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Abstract—Diabetic foot ulcers (DFUs) remain a major
complication of diabetes mellitus, with significant human
and economic costs. Plantar pressure (PP) is the most
widely used surrogate to assess DFU risk. Existing PP
measurement insoles are primarily designed for in-clinic
assessments using external instrumentation to guide pas-
sive offloading strategies. However, reliance on brief clinical
measurements limits their ability to capture real-world load-
ing patterns, motivating the development of sensing systems
capable of continuous monitoring and integration within
pressure-management footwear. Such systems require spa-
tially discretized sensing elements fully embedded within the
shoe architecture. This work presents the design and char-
acterization of plantar-monitoring Au-plated pressure system
(P-MAPS), a custom-topology pressure-sensing insole code-
signed for precise spatial alignment with offloading elements.
The sensor uses the piezoresistive response of Velostat com-
bined with gold-plated electrodes to improve uniformity and
repeatability. The device exhibits a measurement range of
45–350 kPa, a coefficient of variation below 2.5%, normal-
ized hysteresis of 25.8%, and 6% drift after 5 min. Dynamic
gait validation against a commercial reference (Pedar, Novel)
demonstrated accurate peak pressure estimation with 2.6% error under full spatial overlap while enabling localized
pressure measurement over actuated regions and revealing that sensing areas not colocated with actuator regions can
misrepresent local pressures due to spatial averaging effects. These results establish P-MAPS as a robust and practical
sensing solution for continuous, footwear-integrated plantar-pressure monitoring and adaptive offloading applications.

Index Terms— Diabetic foot ulceration, piezoresistive devices, plantar-pressure (PP) sensors, pressure sensors,
wearable sensors.

I. INTRODUCTION

D IABETES mellitus is a global health crisis that affects an
estimated 589 million adults worldwide (2025), a figure
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projected to increase to 853 million by 2050 [1]. Among its
complications, diabetic foot ulcers (DFUs) are particularly
severe and costly to both patients and healthcare systems.
Up to 25% of people with diabetes will develop a foot ulcer
during their lifetime [2]. Approximately 5% of patients require
amputation within one year of ulcer onset, and DFUs are
associated with a five-year mortality rate of nearly 40% [3].

The development of DFUs is the result of multiple
interrelated biomechanical and physiological factors, with
neuropathy (nerve damage) being one of the main contrib-
utors. Neuropathy, present in nearly 50% of patients with
diabetes [4], leads to a cascade of complications. Motor
impairment contributes to limited joint mobility and foot
deformities that increase mechanical stress, while sensory
loss reduces protective feedback and increases the likelihood
of unnoticed injuries. Together, these conditions promote
callus formation, tissue breakdown, and ultimately ulcer
development [4].
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Because these neuropathic changes alter gait, load distribu-
tion, and tissue tolerance, continuous monitoring and reduction
of mechanical stress are essential to better understand and
mitigate ulcer risk. With the long-term objective of devel-
oping footwear that effectively and autonomously manages
plantar stress in patients with diabetes, our group has devel-
oped intelligent offloading footwear (IOF) [5] to address this
need. Its functionality relies on three main components: 1
plantar-pressure (PP) monitoring; 2 pressure-redistribution
algorithm; and 3 pressure redistribution microactuator array.
In this article, we focus on the PP-monitoring component 1 .

PP is widely recognized as an important metric for assess-
ing foot-loading patterns and identifying areas subjected to
elevated mechanical stress in patients at risk of developing
DFUs. Early studies, such as Veves et al. [6], showed that
individuals exhibiting higher PP are more likely to develop
complications compared to those with normal pressure levels.
As a result, accurate PP measurements have become essential
in applications ranging from DFU risk assessment to the
design of pressure-redistributing interventions [7].

Various mechanical offloading strategies have been devel-
oped to reduce plantar stress in patients with diabetic
neuropathy, including custom-made insoles, rocker-bottom
footwear, total-contact casts, and other orthotic interven-
tions [6], [7]. Custom orthotic insoles have been shown to
effectively redistribute PP in patients with neuropathy and
foot deformities [15]. However, these approaches are typically
passive and optimized through iterative clinical adjustments
rather than continuous feedback from daily activities, meaning
that pressure redistribution during fitting may not fully reflect
real-world loading conditions.

Reliable pressure measurements are therefore essential
to guide offloading interventions, placing stringent require-
ments on the performance and integration of pressure-sensing
systems. However, conventional assessments are based on
brief clinic-based measurements that do not reflect the pres-
sures encountered during everyday walking, climbing stairs,
or uneven terrain. This limitation highlights the need for wear-
able sensing systems capable of providing accurate, repeatable,
long-term PP data for real-time offloading strategies.

Reported sensing insoles exhibit a wide range of perfor-
mance characteristics. Commercial systems typically employ
dense sensor arrays with full-scale ranges of several hundred
kilopascals, while research prototypes often adopt smaller
numbers of targeted sensing regions for clinically relevant
plantar locations [16], [17], [18]. Sampling rates vary from a
few tens of hertz in wearable systems to several hundred hertz
in laboratory gait analysis platforms. In practice, system per-
formance strongly depends on sensor distribution, mechanical
integration, and calibration strategies, and important metrics
such as repeatability, hysteresis, and drift are not consistently
reported across studies [16], [17].

From the commercial sensing insole systems available for
capturing PP data, Pedar (Novel GmbH) [8], F-Scan GO
(Tekscan) [9], and Moticon OpenGo [10] are the most well
known. These systems provide high-resolution and reliable
PP measurements and have been widely used in clinical

studies. However, integrating them into IOF remains challeng-
ing because their external electronics increase user burden and
their fixed sensor layouts cannot easily align with actuator
positions required for targeted pressure redistribution.

Numerous studies have investigated custom-made pressure-
sensing insoles using capacitive, photoelectric, fiber-Bragg-
grating, inductive, optical, piezoelectric, and piezoresistive
technologies. Each approach offers advantages but also trade-
offs for thin wearable implementations. Capacitive sensors
provide high sensitivity but can suffer from parasitic capaci-
tances and environmental sensitivity [11], [19], [20]. Optical
and photoelectric systems enable high spatial resolution
but increase thickness and system complexity [21], [22].
Fiber-Bragg-grating sensors provide excellent multiplexing
capability but require costly interrogation units [23]. Inductive
sensors rely on stable coil geometries that are difficult to
maintain on deformable substrates [24]. Piezoelectric sensors
are well suited for dynamic measurements but less suitable
for static or slowly varying plantar loads due to charge
leakage [25], [26].

Piezoresistive sensors provide a favorable compromise
between mechanical compliance, fabrication simplicity, and
electronic integration, enabling direct measurement of static
and quasi-static PP with minimal circuitry and low cost [17],
[18]. Current research focuses on polymer-based composites,
including carbon-filled thermoplastic films (e.g., Velostat),
carbon-black elastomers (e.g., PDMS-CB) [27], CNT- or
graphene-enhanced elastomers [28], [29], conductive textiles
(e.g., EeonTex) [30], and printed conductive inks. Although
nanocarbon composites can offer higher sensitivity, they typi-
cally require more complex fabrication, whereas carbon-filled
polyethylene films offer a practical balance between cost,
availability, and mechanical robustness [16], [17].

Table I summarizes representative plantar-pressure-sensing
systems reported in the literature, including commercial
platforms such as Pedar [8], F-Scan [9], and Moticon
OpenGo [10], as well as research-oriented systems [11], [12],
[13], [14]. The systems are compared in terms of sensing
principle, operating pressure range, sensor density, thickness,
hysteresis, sampling performance, sensing topology, and level
of footwear integration. As shown in Table I, existing solutions
typically rely on external acquisition modules or employ
sensing layouts optimized for general gait analysis. In contrast,
sensing approaches that enable customized topologies aligned
with offloading modules and seamless integration within
footwear are required, while maintaining sensing performance
comparable to existing wearable plantar-pressure monitoring
systems.

Developing stable, manufacturable, and fully integrated
sensing/actuating solutions remains a challenge. To address
these limitations, we developed a new sensing architecture
that improves measurement stability, manufacturability, and
integration within IOF. The present work introduces a piezore-
sistive insole that uses Velostat as the sensing material and
gold-plated electrodes to achieve improved uniformity and
drift performance. The manufacturing approach has been
simplified by employing a continuous piezoresistive layer,
eliminating the need to individually bond material segments
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TABLE I
COMPARISON OF REPRESENTATIVE PLANTAR-PRESSURE-SENSING INSOLES REPORTED IN THE LITERATURE WITH THE PROPOSED P-MAPS

SYSTEM. N/R: NOT REPORTED IN THE CITED REFERENCE

to each electrode and significantly improving manufacturing
reliability. The new insole has a 31-region array with sensing
areas of 78.5 mm2 and a pitch of 15–20 mm, coincident
with the offloading components, while offering a measurement
range of up to 350 kPa, parameters selected to meet the active
offloading requirements described in [5] for the prevention
of DFU. This development represents an advance in practical
usability, measurement stability, and readiness for integration
into autonomous offloading systems.

In Section II, the design and operating principle of the
insole are presented. Section III describes the test-bench char-
acterization, and Section IV demonstrates gait measurements.
Finally, Section V summarizes the conclusions and future
work.

II. CONCEPTUAL DESIGN

A. Functional Requirements
Based on our previous work [12], the following functional

requirements are listed.
1) High bending compliance, with a bending

radius smaller than 15 cm and without surface
irregularities.

2) The 31 sensing areas corresponding to the topology of
the IOF offloading regions [5], each covering at least
50% of the actuator area.

3) Sensing range of 50–300 kPa and resolution of 10 kPa
throughout the range.

The previously stated high-linearity requirement was found
to be not necessary, given that with the available computation
power, it would be possible to manage a polynomial approx-
imation as a calibration curve. Similarly, the wide sensing
range of 960 kPa was updated to at least 300 kPa, since any
measurement above 250 kPa, the conventional threshold for
ulceration risk, would trigger the offloading action in any case,
so measurements beyond this threshold would not be required
in our application. This change highlights one of the main
differences between a sensing insole used for data acquisition
(DAQ) only and one used for active offloading.

B. Concept
The proposed design, named the plantar-monitoring

Au-plated pressure system (P-MAPS), consists of a piezoresis-
tive layer sandwiched between two Au (gold)-plated electrodes
fabricated as conventional flexible printed circuit boards
(PCBs) with polyimide as the base substrate, as shown in
Fig. 1(a). The sensing stack is encapsulated throughout its
perimeter using a pressure-sensitive adhesive laminate (PSA).
The resistance of the material is measured between the + and
− electrodes throughout its thickness (S1, . . . , S31). Although
gold plating reduces the overall resistance of the system, mak-
ing precise measurement more challenging, it also prevents
electrode oxidation, which can otherwise introduce resistance
variability. As such, gold-plated electrodes contribute to more
stable and reliable measurements. The topology of the elec-
trodes and, therefore, of the sensing areas is aligned with
that of the offloading actuators (A1, . . . , A31), allowing PP
readings directly above each actuator and facilitating both the
detection of high-pressure regions in and the development of
effective offloading algorithms.

The piezoresistive material of choice was Velostat, for its
high availability, uniformity, and low tendency to drift. The
stack was built using a layer of Velostat that covers the entirety
of the flexible PCB, rather than only individual electrodes, for
the sake of manufacturing simplicity. Additionally, the insole
also featured an ethylene-vinyl acetate (EVA) foam layer that
is attached using double-sided tape to the underside of the
heel region, with holes that allow the sensing areas to directly
contact the offloading actuators, and maintains the sensing
insole aligned, which is visible in Fig. 1(a), both in the top
and bottom schematics.

The composition of the sensing insole layers is shown
in Fig. 1(a), and the electronic circuit used for DAQ is
included in Fig. 1(b). In both figures, a common electrode
layer (L3), a piezoresistive layer (L2), and an individual
electrode layer (L1) are represented. In Fig. 1(b), the left oper-
ational amplifier provides to L3 a negative voltage common
level (reference voltage) that depends on the 12-bit output
of the microcontroller (µC, model STM32U585VIT6 from
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Fig. 1. Construction and sensing electronics for P-MAPS. (a) Layers. (b) Conditioning circuit.

STMicroelectronics) digital-to-analog converter (DAC) Out.
In this way, it is possible to adjust the output characteristics
of the amplifier on the right side on the fly, which scales the
voltage measurement of the insole following equation:

Vout =
−Ramp

Rsense + RMUX
· Ve. (1)

As such, the reference voltage Ve is inversely proportional
to the output voltage Vout. The multiplexer (MUX) adds a
series resistance (RMUX) to the Velostat resistance Rsense.
The amplifier gain, thus the output range, can be adjusted
using Ramp. This electronic design enables resistance measure-
ments without the need for a power-consuming voltage-divider
resistor and helps to linearize the piezoresistive response
within the input range of the microcontroller’s analog-to-
digital converter (ADC), through the selection of Ramp. All
sensing-area electrodes are accessed by iteratively selecting
channels through the MUX, whose single output feeds the
second amplifier on the right side. The ability to vary the
negative reference voltage (Ve) further allows compensation
for resistance variations across the piezoresistive sheet, which
arise primarily from manufacturing tolerances.

Finally, the value read by the microcontroller can be sent
via Bluetooth to a PC, where it is recorded, or used directly
onboard for the embedded offloading algorithm. For this
purpose, a separate custom compact-sized PCB that can be
integrated inside a shoe was developed. It includes both
the sensor DAQ electronics and the additional electronics to
control the offload actuators, which will be used in the future.
Measurements are acquired at a sampling rate of 50 Hz,
sufficient to capture the pressure peaks that occur during the
gait cycle [31]. With this arrangement, it is possible to measure
all areas with a transmission range of 20 m between the insole
and the computer, which is comparable to that of commercial
systems.

III. SENSOR CHARACTERIZATION AND CALIBRATION

The sensing insole was characterized for resistivity range,
hysteresis, repeatability, and drift. Although hysteresis and
drift are parameters that do not affect dynamic gait mea-
surements due to the nature of the loading (high frequency

and repeated loading), they must be considered for calibra-
tion purposes and are therefore reported hereby. Finally, the
coefficients of a third-order polynomial calibration equation
were determined for each sensing area according to its pressure
versus ADC value curve. Section III-A explain the process in
detail.

A. Methods
The sensing insole was characterized and calibrated using

the test bench shown in Fig. 2, the trublu system by Novel
GmbH. This system is composed of a flexible membrane
controlled by a pneumatic circuit that uniformly stimulates
all areas of the sensing insole. An external pressure trans-
ducer from Honeywell (series PX3) measures pneumatic
pressure, which is captured with a National Instruments DAQ
USB-6221 at a frequency of 1 kHz.

1) Material Uniformity and Range: The tracks leading to
the electrodes were designed to add the least amount of
resistance, so that their length variations are negligible. This
was corroborated by external measurements, in which the
piezoresistive material in the sensor stack was replaced by
a double-sided copper-clad board with a known resistance
between the electrodes. Data from this experiment were also
used to determine the values of Ramp and Ve required to
capture the entire range of measurement of the material.

2) Hysteresis: To evaluate the hysteresis behavior of the
pressure-sensing insole, a controlled loading–unloading exper-
iment was performed. The objective was to quantify the extent
of signal deviation between loading and unloading phases
under identical applied pressures, thereby characterizing the
insole’s memory effect and nonlinear elastic response.

A quasi-static loading profile was applied, incrementally
increasing the applied rig pressure from 0 to 400 kPa in 10-kPa
steps, holding each load for 5 s to allow signal stabilization.
Subsequently, the load was decreased from 400 to 0 kPa in
identical steps.

At each pressure step, the corresponding sensor output
was recorded at a sampling frequency of 50 Hz. The sen-
sor response during the ascending (loading) and descending
(unloading) phases was plotted against the applied pressure,
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Fig. 2. Test bench used for the characterization and calibration of the sensing insole P-MAPS. (a) Block diagram of the test bench. (b) Arrangement
of the test bench. During the trials, the test bed was slid closed so that it is contained inside the membrane chamber.

measured with the pneumatic pressure transducer, to generate
a hysteresis loop, normalized per sensor (Vmax − Vmin). The
magnitude of hysteresis (Hnorm) was quantified as the max-
imum absolute difference in sensor output between loading
and unloading at the same pressure level, normalized by the
full-scale output level

Hnorm =
max|Vload (Pi ) − Vunload (Pi )|

Vmax − Vmin
(2)

where Vload(Pi ) and Vunload(Pi ) denote the ADC value dur-
ing the loading and unloading phases at the load level Pi ,
respectively.

3) Repeatability: Repeatability was determined by applying
three consecutive identical load–unload cycles (0–350 kPa)
to the insole, using the same stepwise protocol described
above. The coefficient of variation (CV) of the sensor output
at each force step across trials was computed as a measure of
repeatability

CV (Pi ) =
σ (Pi )

µ (Pi )
(3)

where σ(Pi ) and µ(Pi ) represent the standard deviation and
mean of the sensor output at the load level Pi , respectively.

For each repeat dataset and sensor, the cycle waveforms
were time-normalized to [0, 1], amplitude-normalized per sen-
sor [min−max], and interpolated into a fixed grid. The curves
are grouped by target pressure (approximately 60, 100, 150,
210, 250, and 300 kPa).

4) Drift: The drift was assessed by applying a constant load
of 300 kPa to the same sensor site for a prolonged period of
5 min. The sensor output was continuously recorded at 50 Hz
and the baseline drift was quantified as the percentage change
in signal relative to the initial value after test-bench pressure
and signal stabilization

Drift =
V (t = 360 s) − V (t = 60s)

V (t = 60s)
. (4)

An initial 60-s stabilization period was excluded to avoid
transient effects immediately after loading. This test was
repeated three times to assess consistency and the drift was
reported as mean ± standard deviation.

5) Pressure Calibration: For calibration, the full internal
IOF assembly, including the actuators, was connected to
replicate the measurement conditions as closely as possible.
Because the custom PCB integrates both sensing and actuation
circuits, the power drawn from the actuators could introduce
baseline shifts or electromagnetic coupling in the pressure
readings. To account for these effects, calibration was per-
formed under realistic operating conditions, with the actuators
maintained in their normally-ON state and drawing current
from the control board. Then, a pneumatic pressure ramp of
50 kPa/min was applied to P-MAPS, while the ADC output
was recorded at 50 Hz. The following 3rd-order polynomial
equation was used to calibrate the ADC measurement of each
area from either feet to pressure:

a3x3
+ a2x2

+ a1x + a0 = 0. (5)

The coefficients a3–a0 were determined using National
Instrument’s Labview General Polynomial Fit VI, with the
least squares method and the singular value decomposition
algorithm, and a calibration file used during all gait exper-
iments was recorded. Finally, the error at each pressure
level was determined as the difference between the P-MAPS
measured pressure and the externally measured pneumatic
pressure, as a percentage of pneumatic pressure.

B. Results and Discussion
1) Range and Resistivity: When cycling through the dif-

ferent sensing areas using a known resistance between the
electrodes, the voltage at the “µC ADC In” terminal remained
fairly constant, as shown by the red line in Fig. 3. In contrast,
when the piezoresistive material is inserted into the sensor
stack and a constant pressure of 350 kPa is applied to all areas,
the measured voltage varies between each pressure-sensing
area (Fig. 3, blue line). This indicates that the resistance
variations introduced by connectors, tracks, and vias in the
sensing insole are negligible (red line) and that the resistivity
of the piezoresistive material is not uniform across its surface
(blue line). The resistance of the Velostat layer was observed
to vary between 3.8 and 380 �, inversely proportional to the
applied force. This experiment also allowed the determination
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Fig. 3. Voltage while multiplexing through sensing areas.

of suitable values for Ramp and Ve to ensure full-range
digitization of the material’s response, which were set to
Ramp = 270 � and Ve = −0.8 V. In the future, a scheme
that changes Ve to the most adequate value for each sensing
area will be implemented, with the advantage of making the
sensing current as constant as possible across the electrodes,
minimizing the effect of thermal-induced heating and drift.

2) Hysteresis: Fig. 4(a) shows the results of the hysteresis
characterization. The solid lines represent the grand mean
across all sensors, while the shaded regions indicate the
standard deviation. An aggregated hysteresis index Hnorm
of 25.8% was observed between the loading and unloading
cycles. Although this value is relatively high, its impact
is moderated under dynamic gait conditions because plan-
tar loads typically follow a cyclic pattern from 0 to Ppeak
and back to 0, periodically unloading the sensing layers.
This unloading reduces the accumulation of hysteresis effects
between successive steps. However, during prolonged static
loading conditions, such as standing, hysteresis can introduce
additional uncertainty in the absolute pressure estimation.
Nevertheless, for the intended application of plantar-pressure
monitoring and IOF, the primary objective is the detection
and mitigation of sustained high-pressure regions during gait
rather than the precise quantification of absolute pressure.
Consequently, relative pressure levels and spatial pressure
distribution remain informative for the evaluation of ulceration
risk and the offload control, although observed hysteresis
must be considered when designing calibration and signal-
processing strategies.

3) Repeatability: The repeatability results are shown in
Fig. 4(b). The solid lines represent the mean response at dif-
ferent pressure levels, and the semi-transparent shaded regions
denote the standard deviation. Narrower shaded bands indicate
better repeatability. As shown, the sensors perform consistently
throughout the 60–300-kPa range, with coefficients of varia-
tion between 0.81% and 2.34%. This level of repeatability is
sufficient for the intended application.

4) Drift: Fig. 4(c) presents the drift characterization results,
showing a drift of 6.35% after maintaining a constant load
for 5 min. This drift is believed to arise from several sources:
viscoelastic creep of the polymer (slow deformation of the

material under sustained stress), carbon network densification
(gradual compaction of conductive particles forming new
conduction paths), polymer stress relaxation feedback (redis-
tribution of internal stresses that alter local contact pressures),
and environmental coupling (effects of temperature or humid-
ity on material behavior) [32]. Although such a drift has
minimal impact during gait, remaining below 0.01% over the
short duration of a single step (Fig. 4(c), single step inset plot),
it becomes an important factor during calibration procedures.
Therefore, calibration must be performed using a rig that
applies a uniform and stable pressure across all sensing areas,
as done in this study, to ensure that drift-induced bias is
minimized.

5) Pressure Calibration: Fig. 5(a) presents the calibration
curves for all sensing areas in the 0–400-kPa range, with each
line corresponding to a different sensing location. Fig. 5(b)
shows the error that results after fitting a third-order polyno-
mial to the response of each area. Both plots highlight the
nonuniformity of the material previously illustrated in Fig. 3,
as the sensing areas exhibit noticeably different outputs under
identical applied pressures. Data also reveal that pressures
below approximately 50 kPa exhibit reduced precision, likely
because sensor layers do not achieve full mechanical contact
at such low loads, leading to unstable resistance readings.
Since pressures in this range are uncommon during gait, values
below that threshold are excluded from subsequent analyses
but still included for calibration purposes.

IV. GAIT MEASUREMENTS

To evaluate the dynamic performance, accuracy, and preci-
sion of the custom-built pressure-sensing insole, a comparative
analysis was performed against a commercially available
gold-standard insole (Pedar and Novel), which features full
plantar coverage and high-resolution sensing. The comparison
focused on relative pressure profiles and signal consistency
during gait. For these tests, the full IOF was used with the
offloading components blocked to reproduce plantar-pressure
readings under real-world conditions.

A. Methods
A stack configuration was adopted for the simultaneous

collection of P-MAPS and Pedar data on the same foot during
walking. The P-MAPS insole was placed directly above the
IOF offloading components, with the Pedar insole on top,
and both were secured using double-sided adhesive tape to
minimize displacement, as illustrated in Fig. 6.

Four healthy adult participants wore the stacked insoles
inside the IOF and walked a 5-m linear path for approximately
20 s per trial, maintaining a self-selected pace. A total of six
trials were recorded. Pressure data from both systems were
acquired simultaneously using an electronic trigger to account
for communication latency.

The raw signals were resampled at 50 Hz and smoothed
using a 50-ms moving-average filter. Residual clock off-
sets between systems were corrected by maximizing the
amplitude-weighted Pearson cross correlation between candi-
date sensor pairs within a ±0.5-s search window, with the
optimal lag applied to the P-MAPS time axis.
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Fig. 4. Aggregate characterization across all sensing areas. (a) Hysteresis. (b) Repeatability. (c) Drift.

Fig. 5. Calibration (left) and error (right) plots. Each color line represents the measurement from each sensing area.

Fig. 6. IOF prototype, including sensing, controlling, and actuating
components.

The initial sensor correspondence was established using
the known P-MAPS geometry and the Pedar sensor layout.
Due to variations in assembly and gait-induced misalignment,
a postprocessing step was applied to refine alignment. A rigid
per-foot transform (dx , dy, and dθ ) was optimized to min-
imize overlap-weighted normalized root mean square error
(NRMSE) between candidate pairs, subject to a regularization

penalty; it was accepted only if it improved the NRMSE by
at least 5% over the nominal orientation. Sensor pairs were
selected using a hybrid approach that combined geometric
overlap prefiltering and NRMSE-based one-to-one assignment.
Pairs were excluded if Pearson r < 0.5 or if the mean peak
Pedar pressure was below 40 kPa. The per-step peak pressure
error and the pressure–time integral (PTI) error were computed
for each retained pair. The temporal correlation r and the
NRMSE were evaluated in the analysis window

NRMSE =

√
1
N

∑N
i=1 (PP-MAPS (i) − PPedar (i))2

PPedar,max − PPedar,min
. (6)

The topology of the P-MAPS sensing regions is shown in
Fig. 7. For a European size 43 shoe, the sensing areas used
in the analysis are highlighted in blue, and the corresponding
sensors are listed in Table II.

B. Results and Discussion
P-MAPS demonstrated dynamic performance comparable to

that of the Pedar system. Fig. 8 shows a strong correspondence
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TABLE II
SENSOR PAIRS INCLUDED IN THE ANALYSIS WITH MEAN GEOMETRIC

OVERLAP ACROSS CONTRIBUTING TRIALS (ALIGNED GEOMETRY).
OVERLAP IN %. REGIME (REG.) BASED ON ERROR

Fig. 7. Custom P-MAPS sensing-area topology. Areas used for the
analysis are highlighted in blue. Anatomical, to-scale foot imprints
adapted from [33].

between the two measurements throughout the gait cycle.
Because the P-MAPS layers are not bonded, pressures below
approximately 30 kPa show reduced reliability, particularly
during unloading, as visible in measurements below 40 kPa
for the P-MAPS R7 signal. This behavior is consistent with
the low-pressure performance observed during sensor char-
acterization. However, this limitation has minimal impact on
the intended application, as clinically relevant PPs for the
assessment of the risk of DFU and the offload control typically
exceed 200–300 kPa. The reduced accuracy at very low loads
affects mainly phases where the foot is partially or fully
unloaded, which are not critical to identifying high-pressure
regions or guiding offloading. Despite this limitation, both sys-
tems exhibit similar temporal behavior, with P-MAPS showing
a slightly longer time constant, visible as less steep rising and

Fig. 8. Example time-series measurements from Pedar (dotted lines)
and P-MAPS (solid lines) for the left (blue) and right (red) feet. The
traces correspond to sensors overlapping in the central forefoot region:
Pedar L79 aligned with P-MAPS L7 (97.9% overlap) and Pedar R79
aligned with P-MAPS R7 (92.7% overlap).

falling edges in the inset plots. A brief pressure drop in the
Pedar R79 trace around 7.5 s is likely due to a missing data
packet and is not reflected in the P-MAPS measurement.

The readings from both feet originate from anatomically
similar regions; however, the right foot shows a consistently
higher peak pressure, approximately 40 kPa above the left,
reflecting natural asymmetries arising from the individual gait
mechanics of the participant. This variation emphasizes the
intrinsic subject-specific nature of plantar-pressure patterns,
and the fact that they are observed in both systems confirms
that the differences are biomechanical rather than sensor-
related. Furthermore, the dynamic limitations reported in
Section III, namely hysteresis and drift, are not perceptible
during the gait cycle, indicating that the current design is
adequate for the intended application.

The apparent error for the peak of Pedar R79 versus
P-MAPS R7 in Fig. 8 can be traced to residual geometric
mismatch between the two insoles. This tendency is quantified
in Fig. 9(a), which shows the aggregate agreement of the peak
pressure over six trials. Pairs with high spatial overlap and
small centroid offset, such as R76/R5 and L79/L7, consistently
achieve peak errors below 5%, confirming that geometric
colocalization reliably predicts measurement agreement. How-
ever, pairs such as L76/L9 exhibit large reproducible peak
errors (34%–38%) despite near-perfect geometric overlap. This
reflects an area-average effect: the Pedar cell integrates pres-
sure over approximately 190 mm2, while the P-MAPS sensor
samples a 79-mm2 area located near the maximum intracell
pressure. In this regime, P-MAPS captures the true local
peak while Pedar reports a spatially averaged underestimate,
a structural consequence of Pedar’s sensor geometry.

For this analysis, three error regimes are defined. Geometry-
predictable pairs (gray) exhibit a median absolute peak error
below 15%, indicating that agreement is primarily governed
by spatial overlap (e.g., R76/R5, R79/R7, and L73/L11). Area-
averaging dominated pairs (amber) show median errors above
15% in multiple trials despite a low geometric mismatch
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Fig. 9. Aggregate error between Pedar and P-MAPS across all trials (a) per-step peak pressure and (b) per-step PTI. Each box shows the
interquartile range across all contributing steps and trials, with the median indicated by the orange line. The dashed blue diamond line represents
the geometric overlap mismatch, defined as the percentage of the P-MAPS sensing area extending beyond its paired Pedar cell. Box color indicates
the dominant error regime: gray denotes geometry-predictable error correlated with overlap mismatch; amber denotes reproducible error despite
low geometric mismatch, attributed to spatial averaging within the larger Pedar cell at anatomical pressure maxima; and red denotes outlier pairs
from a single trial with anomalously high error, suggesting hardware-related effects rather than geometric causes. The number of contributing trials
is indicated as (n = x) for each pair.

Fig. 10. Aggregate temporal agreement between Pedar and P-MAPS across all trials (a) whole-series Pearson correlation and (b) NRMSE.
Bars indicate the mean across contributing trials, with values labeled above each bar. Bar colors follow the regime classification in Fig. 9: gray,
geometry-predictable; amber, area-averaging dominated; red, hardware outlier. In (b), the dashed blue diamond line represents the geometric
overlap mismatch normalized to the NRMSE scale, enabling direct comparison between signal disagreement and spatial misalignment. The number
of contributing trials is indicated as (n = x) for each case.

(e.g., L76/L9), reflecting intrinsic differences in the sensing
area that are not related to alignment. Finally, hardware
outliers (light red) correspond to isolated cases (n = 1) with
median errors exceeding 30% (e.g., R75/R14), attributed to
transient sensor or acquisition effects rather than geometric
causes.

The PTI errors in Fig. 9(b) show a broader distribution,
as expected. PTI integrates pressure over the full stance
phase and is sensitive to differences in sensor dynamics,
response time, and hysteresis intrinsic to each technology. The
PTI metric is therefore presented as a system-level loading
indicator rather than a direct accuracy measure. Fig. 10(a)

and (b) shows aggregate temporal correlation and NRMSE
in all trials. The consistent ranking of sensor pairs, with most
achieving r > 0.85, confirms that performance is governed
primarily by anatomical placement rather than trial-specific
conditions.

In general, these results highlight the importance of targeted
sensing-area design in plantar-pressure instrumentation. With-
out sensing regions that correspond to the locations of the
offload actuators, the relationship between measured pressure
and actuator-specific loading becomes ambiguous, reducing
the reliability of ulcer risk assessment and offload performance
evaluation.
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V. CONCLUSION AND FUTURE WORK

This article presented the design and characterization of
P-MAPS, a custom-topology plantar-pressure-sensing insole
suitable for full integration into IOF. The proposed design
demonstrated improved hysteresis and drift performance com-
pared to previous reports. The measured operating range
of 45–350 kPa and the repeatability (coefficient of vari-
ation below 2.5%) enable the acquisition of high-quality
gait pressure data comparable to the Pedar gold-standard
system.

Gait experiments across multiple participants further con-
firmed consistent sensing behavior and strong agreement with
Pedar measurements under dynamic conditions. Dynamic tests
also highlighted the importance of a strict calibration protocol:
observed drift (6% after 5 min) and hysteresis (25.8%) empha-
size the need for uniform loading conditions and adequate
recovery time to account for viscoelastic effects. The results
also demonstrate the importance of spatial alignment between
sensing regions and actuator modules for automatic offloading,
strengthening the advantage of the customizable sensor topol-
ogy implemented in P-MAPS. However, because the sensing
layout does not fully cover the plantar surface, some loads
may remain unmeasured; although elevated actuator profiles
partially mitigate this effect, future work will extend the design
to full plantar coverage.

In general, this work provides three main contributions.
First, we quantified the effect of nonoverlapping sensor con-
figurations on peak pressure detection accuracy, demonstrating
how insufficient overlap can misrepresent hotspot magnitudes
and compromise automatic pressure-redistribution algorithms.
Second, we showed that a fully custom, low-cost sensing
topology can achieve dynamic performance comparable to
that of a gold-standard commercial system, providing a scal-
able pathway for application-specific plantar-pressure sensing.
We also presented the associated electronic and topological
design that enables this performance. Third, we characterized
Velostat as a sensing material, evaluating its hysteresis, drift,
and repeatability under controlled loading conditions and
quantifying the calibration requirements necessary for reliable
measurements.

Future work will investigate the long-term robustness
of the sensing system under environmental and mechani-
cal conditions typical of footwear use. In particular, the
influence of temperature variations, humidity and perspira-
tion, and repeated cyclic bending on the stability of the
piezoresistive sensing elements will be evaluated. Although
the flexible layered construction of P-MAPS is designed to
accommodate deformation and provide partial protection from
environmental exposure, extended durability testing under
controlled climatic and mechanical conditions will be required
to quantify long-term performance and guide future design
refinements.

Future work will also incorporate shear-stress detection to
enable richer multimodal risk indicators combining PP, shear
loading, and PTI to detect earlier the risk of DFU. Addi-
tionally, P-MAPS will be used to evaluate the effectiveness
of offloading modules under real-world conditions, advancing
toward autonomous offloading interventions that do not require

patient action and ultimately reducing the incidence of DFU
and associated amputations.
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