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Abstract: To address lower back fatigue and poor sitting posture associated with prolonged office work, this study developed
an intelligent office chair support system based on back pressure sensing. The system utilizes a matrix of back pressure sensors
to continuously monitor pressure distribution. This data guides the adaptive adjustment of zoned air-cells and a low-cost sliding
backrest mechanism, working together to provide personalized support for the physiological curvature of the spine during
dynamic sitting postures. A controlled experiment was conducted, comparing the prototype against commercially available chairs
rated for high and low comfort using surface electromyography and subjective comfort ratings. The results show that the
intelligent seat significantly delayed fatigue in the erector spinae muscle (p < 0.05) and effectively reduced lower back
discomfort. This confirms its effectiveness in optimizing sitting posture load distribution, enhancing comfort, and improving
anti-fatigue performance. The study offers a new direction for ergonomic design in office seating.
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1. Introduction

Sedentary office work is a widespread issue, with studies
indicating that prolonged sitting significantly elevates the risk
of musculoskeletal pain [1] and may lead to conditions such
as lower back pain and lumbar disc herniation. The core
progression involves: firstly, sustained static sitting causes
static fatigue in the lumbar and back muscles [2]; secondly,
muscle fatigue reduces support capacity, leading to poor
posture and biomechanical imbalance of the spine [3]; thirdly,
abnormal spinal curvature results in uneven pressure on
intervertebral spaces, causing disc deformation and nerve
compression, which manifests as soreness, numbness, and
swelling in the lower limbs [4].

Current research primarily focuses on two approaches. The
first involves alternating between sitting and standing to
alleviate muscle fatigue, with recommended sit-stand ratios
ranging from 1:1 to 3:1 [5]. This approach has been shown to
reduce lower back discomfort [6][7], although related
products such as active office chairs may affect work
efficiency [8]. The second approach aims to extend muscle
fatigue duration and assist in maintaining the physiological
curvature of the spine through scientifically designed upper
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Excessive curvature leads to
overarching of the lower back
Deviating from the spine's
natural curvature, resulting in
inadequate support

body support. The natural physiological curvature of the spine
in an upright posture is generally regarded as a relatively
healthy and reasonable alignment [9][10]. Effective support
design should provide adequate back support while
encouraging the maintenance of a healthy spinal curvature.
The lumbar region, being the most loaded and mobile
transitional segment [11], has become a focal point in support
design. Studies confirm that lumbar support reduces spinal
load [12], and maintaining lumbar lordosis is also crucial for
minimizing load [13]. In seat design, lumbar support is often
considered central to backrest optimization [14].
Consequently, most ergonomic chairs commonly feature a
prominent lumbar support design, as illustrated in Figure 1.
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Figure 1. Ergonomic Chair
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Figure 2. Illustration of Excessive Arching of the Lower Back
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However, excessive emphasis on lumbar protrusion can
ecasily lead to separation of the upper back from the chair
backrest, causing posterior displacement of the thoracic spine
and forward head posture, ultimately resulting in kyphosis
[15]. Concurrently, high-pressure zones form in the lumbar
region, as shown in Figure 2, which can exacerbate ischemic
fatigue in soft tissues [16].

On the other hand, office sitting postures are dynamic, with
a reclining angle between 110°and 135°being a common
preference [17]. However, during reclining, the misalignment
between the hip joint's center of rotation and the chair's pivot
axis generates shear forces, leading to the "back-scrubbing
effect" [18]. Existing solutions, such as fixed pivot points or
synchronous tilt mechanisms [19], often involve complex
structures and high costs, posing limitations that hinder
widespread adoption.

This study posits that the key lies in providing scientifically
sound back support across various sitting postures to maintain
a healthy physiological spinal curvature. The design concept
aims to achieve balanced pressure distribution across the
entire spine statically, offering personalized and precise
support. Dynamically, it seeks to employ a low-cost, simple
mechanism that keeps the backrest support points relatively
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stationary relative to the characteristic points of the human
spine during tilting, thereby achieving the goal of "zero back-
scrubbing" and minimizing relative motion.

2. Sample Design

This study was designed based on the natural physiological
curvature of the adult male spine. According to literature, the
normal range of lumbar lordosis in males is approximately
20°—45°[20], with a mean value of about 32.42° + 6.29° [21].
Thoracic kyphosis generally falls within 35°-45° [20]. Based
on these data, lateral spinal radiographs of 24 adult males
were collected and digitally processed to derive a
representative physiological spinal curve. This curve
informed the design of a standard backrest support panel
made of ABS plastic (Figure 3). The panel features a graded
wall thickness, gradually decreasing from 7 mm at the upper
section to 4 mm at the lower section. The reduced thickness
at the lower region enhances conformity and dynamic
adaptability, while the increased thickness at the upper section
improves bending stiffness to provide adequate shoulder and
back support.

Isometric
Pressure
Monitoring Zone

Figure 3. Fitted Curve and Slipport Panel

To finely regulate pressure distribution and cover spinal
segments from T1-T12 in the thoracic region to L1-L5 in the
lumbar region, the support surface was divided into three
zones along the spine: upper, middle, and lower back. Each
zone contains three pressure detection areas, resulting in a
total of nine independent equally spaced regions where a
matrix of thin-film pressure sensors was placed. The backrest
inclination angle 6 (90°-150°) was introduced as the
independent variable, and multidimensional pressure data
were collected. Ten healthy adult male participants were
invited to perform sitting trials at four typical recline angles:
90°, 110°, 130°, and 150°, during which real-time pressure at
each detection point was recorded. Considering the influence
of body weight on absolute pressure values, the study adopted
the normalized Pressure Ratio Coefficient as the key control
parameter.

The pressure value measured at each point (P;) is divided
by the participant's body weight(W), to obtain the Normalized
Pressure Ratio Coefficient (PRC). That is:

Pie
PRC;(0) = W X 100% ¢))

Here,P; represents the pressure at the i-th measurement
point, and W denotes the body weight. The distribution
patterns of PRC across measurement points under varying
angles and postures were identified through analysis of
multiple experimental datasets.Statistical analysis was
performed on experimental data collected from multiple
subjects. Following the removal of outliers, the average ratio

coefficient PRC; was calculated for each measurement point
under different tilt angles and postures. The resulting set
{PRC,,PRC,, ..., PRC;,} serves as the target benchmark for
the system to assess the healthy support state.Based on the
established pressure ratio benchmark, nine airbag actuator
units were integrated behind the backrest support panel to
form a dynamic support mechanism driven by pressure-
compensation, as illustrated in Figure 4. A closed-loop
feedback control system was designed to regulate the inflation
and deflation of this multi-airbag array, enabling active
adaptive support for the user's spinal alignment.
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Figure 4. Schematic Diagram of Airbag Assembly
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During the system initialization phase, the current user's
body weight W, is manually entered. The system then
proceeds to the posture recognition stage, where it identifies
the user's current backrest inclination angle 6.,ren: based
on data from a backrest angle sensor and an analysis of the
pressure distribution pattern. According to this angle, the
corresponding set of ideal pressure ratio coefficients
{PRCi_mrget} is retrieved from a pre-established database.
Subsequently, the theoretical target pressure P; tgpge¢ for
each support zone is calculated using the following equation:
Pitarget = PRCitarget x VVuser (2)

In the real-time monitoring and error analysis stage, the
system continuously acquires the actual pressure P; 4¢yq; In
each zone via sensors and calculates the deviation from the

target value:
AP,: = Pi (3)

Finally, in the adjustment and execution stage, a
permissible error threshold € is defined. The pressure
deviation AP; for each zone is evaluated. If |AP;| < €, the
air pressure in the corresponding airbag remains unchanged.
If AP; > €, it indicates insufficient support, and the control
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system inflates the respective airbag. Conversely, if AP; <
—e, it signals localized excessive pressure, prompting the
system to deflate that airbag. This process enables adaptive
adjustment of the support.

On another front, to reduce back shear forces caused by the
misalignment of pivoting axes between the user and the chair
during reclining, this study proposes a low-cost sliding-back
mechanism integrated with the seat frame. Kobara et al. [22]
demonstrated that mechanical assistance can promote
coordinated motion between the user and the chair, thereby
lowering shear forces. Building on this, the present study
designed a more streamlined and efficient linkage solution
(Figure 5). Its core consists of a pulley-and-rail mechanism
housed inside the back frame. When the user reclines, the seat
base drives the back frame to tilt rearward, while pressure
from the back and gravity cause the pulley to slide downward
along the rail. This motion compensates for the difference in
rotational arc between the torso and the backrest,
synchronizing the movement of the user and the chair. As a
result, the contact points between the back and the backrest
remain relatively stable throughout the reclining process.
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Figure 5. Sliding Back Component and Backrest Movement Description

Based on the design of the support panel, the sliding-back
mechanism, and the integrated air-cell adjustment system, a
functional prototype was developed and assembled. The
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physical prototype is shown in Figure 6 and will serve as the
experimental seat for subsequent performance evaluation and
validation.

Air pump

Air Compressor Motor

Figure 6. Physical Sample

3. Experimental Design

To validate the effectiveness of the proposed dynamic
sliding-back structure and the three-zone air-cushion support
system, a comparative experiment was conducted. First,
control chairs were selected based on market
representativeness and functional comparability. Experts
identified seven chair models from a pool of office chairs that
ranked within the top 20% in sales on Taobao over the past
year, fell within a comparable price range, and featured zoned
support and motion-compensation mechanisms (Figure 7).
These chairs represent the current industry benchmark for
dynamic support and pivot compensation.

Each evaluator sat in every chair for 8 minutes and then
immediately completed a subjective comfort questionnaire,
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rating back, lumbar, and overall comfort on a 5-point Likert
scale (1 =“very uncomfortable”, 5= “very comfortable”). The
statistical results (Table 1) showed the following overall
comfort ranking from highest to lowest: G, E, D, C, F, A, B.
The chairs with the highest (G) and lowest (B) comfort
ratings were ultimately selected as control groups. This
approach helps to amplify the differences in lumbar and back
muscle activity between the new prototype and existing
products, avoiding the performance-neutralizing effect of
moderately comfortable chairs. It also allows for evaluating
the new chair in two aspects: reducing biomechanical load
(compared to the low-comfort chair) and enhancing overall
comfort (compared to the high-comfort chair), thereby
providing a scientific assessment of sitting posture
improvement. The formal experiment adopted a mixed-



method design, combining subjective and objective measures. (sEMG) was used to analyze muscle activity: the root mean
Eight healthy male graduate students participated as subjects square (RMS) value was employed to quantify static muscle

in a repeated-measures study comparing the prototype load, while the decline rate of the median power frequency
(featuring zoned air-cushion support) with the selected high- (MPF) served to assess muscle fatigue accumulation during
and low-comfort market chairs. Surface electromyography prolonged sitting [23].

Table 1. Mean Subjective Comfort Evaluation Scores for A-G Seat Samples

Seat Model Back comfort Waist comfort Overall comfort
(Mean+SD) (Mean+SD) (Mean+SD)
A 2.2+0.79 2.3+0.82 2.5+0.85
B 2.2+0.92 1.6+0.70 1.9+0.74
C 3.2+1.03 3.2+0.92 3.0+£1.05
D 3.3+0.82 3.6+0.84 3.4+0.97
E 3.0£1.15 4.3+0.67 3.6:0.84
F 3.2+0.79 3.2+0.92 3.0+0.82
G 3.7+0.82 4.6+0.52 4.2+0.63

(C)—the latter two selected based on prior Likert scale ratings.
To control for initial force deviations due to individual

3.1. Methods

The study involved eight male graduate students (aged anatomical differences, all chairs were individually adjusted
23+1 years, height 1.76+0.02 m, body weight 70.7+7.1 kg, in seat height and depth according to each participant’s
BMI 24.2+1.3 kg/m?) with no history of chronic low back anthropometric measurements, ensuring an equivalent initial
pain, spinal or pelvic surgery, lower limb surgery, biomechanical support condition.
neuromuscular disorders, or skin sensitivity that could affect Participants were assigned to the three chair conditions in
postural stability. The study protocol was approved by the a randomized order following a standard Latin square design.
Ethics Committee, and all participants provided written Each testing session included two seated postures performed
informed consent. sequentially: (1) an upright sitting posture, with the trunk held

Three office chairs were evaluated: an experimental chair straight in a standardized 90° position, and (2) a reclined
(A) equipped with a novel air-cushion zoned backrest, a sitting posture, in which the body leaned back against the
commercially available chair rated highly for comfort (B), chair backrest at an approximate angle of 120° (Sun Xinxin et
and a commercially available chair rated low in comfort al., 2014) [18], as illustrated in Figure 7.
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Figure 7. Seats and Seating Positions in the Experiment

Each participant completed a total of six experimental Borg CR-10 scale, where 0 indicates no discomfort and 10
sessions (3 chairs x 2 postures). Each seated posture was represents extreme discomfort. Electromyographic (EMG)
maintained over a period of 45 minutes, with a 10-minute rest signals were sampled at 1000 Hz. Raw surface EMG data
interval between sessions. To obtain stable postural data and were band-pass filtered at 30-450 Hz to reduce noise, and a
minimize interference from fatigue, all measurements were 50 Hz notch filter was applied to eliminate mains interference.
taken 30 minutes after the beginning of each sitting session. All data processing was performed in MATLAB R2024b.
3.2. Data Collection and Processing 4. Results and Discussion

Muscle activity was monitored using a BIOPAC MP150
multiphysiological recording system. Prior to electrode

4.1. Objective Results Analysis

placement, the skin was shaved, lightly abraded, and cleaned As shown in Table 2, muscle activation was generally
with alcohol. Surface electrodes (10 mm in diameter, 20 mm higher during upright sitting compared to reclined sitting,
inter-electrode distance) [24] were positioned over the muscle indicating that sitting posture influences the baseline load on
bellies of the left and right erector spinae (LES, 3 cm lateral the lumbar and back muscles. Under the higher-load upright
to the L3 spinous process), multifidus (MF, 2 cm lateral to the condition, the experimental chair showed a trend toward
L5 spinous process), and quadratus lumborum (QL, 4 cm reduced muscular effort, with the mean RMS value of the
lateral to the erector spinae). These muscles represent a core erector spinae lower than that observed in both control chairs.
functional unit for lumbar stability, primarily responsible for Although ANOVA indicated that this difference did not reach
postural control, segmental stabilization, and lateral balance, statistical significance (P = 0.085), the decrease in the mean
respectively. Monitoring their activity provides insight into value suggests that the air-cushion zoned support physically
biomechanical homeostasis during prolonged sitting oftloaded part of the spinal burden.
[25][26][27] In the reclined posture, where trunk weight is transferred to
Subjective discomfort in the upper back and lower back the backrest, the differences in RMS values among the chairs
(lumbar region) was recorded after each session using the diminished further. The RMS of the quadratus lumborum and
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multifidus muscles showed little variation across conditions,
indicating that these muscles primarily contribute to postural

fine-tuning and deep stabilization during static sitting and are

less sensitive to changes in external support structures.

Table 2. RMS Statistics Table

Msde | Sdposton | CruiEotov | Complemp i [ Beinieon [ r |
Upright 0.112+0.088 0.118+0.092 0.082+0.075 2.94 0.085
ks Recline 0.104+0.108 0.062+0.084 0.071+0.089 2.15 0.153
Upright 0.081+0.095 0.092+0.108 0.074+0.088 0.72 0.503
Qb Recline 0.052+0.082 0.061+0.091 0.055+0.084 0.12 0.887
Upright 0.015+0.012 0.014+0.011 0.012+0.009 0.56 0.583
ME Recline 0.008+0.006 0.009+0.007 0.011+0.010 0.85 0.448

(Note: *Indicates a significant difference compared to the control group (p < 0.05)

The mean power frequency (MPF) slope serves as a key
frequency-domain indicator for assessing muscular fatigue
accumulation. Values closer to zero or positive values (an
upward trend) reflect better anti-fatigue performance. In

terms of fatigue resistance, the experimental chair
demonstrated statistically meaningful outcomes.
0.05 - - [ Control Low
[ Conteal High
I cpcrimental

dutal

-0.05

0.15

MPF Decline Rate (%)

T T
Erector Spinae Quadratus Lumborum Multifidus

Figure 8. MPF Statistics in an Upright Sitting Posture

As illustrated in Figure 8, during the upright sitting task,
the low-comfort control chair exhibited a clear leftward shift
in the power spectrum, suggesting the onset of muscle fatigue.
In contrast, the experimental chair showed MPF slopes that
approached zero in both the erector spinae and quadratus
lumborum muscles, with a slight positive increase observed
in the quadratus lumborum (0.032 + 0.02). These findings
indicate that the air-cushion zoned support system offers more
sustained physiological benefits compared to traditional chair
designs, primarily by dynamically maintaining the lumbar
curvature and preventing localized muscular overload.

Based on the analysis of experimental data from the three
target muscle groups in the back (erector spinae, multifidus,
and quadratus lumborum), this study found that the air-
cushion zoned support system in the experimental chair
demonstrated a significant anti-fatigue effect on the erector
spinae (p < 0.05), as shown in Table 3. In contrast,
biomechanical differences across the three chairs were
minimal for the multifidus—which maintains deep
stabilization—and the quadratus lumborum, responsible for
lateral balance, with no statistically significant variations
observed.

Table 3. Statistical Results of Electromyographic Indicators for the Erector Spinae (ES) Under Different Seating Conditions (n=8)

Experimental Evaluation Control group-Low Contﬁ)ilgghroup- Experimental group F P
Conditions Indicators (Mean£SD) (MeantSD) (Mean£SD)
Recline RMS 0.10+0.11 0.06:+0.08 0.07+0.09 2.15 0.153
MPF -0.05+0.12 -0.09+0.14 -0.01+0.08 4.82 0.024*
Upright RMS 0.10+0.09 0.11+0.09 0.08+0.08 2.94 0.085
MPF -0.01+0.09 -0.05+0.08 0.01+0.04 5.11 0.019*

(Note: *Indicates a significant difference compared to the control group (p < 0.05)

The key finding of this study is that the experimental seat
showed a significantly lower rate of decline in MPF for the
erector spinac muscle compared to the control (p < 0.05).
Under both seated postures tested, the MPF decline rate in the
experimental group was close to zero or even exhibited a
positive regression, indicating that the dynamic sliding
backrest mechanism combined with zoned air-cell support
effectively mitigated muscle fatigue. The erector spinae, a
superficial core muscle group [28], is sensitive to
displacement of the supporting surface. In the experimental
seat, the sliding backrest compensated for axis misalignment
during backward leaning, thereby eliminating defensive
muscle contraction caused by "back shear." Meanwhile, the
dynamic zoned air-cell support filled the gaps in load
distribution at the lumbosacral region, precisely offloading
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the erector spinae. This shift from passive adaptation to active
support forms the biomechanical basis for delaying fatigue in
the erector spinae.

Although the RMS mean values in the experimental group
showed a declining trend, some differences did not reach
statistical significance (e.g., p = 0.085 for the erector spinae
in the upright posture). This may be due to the fact that seated
posture maintenance involves both the erector spinae and
deeper muscles such as the multifidus. When external support
shares part of the load, motor units may remain somewhat
activated to preserve fine balance.

Furthermore, differences among the three seat types were
minimal regarding the multifidus and quadratus lumborum
muscles. The multifidus primarily maintains intersegmental
stability of the spine, and its activation depends more on the



intrinsic mechanical state of the spine than on external
support morphology. The quadratus lumborum is more
engaged in lateral stabilization; its coronal plane support role
was not fully elicited in this experiment, which was primarily
conducted in the sagittal plane.

4.2. Subjective Outcome Analysis

The Borg CR-10 scale data submitted by participants were
analyzed to evaluate changes in back discomfort across

different seats and postures, as summarized in Table 4.

Table 4. Scores for Localized Body Discomfort Under Different Seating Positions and Chair Conditions (Mean + SD, n=8)

. Control group-Low Control group-High Experimental grou P
Body part Seated position (MeagniSI]))) (Mefnis%) ¢ p(MeaniSDg) b (Seat Effect)
lower back Recline 5.2+1.4 4.1£1.1 2.6+0.9 <0.001**
Upright 4.5+1.2 3.2+0.9 2.0+0.7 0.003*
Upper back Rec.line 2.8+1.1 2.5£1.0 2.3+0.8 0.312
Upright 2.1£0.9 1.840.7 1.940.8 0.455

(Note: *Indicates a significant difference compared to the control group (p < 0.05)

Subjective ratings indicated that all participants reported
higher overall discomfort in the upright sitting posture
compared to the reclined posture, suggesting that the backrest
shared part of the trunk load in the reclined position, thereby
alleviating perceived pressure. In upright sitting, the
experimental seat demonstrated the most pronounced
advantage, with a score (2.6+0.9) approximately 50% lower
than that of the comfort control group. This aligns with the
physiological observation of the most stable MPF in the
erector spinae, confirming that the zoned air-cell support
translates into measurable comfort improvement. Although
lower back discomfort ratings were significantly higher than
upper back ratings in both postures, the experimental seat
reduced this discrepancy, promoting more balanced load
distribution across the back.

The experimental seat maintained the lowest discomfort
levels in both postures, demonstrating robustness in dynamic
office scenarios. Notably, no significant differences were
observed among the three seats in terms of upper back
discomfort. This may be due to the fact that the thoracic
region did not reach a fatigue threshold within the short
experimental period (45 minutes). Alternatively, it may
suggest that the current stiffness ratio of the upper back air-
cells could be further optimized; adjusting their firmness in
future designs may help balance pressure distribution across
the entire back.

5. Conclusion

This study employed an integrated objective-subjective
approach to evaluate the biomechanical performance of a
novel seat featuring zoned air-cell support. The following
conclusions were drawn:

1. The intelligent zoned air-cell support demonstrates
significant physiological anti-fatigue benefits. During
prolonged static sitting, the experimental seat significantly
delayed the fatigue progression of the erector spinae muscle
(p < 0.05). This suggests that the design does not merely
reduce overall muscle activation but enhances the metabolic
efficiency of core muscles in maintaining posture by
optimizing lumbar pressure distribution.

2. Subjective perception aligns closely with physiological
indicators. Ratings on the Borg CR-10 scale indicated that the
experimental seat significantly reduced subjective discomfort
in the lower back. The improvement in perceived comfort
corresponds  with  the  objective  reduction in
electromyographic fatigue rates, confirming the practical
effectiveness of the design.

In summary, this study verifies that an intelligent air-cell
adjustment system based on pressure-distribution monitoring
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can actively intervene biomechanically in sitting behavior. It
encourages users to maintain a healthy spinal curvature
unconsciously, thereby promoting the long-term habituation
of correct posture. This design offers a more physiologically
adaptive dynamic support solution, providing a theoretical
basis for preventing occupational musculoskeletal disorders
and optimizing office furniture design. Future research will
further validate the general applicability of this system across
broader populations.
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