
REGULAR PAPER

International Journal of Precision Engineering and Manufacturing
https://doi.org/10.1007/s12541-025-01388-2

	
 Seung Tae Choi
stchoi@cau.ac.kr

1	 Functional Materials and Applied Mechanics Lab, School of 
Mechanical Engineering, Chung-Ang University,  
Seoul 06974, Republic of Korea

2	 Polyworks Co., Ltd, 238 Bucheon-ro, Wonmi-gu,  
Bucheon-si 14488, Gyeonggi-do, Republic of Korea

3	 Assistive and Rehabilitation Robotics Lab, School of 
Mechanical Engineering, Chung-Ang University,  
Seoul 06974, Republic of Korea

Abstract
Accurate measurement of plantar stress is essential for biomechanical monitoring, injury prevention, and clinical diagno-
sis. While most insole sensors are limited to detecting normal pressure, shear stress, which is critical for assessing postural 
imbalance and movement dynamics, remains largely unmeasured. This study presents a simple and scalable method to 
simultaneously measure plantar pressure and shear stress using conventional piezoresistive sensors. Each sensor mod-
ule consists of five sensors: one centrally placed and oriented parallel to the insole surface and four tilted at 45° in the 
forward, backward, left, and right directions. The sensors are fabricated on a flexible polyimide substrate and mounted 
using polyethylene terephthalate film fixtures to maintain their tilted orientations; they are then encapsulated with an 
ultraviolet-curable (UV-curable) resin for durability. Vertical and shear compression tests were conducted to character-
ize the orientation-dependent responses of the sensors. Additionally, finite element analysis was performed to verify the 
positional and orientational changes of the sensors during compression, with results correlated to the experimental data. 
By analyzing the differential signals from the five sensors, shear stress magnitude and direction were inferred based on 
characteristic variations in signal output under combined loading. Four sensor modules were embedded into an insole 
system and tested during treadmill walking and running. The results demonstrated effective, real-time detection of both 
plantar pressure and shear stress. The system offers a promising solution for gait analysis, athletic-performance monitor-
ing, injury risk assessment, and rehabilitation in both sports and clinical settings.

Highlights
	● A simple and scalable insole sensor system is developed using commercial piezoresistive sensors, enabling simultaneous 

measurement of plantar pressure and shear stress.
	● Sensor modules with five distinctly oriented sensors enable direction-sensitive detection of both normal and tangential 

forces.
	● Finite-element analysis is used to accurately determine local stress states on each sensor, accounting for large deforma-

tions in elastomeric substrates.
	● Experimental results demonstrate reliable discrimination between shear and normal stresses under vertical and inclined 

loading, as well as during treadmill walking and running.
	● The system demonstrates strong potential for real-world biomechanical monitoring, injury prevention, and wearable 

health applications, owing to its robustness, flexibility, and ease of integration.
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1  Introduction

Plantar pressure and its distribution have been extensively 
studied across various fields, including foot biomechanics 
[1–4], athletic performance assessment [5]– [6], disease 
diagnosis [7–9], and footwear design [10]– [11]. The assess-
ment of plantar stress, which includes both normal (vertical) 
and shear (tangential) stresses, is essential for understand-
ing human movement, preventing injuries, and addressing 
medical conditions such as diabetic foot ulcers [9, 12]– [13]. 
Normal stress reflects the load distribution perpendicular to 
the foot’s surface, whereas shear stress captures tangential 
forces that can induce friction and tissue distortion. These 
forces interact significantly in high-load regions such as 
the heel and metatarsal heads, contributing to injuries, gait 
abnormalities, and chronic conditions [13–15].

Despite the critical role of shear stress, conventional 
measurement systems have predominantly focused on nor-
mal stress, limiting a comprehensive understanding of plan-
tar mechanics. Honert et al. [4] demonstrated that ground 
reaction forces (GRFs) estimated from plantar pressure 
data provide valuable insights into the dynamics of human 
locomotion. The role of shear stress has gained increasing 
recognition, particularly for detecting postural imbalances 
and diagnosing conditions in both sports and medical con-
texts [6, 9, 15]– [16]. Anterior cruciate ligament tears and 
ankle sprains, commonly occurring during high-impact 
movements such as side cuts and crossover cuts, are often 
associated with excessive internal and external in-shoe 
shear forces, leading to abnormal joint torques [5, 15]. In 
the medical domain, the demand for sensors capable of 
measuring shear stress is growing. For instance, Bader et al. 
[12] reported that shear stress within subdermal tissues can 
cause mechanical disruption, contributing to the formation 
of pressure ulcers.

To address this critical measurement gap, flexible pres-
sure sensors have emerged as key components in e-skin and 
wearable electronics [17–21]. These sensors are designed to 
be integrated into insoles for detailed gait monitoring [22]. 
These insole sensors leverage various transduction princi-
ples, primarily piezoresistive, capacitive, piezoelectric, and 
optical, to measure both normal and shear stress, each pre-
senting a unique combination of advantages and challenges.

Piezoresistive sensors, which function based on the 
change in electrical resistance of a material under mechani-
cal stress [21, 23–25], are widely utilized. They are known 
for their high sensitivity, fast response time, and excellent 
repeatability. For instance, materials like MXene-based 
composites have demonstrated ultra-high sensitivities up 
to kPa⁻¹ [21], and carbon-based composites have shown 
excellent stability over thousands of cycles, making them 
strong candidates for long-term monitoring [17]. Capacitive 

sensors, conversely, measure pressure by detecting changes 
in capacitance from the deformation of a dielectric layer. 
They offer benefits such as a simple structure, good repro-
ducibility, and low power consumption [26]. However, their 
practical application can be constrained by a limited detec-
tion range and durability issues under dynamic loading con-
ditions [13].

For self-powered applications, piezoelectric and tri-
boelectric sensors are prominent. Piezoelectric sensors 
generate a charge in response to dynamic force or strain 
[27]– [28], meaning they respond to the rate of change in the 
applied force. This allows for high sensitivity, but they can-
not measure static loads directly and require complex signal 
processing, such as time integration, to quantify force mag-
nitudes. They also suffer from practical issues like crosstalk 
and the need for recalibration [28]. Triboelectric nanogen-
erator (TENG)-based insoles, which generate an AC signal 
from contact and separation of materials [6, 8, 29], are also 
self-powered and can measure normal and shear stresses. 
However, their performance is notably sensitive to environ-
mental conditions like humidity, although encapsulation has 
been shown to improve durability [8].

Other approaches include optical and inductive sen-
sors [19, 30]– [31]. Optical insoles using fiber Bragg grat-
ing (FBG) technology can simultaneously monitor plantar 
pressure and shear stress by measuring shifts in light wave-
length. This method offers a compact and robust solution 
but requires a complex, individualized calibration proce-
dure for each sensor to achieve accurate force separation 
[30]. Inductive-based sensors enable tri-axial force mea-
surements but have demonstrated significant durability 
issues during gait testing, with sensor failure occurring at 
rapid walking speeds [31].

While these pioneering approaches have significantly 
advanced the field, they often present practical challenges 
that limit their widespread adoption. Many existing methods 
often rely on complex fabrication processes such as photoli-
thography, specialized materials, or the creation of intricate 
3D microstructures. Furthermore, accurately decoupling 
normal and shear forces frequently requires computationally 
intensive post-processing algorithms, including individual-
ized sensor calibration, phase analysis, or vector decompo-
sition, which can complicate real-time applications. These 
factors collectively hinder the development of robust, cost-
effective, and scalable insole systems suitable for broad 
clinical and consumer use. This highlights a clear need for a 
simpler, more accessible method that utilizes commercially 
available components to reliably measure both plantar pres-
sure and shear stress.

In this study, we propose a simple yet novel sensor array 
that utilizes conventional piezoresistive sensors to mea-
sure both types of stress. The sensor array consists of five 
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piezoresistive sensors: one aligned parallel to the insole 
surface and four tilted at 45° in forward, backward, left, 
and right directions. This configuration enables differential 
signal analysis to distinguish between normal and shear 
stresses. The sensors are fabricated on a flexible polyimide 
substrate using standard manufacturing processes. Polyeth-
ylene terephthalate (PET) films serve as simple mechani-
cal fixtures to maintain the inclined orientations, and 
encapsulation with ultraviolet (UV)-curable resin provides 
structural robustness. We conducted vertical and shear 
compression tests to evaluate the voltage–stress responses 
of the sensors and employed finite element analysis (FEA) 
to validate their performance under various loading condi-
tions. Insole modules incorporating four modules of these 
sensors were fabricated and tested during treadmill walk-
ing and running. The results demonstrated effective mea-
surement of both normal and shear stresses, indicating the 
potential of this technology for motion tracking, athletic-
performance evaluation, injury prevention, and health 
monitoring. Importantly, the simplicity and commercial 
viability of this design could facilitate its widespread adop-
tion in both clinical and athletic settings.

2  Design and Fabrication of Piezoresistive 
Sensor Arrays

2.1  Design and Sensing Mechanism

We propose a method for measuring plantar pressure and 
shear stress using a commercial piezoresistive sensor (PAG 

array sensor series) developed by Polyworks Co. (Repub-
lic of Korea). The top and cross-sectional views of this 
commercial piezoresistive sensor are shown in Figs.  1(a) 
and 1(b), respectively. The sensor is fabricated on a 
180 μm-thick flexible printed circuit board (FPCB), com-
prising a top layer of PET film, a piezoresistive material, a 
pair of electrodes, and a bottom layer of polyimide (PI) film. 
The piezoresistive material is a composite of carbon black 
and epoxy. Similar to conventional piezoresistive sensors, 
when a normal pressure is applied, the pair of electrodes is 
pressed against the piezoresistive material, causing a change 
in electrical resistance proportional to the applied pressure. 
This mechanism enables accurate pressure measurement 
based on resistance variation.

A simple method for measuring shear stress using the 
piezoresistive sensor is illustrated in Fig. 1(c). In this illus-
tration, both a normal stress ( pa) and a shear stress ( τ a) 
are applied to the substrate, where the subscript “a” denotes 
externally applied stresses. Three piezoresistive sensors 
are arranged such that their sensing surfaces are oriented 
in three distinct directions: normal to the surface (N), tilted 
to the left (L), and tilted to the right (R). Owing to these 
differing orientations, the normal and shear stresses acting 
on each sensor vary, leading to distinct output signals. The 
externally applied normal and shear stresses ( pa and τ a) 
can be estimated by analyzing the differences among the 
three sensor outputs.

The normal stress ( σ s
22) and shear stress ( τ s

12) acting on 
each sensor, in the local coordinate system attached to the 
sensor (denoted by the superscript “s”), can be expressed 
using the following stress-transformation equations:

Fig. 1  a Design of a piezoresistive sensor; b cross-sectional view along the AA’ line of the piezoresistive sensor; c concept of measuring normal 
and shear stresses using an array of piezoresistive sensors
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designed to transmit externally applied stress directly to the 
sensor, minimizing interference from the holder.

Figure 2(d) shows a completed sensor module in which 
four sensors are tilted in four different directions, while 
the central sensor remains parallel to the surface. The sen-
sor module is encapsulated in SuperElastic (ENGR-E38L, 
3DMaterials Co., Republic of Korea), a UV-curable resin, 
and cured under a UV lamp for 1 h. The resulting module has 
dimensions of 50 × 50 × 6 mm, as shown in the photograph 
in Fig. 2(e). The four sensors for measuring shear stress are 
arranged in a 2 × 2 array with 20-mm spacing, while the sen-
sor for measuring normal stress is positioned at the center of 
this array. Ideally, both normal and shear stresses should be 
measured at the same location; however, owing to physical 
constraints, the shear-stress sensors are positioned approxi-
mately 14 mm from the central normal-stress sensor. The 
subscripts N, L, R, F, and B are used to denote the orienta-
tion of each sensor’s surface-normal vector: N for normal to 
the surface, L for left-tilted, R for right-tilted, F for forward-
tilted, and B for backward-tilted. These subscripts are con-
sistently applied to identify each sensor (e.g., SN ) and their 
corresponding output signals (e.g., VN ).

σ s
22 = pa/2 + (pa/2)cos (2θ ) − τ asin (2θ )� (1)

τ s
12 = (pa/2)sin (2θ ) + τ acos (2θ )� (2)

where the normal stress parallel to the substrate is assumed 
to be zero. However, when the substrate is made of an elas-
tomer, large deformations may occur under the applied 
stresses, causing the actual stresses on the sensor to devi-
ate from the values predicted by these transformation equa-
tions, which are based on linear elastic, small deformation 
theory. Therefore, a more general functional form of stress 
transformation is required:

σ s
22 = fn(pa, τ a, θ )� (3)

τ s
12 = fs(pa, τ a, θ )� (4)

The stress-transformation functions fn and fs are deter-
mined through FEA, as discussed in Sect. 3.

A critical challenge addressed in this study is that the 
piezoresistive sensor responds to both normal and shear 
stress, generating voltage signals under both types of load-
ing. This characteristic complicates stress analysis, as the 
sensor output cannot be attributed to a single stress compo-
nent. Instead, the sensor response is modeled as a character-
istic function that depends on both stress components:

V = g (σ , τ )� (5)

where g (• ) represents the intrinsic response function of 
the sensor, determined through independent calibration 
experiments. Using this function, the externally applied nor-
mal and shear stresses ( pa and τ a) can be estimated from 
the output voltages of the three differently oriented sensors 
( VN , VL, and VR).

2.2  Fabrication of a Sensor Module

This section describes the fabrication of a sensor module 
that incorporates tilted sensors, using a commercial piezore-
sistive sensor developed by Polyworks Co., Ltd., to enable 
the simultaneous measurement of normal and shear stresses. 
Each sensor module comprises five piezoresistive pressure 
sensors, as shown in Fig. 2(a). The sensor holder is fabricated 
from PET film, as indicated by the blue lines in Fig. 2(b), 
and includes a 6-mm diameter central hole with four sur-
rounding slits, each 7.8 mm in length. Each sensor, whose 
outer shape is represented by the red lines in Fig. 2(b), is 
bent and inserted into these four slits. As shown in Fig. 2(c), 
a single sensor becomes tilted at a 45° angle when inserted 
into the PET holder. The central hole in the PET holder is 

Fig. 2  a Technical drawing showing the layout of the piezoresistive 
sensor array with one central sensor and four tilted sensors; b techni-
cal drawing of the PET holder (shown in deep sky blue) with a cen-
tral hole and four slits for fixing sensor orientation; c illustration of a 
piezoresistive sensor tilted at 45° using the PET holder; d photograph 
of a sensor module assembled with PET holders before encapsulation; 
e photograph of a fully molded sensor module after UV-curable elas-
tomer encapsulation
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3  Estimation of Stress-Transformation 
Functions Via FEA

To analyze the stress distribution and displacement within 
the piezoresistive sensor embedded in the sensor module, 
an FEA was conducted using ABAQUS software [32]. The 
objective of this analysis is to estimate the stress-transforma-
tion functions defined in Eqs. (3) and (4), which relate exter-
nally applied normal and shear stresses to the local stresses 
experienced by the five piezoresistive sensors. As discussed 
in Sect. 2, when the substrate is an elastomer, large deforma-
tions may occur under applied loads. These deformations can 
cause significant rotations, particularly in the tilted sensors, 
leading to discrepancies between the actual sensor stresses 
and those predicted by conventional stress-transformation 
equations (Eqs. (1) and (2)), which are based on linear elas-
tic small-deformation theory. To account for such nonlinear 
effects and to accurately estimate the local stresses, FEA is 
employed in place of purely analytical methods. Specifically, 
the nonlinear geometry option was enabled in the FEA to 
incorporate large deformation behavior.

Simulations were performed under two distinct load-
ing conditions: (1) vertical compression (representing pure 
normal stress) and (2) combined loading (which includes 
both normal and shear stress components). For each sce-
nario, three sensor orientations are analyzed: one parallel 
to the substrate surface ( SN ), one tilted to the left ( SL), 
and one tilted to the right ( SR). Figures 4(a) and 4(b) illus-
trate the simulation models under vertical compression and 
combined loading conditions, respectively. In the combined 
loading case, compression is applied at a 45° angle to simu-
late the simultaneous effects of pa and τ a.

The mechanical properties of the elastomeric substrate 
(SuperElastic) were characterized via uniaxial tensile testing 
using a universal testing machine (Ametek LS 5, Lloyd Instru-
ments, England). Full-field deformation was captured using 
digital image correlation, and the resulting stress–strain curve, 
shown in Fig. 4(c), yielded a Young’s modulus of 2.6 MPa and 
a Poisson’s ratio of 0.4. The Young’s modulus and Poisson’s 
ratio of both the piezoresistive pressure sensor and the PET 
film were assumed to be 2.5 GPa and 0.4, respectively. In the 
FEA, contact interactions were defined using a hard contact 
in the normal direction and the penalty method in the tangen-
tial direction, with a friction coefficient of 0.25. The bottom 
surface of the sensor module was fully constrained, and com-
pression was applied from the top via a rigid jig, which was 
displaced downward by 0.9 mm for the vertical loading case 
and 1.2 mm for the combined loading case.

Figure 4(d) shows the undeformed and deformed shapes 
of the SL sensor under vertical compression, along with the 

2.3  Fabrication of an Insole Sensor

The insole-type sensor is designed for a foot size of 270 mm 
and incorporates four sensor modules positioned at the big 
toe (T), first metatarsal head (1MH), fifth metatarsal head 
(5MH), and heel (H), as shown in Fig.  3(a). These loca-
tions are biomechanically significant, as they correspond to 
regions of peak plantar pressure during key phases of the gait 
cycle, such as heel strike, mid-stance, and toe-off, enabling 
comprehensive monitoring of dynamic foot loading pat-
terns. To prevent air entrapment, which could interfere with 
sensor performance, the FPCB structure is equipped with 
three air vents located at the forefoot, midfoot, and heel 
regions. Additionally, the signal lines are routed near the 
ankle to allow direct and unobtrusive connection to external 
electronics during walking or running. The sensor modules 
are integrated into the final insole by being molded with 
SuperElastic, a UV-curable elastomeric polymer. The result-
ing flexible insole has a final thickness of 6 mm, a design 
which ensures both structural protection and user comfort 
during extended wear, as shown in Fig. 3(b). The soft, UV-
curable elastomer provides structural protection while pre-
serving comfort during extended wear. Furthermore, this 
fabrication process, which utilizes commercially available 
piezoresistive sensors, was designed for repeatability and 
scalability for potential commercial applications.

Fig. 3  a Technical drawing of the insole-type sensor array showing 
the placement of four sensor modules; b photograph of the fabricated 
insole integrated with the sensor array
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angles for the SL, SN , and SR sensors were observed to 
decrease by 7.5°, 1.5°, and 2.4°, respectively. Using the 
stress fields obtained from the FEA, average normal and 
shear stresses acting on the three sensors ( SL, SN , and SR) 

corresponding stress components ( σ 11, σ 22, and τ 12). 
The sensor’s orientation angle decreased from an initial 44° 
to approximately 38.4°, indicating a rotation of 5.6° due 
to the applied load. Under combined loading, the rotation 

Fig. 4  FEA results for the sensor module under vertical and 45° shear 
compression: geometry of the SL, SN , and SR sensors under a ver-
tical compression and b 45° shear compression; c measured stress–
strain curve of the elastomer substrate (SuperElastic); d deformation 

and distribution of σ₁₁, σ₂₂, and τ₁₂ in the SL sensor under vertical 
compression; average normal stresses on the SL, SN , and SR sen-
sors as a function of nominal applied pressure under e vertical com-
pression and f shear compression
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Korea) equipped with a 500 N load cell. The vertical com-
pression test setup is shown in Fig.  5(a) (schematic) and 
Fig. 5(b) (photograph), where the sensor module is placed 
flat on a bottom plate parallel to the ground. A cylindrical 
top jig with a diameter of 10 mm was used to apply vertical 
compression. The shear compression test setup is shown in 
Fig. 5(c) (schematic) and Fig. 5(d) (photograph). The sen-
sor module was placed on a bottom jig inclined at either 30° 
or 45°, with the front side of the module facing down the 
slope. The top jig used to apply compression at an angle was 
fabricated by cutting a 10 mm diameter cylinder at 30° or 
45°, matching the slope of the bottom jig. To calculate the 
nominal applied pressure, the force measured by the load 
cell was divided by the cross-sectional area of the top jig.

Each of the five piezoresistive sensors in the module was 
tested individually, and their voltage outputs were recorded 
as the nominal pressure was increased from 0 to 1000 kPa at 
a loading speed of 10 μm/s. While the FEA in Sect. 3 con-
sidered only two tilted sensors ( SL and SR) owing to the 
two-dimensional simulation domain, the actual sensor mod-
ule is three-dimensional. Therefore, in the mechanical tests, 
all five sensor configurations, including the center sensor 

were calculated. These values are presented in Fig. 4(e) for 
vertical compression and Fig.  4(f) for combined loading. 
For comparison, the analytically predicted stresses based on 
Eqs. (1) and (2) (assuming linear elasticity and small defor-
mation) are also plotted using solid and dashed lines.

Under pure vertical compression, the shear stress com-
ponent in the SN  sensor was nearly zero, while the normal 
stress was marginally lower than that predicted by Eq.  (1), 
likely owing to partial attenuation of the applied pressure 
pa as it was transmitted through the elastomeric substrate. 
For the tilted sensors ( SL and SR), the stress profiles were 
symmetric, except for the opposing signs of the shear compo-
nents. Although pa and τ a had the same nominal magnitude 
in the combined case, the FEA results revealed that both σ s

22 
and τ s

12 in the tilted sensors exceeded their nominal values. 
This discrepancy was attributed to large deformation and the 
resultant rotation and distortion of the sensor elements.

Under combined loading, the FEA-predicted σ s
22 in the 

SN  sensor was higher than the applied pa, whereas the cor-
responding τ s

12 was significantly lower than the applied 
τ a. For the SL sensor, which is oriented nearly perpendic-
ular to the direction of the applied traction, a large normal 
stress σ s

22 developed, accompanied by an increasing shear 
stress τ s

12 as deformation progressed. In contrast, the SR 
sensor, which is nearly aligned with the traction direction, 
exhibited the lowest normal stress among the three.

Crucially, the average stresses calculated for each sen-
sor and presented in Figs.  4(e) and 4(f) directly represent 
the stress-transformation functions fn and fs defined in 
Eqs.  (3) and (4). Rather than formulating explicit equa-
tions or constructing lookup tables, the FEA-derived curves 
themselves serve as effective calibration functions. These 
functions enable accurate estimation of the local stresses 
experienced by each sensor based on known external loads 
during experimental testing, as further discussed in Sect. 4. 
The FEA results provided in Fig. 4 thus form the essential 
foundation for determining the sensor’s voltage response 
function g(σ , τ ) described in Sect.  4. Specifically, the 
local stress values obtained from Figs. 4(e) and 4(f) will be 
mapped to the corresponding sensor output voltages obtained 
experimentally, facilitating the practical determination and 
application of the sensor’s characteristic function g(σ , τ ).

4  Sensor Characterization and Performance 
Evaluation

4.1  Experimental Setup for Vertical and Shear 
Compression Tests

The sensor modules were evaluated using a uniaxial 
mechanical testing machine (T&DORF Inc., Republic of 

Fig. 5  a Schematic and b experimental setup of vertical compression 
test; c schematic and d experimental setup of shear compression test
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of approximately 220 kPa, while the SF  and SB  sensors 
responded at approximately 350 kPa. Notably, the SR sen-
sor had the highest detection threshold, with output begin-
ning at approximately 540 kPa. Furthermore, compared to 
the vertical compression condition, the output of the SR 
sensor decreased considerably under 30° inclined shear 
loading. This behavior is consistent with the SR sensor’s 
orientation, which is nearly parallel to the direction of 
applied load, resulting in reduced effective normal stress on 
the sensor surface.

At a higher shear angle of 45° (Figs. 6(e) and 6(f)), the 
direction-dependent behavior of the sensors became more 
pronounced. The nominal pressures at which output was 
detected were approximately 200  kPa for the SL sensor, 
350 kPa for the SF  and SB  sensors, and 650 kPa for the 
SR sensor. The increased onset pressure for the SR sen-
sor under 45° loading compared to 30° further highlights 
its reduced sensitivity when aligned with the direction of 
the applied shear. Consequently, the difference in output 
between sensor pairs located opposite each other (e.g., SL 
vs. SR) became more prominent with increasing shear 
angle, indicating a high degree of directional sensitivity. 
This suggests strong potential for discriminating shear load 
directions.

A noteworthy characteristic of the system is observed in 
the response of the normally-oriented SN  sensor. As the 
loading condition was varied from pure vertical compres-
sion (Fig. 6(b)) to shear compression at 30° (Fig. 6(d)) and 
45° (Fig. 6(f)), the ratio of normal to shear stress applied 

( SN ) and the four tilted sensors ( SL, SR, SF , and SB), 
were evaluated to fully characterize the directional response 
of the module under both vertical and shear loading.

4.2  Performance Evaluation of Shear Stress and 
Plantar Pressure Sensors

Figure 6 shows the results of the vertical and shear compres-
sion tests performed on the sensor modules. In the verti-
cal compression test (Figs. 6(a) and 6(b)), the SN  sensor, 
which is aligned parallel to the surface, exhibited signifi-
cantly higher sensitivity, with measurable output beginning 
at a nominal pressure as low as 10  kPa. Specifically, the 
SN  sensor shows a linear response in two distinct regions 
as indicated in Fig. 6(a): one with a slope of 11.54 mV/kPa 
in the 0–100 kPa range, and another with a slope of 1.99 
mV/kPa in the 100–1000 kPa range. This indicates that the 
sensor is approximately six times more sensitive at lower 
pressures than at higher pressures. In contrast, the tilted sen-
sors ( SL, SR, SF , and SB) began producing measurable 
outputs only at higher nominal pressures, ranging from 250 
to 350 kPa. The distinct difference in initial response and 
sensitivity between the vertically oriented SN  sensor and 
the tilted sensors clearly indicates that sensor orientation 
strongly influences sensitivity to normal pressure.

In the shear compression tests conducted at a 30° incli-
nation (Figs.  6(c) and 6(d)), the sensors exhibited direc-
tion-dependent output characteristics. Specifically, the 
SL sensor began detecting output at a nominal pressure 

Fig. 6  a Schematic of the vertical compression test; b sensor output 
voltages as a function of nominal applied pressure during the vertical 
compression test; c schematic of the 30° shear compression test; d sen-
sor output voltages as a function of nominal applied pressure during 

the 30° shear compression test; e schematic of the 45° shear compres-
sion test; f sensor output voltages as a function of nominal applied 
pressure during the 45° shear compression test
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over time. A drift of approximately 10% was observed over 
100 cycles (approximately 4000 s). For the SR sensor, the 
output showed a relatively large deviation in the initial 
cycles but demonstrated good repeatability within 7% after 
20 cycles.

5  Experimental Validation in Gait Analysis

5.1  Static Characteristics with Different Standing 
Postures

In this section, an insole sensor system inserted into the 
right shoe was evaluated under three different static stand-
ing conditions: standing on flat ground (0°), standing on 
a 10° incline, and standing on a 20° incline (Fig.  8(a)). 
These postures were selected to systematically investigate 
the impact of surface slope on the outputs of both normal 
and tilted sensors, reflecting variations in plantar pressure 
(normal stress) and shear stress under static conditions. A 
printed circuit board (POLYWORKS©, Republic of Korea) 
and a data acquisition system (USB-6343, National Instru-
ments, USA), customized for insole-type sensor arrays, 
were used to record sensor signals.

Figure 8(b) shows the outputs from sensor modules 
located at four key regions of the insole: the big toe (T), first 
metatarsal head (1MH), fifth metatarsal head (5MH), and 
heel (H). When standing on a flat surface (0° incline), the 
dominant outputs came from the normal-oriented sensors at 
the big toe ( TN ) and heel ( HN ). No measurable output was 
observed at the first and fifth metatarsal regions, indicating 

to the module changed significantly. Despite the sensor’s 
inherent sensitivity to both stress components, as stated in 
Sect.  2.1, the experimental results uniquely show that its 
output remained remarkably consistent for the same nomi-
nal applied pressure ( pa) across all three test conditions.

As shown in the shear test results on an inclined plane 
tilted along the L-R axis (Figs. 6(d) and 6(f)), the SL and 
SR sensors exhibited a distinct differential response corre-
sponding to the shear direction. Concurrently, the orthogo-
nally positioned SF  and SB  sensors produced outputs with 
only a minimal deviation from their behavior under pure 
normal compression, which confirms the sensor module’s 
ability to selectively detect the direction of the applied shear 
force. Due to the module’s symmetrical design, a test along 
the F-B axis was omitted for brevity, as it would be redun-
dant; the shear-detecting roles of the F-B sensor pair ( SF  
and SB) and the L-R sensor pair ( SL and SR) would sim-
ply be interchanged.

As described in Sect.  3 (Fig.  4), the FEA simulation 
provides stress-transformation functions that enable the 
correlation of the nominal applied pressures used in the 
experiments (such as those shown in Figs.  6(b) and 6(f)) 
with the local normal and shear stresses acting on the sensor 
surfaces. Therefore, for a known nominal pressure, loading 
condition (vertical or 45° shear), and sensor orientation, the 
local stresses ( σ s

22 and τ s
12) can be obtained from the FEA 

results in Figs. 4(e) and 4(f). By pairing these local stresses 
with the experimentally measured voltage outputs, the 
intrinsic sensor characteristic function V = g(σ , τ ) can, 
in principle, be determined. While this study did not imple-
ment a complete calibration procedure to convert measured 
voltages into exact stress values, the presented results suc-
cessfully demonstrate the feasibility of developing such a 
function. A detailed, quantitative determination of the sen-
sor characteristic function g(σ , τ ) is designated for future 
work.

Overall, these experimental findings confirm that sensor 
orientation significantly influences the response of piezore-
sistive elements under combined normal and shear loads. 
Importantly, this orientation-dependent behavior provides a 
practical basis for distinguishing shear directions, enhanc-
ing the applicability of the sensor system for comprehensive 
plantar stress analysis in real-world biomechanical monitor-
ing scenarios.

To evaluate the repeatability of the sensor modules, a 
cyclic vertical compression test was performed on the ver-
tical sensor ( SN ) and a tilted sensor ( SR) for 100 cycles 
with a load ranging from 0 to 380 kPa. As shown in Fig. 7, 
the results indicate distinct behaviors for each sensor ori-
entation. In the case of the SN  sensor, the sensor output 
exhibited viscoelastic-like behavior, where the sensor out-
put showed significant initial drift and gradual stabilization 

Fig. 7  Repeatability test of the sensor modules under cyclic vertical 
compression. The plot shows the output signals from the normally-
oriented sensor (SN​) and a tilted sensor (SR​) over 100 cycles of load-
ing and unloading (0–380 kPa)
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output at 0°, which may be attributed to minor inconsisten-
cies in foot positioning, possibly owing to the participant 
leaning slightly forward. This could have induced incidental 
shear stress that was detected by the front-tilted sensor. The 
other tilted sensors at the toe ( TR, TL, and TB) showed 

minimal plantar loading in these areas during static standing. 
Among the big toe sensors, the normal sensor ( TN ) showed 
a measurable signal, indicating a dominant normal stress in 
the absence of significant shear. Unexpectedly, the front-
tilted sensor ( TF ) at the big toe also exhibited a measurable 

Fig. 8  a Photographs of three 
static standing postures: flat 
ground (0°), 10° left-right (LR) 
tilt, and 20° LR tilt; b sensor 
output voltages under 0°, 10°, 
and 20° LR tilt conditions at each 
sensor location; c time-resolved 
sensor output voltages at the big 
toe and heel positions during in-
place stepping on a 20° LR tilt
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detailed directional information related to body posture and 
foot loading. The sensors respond sensitively to changes in 
standing inclination and weight distribution, making them 
well-suited for practical biomechanical monitoring applica-
tions such as gait analysis, posture correction, and injury 
prevention in both clinical and athletic contexts.

5.2  Temporal Profiles of Plantar Pressure and Shear 
Stress during Walking and Running

The dynamic characteristics of the insole sensor were eval-
uated by measuring temporal changes in plantar pressure 
(normal stress) and shear stress during walking and running 
tests. As shown in Fig. 9(a), sensor outputs were recorded 
at a sampling rate of 100 Hz during walking at 1.25 m/s and 
running at 2.5 m/s on a flat instrumented treadmill (Instru-
mented Treadmill, Bertec, USA). Additional tests were con-
ducted under inclined conditions (15° incline at 1.25  m/s 
walking) to enable comparison between flat and inclined 
walking scenarios.

The dynamic test results are presented in Figs. 9(b)–(d), 
showing the temporal outputs of sensor modules located at 
four anatomical positions: the big toe (T), first metatarsal 
head (1MH), fifth metatarsal head (5MH), and heel (H). 
Specifically, the outputs are represented as follows: the nor-
mal sensor (N), the difference between right and left tilted 
sensors (R–L), and the difference between back and front 
tilted sensors (B–F). In addition, three-axis GRFs, Fx, Fy , 
and Fz , measured by the treadmill, are plotted simultane-
ously for validation and comparison with insole sensor out-
puts. As shown in Figs. 9(b) and 9(c), notable differences 
were observed between flat and inclined walking. In par-
ticular, during inclined walking, the peak output of the heel 
normal sensor ( HN ) decreased by approximately 32%, 
while the output of the first metatarsal head normal sensor 
( 1MHN ) increased by approximately 120%. These changes 
reflect a forward redistribution of plantar pressure from the 
heel toward the forefoot on an inclined surface, consistent 
with previous plantar pressure studies [33].

The shear stress output from the 1MHB−F  sensor also 
showed significant differences between flat and inclined 
walking. In flat walking, sequential bidirectional peaks were 
observed, with magnitudes of approximately 1.32 V (back-
ward) and − 0.6 V (forward). In contrast, inclined walking 
resulted in reversed magnitudes (0.55  V (backward) and 
− 0.92  V (forward)), indicating a reduction in forward-
directed shear stress and an increase in backward-directed 
shear stress. This directional pattern aligns well with the 
corresponding Fy GRF measurements from the treadmill.

Furthermore, the shear stress profile from the toe region 
sensor ( TB−F ) showed consistent bidirectional behavior 
during both walking conditions. Shear stress was initially 

no measurable output, indicating negligible shear stress in 
these directions under neutral standing conditions.

As the incline increased to 10° and then to 20°, sensor out-
puts exhibited distinct directional trends. At the big toe, the 
output from the normal sensor ( TN ) gradually decreased. 
This suggests that the load, which was highly concentrated 
at the forefoot on a flat surface, began to disperse more 
broadly across the sole to maintain stability on the incline. 
Although increased shear stress might be expected, the 
tilted sensors at the toe ( TR, TL, TB , and TF ) continued to 
show negligible outputs. This is likely attributable to their 
positioning marginally away from the primary loading zone 
beneath the toe. Because the toe region is relatively narrow, 
even small shifts in load could cause the stress to fall outside 
the effective sensing area of the tilted sensors, limiting their 
ability to capture shear stress at higher inclines.

Similarly, at the heel, the output from the normal sensor 
( HN ) decreased with increasing inclination. This obser-
vation is consistent with the pressure dispersing from the 
main contact points; the load initially concentrated at the 
heel was redistributed across the plantar surface as the pos-
ture adapted to the slope. Meanwhile, the tilted heel sensors 
showed consistent, direction-dependent outputs. Owing to 
the larger surface area of the heel, sufficient contact was 
maintained to allow detection of shear stress. Specifically, 
the right-tilted sensor ( HR) exhibited a gradual decrease in 
output with increasing slope, indicating a reduction in the 
normal stress component along the right side of the heel. The 
left ( HL), front ( HF ), and back ( HB) sensors maintained 
relatively stable outputs across all inclination angles, sug-
gesting consistent shear stress loading in these directions.

Figure 8(c) shows the sensor system’s capability to moni-
tor dynamic load shifts during slow in-place walking on a 
20° incline. Initially, the right foot was lifted, and no load 
was detected. As body weight shifted onto the right foot, 
significant increases in output were recorded by the normal 
sensors at the toe ( TN ) and heel ( HN ), indicating normal 
stress during stance. Additionally, the tilted heel sensors 
( HL, HR, HB , and HF ) produced noticeable outputs, con-
firming the presence of measurable directional shear stress. 
Notably, the output of the right-tilted heel sensor ( HR) was 
approximately 50% lower than that of the left-tilted sensor 
( HL), indicating a shear stress predominantly directed to 
the left. This directionality is consistent with the inclined 
posture and confirms the sensor’s ability to distinguish shear 
direction accurately. As the load shifted back to the left foot, 
sensor outputs from the right foot rapidly returned to zero, 
demonstrating clear responsiveness and real-time tracking 
capability.

In summary, these static and dynamic tests confirm that 
the developed insole sensor modules can effectively distin-
guish between normal and shear stresses while capturing 
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Shear stress responses during running were also more 
pronounced and bidirectional. At the midfoot ( 1MHB−F ), 
peak shear stresses of approximately ± 1.06 V were observed, 
consistent with treadmill Fy force measurements. In the toe 
region, significant forward-directed shear stress ( TB−F  ≈ 
−1.7 V) was observed, likely indicating that the toe was 
pulled toward the midfoot during the push-off phase. Addi-
tionally, a notable increase in right–left shear stress ( TR−L 
≈ 2.26 V) was recorded during running compared to walk-
ing. This is attributed to inward foot rotation (toe-in motion), 
commonly observed in running to stabilize gait, as reported 
in prior studies [34].

In summary, these dynamic tests demonstrate that inte-
grating normal and shear-stress sensors at key plantar loca-
tions enables detailed temporal profiling of plantar loads 
during various gait conditions. The developed insole sen-
sor module effectively distinguishes between walking and 
running patterns and accurately captures changes in plantar 

directed backward, followed by a forward shift. This pattern 
likely reflects the big toe’s flexible and relatively uncon-
strained motion during the stance phase, as it moves from 
heel strike to push-off, producing dynamic shear forces cap-
tured by the sensor module.

Figure 9(d) compares sensor outputs during flat running 
at 2.5 m/s with those during walking at 1.25 m/s. Distinct 
differences emerge, both in insole sensor signals and GRF 
data, highlighting changes in foot strike and plantar stress 
distribution between gait modes. During walking, load 
transferred from the heel ( HN  peak output ≈ 2.4 V) to the 
toe ( TN  peak output ≈ 2.81 V), with minimal loading at the 
midfoot ( 1MHN  output ≈ 0.5 V). In contrast, running dem-
onstrated a midfoot strike pattern, with more evenly distrib-
uted loading across the foot. Accordingly, sensor outputs 
showed reduced normal stress at the heel (≈ 2.1 V) and toe 
(≈ 2.48 V), but a considerable increase in midfoot loading 
( 1MHN  output ≈ 1.1 V).

Fig. 9  a Photographs of the experimental setup, showing a partici-
pant wearing the insole sensor system during treadmill walking and 
running; b insole sensor outputs and GRFs during flat walking at 

1.25 m/s; c insole sensor outputs and GRFs during 15° inclined walk-
ing at 1.25 m/s; d insole sensor outputs and GRFs during flat running 
at 2.5 m/s
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pressure and directional shear stresses. This level of detail 
holds strong potential for precise gait analysis, real-time 
athletic-performance monitoring, injury prevention, and 
individualized clinical assessments.

6  Conclusion

In this study, we developed a novel insole sensor system 
that utilizes conventional piezoresistive pressure sensors to 
simultaneously measure plantar pressure and shear stress. 
Multiple sensor modules were strategically positioned at 
four key plantar regions (big toe, first metatarsal head, fifth 
metatarsal head, and heel), each comprising one vertically 
oriented sensor and four tilted sensors, thereby enabling 
directional sensitivity to shear stress. Vertical and shear 
compression tests revealed distinct orientation-dependent 
sensitivities: the vertically oriented sensor ( SN ) responded 
rapidly to low applied pressures (~ 10  kPa), whereas the 
tilted sensors exhibited higher response thresholds (200–
650 kPa), with their outputs strongly influenced by the direc-
tion of loading. FEA further validated these experimental 
findings by accurately predicting significant nonlinear defor-
mation and orientation changes in the tilted sensors under 
combined normal and shear loading. This analysis revealed 
the limitations of conventional linear elasticity assumptions 
and emphasized the importance of advanced modeling tech-
niques for accurate stress estimation. Static tests conducted 
at varying incline angles clearly detected load redistribution 
and directional shear stress variations. Dynamic gait analy-
ses performed during walking and running showed that the 
sensor outputs closely matched three-axis GRFs, effectively 
distinguishing walking from running patterns and provid-
ing real-time profiles of plantar pressure and shear stress. 
Despite the successful directional detection of shear stress, 
achieving precise quantitative measurement remains chal-
lenging owing to the inherent cross-sensitivity of piezoresis-
tive sensors to both normal and shear components. Future 
work should focus on developing specialized piezoresistive 
sensors that respond exclusively to normal stress, thereby 
enhancing the accuracy of shear stress measurements. Nev-
ertheless, the developed sensor system offers significant 
advantages in terms of flexibility, durability, user comfort, 
and ease of integration into everyday footwear. These fea-
tures make it highly suitable for applications in biome-
chanical monitoring, athletic-performance evaluation, injury 
prevention, and personalized clinical assessments.
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