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Featured Application

This study provides guidance for the ergonomic design of seat pans that support correct
posture and reduce fatigue during prolonged sitting.

Abstract

This study evaluates the ergonomic benefits of a novel chair featuring a four-segment
flexible seat pan designed to support correct sitting posture. Motion capture and elec-
tromyography tools are used to quantitatively assess the impact of different chair designs
on pelvic and lumbar angles and muscle usage through two ergonomic experiments (short-
and long-term). In the short-term experiment (30 participants), the proposed chair demon-
strated significant improvements in maintaining the spine’s S-shape, with hip and lumbar
angle enhancements of up to 15.3◦ compared to a conventional chair. The long-term experi-
ment (20 participants) revealed that the proposed chair led to a more favourable muscle
fatigue profile during prolonged sitting, with a 47% decrease at lower frequencies (0 to
20 Hz) and a 34% increase at higher frequencies (60 to 80 Hz) compared to the conventional
chair, indicating reduced muscle fatigue. These results suggest that the proposed chair can
significantly improve posture and reduce fatigue in settings that require prolonged sitting.

Keywords: ergonomic chair design; flexible seat pan; correct sitting posture; electromyography;
usability evaluation

1. Introduction
Musculoskeletal disorders in the lumbar region are becoming more common among

individuals who spend prolonged periods sitting, whether for work, driving, or studying [1–5].
This long-term maintenance of incorrect sitting postures negatively affects the spine and
pelvis. While seated, the ischium and soft tissues of the buttocks, along with the muscles in
the neck, back, and pelvic areas, are used to support the upper body. Correct sitting posture
involves maintaining the spine’s natural S-shaped curve, with the lumbar region slightly
arched forward (lumbar lordosis), the pelvis rotated anteriorly, and the body weight evenly
distributed across the ischial tuberosities. Additionally, the feet should be flat on the floor, the
thighs parallel to the ground, and the knees positioned at or slightly below hip level, while
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the shoulders are relaxed, and the head is aligned over the shoulders [2,6–8]. Prolonged (say,
more than 1 h) incorrect posture leads to muscle fatigue and makes maintaining a correct
sitting posture difficult over time, which can lead to isometric muscle contractions that
cause muscle fatigue and lower back pain [5,9–11]. In particular, improper sitting postures
may accelerate the development of chronic musculoskeletal issues such as lumbar disc
herniation, turtleneck syndrome, and myofascial pain syndrome in the neck, back, and
pelvic areas [12–20]. Beyond spinal and pelvic issues, extended periods of sitting can cause
discomfort (including pain, muscle cramps, and numbness) and increase body fatigue.
This can adversely affect nutrient supply and cognitive functions, such as concentration
and work efficiency, and potentially contribute to chronic diseases and other detrimental
health conditions [10,19,21–25]. Thus, the importance of chair designs that accommodate
the body’s biomechanical characteristics to promote good posture has been emphasized in
previous research [26–31].

As more people spend extended periods sitting in chairs owing to their contemporary
lifestyles, research has increasingly emphasized the importance of maintaining the correct
sitting posture for the health and well-being of chair users. Correct posture, characterized
by a lumbar lordotic curve (forward rotation of the pelvis), ensures an even distribution
of contact pressure across the seat pan and effectively supports body weight through
the sitting bones (ischial tuberosities). Adopting a correct posture effectively utilizes the
muscles in the abdomen and back (e.g., multifidus and internal oblique) to support the
alignment of the ears, shoulders, and hips in a straight vertical line to maintain spinal
health [2,3,15,32,33]. The ideal correct posture exhibits an S-shaped spinal curve, with
an inward curve of the neck, outward curve of the mid-back, and inward curve of the
lower back [2,34]. Achieving this posture requires minimizing tension in the neck and
shoulders and avoiding forward neck protrusion and kyphosis [35–37]. Recent studies
have highlighted the necessity of periodic posture adjustments due to the challenges of
sustaining a static correct posture over extended periods [2,6,38].

Numerous studies have explored ergonomic chair features that promote proper pos-
ture, focusing mainly on backrests and, more recently, seat pans. First, research has
examined the role of the seatback in lumbar support, aiming to maintain the spine’s S-
shape, especially considering the risk of intervertebral disc degeneration from prolonged
improper sitting. This has led to the development of chairs designed to provide adequate
back support, maintaining the spine’s S-shape, thereby improving comfort and reducing
the risk of disc damage during prolonged sitting [1–3,21,34]. Park et al. [34] introduced a
seatback divided into three parts to increase contact area and lessen back pressure, although
they noted the underuse of the seatback owing to frequent shifting and the tendency to
lean forward over time [39]. Second, regarding the seat pan design, Azghani et al. [40]
investigated the role of seat pan depth in promoting circulation in the legs and reducing
pressure in the thigh. Zemp et al. [41] pointed out that traditional flat seat pan designs
might limit the movement of muscles and soft tissues between the ischium and chair,
potentially leading to ischemic changes. To address this issue, Choi and Sohn [21] and
Denes et al. [42] introduced flexible seat designs that supported dynamic movements of the
pelvis. Moreover, Kim et al. [32] examined the effectiveness of a three-segmented flexible
seat pan in preventing backward pelvic rotation and preserving the lumbar curve through
several methods, including electromyography (EMG), motion analysis, and surveys. In
summary, while earlier studies focused on backrest configurations to preserve the spine’s
S-shape, more recent studies have explored seat pan designs that promote forward pelvic
rotation and enable dynamic sitting. This highlights the need for further detailed studies.

Despite extensive research on ergonomic chair design, most existing studies have
primarily emphasized the role of backrests in supporting posture and reducing muscu-
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loskeletal strain during seated work. However, comparatively little attention has been
paid to the ergonomic implications of seat pan design, especially in dynamic, unsupported
sitting conditions. Furthermore, while several studies have investigated seat cushions or
tilting mechanisms individually, few have combined real-time motion analysis and muscle
activity monitoring to isolate the effects of seat pan contour and flexibility on postural
control. This study addresses this gap by evaluating muscle usage and joint kinematics
during short-term and long-term sitting, focusing specifically on seat pan design. By doing
so, the research offers new insight into the design of chairs that promote active sitting with-
out relying on backrest support, thus contributing to the ongoing discourse on preventive
ergonomic strategies for sedentary populations.

This study aimed to empirically analyze the extent to which a chair with a four-
segment flexible seat maintains a correct sitting posture. Through ergonomic experiments,
motion capture and EMG measurement equipment were used to analyze the angles of
the pelvic area and the use of force in the back/abdominal area in a seated posture on
three different chairs. The design characteristics of ergonomic chairs that enabled people to
maintain a correct sitting posture were examined. This paper first presents the ergonomic
design of a chair with a flexible seat pan (Section 2), followed by experimental methods and
usability evaluations comparing it with a conventional chair (Section 3); it then details the
results (Section 4), interprets the findings in the context of ergonomic benefits (Section 5),
and concludes with key insights and implications for future research (Section 6).

2. Ergonomic Design of a Chair with a Flexible Seat Pan
This study identified the biomechanical characteristics of a correct sitting posture by

referring to existing studies, analyzed chair design elements that could help individuals
assume a correct sitting posture, and proposed a design featuring a four-segment seat with
flexibility. First, because individuals have different body types and standards of sitting
comfort, it is difficult to define a generally correct sitting posture [6,39,43,44]. Therefore,
it needs to be able to accommodate various body types and sitting styles, providing an
optimized, correct sitting posture for each individual [45,46]. Second, a dynamic sitting
approach has been proposed such that, as prolonged sitting in one is not beneficial, there
is continuous posture adjustment on the chair to promote micro-movements of the spine,
thereby reducing muscle tension, distributing pressure on the spine, and decreasing back
pain or discomfort [45–51]. To enable dynamic sitting, flexibility can be applied to the seat
pan, facilitating the movement of the pelvis in a seated posture and alleviating pressure
on the back. Finally, a balanced and good posture that minimizes the overall load on the
body while sitting is achieved when the pelvis rotates forward, maintaining the spine in an
S-shape, and the ears, shoulders, and hips are vertically aligned [2,3,15,32,33]. However,
when focusing on other tasks, maintaining a correct posture becomes difficult, making it
easy to adopt an incorrect one [34,39,52]. A slouched posture causes the pelvis to rotate
backward, flattens the curvature at the lower part of the spine, and drops the neck forward,
which disrupts the overall sitting balance, increases the load on the lumbar region, and
intensifies the compressive force on the discs [3,13–15,32,46,47,53,54]. Therefore, a chair
design that naturally assists users in maintaining a correct sitting posture is required.

A design concept with a four-segment flexible seat pan is proposed, allowing people
of various body types to naturally rotate their pelvis forward and form an S-shape with
their spine to maintain a correct posture on a chair (Figure 1). The four-seat pan segments
are arranged with two on either side under the buttocks and two on either side under
the thighs. An under-chair spring mechanism enables rotation up to 30◦ in all directions
and returns to the original position. Thus, this design can support micro-movements of
the spine and pelvis while sitting for extended periods. Based on the proposed design
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concept, several prototypes were created and tested, leading to the commercialization of
the product.

  
(a) (b) 

Figure 1. Comparison between conventional and flexible seat pan designs: (a) conventional flat seat
pan limiting pelvic rotation and flattening lumbar curvature; (b) flexible seat pan promoting forward
pelvic tilt and natural S-shaped spinal alignment. The black arrows indicate the facilitation of lumbar
curvature, while the blue arrow shows the rotation of the flexible seat pan that induces anterior
pelvic tilt.

3. Usability Evaluations
This study conducted two experiments: one involved sitting on three different chairs

multiple times (short-term evaluation) to analyze the ease of assuming a correct sitting pos-
ture in terms of joint angles and muscle force usage, while the other (long-term evaluation)
analyzed the fatigue of back muscles while sitting on a chair for one hour. This study was
approved by the institutional review board of a local ethics committee (Handong Global
University, 2023-HGUR004).

3.1. Experiment I: Short-Term Evaluation
3.1.1. Participants

Participants in the experiment were 30 university students (age: 24.7 ± 2.2), with
20 males and 10 females, who could maintain a correct posture without any difficulty or
back pain. Mean body size was a height of 171.8 ± 5.3 cm (162.0 to 180.2 cm) and a weight
of 70.1 ± 12.4 kg (52.0 to 103.2 kg).

3.1.2. Apparatus

This study compared two chairs with different types of seat pans using motion and
EMG analysis equipment. Xsens (Enschede, The Netherlands) motion capture equipment
was used to analyze the joint angles of the pelvic area in a seated posture. Xsens uses
17 sensors attached to the human body to define 23 body segments, and utilizes this to
measure 22 human joint angles [55]. The joint angle is measured as the three-dimensional
angle between two connected segments. Among the 17 sensors, those relevant to this study
(used to the angles of the pelvic area and their attachment sites) are located on the pelvis
(around the L5 location at the height of the anterior superior iliac spine), sternum (middle of
the sternal bone of the chest), and right/left upper legs (middle of the lateral thigh). Among
the 22 joint angles provided by Xsens’s human model, this study used the upper lumbar
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angle (Xsens code: jL4L3), lower lumbar angle (Xsens code: jL5S1), and hip angle (Xsens
code: jRightHip), as illustrated in Figure 2. Before measuring each participant’s movements,
the sensors were calibrated using the Xsens MVN software. To measure muscle strength in
a seated posture, the TeleMyo Clinical DTS, surface EMG (sEMG) measurement equipment
from Noraxon (Scottsdale, AZ, USA), was utilized. By referring to the EMG guidelines,
sensors were attached to the human body surface on the left and right erector spinae and
rectus abdominis muscles. After attaching the sensors, calibration was performed using
the Noraxon myoRESEARCH software, and then maximum voluntary contraction (MVC)
was measured, using the guidelines to assess the two muscles.

Figure 2. Joint angles used in this study, as provided by the Xsens skeletal model (illustrated).

This study selected two chairs with different seat pan designs (Chair A: the proposed
chair with a four-segment flexible seat pan; Chair B: a conventional table chair with a flat
seat pan) to analyze the characteristics of sitting posture according to the design features
of the seat. Chair A has a seat divided into four sections, allowing for flexible movement,
which makes it easier for people with different body shapes and anthropometric charac-
teristics to adopt a correct sitting posture. This design was biomechanically intended to
support the natural movement of the pelvis and accommodate soft tissue dynamics around
the ischial tuberosities. By allowing independent motion of each segment, the seat pan was
expected to facilitate forward pelvic tilt and reduce localized pressure accumulation, which
in turn promotes upright sitting posture and spinal alignment. The other chair (Chair B)
has a flat seat pan. Although the backrest designs differ, this study focused on the seat
pan and did not examine the effects of the backrest design. The backrests of the chairs
used in this study provide basic support and have standard physical characteristics, and
the design dimensions of the two chairs are similar. While these chairs are not typical
office task chairs, they are versatile and can be widely used in home or personal workspace
settings. We assume that the differing backrest designs will not significantly impact the
seat pan experiment because the primary focus is on how the seat pan influences posture
and muscle usage, particularly in conditions where the backrest is minimally or not relied
upon. The backrests were designed to serve as basic support features rather than active
components, thus minimizing their influence on the measured outcomes. To further isolate
the seat pan’s effects, the chairs used in the experiment were selected without cushions,
armrests, or height adjustment features, and both were made of wood to ensure consistency
in material properties [4,14,26,56,57]. Information regarding the shapes and sizes of the
chairs is presented in Figure 3.
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(a) (b) 

Figure 3. Chairs compared in this study: (a) the proposed chair with a four-segment flexible seat pan
(Chair A); (b) a conventional table chair with a flat seat pan (Chair B) (unit: cm).

3.1.3. Experiment Design

The experiment was conducted using a five-step procedure (S1: introduction; S2:
attaching sensors to the body; S3: practice; S4: main experiment; and S5: debriefing).
First, the purpose and process of the experiment were explained to participants and in-
formed consent was obtained. Second, sEMG sensors were attached to the participants’
left and right rectus abdominis muscles and erector spinae muscles; 17 Xsens motion
measurement sensors were attached to the designated areas on the body, and the MVC
for those muscles was measured. Third, participants attempted several times to assume
four sitting postures while seated on the chairs for practice (Figure 4): (a) correct posture
leaning against the backrest (correct leaning), (b) improper posture leaning against the
backrest (improper leaning), (c) correct posture without leaning against the backrest (correct
non-leaning), and (d) improper posture without leaning against the backrest (improper
non-leaning). Fourth, participants assumed four different sitting postures on the two types
of chairs and maintained each posture steadily for 5 s. Each trial was repeated three times,
resulting in a total of 24 trials (2 chairs × 4 postures × 3 repetitions). Finally, participants re-
sponded to the survey on the subjective usability scores of each chair, and their participation
was compensated.

   
(a) (b) (c) (d) 

Figure 4. Four postures compared through the experiment (illustrated): (a) correct leaning posture;
(b) improper leaning posture; (c) correct non-leaning posture; (d) improper non-leaning posture.

3.1.4. Analysis Method

Experiment I analyzed the pelvic rotation angles, the use of force in the back and
abdomen, and subjective satisfaction across four sitting postures on two types of chairs.
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Pelvic rotation was analyzed through flexion/extension angles for three angles (upper
lumbar angle, lower lumbar angle, and hip angle) provided by the Xsens equipment, as
described in Section 3.1.2. The amount of muscle used in the back and abdomen was
analyzed as %MVC based on EMG measurements of the left and right erector spinae and
rectus abdominis muscles. Notably, %MVC makes it possible to fairly compare muscle
effort between people by showing it as a percentage of their strongest effort, even if
their EMG values are measured differently due to various factors like muscle size, skin
conductivity, or electrode placement [58]. Subjective satisfaction was analyzed based on the
comfort levels in the back, hips, neck, and overall body using a 5-point Likert scale (1 = very
dissatisfied, 3 = neutral, and 5 = very satisfied). The data were statistically analyzed using
a paired t-test (α = 0.05) conducted in MATLAB 2022a (MathWorks, Natick, MA, USA),
after confirming data normality using the Shapiro–Wilk test to ensure the assumptions for
parametric analysis were met.

3.2. Experiment II: Long-Term Evaluation
3.2.1. Participants

In this experiment, participants included 20 university students (age: 24.5 ± 1.6), with
12 males and 8 females, who could maintain a sitting posture for an hour without any
difficulty or back pain. Mean body size was a height of 171.1 ± 6.4 cm (160.3 to 183.5 cm)
and a weight of 67.8 ± 10.9 kg (50.0 to 88.0 kg).

3.2.2. Apparatus

The same sEMG measurement equipment and chairs used in Experiment I were also
used in Experiment II. Only sEMG measurements from the left and right erector spinae
muscles, which are related to posture maintenance, were taken.

3.2.3. Experimental Design

The experiment was conducted using a four-step procedure (S1: introduction, S2:
attaching sensors to the body, S3: main experiment, and S4: debriefing). First, the purpose
and process of the experiment were explained to the participants, and informed consent
was obtained. Second, sEMG sensors were attached to the participants’ left and right
erector spinae muscles. Third, participants sat on each chair for one hour while watching
a video, during which EMG data was measured. To prevent bending the head or back,
the monitor was positioned at eye level. While watching the video, participants were
instructed to maintain as correct a posture as possible while leaning against the backrest.
Although standing up or excessively shifting positions was restricted, participants were
allowed to adjust their posture naturally to avoid discomfort and ensure they could sit
dynamically rather than rigidly in a single position. The experiments using the two
chairs were conducted on different days for each participant. Finally, after two days of
experiments, participants were compensated for their participation.

3.2.4. Analysis Method

In Experiment II, muscle fatigue was analyzed using frequency information from EMG
measurements collected over a prolonged period. This method is widely considered to be
effective for assessing muscle fatigue, as it quantifies the shift in frequency components
associated with muscle fatigue [59,60]. Typically, as muscles become fatigued from pro-
longed use, a greater proportion of lower frequencies (e.g., 0–40 Hz) is observed, while
higher frequencies diminish. In this study, the continuously measured EMG data over the
entire experiment duration (1 h) were transformed into frequency data using Fast Fourier
Transform. The frequency spectrum was segmented into 20 Hz intervals (0–20, 20–40,
40–60, 60–80, and 80–100 Hz), and the proportion of the total frequency content within
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each range was calculated and expressed as a percentage. This method provides a reliable
quantitative measure of muscle fatigue by highlighting changes in frequency distribution
over time, making it particularly suitable for analyzing prolonged sitting conditions. The
results for the two chairs for each participant were compared using a paired t-test (α = 0.05)
in MATLAB, after confirming data normality through the Shapiro–Wilk test to ensure that
the assumptions for parametric analysis were satisfied.

4. Results
4.1. Experiment I: Short-Term Evaluation
4.1.1. Lumber and Pelvic Rotation Angles

Significant differences in the joint angles were found between the two chairs, both
when leaning and when not leaning against the backrest. When leaning against the backrest,
Chair A demonstrated significantly greater values (mean difference: 0.8~15.3◦ by analysis
conditions) in the upper lumbar angle, lower lumbar angle, and hip angle for both correct
and improper postures compared to those of Chair B (Table 1, Figure 5a). This indicates
that Chair A more effectively maintains the spine’s S-shape. When not leaning against the
backrest, significant differences were observed only in the hip angle (6.8~7.3◦ by analysis
conditions) for both correct and improper postures (Figure 5b).

Table 1. Analysis results of lumber and pelvic rotation angles (unit: ◦).

Analysis Condition
Mean Mean Difference

(A–B)Chair A Chair B

Leaning

Upper Lumber Angle Correct Posture −7.4 −6.2 1.2 *
Improper Posture −5.6 −4.8 0.8 *

Lower Lumber Angle Correct Posture −3.6 −0.9 2.7 *
Improper Posture 0.4 2.3 1.9 *

Hip Angle Correct Posture 79.8 64.7 15.2 *
Improper Posture 76.9 61.6 15.3 *

Non-Leaning

Upper Lumber Angle Correct Posture −7.0 −7.0 0.0
Improper Posture −4.5 −4.3 −0.1

Lower Lumber Angle Correct Posture −2.8 −2.7 0.0
Improper Posture 3.1 3.3 −0.2

Hip Angle Correct Posture 85.9 78.6 7.3 *
Improper Posture 81.5 74.7 6.8 *

* p < 0.05.

 
(a) (b) 

Figure 5. Analysis results in lumber and pelvic rotation angles: (a) leaning; (b) non-leaning (unit: ◦;
* p < 0.05; error bar: standard error).
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4.1.2. Muscle Use

Significant differences in muscle usage were observed between the two chairs only
when leaning against the backrest. When leaning against the backrest, Chair A demon-
strated significantly higher values in back muscle usage (5.9~10.8% by analysis conditions)
and lower values in abdominal muscle usage (−4.2 ~ −2.1% by analysis conditions) for
both correct and improper postures compared to Chair B (Table 2, Figure 6a). This suggests
that Chair A more effectively maintains the spine’s S-shape using the back muscles. When
not leaning against the backrest, no significant differences were observed (Figure 6b).

Table 2. Analysis results of lumber and pelvic muscle usu (unit: %).

Analysis Condition
Mean Mean Difference

(A–B)Chair A Chair B

Leaning

Back muscle
Correct Posture 15.5 4.7 10.8 *

Improper Posture 10.9 5.0 5.9 *

Abdomen muscle
Correct Posture 5.9 10.1 −4.2 *

Improper Posture 7.0 9.1 −2.1 *

Non-Leaning

Back muscle
Correct Posture 5.8 5.9 −0.1

Improper Posture 6.4 6.3 0.1

Abdomen muscle
Correct Posture 7.3 5.9 1.5

Improper Posture 6.9 6.5 0.4
* p < 0.05.

 
(a) (b) 

Figure 6. Analysis results in back and abdomen muscle usage as %MVC: (a) leaning; (b) non-leaning
(unit: %; * p < 0.05; error bar: standard error).

4.1.3. Muscle Use

Significant differences in subjective satisfaction were observed between the two chairs,
both when leaning and not leaning against the backrest. For both occasions, the satisfaction
scores for Chair A were 0.6 to 1.4 points higher on average than those for Chair B. Statistical
significance was found in all cases except for the hip region when not leaning against the
backrest (Figure 7).
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(a) (b) 

Figure 7. Analysis results in subjective satisfaction: (a) leaning; (b) non-leaning (* p < 0.05; error bar:
standard error).

4.2. Experiment II: Long-Term Evaluation

The findings revealed that Chair A exhibited a lower frequency content percentage in
the lower frequency ranges (0–40 Hz) and a higher percentage in the higher frequency range
(60–80 Hz) compared to Chair B (Figure 8). Specifically, the frequency content percentages
for Chair A in the lower frequencies (0–20 Hz: 1.3%; 20–40 Hz: 13.6%) were significantly
reduced by an average of 47% and 34%, respectively, when compared to those of Chair B
(0–20 Hz: 2.6%; 20–40 Hz: 20.8%). Furthermore, the frequency content percentage of Chair
A in the higher frequency range (60–80 Hz) was 37.7%, which was significantly higher, by
an average of 34%, compared to Chair B (28.4%). However, no significant differences were
found in the frequency content percentages between the two chairs in the 40–60 Hz and
80–100 Hz ranges.

Figure 8. Analysis results in muscle fatigue analysis (* p < 0.05; error bar: standard error).

5. Discussion
This study analyzed the characteristics of ergonomic chairs through both short- and

long-term experiments, focusing on natural sitting actions and fatigue levels during pro-
longed sitting. Experiment I (short-term evaluation) allowed for the immediate assessment
of characteristics while making a sitting posture, specifically the angles of the pelvis and
back regions and muscle usage, as participants sat down in the chair from a standing
position and adopted certain postures (either correct or improper, as defined in this study).
Experiment II (long-term evaluation) enabled the analysis of differences in muscle fatigue
in the lumbar region as participants sat for extended periods. These experiments verify
that the proposed ergonomic chair facilitates the adoption of a correct sitting posture more
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easily and maintains the correct posture with less muscle fatigue over prolonged periods,
thereby allowing for better posture sustainability.

The ergonomic chair with a four-segment flexible seat pan introduced in this study
has proven beneficial in maintaining a correct posture across various sitting positions and
conditions compared to conventional chairs. This segmented seat pan was designed with
the intention of enabling localized flexibility and allowing each part of the pelvis and thigh
to move more freely. From a biomechanical perspective, it was hypothesized that this would
promote forward pelvic tilt and reduce the restriction of soft tissue movement around the
ischial tuberosities, thus supporting a more natural S-shaped spinal posture. Although
the ergonomic chair demonstrated slightly higher abdominal muscle activation when
leaning forward, the level remained within functional ranges and did not indicate excessive
muscular effort. Moreover, the increased activation of back muscles may help share the
postural load, potentially reducing localized fatigue in the abdominal area over time. It
was observed that, whether leaning against the backrest in the correct or improper posture,
the ergonomic chair more naturally facilitated forward pelvic rotation and maintained
the spine’s S-shape. In terms of muscle usage, while conventional chairs tend to engage
the abdominal muscles more than the back muscles when leaning against the backrest,
the proposed chair shows increased activation of the back muscles, which are crucial in
supporting the S-shape of the spine [5,9,28,61]. When not leaning against the backrest, no
significant difference was observed in the maintenance of the spine’s S-shape between the
two types of chairs, although the ergonomic chair was better at encouraging forward pelvic
rotation. Without backrest support, both types of chairs resulted in similar levels of back
and abdominal muscle usage and spinal shape, highlighting the potential role of the seat
pan design in influencing posture.

Subjective satisfaction levels showed smaller differences when sitting without back
support compared to when leaning against it. This could be attributed to the biomechanical
characteristics acting on the lumbar and abdominal regions being similar regardless of chair
type when sitting without back support. However, when leaning against the backrest, the
effects of the backrest design on posture and muscle usage must be considered, as the two
chairs used in this study had different backrest designs. This difference in backrest design
represents a limitation of the study, as it may have influenced the observed outcomes when
leaning against the backrest. Despite this limitation, the ergonomic chair’s ability to allow
greater forward pelvic rotation, even in non-leaning positions, suggests it could be a crucial
factor in maintaining the lumbar S-shape during prolonged sitting periods. In addition to
the flexible seat pan, the ergonomic chair developed in this study accommodates various
body sizes by offering different chair leg lengths and backrest depths.

While previous studies have primarily focused on the ergonomic effects of backrests,
this research concentrates on the design of seat pans and their impact on sitting posture.
This study specifically examined postures without backrest support to isolate the effects of
the seat pan, excluding the influence of the backrest. As noted previously, in the short-term
sitting situation, no significant differences were observed in the joint angles or muscle usage
(except for the pelvic angle) between the different chair types when not leaning against
the backrest. Ergonomic guidelines for correct posture generally recommend avoiding
prolonged sitting in a single position and instead encourage dynamic sitting. Given the
assumption that seat pan design positively affects dynamic sitting (e.g., reducing muscle
tension, distributing pressure on the spine, and decreasing back pain or discomfort), the
seat pan design proposed in this study was specifically developed to promote such benefits.
However, this study focused only on the biomechanical effects of prolonged sitting with
backrest support and did not investigate the characteristics of the back, abdomen, hip, and
thigh regions in relation to seat pan design during extended sitting without back support
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or with arm support. Furthermore, future research should examine how factors such as the
presence or absence of cushions, cushion firmness, and chair height adjustment influence
the effectiveness of the four-segment seat pan in promoting dynamic sitting. Additionally,
future studies should consider evaluating the effects of the four-segment seat pan in specific
task scenarios, such as computer work, rather than just during static prolonged sitting.

Our results regarding the dynamic seat pan showed that increased mobility and opti-
mized pressure distribution may alleviate discomfort caused by static load concentrations
on the ischial region. This finding is in line with previous studies highlighting the biome-
chanical implications of seat pan design. For example, Zemp et al. [41] emphasized that flat
seat pans may restrict the natural movement of soft tissues under the ischial tuberosities,
potentially leading to localized pressure peaks and ischemic effects. Similarly, Azghani
et al. [40] demonstrated that variations in seat pan depth influenced the myoelectric ac-
tivity of the lumbar erector spinae, supporting the role of pan geometry in muscular load
distribution. Denes et al. [42] focused on pressure redistribution through body-centred
chair development, and confirmed that the seat pan contour significantly affects pressure
comfort. Choi and Sohn [21] found that flexible backrests and concave seat pans reduced
posterior pelvic tilt and supported neutral lumbar alignment, while Kim et al. [32] showed
that a segmented seat pan improves pressure relief and user-reported comfort. Together,
these findings support the direction of our study, affirming that ergonomic seat pan design—
particularly with adaptive or segmental structures—plays a critical role in minimizing
localized pressure and supporting dynamic postural adjustment.

In this study, the lumbar angles were estimated using the Xsens system’s skeleton
model, so there may be discrepancies between the estimated and actual angles of specific
lumbar regions. The Xsens system generates its skeleton model using the rotation angles of
a single sensor attached to the lumbar region (the pelvic sensor is located around L5 at the
height of the anterior superior iliac spine, as defined by the Xsens system). In this study, the
forward and backward rotation angles of the pelvic sensor were measured as participants
sat on the chairs, influencing the degree of forward pelvic rotation and the spine’s S-shape,
which were utilized in generating the Xsens skeleton model. Therefore, the Xsens system
enabled significant analysis of the relative differences in sitting postures between the chairs.
Notably, the angles provided in this study (upper lumbar, lower lumbar, and hip angles)
may differ from the actual angular values measured in a human skeletal structure.

6. Conclusions
This study investigated the ergonomic benefits of a chair with a four-segment flexible

seat pan designed to maintain correct sitting posture. The results from both short- and
long-term evaluations indicate that the proposed chair facilitates forward pelvic rotation
and supports the formation of an S-shaped spine, thereby enhancing posture. Despite
the limitations of this study in terms of the number of participants, their demographic
and occupational diversity, and the types of chairs compared, it was confirmed that the
ergonomic design of the seat pan could significantly influence the maintenance of correct
sitting posture. Furthermore, the flexible characteristics of the seat pan were found to have
positive effects on prolonged sitting by allowing continuous body movements while seated
(e.g., dynamic sitting). However, due to the exploratory nature of this study and the limited
sample size, no prior statistical power analysis was conducted. This limitation should be
considered when interpreting the generalizability of the results, and future studies with
larger, more diverse populations are recommended.
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