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Abstract

Temperature variations induce nonlinear changes in the dgmic sensitiv-
ity of 3D-printed piezoresistive sensors, thereby limitig their deployment in
thermally variable environments. Conventional temperatte-compensation
approaches rely on dedicated temperature sensors or exigascalibration
matrices, which increase system complexity and reduce meesment relia-
bility.

This research investigates the hypothesis that temperatefinduced changes
in dynamic sensitivity in 3D-printed thermoplastic extruson technology piezore-
sistive sensors are directly proportional to the changes ielectrical resis-
tance. The hypothesis was tested against twenty-four sirggprocess 3D-
printed accelerometers operating from 5C to 35 C in three humidity condi-
tions. Strong linear correlations R? > 0:98) between the relative resistance

and the dynamic sensitivity changes were found.
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The resistance-based temperature self-compensation medhdoes not re-
quire additional sensors. It enables accurate sensitivigrediction with errors
below 5% in normal humidity and 12 % in extreme humidity envisnments.
This approach eliminates the need for temperature sensorbile maintaining
measurement accuracy, enabling the deployment of thermagtic 3D-printed
piezoresistive sensors in smart structures operating assovarying environ-

mental conditions.
Keywords: 3D printing, piezoresistive sensors, smart structures,

temperature self compensation, resistance, dynamic seivily

1. Introduction

Piezoresistive sensors enable the dynamic measuremensensal for smart
structures [1,[2], providing real-time structural([3[ 4] ad human [5,[6] health
monitoring for adaptive response systems![7, 8D printing has revolution-
ized sensor manufacturing across diverse applications19] by enabling com-
plex geometries[[11, 12] and intricate structural design&d,(14]. It further
provides integrated sensing capabilitie5 [15,116] througtdvanced approaches
that are unattainable with traditional methods [17,[18]. 3Dprinting also en-
ables advanced nanomaterial systemis [19, 20] and highly iopized material
properties through process-parameter control [21,122]. &hmmoplastic ex-
trusion has emerged as a particularly promising techniquerf piezoresistive
sensor development, with diverse material systems demarating exceptional
performance across multiple application domains. These@jzations include
strain sensing([23,24], acceleration ]25], forcel[26] 2aijd pressurel[28, 29]

detection, as well as electrochemical biosensing1[30] artcustural health



monitoring [31,[32]. This technique allows the single-process manufacturing
of sensing elements directly within structural componentf33] using con-
ductive polymer composites’[34, 35]. A recent 2025 comprekie analysis
demonstrates that thermoplastic extrusion has achieved maarkable sensor
performance across diverse applications [36{ith deployment potential ex-
tending to distributed monitoring systems including loT-lased sensor net-
works [37].

However, temperature variations can aect the dynamic sensrity of
thermoplastic 3D-printed piezoresistive sensors, creafj measurement uncer-
tainties that limit their deployment in thermally variable environments [38,
39]. This limitation arises from the conduction mechanismaf polymer com-
posites, where conductive nano llers form percolation nebrks enabling cur-
rent ow through insulating polymer matrices [40]. Temper&ure changes
cause thermal expansion of the polymer matrix, physicallyisrupting con-
ductive pathways while simultaneously modifying the netwi's sensitivity
to additional strain-induced distance changes [41,142]. Hy recognition
of temperature e ects in printed piezoresistive layers endalded in organic
coatings demonstrated 41 % gauge factor increase up to 80[43]. Similarly,
Verma et al. [44] showed that carbon nanotube/polypropylenstrain sensors
show gauge factor uncertainties of 87 % across &to 60 C. Recently in
2024, Andrew et al.[[45] demonstrated that carbon- ber/polgmide-12 strain
sensors experience gauge-factor reductions of up to 90 % wheated from
room temperature to 125C, while simultaneously showing 4B % changes in
baseline electrical resistance due to thermoresistive ets alone. Unlike semi-

conductor sensors with well-established temperature depkencies, polymer



composite systems experience multiple, coupled thermal aranisms creat-
ing complex, often non-linear temperature responses [4&/, 418].

Despite these challenges, thermoplastic extrusion-baga@dzoresistive sen-
sors demonstrate remarkable potential under controlled nditions, as evi-
denced by advances in materials, structural designs, maagfuring processes,
and performance metrics.

Early material investigations established the capabiligs of thermoplastic
extrusion sensors through studies employing carbon nanbt/thermoplastic
polyurethane nanocomposites for multi-axial force sengr{27], continuous
carbon ber embedding during manufacturing for self-mondring [49], force
sensor sensitivities of B2 % resistance change per unit force [50], and accel-
eration sensor sensitivities of 16 W=(m=s?) [51]. Subsequent material devel-
opments demonstrated thermoplastic polyurethane/multiwalled carbon nan-
otube composites for soft robotics [52], graphene nanoshsensors achiev-
ing sensitivities of 1757 kPa * [53], and carbon-based strain sensors with
gauge factors ranging from B4 to 1712, signi cantly exceeding those of
conventional metallic strain gauges [54]. Advanced nanocpwosite formula-
tions achieved adjustable sensitivity (GF = 133 to 373) through MXene-
based systems [55], multi-walled carbon nanotube/polyppglene composites
with gauge factors up to 4&4 [56], and conductive polylactic acid/carbon
black materials exhibiting outstanding cyclic stability 57]. The most recent
2025 studies have integrated synergistic carbon black/nislvalled carbon
nanotube composites achieving sensitivities of kPa * [58], thermoplastic
polyurethane/carbon black systems with silver-ink electrdes reaching gauge

factors of 2378 [59], and bio-inspired hybrid composites with graphen@ad



PEDOT:PSS demonstrating exceptionally high gauge factos 40332 [60].

Building upon material foundations, structural innovations explored aux-
etic re-entrant geometries incorporating silicone rubbeand chopped carbon
bers [61], while comprehensive reviews established semsimechanisms and
manufacturing strategies [[62]. Carbon ber/polyetheretierketone cellular
composites demonstrated energy absorption and self-seigsctapabilities [63].
Auxetic-structure sensors achieved gauge factors o6/representing a 300 %
improvement over conventional geometries |[64], and 300 %ash with 130 ms
response timeg [65]. Recent 2024 and 2025 architecturaliges incorporated
simultaneous macro- and microstructural features, achigg sensitivities of
1213 MPa ! with exceptional fatigue resistance over 26 000 s cycles][e®If-
aware metamaterial cells integrating electrothermal andigzoresistive princi-
ples [67], and triply periodic minimal-surface structureseaching sensitivities
of 150kPa ! [68].

Complementing material and structural advances, manufagting-process
innovations reported in 2024 and 2025 demonstrated that inng strategies
can improve sensitivity by 83 % through systematic void redzttion [69], while
soft-computing optimization of 3D-printing parameters abieved gauge fac-
tors up to 125 [70]. Systematic investigations of process parameters-en
hanced sensor repeatability, achieving gauge factors aB® through opti-
mized layer height, number of extruded layers, and bead coguration [71].
Multi-material additive manufacturing enabled soft robotc grippers with em-
bedded sensors using ve distinct materials simultaneoys[72], while fully
additive manufacturing frameworks for carbon- ber-reinbrced composites

achieved ultra-high sensitivity to quasi-static strains({3].



The synergistic integration of advanced materials, optiraed structures,
and re ned manufacturing processes culminated in breaktbugh performance
achievements. In 2024, nanocomposite formulations acheelvremarkable
gauge factors of up to 102795 using thermoplastic polyurethane/multi-
walled carbon nanotube materials over wide strain ranges 0 to 300 %),
representing a 6088 % improvement over pure multi-walled iegn nanotube
systems [[74]. Most recently, in 2025, advanced nanocompesystems re-
ported exceptional gauge factors of up to 675 corresponding to a 388% %
improvement over pure multi-walled carbon nanotube systesn 75].

However, this demonstrated potential remains largely unréaed in prac-
tical applications due to temperature-induced variationgn sensitivity, which
hinder reliable deployment in thermally variable environrants where such
performance would be most valuable.

Current temperature-compensation approaches for piezsistive sensors
present limitations when applied to 3D-printed systems. HEé& material-
based strategies emerged in 2018 when Gong et/all [76] actiegtemperature-
independent carbon-nanotube/epoxy composites with gaudeactors of 112,
stable between 40 C and 100 C through bi-layer designs o setting pos-
itive and negative temperature coe cients. In 2023, Wei et b [77] ad-
vanced material-based strategies by demonstrating neagfrbp temperature
coe cients (0:27 %= C) through controlled carbon-nanotube and graphene
mixing in hybrid nano ller systems. However, material-basg approaches re-
quiring a precise nano ller ratio control remain constraind by specialized
formulations unavailable in commercial laments and face aproducibility

challenges in large-scale manufacturing.



Hardware-based compensation solutions emerged as altemaistrategies
requiring additional sensing elements, complex circuitrgnd extensive cali-
bration matrices that increase the system's complexity. Alet al. [78] devel-
oped polynomial-based digital compensation methods in 2D2achieving ex-
cellent precision through dedicated temperature sensorsdalookup table in-
terpolation. Concurrently, Wang et al. [79] proposed thermsensation-based
compensation using monolithically integrated, compensag thermistors in
Wheatstone-bridge feedback circuits, achieving self-sasted temperature
and strain compensation through geometric similarity priniples. Building
on hardware approaches in 2021, Kim et al. [B0] developed mmaixis pres-
sure sensors with integrated temperature compensation ngithermoplastic
extrusion of conductive, carbon-based composites. Theiovk demonstrated
that embedded temperature-sensing elements can compemshdr resistance
shifts caused by environmental temperature variationdn the same year, Mu-
nasinghe et al.[[81] demonstrated that a half-Wheatstone-bige con gura-
tion reduces the temperature e ect on strain measurement I8 % compared
to a quarter-bridge con guration, within the temperature range of 25C to
40 C. In 2022, Lanzolla et al.[[82] demonstrated hardware-compsation
solutions employing dual-sensor con gurations with thiredegree polynomial
compensation models, achieving:3% to 135% accuracy. Most recently
in 2025, passive resistance network approaches have denratsd e ective
temperature drift reduction for piezoresistive pressureeasors, outperforming
traditional empirical algorithms through di erential equation-based compen-
sation parameter determination[[83].

Recently, in 2024, researchers have explored advanced cataponal ap-



proaches to circumvent hardware and material limitations.Shu et al. [84]
developed bilinear interpolation methods, while Liu et al[85] employed neu-
ral network approaches using gated recurrent units, achieng 75 % error re-
duction. However, these advanced computational methods rge extensive
training data, computational resources unsuitable for engzlded applications,
and remain vulnerable to drift from environmental conditims not represented
in the training datasets.

Despite the demonstrated sensor capabilities and variousmpensation
strategies, the fundamental gap remains: existing apprdaes require either
specialized material formulations that are unavailable ircommercial la-
ments, dedicated temperature-sensing hardware that in@ses system com-
plexity, or extensive calibration procedures requiring nasurements at every
operating temperature. These requirements limit practidadeployment in
applications where implementation simplicity, hardware eliability, and cali-
bration e ciency are essential.

This research introduces the hypothesis that temperatureduced changes
in dynamic sensitivity are directly proportional to changs in the electri-
cal resistance in 3D-printed piezoresistive sensor¥alidating this propor-
tional relationship would enable resistance-based semgity prediction us-
ing only measurements already performed during normal o@ion. This
method eliminates the need for dedicated temperature semspprecise ma-
terial formulations, and extensive calibration procedui thereby addressing
the implementation limitations of existing compensation rathods. The un-
derlying concept exploits shared thermal mechanisms in adurctive polymer

composites, wherein identical material-level processesvgrn both electrical



transport and mechanical strain transfer.The resulting compensation strat-
egy maintains measurement accuracy across varying thernmealvironments
while supporting the deployment of 3D-printed piezoresiste sensors in smart
structures, where conventional approaches face integmati challenges.

The article is organized as follows: Sectidr] 2 establishdeettheoretical
foundation for piezoresistive behavior in polymer compdses and temperature-
dependent mechanisms, Sectign 3 develops the mathematifraimework for
the resistance-sensitivity proportional relationship, &ction[4 describes the
experimental validation using twenty-four 3D-printed acelerometers under
controlled temperature and humidity conditions, Sectioif |Presents quanti-
tative results demonstrating strong linear correlationsrad discusses practical
implementation strategies, and Sectioh]6 summarizes theykeontributions

and implications for smart-structure deployment.

2. Theoretical Background

This section establishes the physical foundations undeityg the temperature-
dependent piezoresistive behavior of conductive polymeoroposites. The
theoretical framework examines three interconnected meahisms: electri-
cal resistance through percolation networks, the piezorstve e ect arising
from strain-induced changes in inter- ller distances, andhe coupled in u-
ence of temperature on both phenomena. This coupled behavwovides the
physical basis for the proportional relationship betweeretmperature-induced

changes in resistance and dynamic sensitivity.
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2.1. Electrical Resistance of Conductive Polymer Composites

Conductive polymer composites achieve electrical condisgty through
percolated networks of conductive llers dispersed withimsulating polymer
matrices [86,87]. The transition from insulating to condueve behavior
occurs at the percolation threshold, the critical ller correntration at which
a continuous conductive pathway rst spans the composite narial [40].

Electrical transport occurs primarily through direct ohmc contact be-
tween adjacent ller particles and electron tunneling acrss nanometer-scale
polymer gaps/([88, 89]. In composites designed for sensinglajations, elec-
tron tunneling dominates as the primary conduction mechasm [40]. The
tunneling resistance depends exponentially on the parteclseparation dis-
tance, making the total electrical resistancdR exponentially dependent on

the inter- ller distance [41]:
R/ exp(d=dun); (1)

whered represents the inter- ller distance andd,,, denotes the characteristic
tunneling distance([41]. This exponential dependence resrd these materials
highly sensitive to changes in inter- ller distances causeby thermal expan-
sion or mechanical deformation.

Temperature a ects electrical resistance primarily throgh the thermal
expansion of the polymer matrix, which increases inter- 8r separation dis-

tances and exponentially increases tunneling resistan@&[87].

2.2. Piezoresistive E ect in Conductive Polymer Composites

The piezoresistive e ect describes the change in electrigasistivity un-

der applied mechanical stres$ [88]. In conductive polymeoroposites, this
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phenomenon arises from strain-induced modi cations to thater- ller sep-
aration distances that control tunneling resistance [90,19.

The directionality of strain determines the resistance rgonse: compres-
sive strain reduces tunneling gaps between particles alephwith the com-
pression direction, decreasing resistance, while tenssigain increases these
gaps, raising resistance [41, D1].

The magnitude of the piezoresistive response depends cally on the
baseline network geometry and the sensitivity of tunnelingesistance to dis-
tance changes 192, 93]. The gauge factor (GF) quanti es pigegistive sen-

sitivity as the relative resistance change per unit strairg]:

GF= _R-Ro. 2)

where Ry denotes the unstrained resistance and represents the applied

strain.

2.3. Temperature E ects on Resistance and Piezoresistance

Temperature in uences both baseline resistance and pieesistive sensi-
tivity through coupled modi cations to the conductive network microstruc-
ture [42].

Thermal expansion of the polymer matrix increases inter-lér separations
throughout the composite, thereby increasing the baselimesistance of the
conductive network [41]. When mechanical strain is appliedhe additional
resistance change depends on both the strain magnitude anidetcurrent
network geometry, speci cally the instantaneous inter-pdicle distances and
the slope of the exponential tunneling relationship at thosdistances. At

larger inter-particle separations caused by thermal expaion, the exponential
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tunneling relationship becomes steeper, meaning that a givdistance change
produces a larger resistance change. Consequently, the samechanical
strain generates greater resistance variations at elevdtéemperatures [[42,
44).

3. Dynamic Sensitivity-Resistance Relationship

This section develops the mathematical framework conneatj temperature-
induced changes in electrical resistance to variations iryglamic sensitivity,
thereby establishing the theoretical foundation for resiance-based sensitiv-
ity prediction in 3D-printed piezoresistive sensors.

This research investigates the hypothesis that temperatefinduced changes
in dynamic sensitivity are directly proportional to changs in electrical re-
sistance in 3D-printed piezoresistive sensors. The proveglationship would
enable resistance-based sensitivity prediction withouetmperature sensors or
extensive thermal calibration procedures.

The underlying premise of this hypothesis is that both eledtal resistance
and piezoresistive sensitivity originate from temperat@-dependent inter-
ller separation distances within the conductive network,as established in
Sec[ 2. Thermal expansion increases the inter-particle @isce d throughout
the composite, modifying both the baseline tunneling resance (Eq. (1)) and
the piezoresistive sensitivity (Eq.[(R)). Both quantitiesdepend exponentially
on the inter- ller separation through the term exp(d=d,, ). With temperature
change, this shared exponential dependence leads to prdporal variations
in both resistance and piezoresistive sensitivity.

In piezoresistive sensors, the measured physical quantitg.g., accelera-

13



tion, pressure, force, or strain) induces mechanical defoation within the
sensing element. The dynamic sensitivits quanti es the resistance change

per unit of the measured quantity and is related to the gauge ¢tor by

_ @"
S=R GF g4 (3)

here Q represents the measured physical quantity an@® "=@ @enotes the
strain-transduction e ciency, which is determined by sener geometry and
loading conditions. Because GF contains the shared expotiahdependence
on inter- ller distance, and the strain-transduction e ci ency remains ap-
proximately constant with temperature up to the glass trangion tempera-
ture [94], the dynamic sensitivityS must exhibit a temperature dependence
proportional to that of the electrical resistanceR.

Mathematically, the central hypothesis of the proportionarelationship
can be expressed as:

Stet = K Reer; (4)

whereK is a dimensionless proportionality constant, and the relate changes
in dynamic sensitivity, S, and resistance, R, are normalized totheir

respectivereference valuesS,s and R, at the referencetemperature Ties:

RT Rref
Roy= ——— —- 5
rel Rref ’ ( )
S S
SreI = ref; (6)
Sref

whereRt and St denote the resistance and dynamic sensitivity at tempera-
ture T, respectively.
The proportionality constant K represents the sensitivity ampli cation

factor per unit relative resistance change. The constant exts the funda-
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mental coupling strength between the thermal e ects on the dseline resis-
tance and piezoresistiv sensitivity. Critically,K, is material and process-
speci ¢ but remains constant across sensors manufactureding identical

parameters. This characteristic eliminates the need for dividual sensor re-
calibration despite manufacturing variations in absoluteesistance and sen-
sitivity values.

OnceK is determined through calibration of a representative seos the
dynamic sensitivity at any temperature can be predicted frm resistance
measurements alone:

St = Sef+ K Rpell (7)

This relationship enables two practical implementation sategies. First,
real-time correction can be achieved by continuously mowiting resistance
during operation and applying Eq. [(J) to correct the senskity based on re-
sistance changes, eliminating the need for temperature serns. Second, sim-
pli ed pre-calibration can be performed by measuring the ssitivity only at
a reference temperature (typically room temperature) andesistance across
the expected operating temperature range. With the known cetant K,
Eq. (7) enables the prediction of sensitivity at any tempetare within the
calibrated range. This approach dramatically reduces the Idaration e ort
compared to conventional methods requiring sensitivity nasurements at ev-
ery operating temperature.

The proposed approach o ers advantages over conventionanperature-
compensation methods. Unlike approaches requiring dediedttemperature
sensors, complex calibration matrices, or specialized reagls, the resistance-

based method leverages inherent electrical properties eddy being mea-
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sured. This eliminates additional hardware requirementsieduces system
complexity, and facilitates easier integration into smartstructures, while

maintaining the measurement accuracy across varying theatenvironments.

4. Experimental Validation

This section describes the systematic experimental appidaused to vali-
date the proportional relationship hypothesis, detailin@D-printed accelerom-
eter design, manufacturing protocols, environmental teisig procedures, and
measurement methodologies across controlled temperatared humidity con-
ditions.

Twenty-four single-process 3D-printed accelerometers mgemanufactured
and tested under controlled temperature and humidity contions to validate
the proposed proportional relationship for piezoresist/sensors. The exper-
imental design systematically varies environmental contitns while main-
taining identical 3D-printed accelerometer geometry, matials and manufac-
turing, enabling the isolation of thermal e ects on the resitance-sensitivity

correlation.

4.1. Accelerometer Design and Manufacturing

The 3D-printed accelerometer features a cantilever beamsgign with an
embedded piezoresistive sensing element optimized for ddandinal strain
detection (Fig.[Ja). The beam is supported by a rigid base wittwo clear-
ance holes for shaker attachment (Fig.| 1b). A notch located 5mfrom the
base reduces the local sti ness and promotes rst-mode-gb& deformation,
creating an e ective beam length of 50 mm with 15mm width and Bm

thickness.
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Figure 1: Single-process 3D-printed accelerometer design. (a) CAD ndel showing can-
tilever beam with embedded piezoresistive element (orange), (bnanufactured accelerom-
eter mounted for testing, (c) top view showing element placement ad contact locations,

(d) side view with detail A illustrating vertical positioning wit hin the beam structure.

The sensing element (123 0:8 mm) is positioned 1 mm behind the notch
to maximize strain transfer while accounting for electridacontact placement
(Fig. [llc). This horizontal o set accounts for electrical cotacts at both ends,
which exhibit lower resistance and reduce the e ective gaegength. The
sensing element is o set by @ mm from the top surface where the strain is a
maximum (Fig. @d). While placing the sensor at the top surface eould max-
imize sensitivity, the 04-mm o set maintains a protective structural layer
above the sensing element to prevent buckling and damage ohg handling
and operation.

Accelerometers were manufactured using single-process,|trmmaterial
3D printing on a Prusa XL printer in top-down orientation. Print parameters
included a 04-mm nozzle diameter, @2-mm layer height, and di erentiated
processing for structural and sensing components. Struca components

used Prusament PLA with a single perimeter, 100 % rectilinean |l at 0
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and 225 C nozzle temperature. Sensing elements used Electricallpr@@uc-
tive Composite PLA (Protopasta) with zero perimeters, aliged rectilinear
pattern at 90 , and a 215 C nozzle temperature to ensure a pure conduc-
tive lament structure. Manufacturing time was approximately 20 min per
accelerometer.

Electrical connections were integrated during printing though a step-by-
step process shown in Fig.|2. After printing the rst sensing lger (Fig. [Za),
copper tape was adhered to the PLA surface near each sensitegreent end
to establish contact pads (Fig[ Pb). Conductive silver paintvas then ap-
plied to bridge the tape and sensing element, ensuring elecal connectivity
(Fig. k), and printing resumed to encapsulate the contacts={g. [2d). Upon
completion, wires were soldered to the exposed copper pads ffesistance

measurements.

4.2. Experimental Design

The experimental matrix comprised 24 3D-printed accelerosters dis-
tributed across three humidity conditions: dry (10% relatre humidity, 4
3D-printed accelerometers), normal (50 % relative humidit 16 3D-printed
accelerometers), and wet (70 % relative humidity, 4 3D-priad accelerome-
ters). This distribution enables a robust statistical anafsis of normal condi-
tions, while providing comparative data for humidity e ects on the proposed
relationship.

3D-printed accelerometers for dry and wet conditions undeent precon-
ditioning to establish a stable moisture content. Dry 3D-pinted accelerom-
eters were stored with silica gel for 48h at 5@, while wet 3D-printed ac-

celerometers were submerged in water under identical comoins. Normal
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Figure 2: Electrical contact integration during 3D printing. (a) First | ayer of piezore-

sistive element, (b) copper-tape placement for contact pads, (c) caductive silver paint
application, (d) encapsulation by continued printing. Final step involves wire soldering to

exposed pads.

humidity 3D-printed accelerometers received no preconéning. All 3D-
printed accelerometers were subsequently held at 8D for 15h under their
respective humidity conditions in the climatic chamber to @bilize the inter-
nal moisture content.

Temperature testing followed a controlled thermal cycleém 5 Cto 35 C
and back to 5 C in 5 C increments. At each temperature step, the cham-
ber temperature was adjusted over 1 min and held constant fdO min to
ensure thermal equilibrium. During thermal stabilization 3D-printed ac-
celerometers remained unpowered and unexcited to preveetfsheating and
fatigue e ects. The 5 C to 35 C temperature range was selected to avoid
phase-transition boundaries: the lower bound remains ab®mvhe freezing

point to prevent ice formation from absorbed moisture, wheas the upper
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bound stays safely below the PLA glass transition temperate (approxi-
mately 50 C [94]), where nonlinear softening occurs.

The measurement protocol evaluated both the resistance amtynamic
sensitivity at each temperature-humidity combination. 3Dprinted accelerom-
eters were excited using narrowband random signals (50Hz t008Hz) at
three acceleration levels (8, 5 and 10gRMS) with 30-s data-acquisition
periods. This approach enables an assessment of the ammlétdependent
e ects while maintaining focus on the primary resistanceythamic sensitivity

relationship.

4.3. Measurement Setup

The experimental setup enabled simultaneous testing of floaccelerome-
ters under controlled environmental conditions (Fig]. [3a,b)Each 3D-printed
accelerometer was mounted to an electrodynamic shaker (12, KMV A12,
IMV, Japan) using a sandwich arrangement: aluminum{PCB{acderometer{PCB{aluminum
(Fig. Bc). This con guration ensured rigid xation while providing thermal
insulation through intermediate PCB plates.

Electrical connections were established by soldering inated wires to
the copper-tape contacts, with connections reinforced umgj adhesive tape
to prevent movement during vibration. The sensing elementparated in a
voltage divider circuit powered by a 6-V battery with a 600- shunt resistor
(Fig. Bd). Voltage drops across the sensing elemettfstnso) and shunt resis-
tor (Ushunt) Were measured using a NI-9215 data-acquisition card, eniaigl
resistance calculation:

Usensor
Rsensor = ———— Rshunt (8)
Ushunt
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Figure 3: Experimental setup for 3D-printed accelerometer testingunder controlled envi-
ronmental conditions. (a) Climatic chamber with electrodynamic shaker and vibroisolated
laser vibrometer mirror, (b) shaker head with four mounted 3D-printed accelerometers,
(c) sandwich mounting arrangement using aluminum and PCB plates for rgid xation

and thermal insulation, (d) voltage divider circuit for resistance measurement.

Environmental control was maintained using a ShakeEvent ®00/70/5/V
climatic chamber (Weiss Technik, Germany) with chamber teperature mon-
itored via a type-K thermocouple and a NI-9211 measurementreh(Fig. Ba,b).

Excitation was monitored using a U122E accelerometer (WTS Witech,
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China) mounted externally on the shaker head, while the 3Drmted ac-
celerometer response was recorded using a Polytec PDV 10Gtavibrometer
(Polytec, Germany) with scanning head and vibroisolated nmior positioned

inside the chamber. Both signals were acquired using a NI-@8&ard.

4.4. Sensitivity Determination

Dynamic sensitivity was calculated using the frequency-$ponse function
(FRF) between the measured 3D-printed accelerometer resiatzeR and base

excitation A measured by the reference accelerometer:

— R.
S= 4 (9)

The dynamic sensitivity in the frequency domain,S, relates the spectral
content of the resistance change to the base acceleration.

The sensitivity evaluation was limited to a frequency rang&here struc-
tural dynamics have minimal in uence (Fig. 4). Above this rang, sensitivity
becomes highly frequency-dependent due to the acceleroert rst natu-
ral frequency near 410 Hz (Fig. 4a). The quasi-static operatial range was
determined through a transmissibility analysis based on #h rst natural fre-
guency and damping ratio (25 %) identied at 20 C. The selected range
(50Hz to 123 Hz) ensures sensitivity variation due to structal dynamics
remains below 10%, enabling the treatment of sensitivity aa frequency-
independent constant (Fig. 4b). This approach isolates the aterial-level
piezoresistive response from mechanical resonance e ects

Within this quasi-static range, the dynamic sensitivityS was computed
as the average value across all frequencies. This approasblates material-

level piezoresistive e ects from structural dynamics, proding a direct as-
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Figure 4: Frequency response of a 3D-printed accelerometer showinggemperature-
dependent sensitivity and operational range selection. (a) Full freqency response at
three temperatures showing resonance peak at 410 Hz and temperatureqiEndent sensi-
tivity increase. (b) Low-frequency region (green shaded area) whersensitivity remains
approximately constant, enabling frequency-independent sensvity determination for re-

sistance correlation analysis.

sessment of the temperature-dependent, resistance-dyriareensitivity rela-

tionship proposed in Sec. 3.

5. Results and Discussion

This section presents a quantitative validation of the restance-sensitivity
proportional relationship across all environmental contions, and discusses
practical implementation strategies for real-world depjment.

The experimental results con rm the central hypothesis: dyamic sensi-
tivity changes are directly proportional to resistance chages in 3D-printed
piezoresistive sensors, demonstrated using 3D-printedcaterometers as a
test case. Complete measurements supporting this analysippear in Ap-
pendix A. This proportional coupling, expressed mathematadly in Eq. (4),

enables novel compensation strategies that eliminate theroentional cali-
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Figure 5: Validation of proportional relationship between resistance and ensitivity
changes across temperature. Relative resistance changeR, (blue) and dynamic sensi-
tivity change Sy (orange) for three humidity conditions show strong linear correlation
(R? > 0:98). Measured data shown with 95 % con dence intervals (shaded regions)Green
lines show model predictions using Eq. (4) with 95% con dence in¢rvals (green shaded
regions), demonstrating good agreement between theory and experimewith some devi-

ation in wet conditions.

bration requirements.

Fig. 5 presents the core experimental evidence across threemdity
conditions, showing parallel temperature dependencies refative resistance
change R, (blue) and relative dynamic sensitivity change S, (orange).
Strong linear correlations R? > 0:98 for all conditions) validate the proposed
proportional relationship quantitatively. Model predictions using Eq. (4)
(green lines) demonstrate excellent agreement with the esqppmental data:
1:8% SMAPE under dry conditions (10 % relative humidity,R? = 1:000),
4:9 % SMAPE under normal conditions (50 % relative humidityR? = 0:999),
and 120% SMAPE under wet conditions (70% relative humidity,R? =
0:980).

The proportionality constant K exhibits systematic variation with envi-

ronmental humidity, as shown in Fig. 6. Values increase froid =2:3 0:1
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Figure 6: Humidity dependence of proportionality constant K showing systematic increase
from dry to wet conditions. Mean values with 95% con dence intervals cemonstrate a
statistically signi cant variation across humidity levels, indicati ng moisture e ects on the
resistance-dynamic sensitivity coupling mechanism while mairdining linear relationship

validity within each condition.

under dry conditions to K = 2:5 0:1 under normal humidity and K =
3:1 0:2 under wet conditions. This humidity dependence indicatethat
moisture absorption modi es the coupling mechanism betweethermal ex-
pansion and piezoresistive response in the polymer matrix.

The physical origin of this variation likely stems from moigire-induced
changes in polymer-chain mobility and interfacial properes between the
conductive ller and matrix. Water molecules can plasticiz the polymer,
altering both thermal expansion coe cients and the sensitiity of the con-
ductive pathways to mechanical deformation. Despite thiswwironmental de-
pendence, the linear relationship remains robust within e humidity condi-
tion, con rming that the fundamental thermal coupling mechanism operates

consistently across varying moisture content.
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The resistance-based compensation method achieves pradicerrors be-
low 5% under normal humidity and 12 % under extreme humidity resiron-
ments. This performance compares favorably with the only bér reported
temperature compensation approach for thermoplastic extsion 3D-printed
piezoresistive sensors: Lanzolla et al. [82] achieve® % to 135 % accuracy
using dual-sensor con gurations with third-degree polyrmaial compensation
models. However, their approach requires manufacturing anchlibrating
separate temperature-sensing elements alongside the paimn sensor. The
proposed resistance-based method eliminates these additl hardware re-
quirements while achieving comparable accuracy, repretiag a signi cant
advancement in compensation simplicity without compromisg performance.
This design innovation addresses a fundamental challengesensor integra-
tion: conventional compensation strategies enhance acauay at the expense
of increased system complexity, whereas the resistanceséad approach pre-

serves measurement precision while reducing implementatie ort.

5.1. Implications for Sensor Design and Implementation

The validated proportional relationship enables two pradtal implemen-
tation strategies that address conventional compensatidmmitations. First,
real-time correction can be achieved by continuously mowiting the resis-
tance during operation and applying Eq. (7) to correct sensrity based
on resistance changes, eliminating dedicated temperatusensors. Second,
simpli ed pre-calibration can be performed by measuring seitivity at a
reference temperature and resistance across the expect@erating range,
dramatically reducing the calibration e ort compared to mehods requiring

sensitivity measurements at every operating temperatureBoth approaches
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eliminate additional hardware requirements, reduce systecomplexity, and
facilitate integration into smart structures while maintaining measurement
accuracy.

Critically, the low variation in K within each humidity condition (Fig. 6)
con rms manufacturing consistency. A single proportiondly constant de-
termined from one representative sensor applies to all sens manufactured
using identical parameters, eliminating individual calibation requirements
despite variations in absolute resistance and sensitivityalues. This scala-
bility supports the e cient integration of multiple sensors.

For applications with stable humidity environments, a singg K value
su ces for accurate compensation. Variable humidity appkations bene t
from characterization at representative moisture levelsrahe incorporation
of humidity-dependent correction factors. The systematinature of humidity
e ects suggests that predictive models foK variation could be developed
for speci c polymer- ller systems.

The validated method exhibits operational boundaries thatle ne its ap-
plicability. The hypothesis was validated over the 5C to 35 C temperature
range, corresponding to typical deployment conditions fosmart-structure
applications in metamaterials [67], aerospace systems ][j9&8nd civil engi-
neering structures [96]. The 5C to 35 C temperature range is bounded
by two phase transitions. The lower bound prevents ice forrtian from
absorbed moisture below the freezing point, which would disb the con-
ductive network. The upper bound remains safely below the A glass
transition temperature (approximately 50 C [94]), where nonlinear soften-

ing alters strain-transduction e ciency. Outside these bands, the coupling
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between resistance and dynamic sensitivity becomes highignlinear, vio-
lating the linear proportionality assumption and necessdting temperature-
dependent formulations that undermine the simplicity advatage of the pro-
posed method. Model performance also varies systematigallith humidity
conditions. Prediction accuracy under normal humidity (566RH) achieves
a SMAPE below 5%, withR? = 0:999, demonstrating excellent agreement.
However, extreme humidity introduces greater uncertainty:wet conditions
(70%RH) yield a SMAPE of 120 % while maintaining R? = 0:980. This
degradation is attributed to higher moisture content, whib ampli es poly-
mer plasticization and alters interfacial properties, prducing nonlinear ef-
fects that introduce variability beyond the scope of the liear model. Despite
these environmental dependencies, the linear relationphiemains statisti-
cally robust (R? > 0:98) across all tested conditions, con rming that the
fundamental thermal coupling mechanism operates consistly within the
validated ranges. For applications requiring extended teperature ranges,
thermoplastics with elevated glass transition temperat@s [94] can extend
the operational bounds while preserving the resistancedsd compensation
method. Similarly, for applications operating in high-humility environments,
thermoplastics less prone to moisture absorption can impre prediction ac-
curacy under extreme moisture conditions.

The resistance-based method o ers signi cant practical adntages over
conventional compensation approaches in three key aspectsrst, regard-
ing implementation complexity: material-based approactse[76, 77] require
specialized nano ller formulations that are unavailablen commercial la-

ments. Hardware-based calibration-matrix methods [78, 780, 82] demand
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dedicated temperature sensors, signal-conditioning auits, and individual
sensor characterization at multiple temperatures, thergbincreasing hard-
ware complexity and calibration time. The proposed methodlieninates
additional hardware entirely, relying only on resistance sasurements al-
ready performed during normal operation. The material- angrocess-speci c
constant K enables batch-level calibration (see Fig. 6), thereby elimating
individual sensor characterization. Second, concerningraputational over-
head: conventional calibration approaches store multi-aiensional matrices
that require lookup-table interpolation or polynomial evéuation [78, 84],
while neural-network-based methods [85] demand substaitcomputational
resources that are unsuitable for embedded systems. Theistance-based
compensation reduces to Eq. (4), a simple linear calculaticexecutable on
low-power microcontrollers. Third, with respect to long-erm reliability:
calibration-matrix systems face potential drift or failure of temperature sen-
sors, corruption of calibration data, or interpolation erors. The proposed
method eliminates these failure modes by leveraging onlyetsensor's inher-
ent electrical properties, thereby enhancing deploymenbn dence in appli-
cations where maintenance access is limited.

The resistance-based compensation method particularlyimiembedded
sensing applications requiring high system reliability ah implementation
simplicity, addressing key integration challenges idenéid in 3D-printed sen-
sor systems [97]. By eliminating external temperature sems and complex
signal processing, this approach reduces hardware comjiexvhile main-
taining measurement accuracy across varying thermal engitments. These

advantages position 3D-printed piezoresistive sensors dable alternatives
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for smart-structure instrumentation where traditional sesing methods face

integration challenges.

6. Conclusions

This research establishes and experimentally validates anflamental re-
lationship between the temperature-induced changes in dgmic sensitivity
and the electrical resistance in thermoplastic 3D-printeghiezoresistive sen-
sors. Through systematic testing of twenty-four, singlefpcess, 3D-printed
accelerometers across & to 35 C in three humidity conditions (10, 50 and
70%RH), the central hypothesis that temperature-induced @nges in dy-
namic sensitivity are directly proportional to changes in lectrical resistance
was con rmed with strong linear correlations R? > 0:98) across all environ-
mental conditions.

The proportional relationship S, = K Ry enables resistance-based,
temperature-self-compensation for sensitivity without ddicated temperature
sensors. The proposed compensation method demonstratebust perfor-
mance across environmental conditions, achieving sendity prediction ac-
curacies below 5% under normal humidity and remaining below2 % in high
humidity environments. The approach provides two practidaimplementa-
tion strategies: real-time sensitivity correction throu@) continuous resistance
monitoring, and simpli ed pre-calibration requiring only reference temper-
ature characterization. Critically, the material and pro@ss-speci ¢ propor-
tionality constant K remains consistent across sensors manufactured using
identical 3D-printing parameters, enabling batch-level aibration without

individual sensor recalibration.
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This methodology addresses a critical limitation that has indered the
widespread adoption of 3D-printed piezoresistive sensars thermally ex-
posed applications. By exploiting inherent electrical pymerties already mea-
sured during sensor operation, the resistance-based comgegtion approach
enhances system reliability and implementation simpligitcompared to con-
ventional methods requiring additional hardware or extemge calibration
procedures. These advances position thermoplastic 3D4ed piezoresis-
tive sensors as viable alternatives for smart structures \&he temperature
stability across varying environmental conditions is esagal.

The demonstrated temperature-compensation capability peesents a ma-
jor step toward the practical deployment of 3D-printed sert technology
in demanding applications where conventional sensors faogegration chal-

lenges.
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Appendix A. Raw Resistance and Dynamic Sensitivity Data

Fig. A.7 presents the complete dataset of resistan& and dynamic sen-
sitivity St measurements across all environmental conditions and extion
amplitudes. These comprehensive data validate the expeemtal method-
ology and demonstrate the consistency underlying the relagé analysis pre-
sented in the main text.

Both resistance and dynamic sensitivity exhibit clear posve tempera-
ture coe cients across all humidity conditions. Resistane increases linearly
from approximately 500 at5 Cto 650 at 35 C, while dynamic sensitiv-
ity increases from approximately @11W=(m=s?) to 0:022Ws(m=s?). These
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Figure A.7: Measured resistanceRt (top row) and dynamic sensitivity St (bottom row)

versus temperature for 3D-printed accelerometers under dry, norml, and wet humid-
ity conditions. Data are shown for three excitation amplitudes (25, 5 and 10gRMS).
Amplitude-independent response con rms 3D-printed acceleromedr linearity. Shaded re-

gions represent 95 % con dence intervals.
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parallel trends demonstrate a 30 % increase in resistanceda88 % increase in
sensitivity, values that align well with literature nding s. Stankevich et al.
[98], Lazarus and Bedair [99] and Kwok et al. [100] demonstea similar
increase in resistance to this research by roughly 15 % wheealed to 35 C
from room temperature. Verma et al. [44] reported gauge famt increases
by 87 % across 30C to 60 C in carbon nanotube/polypropylene composites,
while Andrew et al. [45] showed that carbon- ber/polyamidel2 strain sen-
sors gauge-factor change of up to 90 % when heated from roormperature
to 125 C, while simultaneously showing 41 % changes in baselinectieal
resistance. The consistent temperature-dependent behawiacross di erent
polymer-nano ller systems and sensor geometries furtheugorts the fun-
damental coupling mechanisms underlying the resistancersitivity relation-
ship established in this work.

3D-printed accelerometer linearity is con rmed by overlaping response
curves across three excitation amplitudes (2, 5 and 10gRMS), demon-
strating amplitude-independent behavior essential for hi@able piezoresistive
sensing applications.

Manufacturing variability a ects absolute sensor values bt preserves sys-
tematic temperature dependencies across all specimens. isTbhonsistency
demonstrates the robustness of the underlying thermal colipg mechanism
and justi es the normalized correlation approach that enales universal ap-

plicability of the proportionality constant K within each humidity condition.
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