are considered to generate simpler human body models
compared to pre-built models available in software (such as HYBRID III or THUMS), which
are mainly used for crash analysis. More advanced models have been developed for
studying human-seat interaction, including CASIMIR and PIPER Adult.

Human body models are typically applied in two main simulation types: static and
dynamic. Among them, static simulations with pelvic rotation are regarded as more
complex but more optimized than traditional static studies. In combination with static and
dynamic simulations, many authors conduct design evaluations of seat structures and foam
materials with the goal of improving comfort, reducing stress, fatigue, or pressure-related
injuries caused by prolonged sitting.

From the screened studies, the use of 3D printing technology in comfort enhancing
design has been investigated by many authors, including applications in seat cushions.
However, the integration of human body finite element models with 3D-printed struc-
tural models in simulations for optimizing the seat cushion design process has not yet
been identified.

This study highlights a research gap in the use of 3D-printed materials and their
application in simulating human-seat interaction. Besides its research potential, the issue of
computer hardware requirements must be considered, as translating the detailed structure
of 3D-printed foam into finite element models results in a very large number of elements.
When combined with full human body models, this poses a challenge due to the enormous
element count.

The study was also acknowledged by the authors to have certain limitations. Because
the number of studies with controlled experiments comparing human body models and
3D printing is still limited, the limited availability of experimental validation restricts the
ability to confirm the accuracy of simulations, especially when integrating 3D-printed
structures with human body models. Moreover, most available studies are based on
controlled simulations, while experimental investigations involving diverse user groups
such as different ages, genders, or health conditions remain limited. This raises challenges
in generalizing the findings to populations.

As stated in the three questions, this review focused on simulations of the mechanical
inter-action between seats and occupants, so thermal comfort was out of focus. This was a
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de-liberate limitation of scope. The papers found only addressed short-term simulations.
Long-term comfort is primarily evaluated experimentally, not through simulation. This
aspect, while not intentionally limited in the review, resulted in outcome that there is a lack
of simulation studies using human body models to analyze the effects of long-term sitting
on comfort. Static Finite Element simulations and short-term sitting simulation do not
account for changes in material properties due to thermal effects caused by human seating.

5. Conclusions

This study reviewed a total of 42 research papers. Among them, 35 studies addressed
Research Questions 1 and 2, which focus on human body models and simulation methods;
9 studies related to 3D printing were used to answer Research Question 3.

No studies were found that addressed all three research questions simultaneously,
revealing a potential research gap. This gap presents both opportunities and challenges in
terms of equipment requirements, modeling methods, and simulation techniques, especially
when using full-body models such as CASIMIR or PIPER Adult, which involve a high
number of elements, complex boundary conditions, and constraints.

Simulation software and the finite element method are powerful tools for reduc-
ing costs in research and product development. However, it also presents challenges
for researchers, particularly in integrating modern modeling tools and software to meet
increasingly demanding requirements.
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Appendix A

Table Al. Research information of the FEM papers.

Model Acquirement Simulation Method and .
Ref. Method Analyzed Aspects Confirm Results
Comparison with experimental results
o . e  Contact force: Average error < 22.3 N

Static simulation (horizontal) and <15.5 N (vertical),
e  Pressure distribution small compared to body weight
e Contact area (784.8 N).

[18] PIPER Adult e  Peak pressure e  Pressure: Simulated contact area is
e  Soft tissue thickness below ITs. 5.8% higher
Variable: seat cushion angle (SPA o Soft tissue thickness: Simulation
0-15°, 5° step). compression ratio (49.1-58.5%) was

lower than MRI (60.2-74.7%), but the
trend was consistent
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Table Al. Cont.

Model Acquirement Simulation Method and .
Ref. Method Analyzed Aspects Confirm Results
Comparison with experimental results
o ) e  With COF], the pad shear force has
Static smlulatlo.n: [.)roP and Rotate low error: DROP (1.7%, 1 N), D&R
e  Pressure distribution (4%, 2.4 N) compared to actual
e  Contact force measurement (59.2 N).
[20] PIPER Adult »  Total horizontal force o With COF2, COF?), the simulated .
Variables: Seat cushion angle (SPA: cutting force is higher: DROP (47.8%,
0°, 5°), coefficient of friction (COF1, 28.3 N; 47.3%, 28 N), D&R (15.9%,
COF2, COF3), torso-thigh angle (T2T: 9.4 N; 12.3%, 7.3 N).
93°,95°,97°,100°). o  D&Ris less sensitive to high COF,
cutting forces are closer to
experimental than DROP.
Static simulation Comparison with experimental results
[30] Scan e Comparison with and without =~ e  Using pressure gauges on actual
seat covers car seats
Static simulation Comparison with previous research
e  Pressure distribution papers
[31] MRI Scan e  Pressure ratio in areas o
e  65% error below 5 mm and less than
e  Seat surface hardness o
. 13% error above 10 mm
e  Seat deformation
CT Scan Static simulation ) ' '
[32] (Male 50th percentile) e  Pressure distribution Comparison with experimental results
Static and dynamic simulation (push
wheelchair) Comparison with experimental results
[33] MRI Scan P distributi P P
* ressure dustribution e  Error 4.09% of peak pressure
e  Contact Pressure and Internal peakp
Stress of Muscle and Fat
Static simulation
Scan e  Pressure distribution Comparison with experimental results
[34] (geome’q‘lc template . She.ar .forc'e . e  High consistency
and point-clouds) e  Variation in cushion angle
and thickness
Scan Statu;mmulatl;).n but Comparison with experimental results
[35] (body surface point * ressure 1str1. utlon. e  High consistency
cloud scan) e  Seat surface stiffness influenced
by seat cover
Scan o .
(low-dose biplanar Static simulation Comparison with experimental results
[36] X-ray, B-mode e  Pressure distribution e  Lessthan 1 kPa
ultrasound and e  Pelvic deflection
optical scanner)
S Comparison with experimental results
can o .
[37] (medical scanning Static simulation e  Maximum pressure deviation from

3D reconstruction)

e  Pressure distribution

0.13% to 15.28%, average pressure
from 3.00% to 39.89%
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Table Al. Cont.

Model Acquirement Simulation Method and .
Ref. Method Analyzed Aspects Confirm Results
Static simulation
e  Pressure distribution ] ) )
38] Hybrid 1T Soft tissue deformation Comparison with experimental results
95th Percentile e  Shear stress at the e  Error below 10%
contact surface.
e  Von Mises stress in soft tissue
Dynamic simulation
e Compressive force Comparison with experimental results
[39] Hybrld III ° Shear force m Vivo.
e Intradiscal pressure e  consistent with clinical observations.
e Von-Mises stress
[40] MADYMO 50th Static simulation Comparison with previous
e  Pressure distribution research papers
Static simulation
e  Pressure distribution
[41] POSER 50th e  Lumbar support thickness Comparison with previous
e Contact area research papers
e  Force on the backrest
e  Von Mises stress
Static simulation
e  Effects of 10 PU foams with
different stiffness on surface Comparison with experimental results
[42] GHBMC 50th pressure, stress e  The CORA scores in the present
and deformation. study are 66.8% and 75.8%,
Pressure distribution respectively.
Intrinsic soft tissue stress
and strain.
Static simulation Comparison with experimental results
e  Pressure distribution e  The relative errors of pressure
[43] THUMS e  Effects of 4 types of characteristics between simulation
polyurethane foam and 3 seat and experiment ranged from 3.5%
tilt angles to 14.43%.
Static simulation and Inverse
dynamics for bones
[44] ANYBODY e Pressure distribution Comparison with experimental results
e  Soft tissue deformation e  Peak pressure error 14 £ 11%
e  Contact area, spinal
compression force
Static simulation
e Pressure distribution Comparison with experimental results
[45] Dummy Toyota Dvnamic simulation e  Pressure: Overall accuracy > 85%.
(50th percentile) Yy e  Vibration: Frequency accuracy > 98%,
e  Vibration under rock total > 90%.
crushing conditions
Static and Dynamic simulation
[46] CASIMIR e Pressure distribution Comparison with experimental results

e  Directional displacement of
cushion and backrest

e  Error 0-10%
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Model Acquirement Simulation Method and .
Ref. Method Analyzed Aspects Confirm Results
Static 51mulat10'n o Comparison with experimental values in
[47]  CASIMIR, ANYBODY ° })r.estsure distribution. previous studies
e Joint angle and momen . .
e  Muscle activity and fatigue e High consistency
(48] CASIMIR Static simulation Comparison with experimental results
(Male 95th percentile) e  Pressure distribution e  High consistency
Static simulation
e  Pressure distribution, maximum Comparison with experimental values in
[49] CASIMIR pre§sufe, alverage lpr(;ssulre previous studies
(Male 95th percentile) Var%a'l) es: "eg ang'e, eel o  Consistent with the
position, seat height, cushion :
experimental trend
angle, backrest angle,
arm position.
L . Comparison with the test and check with
Static simulation ; .
. P distribution previous experiments
ressure ,
cushion/backrest load, * N.Ot. perfec.:tly. co1jrelated due to
[50] CASIMIR dient difficulty in finding a real person
(Male 50th percentile) pressite gradient. who exactly matches the manikin

e  Variables: heel position, foot ) . . .
angle, arm position, torso angle (in height, weight, body size) and
thigg h,angle seat height ’ limitations of the Body Pressure

! ’ Distribution plate
N A%S;i/lll\ll{or th Static simulation The simulation results are indirectly
[51] American Male e  Pressure distribution compared with previous
95th percentile) e Contact area experimental studies.
Static simulation
CASIMIR L Comparison with experimental results
(FO5—Female 5th e  Pressure distribution . . .
5] percentile, Male Dynamic simulation e The curve-progressions of simulation
M50—50th percentile, o geat transfer function an?lexperllntleg farevery
well correlate
M95—Malg e  Variables: excitation frequency
95th percentile) (1-20 Hz), amplitude (14 mm)

Static simulation Comparison with experimental results

e  Pressure distribution e  Compare contact pressure (175.8 kPa)

e  Shear stress at the and shear stress (5.7 kPa) with

[54]  Zygote Human Factors tissue-stroma interface. previous study (187.7 kPa, 2 kPa).

e Von Mises stress at the surface e  Compare von Mises stress (36.44 kPa)
and inside of the with other 2D (180 kPa) and 3D
thigh-gluteal tissue. (40-50 kPa) models.

Static simulation

[55] Zygote Human Factors ° Pressu.re distribution Comparison with previous

e von Mises stress at the research papers
thigh-buttock tissue interface

Static simulation

e Pressure distribution Comparison with experimental results

[56] Self-built e  Stress in thigh-buttock e  Contact pressure: Simulation 36 kPa,

e  Temperature distribution at the
tissue-cushion interface

experiment 34.45 kPa, error ~4.3%.
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Model Acquirement Simulation Method and .
Ref. Method Analyzed Aspects Confirm Results
Static simulation
[57] Self-built e  Pressure distribution Comparison with previous
° Contact force variance. research papers
e Contact area.
Static simulation Comparison with experimental results
[58] Self-built e  Pressure distribution o Deak pressure dlffer.ence ~3.5kPa
(20%) when gas spring pressure
Peak pressure increases from 0 to 25 kPa.
Static simulation . . .
o Comparison with experimental results
e  Pressure distribution ) ]
[59] Self-built e  Dynamic simulation *  Low error; matching accuracy of
. L 97.45% and 81.85-89.94% in
Vertl.cal exgta'tlon or road other results
profile excitation
Compare Modelica simulation results
Static simulation with finite element models (FEM) through:
e  Pressure distribution e Indentation Load Deflection (ILD) to
[60]  Virtual Human Driver e  Dynamic simulation evaluate PU foam stiffness.
e  Dynamic excitation based on e  The H-point displacement error
test track data. between Modelica and FEM is 6%
(65.3 mm vs. 61.4 mm).
Static simulation Paired T-test showed no significant
[61] Self-built e  Pressure distribution difference between CAD and Tekscan
e  Peak pressure. (p-value = 0.958 > 0.05), correlation 98%
Static simulation Consistent with bhvsical d
S o onsistent with physical measure
[63] Self-built o Pressure fﬁhstrlbuhon diagram from previous studies
e  Peak equivalent stress
Static simulation Comparison with experimental results
[64] Self-built e  Pressure distribution using the Pedar-X pressure
e  Peak pressure measurement system
Contact area High consistency
Appendix B
Table A2. Research information of the 3D printing papers.
Ref. Lattice Structure Application Product Design Method FEM Combination
[21] TPMS (Gyroid) Aircraft seat Customized structure -
Design and comparison of Static Analysis
[22] Auxetic Sports shoe Midsoles B ¢ P without Human
various structures
body models
[23] Random Porous Structures Motorcycle seats Design a nd comparison of -
various structures
[63] TPMS (Gyroid Shoes and insoles Customized structure Static Analysis with

and Schwarz)

foot models
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Ref. Lattice Structure Application Product Design Method FEM Combination
Design and comparison of Static Analysis with
[64] Auxetic Shoe midsole gh ¢ p soft tissues and
various structures
bones of the foot
. Design and comparison of
[65] Auxetic Shoe sole 8h ¢ p -
various structures
[67] TPMS (Schwarz) Wheelchair cushion Customized structure -
. Optimize for vibration
[68] Honeycomb Seat cushion p . .. -
isolation efficiency
. . . . . Static Analysis
Lattice, wavy, hexagonal, Tissue-engineered Design and comparison of . Y
[69] . . without Human
and shifted scaffolds various structures
body models
Appendix C
Table A3. Quality assessments of selected papers.
FEM Comparison s . Scope,
Human- . Pressure/ Comfort . 3D- 3D Printing  Effectiveness .
Ref. HEM Seat Sn‘nula- Force Assess- wi th Printed and FEM of Printed Coverage  Quality
Used Interaction tion Analysis ment Experiments/ Structure  Integration Foam and Level
Details Yy Literature 8 Depth
18] Y Y Y N N N Y

HHH%HHHHHﬁhﬁhmhﬁﬁﬁﬁhﬁhﬁhﬁﬁﬁ
=)
R === = === === =<|=<|m|m|m|m|m|m|=|m|2Z2|z|2|=<]|=<

I === === === === == =|=|=|[=<|=|Z]|z]|=|=
I === === === === == =|=|=|=|z|~|z|=

I === === == m] = === === === =<|"|=]|=

I === === === == == == === == =|=]|=|=|=
I === === == mm| <<= <|=|=<|=]|"]=<|=]|=<|=|=|=

zlz|z|z|z|z|z|z|z|z|z|z|z|z|z|z|z|z|z|z|2z|z|<|<|<
zlz|z|z|z|z|z|z|z|z|z|z|z|z|z|z|z|z|z|z|z|z|z|~ 2|z
zlz|z|z|z|z|z|z|z|z|z|z|z|z|z|z|z|z| 2|z 2|2/ < <|<|z

I = =] m] <<= =|=|=|[=<|"g|=<]|"]|=
ZIZ|Z|R|RIRIRIZIR|IZR|R||RIRIZIE|Z|g|g|g|R|IB|r|2||&g|E




Appl.

Sci. 2025, 15,10193 18 of 21

Table A3. Cont.

Ref

Human- FEM Pressure/ Comfort ComRarlson 3D- 3D Printing  Effectiveness Scope, .
HBM Simula- with . . Coverage  Quality
. Seat . Force Assess- . Printed and FEM of Printed
Used . tion . Experiments/ . and Level
Interaction Analysis ment . Structure  Integration Foam
Literature Depth

Details
Y Y Y

<
=
Z
Z
Z

Qa1
Q1
—_

a1
[
—_

Qa1
~
—

a1
[¢]
[

N
Q1
—_

[«
~J
—

ZZ|Z|Z|=|"|9|=<|"|"|"|F| <<=
ZIR|I=|Z|Z|Z2|<|K|K|<|=<|=|I=<|=<|
N Z|Z|Z IR <<= =< =<|=<]|=
D<= == === =|=|=]|=<]|=
ZIR|I || === == =|=|=]|=<]|=
I == == === =|"|=<]|=]|=
<KIK|IRIR|R|R|Z|Z|2|2|2|2|2]|2Z
<|Z|zZ|Z|=<|=<|2Z2|2|2|2|2|2|2|Z
<R|IK|IR|R|IR|=R|Z|2Z2|Z2|2|2|2|2|Z
ORI === =|=|=]=<]|=
CRIR|IRIZ|T|IRIRIRIRIRIRIRIERIR

References

1.

10.

11.

12.

13.

14.

Gupta, N.; Christiansen, C.S.; Hanisch, C.; Bay, H.; Burr, H.; Holtermann, A. Is questionnaire-based sitting time inaccurate
and can it be improved? A cross-sectional investigation using accelerometer-based sitting time. BMJ Open 2017, 7, e013251.
[CrossRef]

Matthews, C.E.; Chen, K.Y.; Freedson, P.S.; Buchowski, M.S.; Beech, B.M.; Pate, R.R.; Troiano, R.P. Amount of time spent in
sedentary behaviors in the United States, 2003-2004. Am. . Epidemiol. 2008, 167, 875-881. [CrossRef]

Dunstan, D.W.; Howard, B.; Healy, G.N.; Owen, N. Too much sitting—A health hazard. Diabetes Res. Clin. Pract. 2012, 97, 368-376.
[CrossRef]

Gardner, B.; Flint, S.; Rebar, A.L.; Dewitt, S.; Quail, S.K.; Whall, H.; Smith, L. Is sitting invisible? Exploring how people mentally
represent sitting. Int. |. Behav. Nutr. Phys. Act. 2019, 16, 85. [CrossRef] [PubMed]

Pynt, J.; Mackey, M.G.; Higgs, J. Kyphosed seated postures: Extending concepts of postural health beyond the office. ]. Occup.
Rehabil. 2008, 18, 35-45. [CrossRef] [PubMed]

Markova, V.; Markov, M.; Petrova, Z.; Filkova, S. Assessing the impact of prolonged sitting and poor posture on lower back pain:
A photogrammetric and machine learning approach. Computers 2024, 13, 231. [CrossRef]

Ismail, N.H.; Ahmad Habibillah, N.H.; Romli, EI. Assessment of aircraft passengers’ comfort with varying seat pitch. J. Aerosp.
Soc. Malays. 2023, 5, 1-8.

Yao, X.; Ping, Y,; Song, Y.W.; Vink, P. Sitting comfort in an aircraft seat with different seat inclination angles. Int. |. Ind. Ergon.
2023, 96, 103470. [CrossRef]

Coelho, D.A.; Dahlman, S. Articulation at shoulder level—A pilot experimental study on car seat comfort. Appl. Ergon. 2012,
43, 27-37. [CrossRef]

Romelfanger, M.; Kolich, M. Comfortable automotive seat design and big data analytics: A study in thigh support. Appl. Ergon.
2019, 75, 257-262. [CrossRef]

Groenesteijn, L.; Vink, P; de Looze, M.; Krause, F. Effects of differences in office chair controls, seat and backrest angle design in
relation to tasks. Appl. Ergon. 2009, 40, 362-370. [CrossRef]

Channak, S.; Speklé, E.M.; van der Beek, A ].; Janwantanakul, P. Effect of two dynamic seat cushions on postural shift, trunk
muscle activation and spinal discomfort in office workers. Appl. Ergon. 2024, 120, 104337. [CrossRef]

Temich, S.; Grzechca, D. A fuzzy logic controller to seat comfort correction for manually propelled wheelchair—A case study.
IFAC-Paper 2016, 49, 55-60. [CrossRef]

Wu, Y.-K,; Liu, H.-Y;; Kelleher, A.; Pearlman, ].; Ding, D.; Cooper, R.A. Power seat function usage and wheelchair discomfort for
power wheelchair users. J. Spinal Cord Med. 2017, 40, 62-69. [CrossRef]


https://doi.org/10.1136/bmjopen-2016-013251
https://doi.org/10.1093/aje/kwm390
https://doi.org/10.1016/j.diabres.2012.05.020
https://doi.org/10.1186/s12966-019-0851-0
https://www.ncbi.nlm.nih.gov/pubmed/31606040
https://doi.org/10.1007/s10926-008-9123-6
https://www.ncbi.nlm.nih.gov/pubmed/18256905
https://doi.org/10.3390/computers13090231
https://doi.org/10.1016/j.ergon.2023.103470
https://doi.org/10.1016/j.apergo.2011.03.003
https://doi.org/10.1016/j.apergo.2018.08.020
https://doi.org/10.1016/j.apergo.2008.11.011
https://doi.org/10.1016/j.apergo.2024.104337
https://doi.org/10.1016/j.ifacol.2016.12.010
https://doi.org/10.1080/10790268.2016.1192360

Appl. Sci. 2025, 15, 10193 19 of 21

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Zhang, X.; Zhang, Q.; Li, Y,; Liu, C.; Qiu, Y. Effect of the thickness of polyurethane foams at the seat pan and the backrest on
fore-and-aft in-line and vertical cross-axis seat transmissibility when sitting with various contact conditions of backrest during
fore-and-aft vibration. Appl. Ergon. 2021, 93, 103354. [CrossRef]

Mahantesh, M.M.; Rao, K.V.S.R.; Chandra, A.C.P.;; Vijayakumar, M.N.; Nandini, B.; Prasad, C.D.; Vasudev, H. Design and
modeling using finite element analysis for the sitting posture of computer users based on ergonomic perspective. Int. |. Interact.
Des. Manuf. 2023, 18, 5875-5891. [CrossRef] [PubMed]

Paul, G.; Pendlebury, J.; Miller, J. The contribution of seat components to seat hardness and the interface between human occupant
and a driver seat. Int. |. Hum. Factors Model. Simul. 2012, 3, 378-397. [CrossRef]

Liu, S.; Beillas, P.; Ding, L.; Wang, X. PIPER adult comfort: An open-source full body human body model for seating comfort
assessment and its validation under static loading conditions. Front. Bioeng. Biotechnol. 2023, 11, 1170768. [CrossRef]
[PubMed]

Siefert, A.; Pankoke, S.; Wolfel, H.-P. Virtual optimisation of car passenger seats: Simulation of static and dynamic effects on
drivers’ seating comfort. Int. J. Ind. Ergon. 2008, 38, 410-424. [CrossRef]

Liu, S.; Beillas, P.; Ding, L.; Wang, X. Effects of loading processes on contact forces when simulating static seating with a finite
element human body model. Comput. Methods Biomech. Biomed. Eng. 2024, 1-8. [CrossRef]

Hogeveen, T.; Ballemans, M.; Strijker, A.; Ammerlaan, B.; Vink, P. Towards an environment friendly comfortable aircraft seat. In
Proceedings of the Fourth International Comfort Congress, Amberg, Germany, 6-7 September 2023.

Sun, Y.; Zhou, Q.; Niu, W.; Zhang, S.; Yick, K.-L.; Gu, B.; Xu, W. 3D printed sports shoe midsoles: Enhancing comfort and
performance through finite element analysis of negative Poisson’s ratio structures. Mater. Des. 2024, 245, 113292. [CrossRef]
Montalti, A.; Ferretti, P.; Spano, F; Liverani, A. 3D-printed motorcycle seats: Replicating polymer foam performance for rapid
prototyping and rider comfort. Adv. Ind. Manuf. Eng. 2025, 10, 100158. [CrossRef]

Sabri, N.; KamalianaKhamis, N.; Faizal MatTahir, M.; Besar, J.; Abd Wahab, D. Impact of Anthropometric Parameters on Pressure
Variables for Determining Comfort and Safety of Automotive Seat: A Systematic Review. Iran |. Public Health 2022, 51, 240-252.
[CrossRef] [PubMed] [PubMed Central]

Citation: Alawneh, O.; Zhong, X.; Faieghi, R.; Xi, F. Finite Element Methods for Modeling the Pressure Distribution in Human
Body—Seat Interactions: A Systematic Review. Appl. Sci. 2022, 12, 6160. [CrossRef]

Silberstein, J.; Sun, Z. Advances and Applications of Three-Dimensional-Printed Patient-Specific Chest Phantoms in Radiology: A
Systematic Review. Appl. Sci. 2024, 14, 5467. [CrossRef]

Mikolajewska, E.; Mikotajewski, D.; Mikotajczyk, T.; Paczkowski, T. A Breakthrough in Producing Personalized Solutions
for Rehabilitation and Physiotherapy Thanks to the Introduction of Al to Additive Manufacturing. Appl. Sci. 2025, 15, 2219.
[CrossRef]

Page, M.].; McKenzie, J.E.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ] M.; Akl, E.A,;
Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BMJ 2021, 372, n71.
[CrossRef]

Ouzzani, M.; Hammady, H.; Fedorowicz, Z.; Elmagarmid, A. Rayyan-a web and mobile app for systematic reviews. Syst. Rev.
2016, 5, 210. [CrossRef]

Zhang, T; Ren, J.; Qi, S. Modeling Method and Effect of Seat Cover on the Simulation of Interface Pressure; SAE Technical Paper:
Warrendale, PA, USA, 2023; 2023-01-0910. [CrossRef]

Al-Dirini, RM.A_; Reed, M.P;; Hu, J.; Thewlis, D. Development and validation of a high anatomical fidelity FE model for the
buttock and thigh of a seated individual. Ann. Biomed. Eng. 2016, 44, 2805-2816. [CrossRef]

Li, X,; Ding, L.; Ma, X,; Li, B.; and Liu, H. Development of a Human-Seat Cushion Finite Element Model for Sitting Comfort
Analysis. HCI Int. 2017, 714, 261-266. [CrossRef]

Li, S.; Yin, M,; Gao, L.; Qi, S.; Wang, J. Finite Element Prediction of Sub-dermal Tissue Stresses of the Buttocks during Wheelchair
Propulsion. J. Mech. Med. Biol. 2016, 16, 1650058. [CrossRef]

Ren, J.; Du, X,; Liu, T,; Liu, H.; Hua, M.; Liu, Q. An Integrated Method for Evaluation of Seat Comfort Based on Virtual Simulation of the
Interface Pressures of Driver with Different Body Sizes; SAE Technical Paper: Warrendale, PA, USA, 2017; 2017-01-0406. [CrossRef]
Zhang, T.; Ren, ].; Qi, S.; Yuan, B.; Huang, H. Research on the Simulation of Human-Seat Interface Pressure with Consideration of
the Effect of Seat Cover. Commer. Veh. 2023, 16, 247-255. [CrossRef]

Macron, A.; Pillet, H.; Doridam, J.; Verney, A.; Rohan, P. Development and evaluation of a new methodology for the fast
generation of patient-specific Finite Element models of the buttock for sitting-acquired deep tissue injury prevention. J. Biomech.
2018, 79, 173-180. [CrossRef] [PubMed]

Zhang, T.; Ren, J. A design method for contact contour based on the distribution of target contact pressure. Int. . Mech. Mater.
Des. 2023, 20, 251-267. [CrossRef]

Huang, S.; Zhang, Z.; Xu, Z.; He, Y. Modeling of human model for static pressure distribution prediction. Int. |. Ind. Ergon. 2015,
50, 186-195. [CrossRef]


https://doi.org/10.1016/j.apergo.2021.103354
https://doi.org/10.1007/s12008-023-01383-9
https://www.ncbi.nlm.nih.gov/pubmed/40479130
https://doi.org/10.1504/IJHFMS.2012.051570
https://doi.org/10.3389/fbioe.2023.1170768
https://www.ncbi.nlm.nih.gov/pubmed/37324425
https://doi.org/10.1016/j.ergon.2007.08.016
https://doi.org/10.1080/10255842.2024.2410225
https://doi.org/10.1016/j.matdes.2024.113292
https://doi.org/10.1016/j.aime.2025.100158
https://doi.org/10.18502/ijph.v51i2.8678
https://www.ncbi.nlm.nih.gov/pubmed/35866129
https://pmc.ncbi.nlm.nih.gov/articles/PMC9273502
https://doi.org/10.3390/app12126160
https://doi.org/10.3390/app14135467
https://doi.org/10.3390/app15042219
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1186/s13643-016-0384-4
https://doi.org/10.4271/2023-01-0910
https://doi.org/10.1007/s10439-016-1560-3
https://doi.org/10.1007/978-3-319-58753-0_39
https://doi.org/10.1142/S0219519416500585
https://doi.org/10.4271/2017-01-0406
https://doi.org/10.4271/02-16-03-0016
https://doi.org/10.1016/j.jbiomech.2018.08.001
https://www.ncbi.nlm.nih.gov/pubmed/30201252
https://doi.org/10.1007/s10999-023-09674-5
https://doi.org/10.1016/j.ergon.2015.09.017

Appl. Sci. 2025, 15, 10193 20 of 21

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Amiri, S.; Naserkhaki, S.; Parnianpour, M. Effect of whole-body vibration and sitting configurations on lumbar spinal loads of
vehicle occupants. Comput. Biol. Med. 2019, 107, 292-301. [CrossRef]

Kim, H.; Lee, T; Lee, Y.; Kim, J.; Jung, S.; Yang, D.; Hong, J. A design for seat cushion and back-supporter using finite element
analysis for preventing decubitus ulcer. ]. Biomech. Sci. Eng. 2017, 12, 16-00586. [CrossRef]

Guo, L.; Dong, R.; Zhang, M. Effect of lumbar support on seating comfort predicted by a whole human body-seat model. Int. ].
Ind. Ergon. 2016, 53, 319-327. [CrossRef]

Yadav, S.K.; Huang, C.; Mo, F; Li, J.; Chen, J.; Xiao, Z. Analysis of seat cushion comfort by employing a finite element buttock
model as a supplement to pressure measurement. Int. J. Ind. Ergon. 2021, 86, 103211. [CrossRef]

Huang, S.; Sun, D.; Zhang, L.; Zhou, J.; and Wang, Z. Comfort Assessment and Optimization Based on FE Simulation for
High-Speed Train Seats: Comparison with Different Design Parameters. Sustainability 2022, 14, 15185. [CrossRef]

Wang, X.; Savonnet, L.; Theodorakos, L.; Beurier, G.; and Duprey, S. Biomechanical human models for seating discomfort
assessment. DHM Posturography 2019, 2019, 643-656. [CrossRef]

Cheng, L.; Wen, H.; Ni, X.; Zhuang, C.; Zhang, W.; and Huang, H. Optimization Study on the Comfort of Human-Seat Coupling
System in the Cab of Construction Machinery. Machines 2023, 11, 30. [CrossRef]

Lazarov, N,; Siefert, A.; Fressmann, D. The CASIMIR Model for Simulation in Seating Comfort Applications. In Proceedings of
the 10th European LS-DYNA Conference 2015, Wiirzburg, Germany, 15-17 June 2015.

Siefert, A. Occupant Comfort—A Mixture of Joint Angles, Seat Pressure and Tissue Loads; SAE Technical Paper: Warrendale, PA, USA,
2016; 2016-01-1438. [CrossRef]

Alam, D.N.; Chennubhotla, V. Use of CAE Tool to Evaluate the Body Pressure Distribution Plot on Automotive Seating; SAE Technical
Paper; SAE: Warrendale, PA, USA, 2019. [CrossRef]

Alam, D. Develop Best Practices for Correlating Body Pressure Distribution Test to Simulation. SAE Int. ]. Adv. Curr. Pract. Mobil.
2022, 4, 2081-2088. [CrossRef]

Alam, D. Correlating Body Pressure Distribution Test to Simulation. SAE Int. |. Adv. Curr. Pract. Mobil. 2024, 6, 225-231.
[CrossRef]

Kamaraju, P; Ro, H. Application of the Design of Experiments to Study the Sensitivity and Contribution of a Seat Back Bladder Bolster on
Occupant Lateral Support Performance; SAE Technical Paper: Warrendale, PA, USA, 2024; 2024-26-0303. [CrossRef]

Hans, T.; Pan-Zagorski, W.; Shah, T.; Buchner, T. Virtual Analysis of Dynamic Seat Comfort. In Proceedings of the Fourth
International Comfort Congress, Amberg, Germany, 6—7 September 2023.

Liu, S.; Beillas, P,; Ding, L.; Wang, X. Morphing an Existing Open Source Human Body Model into a Personalized Model for Seating
Discomfort Investigation; SAE Technical Paper; SAE: Warrendale, PA, USA, 2020. [CrossRef]

Bui, H.T,; Lestriez, P.; Pradon, D.; Debray, K.; Abdji, E.; Taiar, R. Biomechanical Modelling of Medical Seat Cushion and Human
Buttock-thigh Tissue to Prevent Pressure Ulcers. Russ. |. Biomechanics. 2018. [CrossRef]

Bui, H.T.; Lestriez, P.; Nguyen, PT.N.; Nguyen, L.V,; Tao, Q.B.; Debray, K.; Nguyen, T.H.V.; Taiar, R. The Evaluation of the
Interaction Between Human Buttocks Thighs and Wheelchair Seat Cushion to Prevent Pressure Ulcers Using Finite Element
Analysis. Hum. Syst. Eng. Des. 2018, 876, 904-910. [CrossRef]

Bui, H.T.; Nguyen, L.V,; Tran, H.A.N. Identifying Factors That Influence Pressure Ulcers by Numerical Simulation and Experi-
mentation Methods. Int. |. Online Biomed. Eng. 2020, 16, 104-119. [CrossRef]

Pehnec, I.; Marini¢-Kragi¢, I.; Vutina, D. Robust evolutionary shape optimization for ergonomic excellence based on contact
pressure distribution. Comput. Methods Biomech. Biomed. Eng. 2020, 23, 945-958. [CrossRef]

Tran, X.-T.; Nguyen, V.-H.; Nguyen, D.-T. Finite Element Analysis of the Contact Pressure for Human—Seat Interaction with an
Inserted Pneumatic Spring. Appl. Sci. 2025, 15, 2687. [CrossRef]

Chen, L.; Song, J.; Niu, X.; Sun, C.; Qiu, Y. Experiment and Simulation Study on Vibration Transmission Characteristics of Seat-Occupant
Coupling System; SAE Technical Paper; SAE: Warrendale, PA, USA, 2022. [CrossRef]

Han, M.Y.; Choi, H.Y.; Hirao, A. Modeling of vehicle seat in lumped network model for ride comfort simulation. J. Mech. Sci.
Technol. 2021, 35, 231-236. [CrossRef]

Bermamet, H.; Syed, S.; Amer, S. Investigating the Effect of Seat Features and Cushion Material on Seat Comfort using Finite
Element Analysis. In Proceedings of the 5th European International Conference on Industrial Engineering and Operations
Management, Rome, Italy, 26-28 July 2022. [CrossRef]

Shahrubudin, N.; Lee, T.C.; Ramlan, R. An Overview on 3D Printing Technology: Technological, Materials, and Applications. Int.
Conf. Sustain. Mater. Process. Manuf. 2019, 35, 1286-1296. [CrossRef]

Xu,J.; Tu, Z.; Zhang, S.; Tan, K.; Wang, G. Customized Design for Ergonomic Products via Additive Manufacturing Considering
Joint Biomechanics. Chin. . Mech. Eng. Addit. Manuf. Front. 2023, 2, 100085. [CrossRef]

Zhang, J.; Lu, S.; Lin, Y.; Wang, Y.; Yi, X.; Fang, W. Pressure-Reducing Design of 3D-Printed Diabetic Shoe Midsole Utilizing
Auxetic Lattice Structure. Appl. Sci. 2024, 14, 5291. [CrossRef]


https://doi.org/10.1016/j.compbiomed.2019.02.019
https://doi.org/10.1299/jbse.16-00586
https://doi.org/10.1016/j.ergon.2016.03.004
https://doi.org/10.1016/j.ergon.2021.103211
https://doi.org/10.3390/su142215185
https://doi.org/10.1016/B978-0-12-816713-7.00049-0
https://doi.org/10.3390/machines11010030
https://doi.org/10.4271/2016-01-1438
https://doi.org/10.4271/2019-01-0402
https://doi.org/10.4271/2022-01-0809
https://doi.org/10.4271/2023-01-0912
https://doi.org/10.4271/2024-26-0303
https://doi.org/10.4271/2020-01-0874
https://doi.org/10.15593/RJBiomech/2018.1.04
https://doi.org/10.1007/978-3-030-02053-8_137
https://doi.org/10.3991/ijoe.v16i11.13817
https://doi.org/10.1080/10255842.2020.1774751
https://doi.org/10.3390/app15052687
https://doi.org/10.4271/2022-01-5095
https://doi.org/10.1007/s12206-020-1222-0
https://doi.org/10.46254/EU05.20220315
https://doi.org/10.1016/j.promfg.2019.06.089
https://doi.org/10.1016/j.cjmeam.2023.100085
https://doi.org/10.3390/app14125291

Appl. Sci. 2025, 15, 10193 21 of 21

65.

66.

67.

68.

69.

70.

Zhang, J.; Lu, S.; Yang, Y.; Liu, Y.; Guo, Y.; Wang, H. Efficacy of auxetic lattice structured shoe sole in advancing footwear
comfort—From the perspective of plantar pressure and contact area. Front. Public Health 2024, 12, 1412518. [CrossRef]

David, W.H.; Dilpreet, S.; Riki, L.; Ryan, D.; David, P.F; Peter, S.; Edmund, P.; Naomi, C.P,; Sean, K.P.; Maria, A.W. Mechanical
behaviour of flexible 3D printed gyroid structures as a tuneable replacement for soft padding foam. Addit. Manuf. 2022,
50, 102555. [CrossRef]

Sergio, R.; Pedro, EM,; Cétia, S.S,; Alvaro, M.S.; Lucia, R. Design and characterization of 3D-printed TPU-based lattice structures.
Application to methodology for the design of personalized therapeutic products. Rapid Prototyp. ]. 2024, 30, 72-86. [CrossRef]
Guo, L.; Zhao, Y.; Wang, X. Optimization and biodynamic modelling of a 3D-printed honeycomb cushion and double-diamond
seating suspension system for vibration isolation. J. Vib. Control 2023, 30, 4465-4485. [CrossRef]

Anahita, A.S.; Nabiollah, A.; Seyyed, A.H.; Sang, J.L. Prediction of mechanical behavior of 3D bioprinted tissue-engineered
scaffolds using finite element method (FEM) analysis. Addit. Manuf. 2020, 33, 101181. [CrossRef]

Dell’Accio, F.; Guessab, A.; Nudo, F. New quadratic and cubic polynomial enrichments of the Crouzeix—Raviart finite element.
Comput. Math. Appl. 2024, 170, 204-212. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fpubh.2024.1412518
https://doi.org/10.1016/j.addma.2021.102555
https://doi.org/10.1108/RPJ-08-2023-0287
https://doi.org/10.1177/10775463231210580
https://doi.org/10.1016/j.addma.2020.101181
https://doi.org/10.1016/j.camwa.2024.06.019

	Introduction 
	Methods 
	Literature Search Strategy 
	Screening and Selecting Papers 
	Extracting Relevant Information 
	Literature Search and Selection Process 

	Results 
	Search Results 
	Finite Element Human Body Models 
	Model Variations 
	Model Posture Determination Process 

	Methods for Studying Sitting Comfort 
	Simulation Conditions 

	Evaluation Methods 
	3D-Printed Foam in Sitting Comfort 
	Overview 
	Structural Characteristics 
	Three-Dimensional Printing Technology Combined with Finite Element Simulation 


	Discussion 
	Conclusions 
	Appendix A
	Appendix B
	Appendix C
	References

