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ABSTRACT: Wide-range pressure sensing is essential for
wearable biomedical systems operating under diverse mechan-
ical conditions, such as prosthetic interfaces, surgical tools, and
rehabilitation devices. However, current wearable pressure
sensors remain limited to narrow pressure ranges (typically
<100 kPa), restricting their use in high-pressure settings, such
as prosthetic sockets. Here, we report a wearable pressure
sensor with an ultrabroad detection range—from 70 Pa to 4
MPa—representing one of the widest ranges reported to date
for wearable systems. The key enabling strategy is the use of
poly(diallyldimethylammonium chloride) (PDDA) as a molec-
ular binder to electrostatically anchor multiwalled carbon
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nanotubes within a polyurethane foam scaffold. This PDDA-assisted layer-by-layer assembly produces a stable, homogeneous,
and highly compressible conductive network that preserves sensitivity across both subtle and extreme pressures. We integrated
the sensor into a smart sheath for lower-limb prosthetics and demonstrated real-time pressure mapping during sitting,
standing, and walking. This system provides a practical route toward continuous, high-pressure monitoring in prosthetic and

other demanding wearable applications.
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INTRODUCTION

Wide-range wearable pressure sensors are critical components
in human—machine interfaces,' ™ healthcare monitoring,6_11
and prosthetic systems,'”~'* where the ability to detect both
subtle and elevated pressures across curved, dynamic surfaces
is essential. However, achieving an ultrabroad sensing range in
wearable formats remains a fundamental challenge. Most
reported sensors are limited to pressures below ~100 kPa,"> ™'
rendering them inadequate for applications involving high
mechanical loads, such as at the interface between prosthetic
sockets and residual limbs. Efforts to extend the sensing range
have included porous networks,”> > structured geome-
tries,””~** and composite materials with tunable stiffness.**>°
More recently, hybrid nanomaterial systems’ ~*" and soft
interlayers have been explored to enhance deformability and
structural resilience. While these strategies have improved
sensitivity and extended sensing ranges,*' ™"’
between conductive materials and substrates often causes
delamination and degradation under repeated stress, leaving
performance inadequate for reliable monitoring across both
low- and high-pressure regimes. Addressing this performance
gap is essential for enabling pressure sensing in domains such
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as prosthetic socket interfaces, where pressures can easily
exceed 300 kPa during daily activities.

To address these unmet requirements, we introduce a
wearable pressure sensor based on a polyurethane (PU) foam
matrix functionalized with multiwalled carbon nanotubes
(MWCNTs) via poly(diallyldimethylammonium chloride)
(PDDA)-assisted electrostatic adsorption. This strategy
enables uniform and stable dispersion of MWCNTSs through-
out the porous PU structure, forming reliable conductive
pathways that respond sensitively to mechanical deformation.
As the foam compresses, the contact area and spacing between
the conductive elements change, yielding a measurable
resistance shift that directly correlates with applied pressure.
Leveraging this design, our sensor achieves an ultrabroad
sensing range from 70 Pa to 4 MPa—spanning both gentle
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skin contact and the high interface pressures encountered in
prosthetic socket applications. The sensor also remains stable
over a broad environmental window (—20 to 120 °C, 10—90%
relative humidity), indicating excellent robustness.

Indeed, the core motivation for this sensor design lies in its
applicability to one of the most clinically demanding and
underaddressed scenarios: monitoring interface pressure in
lower-limb prosthetic sockets. In the United States alone, over
2 million individuals rely on prosthetic limbs.'>** And uneven
pressure distribution at the socket—residual limb interface
remains a leading cause of skin irritation, tissue damage, and
user discomfort. Accurate, real-time pressure monitoring is
essential for optimizing socket fit and preserving long-term skin
health,”™* yet remains technically challenging due to the
highly dynamic, curved, and high-pressure nature of this
interface. Existing wearable sensors lack the sensing range,
mechanical resilience, and conformability required to operate
under such conditions. In contrast, the ultrabroad detection
range and flexible structure of our sensor make it uniquely
suited to this application. As a proof of concept, we integrated
the sensor into a smart textile sheath designed for prosthetic
sockets, enabling the continuous mapping of pressure
distributions during various ambulatory activities. This
system-level demonstration highlights the sensor’s potential
to address a long-standing unmet need in prosthetics by
improving comfort, safety, and long-term quality of life for
amputees.

RESULTS AND DISCUSSION

Material Characterization and Sensing Mechanism.
Figure la illustrates the surface treatment process for the PU
foam. Because of the hydrophobic nature of PU, the foam is
first coated with PDDA as an adhesion promoter,”””' a
formaldehyde-free color stabilizer used in the textile industry,
making the skeleton surfaces positively charged. Then, a layer
of MWCNTs is applied, which were chosen over other
nanomaterials due to their exceptional electrical conductivity
and mechanical robustness. With this cycle repeated three
times, as shown in Figure Sla, it enhances the coating
uniformity and adhesion of MWCNTs on the foam surface.
Energy-dispersive spectroscopy (EDS) spectra (Figure S1b)
and scanning electron microscopy (SEM) images (Figure Sic)
confirm the successful coating of pristine PU foam with PDDA,
as evidenced by the appearance of Cl peaks and a uniform Cl
distribution. SEM images of foam with and without PDDA
treatment are presented in Figure 1b for comparison, and the
PDDA-treated foam shows a more uniform and stable
attachment of MWCNTs, as indicated by the denser coverage
in the magnified images. In contrast, foam without PDDA
exhibits less uniform attachment of MWCNTSs, implying
weaker adhesion and potentially less consistent conductivity.

Figure 1c illustrates the mechanism of the pressure sensor, in
which resistance decreases upon compression. When external
pressure is applied, the foam structure deforms (left), reducing
the interparticle distance between adjacent conductive path-
ways within the skeleton. This decrease in spacing increases
the number of contact points and the probability of near-
contact interactions, thereby generating new and shorter
conductive paths for electron transport (center schematic).
As the distance becomes sufficiently small, previously isolated
conductive clusters begin to merge, enabling the formation of
continuous conductive networks. This distance-driven tran-
sition toward the percolation threshold explains the
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Figure 1. Material characterization and sensing mechanism. (a) PU
foam coated with PDDA first and then MWCNT. (b) SEM images
of PU foam coated with/without PDDA in different magnification
factor. (c) FEA results of current flow paths increase upon applied
pressure.

pronounced reduction in resistance.”> A simplified circuit
model further illustrates this effect: in the uncompressed state,
two parallel conductive paths exist, a direct path (R) and a
longer three-segment path (3R), yielding an effective resistance
of 0.75R. Upon compression, the MWCNT-coated skeleton
forms an additional shortcut that shortens the longer path from
3R to 2R, reducing the equivalent resistance to ~0.66R. Finite
element analysis (FEA) simulations of the primary current
paths (defined as paths carrying over 10% of the initial
current) reveal that when compressed to 60% of its initial
thickness, the PU foam exhibits a significantly expanded
network of conductive pathways compared to its uncom-
pressed state (right). This expanded current pathway network
corroborates the proposed mechanism of resistance reduction
through the increased number of internal contacts upon
compression. Figure S2a demonstrates SEM images of PU
foam with different porosities (ppi, pores per inch), shown as
45 ppi, 60 ppi, and 80 ppi. As the ppi increases, the foam
structure appears denser, which may influence both its
mechanical properties and electrical conductivity under
compression. The simulation results are consistent with the
SEM images in Figure S2b, the flat foam has a uniform coating,
while the deformed foam exhibits compressed and more
densely packed pores. When an external force is applied to the
sensor, the skeleton is compressed, and the MWCNTs
successfully coated on the skeleton, as confirmed by the
Raman spectrum in Figure S3a, come into closer contact,
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Figure 2. Structural optimization for enhanced pressure sensitivity and range. (a) Different porosity (size: 1.5 X 1.5 cm, thickness: 0.25 in.).
(b) Different thickness (size: 1.5 X 1.5 cm, porosity: 80 ppi). (c) Pressure-deformation test (size: 1.5 X 1.5 cm, porosity: 80 ppi). (d)
Different size (porosity: 80 ppi, thickness: 0.25 in.). (e) Mechanical properties comparison. (f) Dynamic range comparison. (g) Fractional
change in resistance of the sensor under subtle pressure around 70 Pa (size: 1.5 X 1.5 cm, porosity: 80 ppi, thickness: 0.25 in.). (h)
Normalized resistance under different temperatures. Error bars represent standard deviation, n = 3 for each group (size: 1.5 X 1.5 cm,
porosity: 80 ppi, thickness: 0.25 in.). (i) Normalized resistance under different humidities. Error bars represent standard deviation, n = 3 for

each group (size: 1.5 X 1.5 cm, porosity: 80 ppi, thickness: 0.25 in.).

forming additional conductive pathways and resulting in a
decrease in electrical resistance. Benefit from the electrostatic
attractions between PDDA and MWCNTSs, the sensor can
even withstand 10 washing cycles™* (Figure S3b) without
significant resistance change. Also, after being pressed under
500 kPa, the foam without PDDA shows obvious detachment
(Figure S3c). The initial resistance follows an approximately
normal distribution among S0 samples (Figure S4a), indicating
good repeatability and low variation. Meanwhile, the pressure—
resistance response curves (Figure S4b) reveal a stable and
consistent performance across five randomly chosen samples,
validating the reliability.

Structural Optimization for Enhanced Pressure
Sensitivity and Range. Figure 2 provides a comprehensive
performance characterization of the PU foam-based pressure
sensor, demonstrating the effects of porosity, thickness, and
size on the foam’s electrical and mechanical responses to
pressure. Figure 2a shows the relationship between normalized
resistance change and applied pressure for PU foams with
different porosities (45, 60, and 80 ppi) at a constant thickness
of 0.25 in. And the pressure sensitivity (S) is defined as § =

(AR/R,)/AP, where AR represents the resistance change of
the sensor, R, represents the resistance without pressure, and
AP represents the applied pressure. The experimental setup for
detecting the resistance change of the sensor is schematically
shown in Figure SS. The results indicate that as the porosity
increases (from 4S to 80 ppi), the sensitivity of the foam to
pressure also increases from 0.0005 to 0.0012 kPa™', since a
subtle pressure could largely deform the structure and create
more conductive pathways in the high-porosity structure. The
higher sensitivity of the 80 ppi foam observed in Figure 2a
persists throughout the entire range, because prosthetic socket
pressures typically operate below 500 kPa, the comparison in
Figure 2a emphasizes the most relevant regime for our target
application. Figure 2b presents the normalized resistance
change as a function of pressure for foams with varying
thicknesses (0.125”, 0.25”, and 0.5”) at a constant pore size of
80 ppi. Thicker foams (e.g., 0.5”) exhibit higher sensitivity at
lower pressures, while thinner foams (e.g,, 0.125”) have a more
limited response range, demonstrating how thickness impacts
the foam’s pressure sensitivity and dynamic range. According
to the pressure—deformation curve in Figure 2¢, when
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subjected to pressure, the foam with larger thickness has a
greater deformation than those with smaller thickness. The
larger the thickness, the greater the deformation of the foam
skeleton, the more contact of the MWCNTs on the skeleton,
the more conductive pathways formed, and the greater the
change of resistance.”

Figure 2d explores the effect of sample size on normalized
resistance change under pressure, with samples of 80 ppi foam
in three different dimensions (1 X 1, 1.5 X 1.5, and 2 X 2 cm).
Larger samples (e.g, 2 X 2 cm) show a higher resistance
change at lower pressures, which suggests that the size also
affects sensitivity, potentially due to greater contact area in
larger size with the same pressure source. At lower pressures
(below ~1500 kPa), the open-cell PU foam undergoes
progressive compression. This deformation reduces the
interparticle spacing between adjacent MWCNTSs and
continuously increases the number of conductive pathways.
In this regime, the change in resistance is roughly proportional
to the applied load, resulting in an approximately linear
response. However, when the pressure exceeds ~1500 kPa, the
foam enters its densification regime. At this stage, most pores
have already collapsed, and additional compression primarily
causes the thickening of the cell walls rather than the formation
of new conductive paths. Consequently, the incremental
decrease in resistance diminishes, leading to a gradual
saturation of the signal and a deviation from linearity at high
pressures. In addition, the PDDA-assisted electrostatic
assembly firmly anchors the MWCNTSs onto the PU skeleton,
preventing filler detachment under high compression, high-
pressure cycling measurements from 1 to 2 MPa (Figure S6)
show stable output over 1,000 cycles with negligible drift, and
the hysteresis area (~9.3% of the loading curve) confirms good
reversibility even in the nonlinear densification regime. These
data indicate that although the response saturates above ~1
MPa due to foam densification, the signal remains reproducible
and can be calibrated for applications requiring high-load
discrimination. A radar plot in Figure 2e compares the
mechanical properties of PU foams with different porosity
(4S, 60, and 80 ppi), evaluating parameters such as density
(pounds per cubic foot), CLD (compression load deflection)
at 25% deformation, tensile strength, maximum elongation,
and tear strength. The 80 ppi foam shows higher tensile
strength, indicating improved mechanical resilience, but it has
lower maximum elongation to 60 ppi foams, showing a trade-
off in properties. Taking all these findings into consideration,
an 80 ppi foam with a thickness of 0.25 in. and a size of 1.5 X
1.5 cm champions the best performance. These findings
illustrate the sensor’s tunable sensitivity and dynamic range,
making it suitable for applications requiring high flexibility and
wide pressure measurement capabilities. Figure 2f compares
the dynamic range and linear range of the pressure sensor
developed in this study to previous works from various
publications (nonexhaustive survey).”***"*~>° The dynamic
range of this study is notably higher, from 70 Pa (Figure 2g) to
4 MPa, emphasizing the enhanced performance of this pressure
sensor in terms of its broad measurable range. Also as shown in
Figure 2h,i, the normalized resistance remains essentially
constant across the tested temperature (from —20 °C up to
120 °C) and relative humidity (up to ~90%) ranges, indicating
negligible environmental drift. At high humidity levels,
although PDDA and PU can absorb moisture, the resulting
dimensional change is minimal compared with the large
structural deformation induced during sensing. Because the

dominant electrical response originates from MWCNTSs
contact formation rather than polymer swelling, the effect of
humidity on the measured signal is negligible. This is
consistent with stable behavior.

Pressure-Sensing Performance. In Figure 3, the speci-
mens have a porosity of 80 ppi, a thickness of 0.25 in., and a
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Figure 3. Pressure-sensing performance. (a) I-V curves of the
sensor with applied various pressures. (b) Cyclic relative resistance
responses of the sensor to different pressures. (c) Respond and
recovery time of the sensor during loading/unloading of 500 kPa
using a linear motion stage moving at a speed of 20 mm/s. (d)
Cyclic relative resistance responses of the sensor to 500 kPa at
different frequencies. (e) Reliability test of the sensor through
10,000 loading/unloading cycles at a pressure of 500 kPa.

size of 1.5 X 1.5 cm, unless otherwise noted. Figure 3a shows
the I-V (current—voltage) characteristics of the pressure
sensor at various applied pressures, ranging from 1 to 1000
kPa. The sensor exhibits a linear response across all pressure
levels, which indicates stable ohmic behavior with increasing
pressure. As the pressure increases, the slope of the I-V curve
also increases, reflecting a decrease in resistance due to the
increasing conductive pathways. The representative resistance
profiles of the sensor under seven different applied pressures
are plotted in Figure 3b. It is notable that the good correlation
between responding signals and pressure levels enable the
sensors to detect diverse pressure loads. As the pressure
increases from 1 to 1000 kPa, the relative resistance changes
increase consistently, demonstrating its ability to detect
pressures over several orders of magnitude.

The time-response plot in Figure 3c examines the response
and recovery times of the sensor under a step pressure change.
The insets highlight the rapid response and recovery times,
approximately 29 and 28 ms during loading/unloading of 500
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kPa, respectively. This fast response indicates that the sensor is
suitable for dynamic applications, where real-time pressure
monitoring is essential. It is worth noting that our customized
LabVIEW-based system has a maximum sampling rate of
approximately 40 Hz. As a result, the measured response times
are limited by this sampling interval. Here, the response time is
defined as the time for the signal to reach ~90% of its steady-
state value upon loading and the recovery time as the time to
return to ~10% of baseline after unloading. Figure 3d shows
the frequency response of the sensor at various compression
frequencies (0.037, 0.07S, 0.150, and 0.225 Hz). The sensor
demonstrates consistent performance across all tested
frequencies, with clear peaks corresponding to each applied
frequency. This result suggests the sensor can reliably respond
to cyclic loading without frequency-dependent behavior or loss
of signal fidelity. Figure 3e illustrates the long-term stability
and durability of the sensor under repeated cycling. The sensor
undergoes 10,000 cycles of loading and unloading, with insets
showing detailed views of the waveform at cycles near the
beginning and end of the test. The stable values over 10,000
cycles indicate excellent durability and minimal degradation,
demonstrating the sensor’s suitability for applications requiring
prolonged usage.

System-Level Integration and Ex Vivo Validation on
an Artificial Limb. Figure 4a illustrates the application of a
pressure sensor within a prosthetic setup. The smart sheath,
embedded with a pressure sensor array and serpentine
conductive interconnections, is positioned between the
residual limb and the prosthetic socket. Since we directly
modify the commercially available sheath, the existence of the
pressure sensor will not compromise the intrinsic properties
such as stretchability and breathability of textile. We develop a
transfer-iron-on process (Movie S1) to apply conductive fabric
onto the 3D curve surface of the sheath (Figure S7a) to form
interconnections, nickel and copper coated fabric is first
patterned by Cricut and then transferred to sheath via iron,
because the force between interconnection and sheath through
hot-melt polymer is stronger than the interconnection and
transfer tape (Figure S7b), and the conductive interconnection
is successfully left on sheath. The serpentine design enables a
stretchability of 100% (Figure S8a) and durability of 10,000
cycles (Figure S8b), with imperceptible resistance change.
Also, the island-bridge structure decouples the stretching and
the pressure sensor; there is barely an effect of different
stretching extents to the pressure sensor (Figure S8c). The
system is encapsulated by a thin layer of Eco-flex to eliminate
the sweat effect for a human subject test (Figure S8d). The
data from the sensor are transmitted wirelessly via a data
acquisition (DAQ) module and simultaneously stored on a
micro SD card, allowing for real-time interface pressure
monitoring in the socket of the prosthetic limb (Figures S9
and S10). This setup (Figure S11) contains two steps: (1) use
elastomer (Eco-flex in this case) to mimic residual limb and
(2) use the proposed system to obtain pressure data for
calibration.

Figure 4b shows the ex vivo setup using an Instron machine
for applying controlled loads on a prosthetic socket filled with
Eco-flex, simulating the interaction between the residual limb
and the socket (Movie S2). The right side illustrates the
components involved, including the top load frame, adapters,
femur model, and bottom load frame. This setup allows for
controlled testing of the sensor’s response under different load
conditions. Close-up images of the smart sheath in Figure 4c
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Figure 4. System-level integration and ex vivo validation on an
artificial limb. (a) Schematic illustration of the smart sheath
system, including stretchable serpentine conductive interconnec-
tion, pressure sensor, and a wireless DAQ device. (b) Testbed
setup within an Instron tensile tester. (c) Sensor structure with
metal snaps installed to facilitate electrical connectivity. (d)
Pressure sensor vs load cell (ground truth validation).

demonstrate the integration of the serpentine conductive
interconnection and the pressure sensor. The serpentine
structure provides flexibility and stretchability, allowing it to
conform to the contours of the residual limb. The images show
how the sensor and interconnections are embedded within the
sheath, ensuring they remain in place during wear. Figure 4d
compares the pressure sensor values with those from the load
cell (as ground truth) under applied loads, with a line
representing the ideal y = x correlation. The close alignment of
the test values to the y = x line indicates accuracy and
reliability of the sensor in measuring applied loads, validating
its effectiveness for interface pressure measurement in
prosthetics. It is worth mentioning that the wireless data
acquisition system can communicate with mobile application
up to 10 m, and a 500 mAh lithium-ion polymer battery can
support it for up to S0 h (average 9.47 mA, maximum 25.93

Dynamic Pressure and Gait Analysis in an Individual
with Transtibial Amputation. To evaluate the dynamic
pressure distribution and motion patterns at the prosthetic
socket interface, we integrated a wireless pressure sensing
system onto the residual limb of a transtibial prosthesis user

https://doi.org/10.1021/acsnano.5c18106
ACS Nano XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c18106/suppl_file/nn5c18106_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c18106/suppl_file/nn5c18106_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c18106/suppl_file/nn5c18106_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c18106/suppl_file/nn5c18106_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c18106/suppl_file/nn5c18106_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c18106/suppl_file/nn5c18106_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c18106/suppl_file/nn5c18106_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c18106/suppl_file/nn5c18106_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c18106/suppl_file/nn5c18106_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c18106/suppl_file/nn5c18106_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c18106/suppl_file/nn5c18106_si_003.mp4
https://pubs.acs.org/doi/10.1021/acsnano.5c18106?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c18106?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c18106?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c18106?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.5c18106?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

Pressure (kPa)
S 8
o o

-
o
o

40

4 6 8 10 N 2 4 6 8 10
Time (s) Time (s)

300

Pressure (kPa)

200
100

—DA
PL
A

[
x

-
o

Acceleration (m/s? )
n

'
o

i

1 2 o 1
Time (s) Time (s)

40 — %
. —PL| ~ —Y
£ 3 e “’W
< E
N e W AN N
5 200 Ss
173 =
g U~ §

& 100 8o
W/_‘\__\/\ <
0 4 6 8 10 % 2 4 6 8 10

Time (s) Time (s)

Figure S. Dynamic pressure and gait analysis in an individual with transtibial amputation. (a) Images of a transtibial residual limb with
integrated flexible pressure sensor arrays positioned at three locations: proximal lateral (PL), proximal anterior (PA), and distal anterior
(DA). (b) Subject with prosthetic limb with wearable wireless DAQ_system and 57 infrared markers during experimental sessions. (c)
Thermal imaging of the residual limb before and after prolonged prosthetic use, indicating localized temperature variations. (d—f)
Representative data during (d) sitting, (e) standing, and (f) walking activities. For each condition, synchronized data from optical motion
capture, pressure sensors (DA, PA, and PL), and triaxial accelerometers (X, Y, and Z) are displayed. Distinct pressure distributions and
acceleration profiles reflect the dynamic loading patterns and movement characteristics across different activities.

(Figure S12, Movie S3). Three pressure sensors were
positioned at clinically relevant locations:®" proximal lateral
(PL), proximal anterior (PA), and distal anterior (DA) regions
of the residual limb (Figure Sa). The flexible sensors were
conformally attached on the sheath with conductive inter-
connections encapsulated by Eco-flex, where selective surface
protection is used to improve durability and prevent
biofouling.él’62 To accommodate different testing scenarios,
the serpentine interconnections used for on-body testing differ
from those used during calibration with wider traces adopted
to enhance mechanical flexibility and robustness during wear.
A wearable wireless DAQ module with an accelerometer unit,
and 57 infrared markers (OptiTrack) enabled real-time signal

collection during activities (Figure Sb). Additionally, thermal
imaging (FLIR) was performed to assess localized temperature
changes before and after prolonged prosthetic use (duration is
around 1 h) (Figure Sc), as well as using a bent-knee adapter
(Figure S13), highlighting potential regions of heat accumu-
lation. Importantly, no substantial heat accumulation was
observed across the sensor sites during prolonged wear, except
in the vicinity of the battery compartment.

During sitting, stable pressure values were observed across
all sensor locations, with the DA region exhibiting the highest
average pressure, ~150 kPa (Figure 5d), while the other
regions show ~50 kPa. The corresponding acceleration data
indicated minimal limb movement, consistent with the
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stationary posture. Transitioning to standing resulted in a
distinct redistribution of pressure (Figure Se), characterized by
transient pressure spikes, particularly at the DA location,
reflecting weight shifting and postural adjustments. The
accelerometer data revealed fluctuations in the X-axis direction,
consistent with subtle sway and muscle activity during static
standing.

Walking trials demonstrated cyclic pressure variations
corresponding to gait cycles (Figure S5f). The DA region
consistently experienced higher peak (from ~200 to ~250
kPa) pressures relative to PA (from ~150 to ~200 kPa) and
PL (~50 kPa), reflecting load transfer during the stance phase.
Simultaneously recorded triaxial acceleration data captured
characteristic oscillations associated with alternating stance and
swing phases with pronounced fluctuations in the anterior-
posterior (Y-axis) and vertical (Z-axis) directions. These
combined pressure and motion data sets provide quantitative
insights into the dynamic mechanical environment at the
limb—socket interface during functional activities.

In contrast to commercial systems such as the Tekscan F-
Scan Socket,”*** which rely on thin-film pressure sensors and
tethered data acquisition units, our smart sheath offers wireless,
multisite pressure and motion monitoring in a fully wearable
format. Moreover, while F-Scan systems are typically limited to
flat or semicurved surfaces and require meticulous sensor
alignment, our foam-based sensor demonstrates strong
durability and environmental stability and can be embedded
into stretchable textile sheaths, providing a conformal and
compliant interface that preserves socket geometry without
requiring socket modification. The integration of synchronized
triaxial accelerometry further provides complementary kine-
matic information that conventional pressure systems lack,
enabling comprehensive, real-world gait characterization with-
out motion constraints.

CONCLUSIONS

In this study, we developed and demonstrated a wide-range,
durable, and conformal pressure-sensing system tailored to the
challenging mechanical environment of prosthetic socket
interfaces. By utilizing the PDDA-assisted electrostatic
assembly of MWCNTSs on PU foam, we obtained stable
conductive networks that remain functional under high
compressive stress, prolonged cyclic loading, and repeated
washing cycles.

Crucially, our sensor achieves a sensing range from 70 Pa to
4 MPa. This expanded range enables accurate monitoring of
pressure regimes encountered in prosthetic sockets, including
peak loads up to 300 kPa during daily activities, which are
often beyond the detection capabilities of piezoresistive,
capacitive, or piezoelectric sensors. The ability to capture
both low- and high-pressure levels in real time provides a more
complete picture of the limb—socket interaction, which is
essential for clinical decision-making but is largely inaccessible
with existing technologies.

The integration of our sensor array into a smart sheath
allows continuous wireless mapping of pressure distributions
across anatomically relevant regions of the residual limb.
Coupled with a wearable DAQ_system and motion tracking,
our platform synchronously captures both mechanical loading
and limb dynamics during functional tasks such as sitting,
standing, and walking. Real-world evaluation with transtibial
amputees revealed region-specific pressure variations and gait-
related pressure cycles, offering rich data sets that prosthetists

can use to refine socket alignment, optimize load distribution,
and enhance user comfort and safety.

While these results are promising, several opportunities for
future improvement remain. Scaling up the sensor array to
cover the full socket surface may require further miniatur-
ization and optimization of the DAQ hardware. Larger cohort
studies across diverse patient populations and prosthetic
designs are essential to validate long-term clinical efficacy.
Moreover, incorporating additional sensing modalities, such as
shear stress, skin temperature, additional physiological signals
like EMG,*® or humidity, could provide a more comprehensive
assessment of residual limb health and support personalized
prosthetic management.

In summary, this work presents a robust and clinically
relevant platform for next-generation wearable sensing in
prosthetic care. The uniquely broad sensing range, coupled
with mechanical resilience and wireless integration, directly
addresses limitations of prior technologies and opens new
possibilities for real-time, data-driven improvement of the
prosthetic socket design and fit.

METHODS AND MATERIALS

Fabrication of Pressure Sensor. PDDA (Sigma-Aldrich, average
M,, 200,000—350,000, 20 wt % in H,0) was diluted in deionized
water to obtain a 10 wt % aqueous solution. 0.25 g of MWCNTs
(Cheaptubes, diameter of 10—20 nm, length of 10—30 um) was
dispersed in 100 mL of isopropyl alcohol (IPA), followed by an
ultrasonication for 30 min to prepare a homogeneous dispersion. PU
foam (United States Plastic Corporation) was first immersed into the
PDDA solution for 5 min and dried at 60 °C. Then, the PDDA-
treated foam was immersed into MWCNT's dispersion solution for §
min and dried at 60 °C. By repeating this process in a cyclic manner
and rinsed in deionized water and dried, the pressure sensor was
obtained.

Characterizations of Pressure Sensor. To measure the
electromechanical properties of the pressure sensor, a source meter
(Keithley 2400) and a custom-built LabView code (National
Instruments) were used in a two-wire configuration and testing was
conducted using a mechanical testing machine (Mark-10; Willrich
Precision Instruments). Microstructures were observed by using field-
emission scanning electron microscopy (S-4800, Hitachi, Japan)
operated at 5§ kV. The Raman spectrum was measured on a
spectrometer (Horiba LabRAM HR).

T-Peel Test. The adhesion between the conductive fabric, transfer
tape, and sheath was quantified by using a standard T-peel test. Two
identical strips (10 mm wide) were bonded together using the
transfer-iron-on process. One end of each strip was clamped into the
upper and lower grips of a mechanical testing machine (Mark-10;
Willrich Precision Instruments), forming a “T” configuration. The
peel test was performed at a constant speed of 10 mm/min, and the
peel force was recorded as a function of displacement.

Fabrication of Wireless DAQ Device. Commercial software
(Autodesk Eagle Version 9.6.2) was used to generate schematic
diagrams and layouts for the PCB (Figure S14). The set current is
determined by the following formula I, = 67.7 mV/R,,, and R, is
2000 Q in this case. The bare PCB was manufactured by OSH Park
(USA). All components were purchased from Digikey Electronics
(USA). A detailed bill of materials is listed in Table S1. The package
size for all capacitors and resistors is 0402, and 0603 for the indicator
LEDs. The bootloader (Adafruit Feather nRFS2840 Express) was
uploaded to the Bluetooth low-energy (BLE) system-on-chip by the
serial wire debug (SWD) protocol via five reserved pads on board.
Solder paste (SMDLTLFP10TS; Chip Quik) was used to attach the
various surface-mounted components to the PCB, facilitated by a heat
gun (Int866; Aoyue) and a hot plate (MHP30; Miniware). Figure
S15a displays a detailed block diagram of the pressure monitoring
system; the configuration enables wireless data transmission to any
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portable device using BLE protocols. The actual board size is 65 X 35
mm (Figure S15b), and the layout is detailed in Figure S1Sc. A
container was designed using commercial 3D CAD software
(Autodesk Fusion 360 Version 2.0) and was printed using a
stereolithography 3D printer (Form3; Formlabs), and a textile belt
(Xpand) was used to attach the container to the residual limb, as
shown in Figure S15d.

Human Subject Test. The human subject provided written
consent to participate in this study. The research protocol was
approved by the Notre Dame Institutional Review Board, Protocol
ID: 24-01-8293.
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