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2. Aim and tasks of the project

Aim: To develop a 3D printed sensor and evaluate its performance under mechanical loading

through integration into an aircraft structural element for structural state and health monitoring.

Tasks:

1. To review current sensor technologies used to monitor structural behaviour under mechanical
loading.

2. To design and manufacture a 3D printed sensor using conductive materials.

3. To develop an experimental setup for mechanical loading and data collection.

4. To investigate the sensor’s electrical response under mechanical loading.

5. To integrate the developed sensor into an aircraft structural element and evaluate its
performance under mechanical loading.

3. Main requirements and conditions

1. The sensor shall be manufactured using commercially available conductive filament materials.

2. The sensor shall be fabricated using FDM (Fused Deposition Modelling) 3D printing
technology.

3. The sensor shall be compact and suitable for installation on an aircraft structural component.

4. The sensor shall demonstrate adequate strain measurement sensitivity, verified using
commercially available equipment and within strain ranges representative of aircraft structural
service life.

5. Additional requirements and conditions for the project, report and appendices
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Summary

In aviation, structural health monitoring relies solely on continuous sensing of the structure's
behaviour to detect damage and monitor load conditions. Aircraft are subjected to cyclic and
mechanical loadings in extreme environmental conditions during their operational life. Hence,
detecting structural degradation early is critical for maintaining safety and airworthiness. Though
conventional sensor technologies are effective, they are quite expensive, need a complex installation
procedure and are very difficult to customise for complex structures. These limitations have led to
the search for an alternative sensing approach that can be readily integrated into structures. Additive
manufacturing poses as a suitable alternative as it enables us to fabricate the sensing elements directly
within or on the structure at low cost, and with a high geometric customisation flexibility. Fused
Deposition Modelling using conductive polymer filaments has emerged as a particularly accessible
approach; however, the existing research has remained at the basic testing level with limited
investigation of real structural integration and combined loading conditions.

This project developed and evaluated 3D printed strain sensors using the FDM technique with
conductive polymer filaments. Two evaluated filaments were Protopasta Conductive Pla and Filaflex
conductive TPU. The materials were evaluated in both single extrusion and integrated into a simple
sensor geometry. In both cases, Protopasta PLA exhibited significantly lower resistance of
approximately 275 kQ compared to approximately 1100 kQ for TPU-based, hence Protopasta PLA
was selected as a suitable material for subsequent development.

Two full Wheatstone bridge layouts were designed and fabricated. Layout I adopted a longitudinal
configuration of a total bridge resistance of 137 kQ, while layout I adopted a more compact geometry
with a total bridge resistance of 100 kQ approximately. For establishing electrical connections,
conductive thermal bonding was chosen as the method of contact, as it yields stable and repeatable
measurements. Data acquisition was performed using an NI 9237 bridge input module and an NI
cDAQ-9173 chassis, with signal processing carried out in MATLAB.

Both the layouts were characterised under tensile and three-point bending loading conditions using a
Tinius Olsen universal testing machine. Under tensile loading, Layout II achieved a gauge factor of
1.27, compared to 0.398 for Layout I. Under three-point bending, Layout II achieved a gauge factor
of 1.20, compared to 1.0 for Layout I. A temperature drift experiment from 20°C to 60°C revealed
that layout II is much more thermally stable. The improved sensitivity and thermal stability of the
second layout are attributed to its compact and symmetrical bridge geometry, efficient strain transfer
and uniform heating distribution in the sensing elements.



The compact sensor layout was integrated into a 13-inch FPV arm and was evaluated under bending
and torsional loading conditions. Three sensors were embedded at different locations along the arm.
The two aligned sensors near the fixed and mid-span determine the bending strain, while one 45°
orientation placed near the free end captures the shear and normal strain under torsional loading.
Under cantilever bending, the sensors captured the expected strain distribution, with experimental
values within approximately 10% of theoretical predictions near the fixed support and within 15—
20% at mid-span. A gauge factor of approximately 1.07 was extracted for the bending sensors. Under
combined bending and torsional loading, a gauge factor of 0.97 was obtained for the 45° sensor using
strain superposition of bending and torsional contributions.

The results confirm that 3D printed strain gauges are a feasible and low-cost solution for structural
state monitoring in lightweight UAV structures. Temperature sensitivity and fabrication repeatability
remain areas requiring further investigation before deployment in real operational environments.
Future work should focus on multi-specimen repeatability testing, active temperature compensation,
and long-term durability evaluation under cyclic loading conditions.
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Santrauka

Aviaciniy konstrukcijy buklés steb¢jimas remiasi nuolatiniu konstrukcijos elgsenos sekimu, siekiant
laiku aptikti pazeidimus ir stebéti veikiancias apkrovas. Orlaiviai per visg eksploatavimo laikg yra
veikiami cikliniy ir mechaniniy apkrovy, kurios kartais gali buti itin didelés. Todél ankstyvas
konstrukcijos degradacijos aptikimas yra labai svarbus skrydziy saugumui ir tinkamumui palaikyti.
Nors tradicinés jutikliy technologijos yra veiksmingos, jos yra gana brangios, reikalauja sudétingy
montavimo procediiry ir yra sunkiai pritaikomos sudétingoms konstrukcijoms. Sie apribojimai
paskatino ieskoti alternatyviy jutikliy sprendimy, kurie galéty buti lengviau integruojami i pacias
konstrukecijas.

Adityviosios gamybos technologijos yra tinkama alternatyva, nes leidzia tiesiogiai jterpti jutiklinius
elementus konstrukcijos viduje arba ant jos pavirSiaus mazomis sgnaudomis ir uZztikrinant didelj
lankstuma. Lydyto plastiko klojimo (FDM) modeliavimas naudojant laidZius polimerus tapo ypac
prieinamu metodu. Taciau esami tyrimai 1§ esmes apsiriboja baziniais bandymais, o realios
konstrukcinés integracijos bei tyrimy, vertinan¢iy kombinuoty apkrovy salygas, vis dar triiksta.

Siame projekte buvo sukurti ir jvertinti 3D spausdinti deformacijy jutikliai, pagaminti FDM
technologija naudojant laidZias polimerines gijas. Buvo tiriamos dvi medziagos: Protopasta laidus
PLA ir Filaflex laidus TPU. Medziagos vertintos tiek pavienés ekstruzijos biidu, tiek integruotos i
paprastg jutiklio geometrijg. Abiem atvejais Protopasta PLA pasizyméjo Zymiai mazesne varza — apie
275 kQ, palyginti su mazdaug 1100 kQ Filaflex TPU pagrindo jutikliuose. Tod¢l Protopasta PLA
buvo pasirinkta kaip tinkama medZiaga tolesniam jutikliy kiirimui.

Buvo suprojektuoti ir pagaminti du pilni Vitstono (Wheatstone) tiltelio iSdéstymai. Pirmojo bendra
tiltelio varza sieke 137 kQ (iSilginé konfigtracija), o antrojo, kompaktiskos geometrijos i§déstymo —
apytiksliai 100 kQ. Variniai laidai prie jutiklio buvo prijungti litavimo biidu, kaip jliejan¢iag medziaga
naudojant tg patj Protopasta plastika. Duomeny surinkimas atliktas naudojant NI 9237 tiltelio jvesties
modulj ir NI cDAQ-9173 duomeny apdorojimo stotj. Signalai apdoroti MATLAB programine jranga.

Abu jutikliy i8déstymai buvo iStirti esant tempimo ir trijy taSky lenkimo apkrovoms, naudojant
standartinius bandinius su jlietais jutikliais ir Tinius Olsen universalia bandymy masing. Esant
tempimo apkrovai, antrasis iSdéstymas pasiekeé 1,27 jautrumo koeficienta (palyginti su 0,398
pirmuoju atveju). Esant trijy tasky lenkimui, antrasis iSdéstymas pasieké 1,20 jautrumo koeficienta
(palyginti su 1,0 pirmuoju). Temperatiiros pokycio eksperimentas (nuo 20°C iki 60°C) atskleide, kad
antrasis iSdéstymas yra Zymiai termiskai stabilesnis. Pagerintas antrojo iSdéstymo jautrumas ir



terminis stabilumas priskiriamas jo kompaktiskai bei simetriskai tiltelio geometrijai, efektyviam
deformacijos perdavimui ir tolygiam jutiklio elementy Silimui.

KompaktisSkas jutiklio i§déstymas buvo integruotas i 13 coliy FPV drono réma ir jvertintas esant
lenkimo bei sukimo apkrovoms. Trys jutikliai buvo jmontuoti skirtingose vietose iSilgai drono sijos.
Du iSilgai sijos sumontuoti jutikliai (Salia fiksuoto galo ir viduryje) nustato lenkimo deformacija, o
vienas 45° kampu orientuotas jutiklis, esantis Salia laisvojo galo, fiksuoja Slyties ir normalines
deformacijas esant sukimo apkrovai. Esant grynojo lenkimo salygoms, jutikliai uzfiksavo tikéting
deformacijos pasiskirstymg — eksperimentinés vertés buvo apie 10% paklaidos ribose nuo teoriniy
prognoziy S$alia jtvirtinimo tasko ir 15-20% paklaidos ribose vidurio ruoze. Lenkimo jutikliams
gautas mazdaug 1,07 jautrumo koeficientas. Esant kombinuotam lenkimo ir sukimo apkrovimui, 45°
jutikliui nustatytas 0,97 jautrumo koeficientas, naudojant lenkimo ir sukimo indéliy deformacijos
superpozicija.

Rezultatai patvirtina, kad 3D spausdinti deformacijy jutikliai yra perspektyvi ir ekonomiska priemoné
lengvy UAV konstrukcijy buklei stebéti. Vis délto jautrumas temperatiirai ir gamybos
atkartojamumas tebéra sritys, kuriose bitini tolesni tyrimai prie§ pritaikant Siuos jutiklius realiomis
eksploatavimo salygomis. Ateityje reikéty daugiau démesio skirti pakartotiniams bandymams su
didesniu bandiniy kiekiu, aktyvios temperatiiros kompensavimo sistemos kiirimui bei ilgalaikio
patvarumo vertinimui esant ciklinéms apkrovoms.
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Introduction

In aviation, where aircraft structures are continuously subjected to cyclic loads and vibrations
throughout their operational life, maintaining structural integrity is vital. These factors, over time,
lead to structural degradation; hence, early detection of the potential damage is crucial. The traditional
methods are time-consuming, which is often conservative, labour-intensive and since components are
frequently replaced based on predetermined service intervals rather than their actual structural
condition. Structural Health Monitoring is a promising alternative approach, which is condition-based
as sensor systems continuously monitor the structure and the loading conditions. Such systems can
detect early damage and possible fatigue, which could go unnoticed during visual inspections. SHM
has the potential to improve safety and operational efficiency, reduce maintenance costs. The
effectiveness of SHM strongly depends on the sensing systems. However, these conventional systems
are a bit expensive, have complicated installation methods and are not flexible to customise as per
one's needs and requirements.

Recent advancements in additive manufacturing have opened possibilities of embedding these
sensing elements directly on the structural component using the Fused Deposition Modelling
technique and conductive filaments. They offer low manufacturing costs, geometric flexibility and
rapid prototyping and fabrication capability.

Several studies have investigated the feasibility of fabricating sensors using the FDM technique and
polymer-based conductive filaments. Research has demonstrated that they can measure strain under
loading conditions and exhibit a linear electrical output. Different designs and orientations are
explored to enhance sensitivity and improve temperature compensation. Despite these developments,
existing research is largely limited to laboratory-scale testing on flat specimens or coupons, with
limited exposure to integration into structural elements.

The novelty of this work lies in the research, development and characterisation of the 3D printed
sensors. The materials are evaluated, two different layouts are designed and fabricated and are
subjected to tensile and three-point bending conditions. And finally, the developed sensor was
integrated into an FPV arm and experimentally evaluated under practical bending and torsional
loading conditions. Therefore, this work extends further than specimen-level testing and investigates
its feasibility in structural state monitoring applications.

The project aims to develop a 3D printed sensor and evaluate its performance under mechanical
loading through integration into an aircraft structural element for structural state and health
monitoring.

To achieve this aim, the following tasks were defined:
1. To review current sensor technologies used to monitor structural behaviour under mechanical

loading.

To design and manufacture a 3D printed sensor using conductive materials.
To develop an experimental setup for mechanical loading and data collection.
To investigate the sensor’s electrical response under mechanical loading.

whwn

To integrate the developed sensor into an aircraft structural element and evaluate its performance
under mechanical loading.
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1. Literature Review
1.1. Structural health monitoring in aviation

In aviation, structural health monitoring is implemented to monitor the structural integrity of the
aircraft continuously using permanently installed sensors and data analysis. Hence, reducing the
dependence on heavy scheduled inspections and surprise failures. It is considered safer and more
cost-effective for fleets throughout the life cycle [1,2]. A typical on-line SHM system architecture,
illustrating the integration of sensors, data communication, signal analysis, and damage
quantification, is shown in Fig. 1.
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Fig. 1. On-line Structural Health Monitoring of Aircraft [3]

Aircraft structures operate in intense conditions and environments, being subjected to cyclic
mechanical loads and long service durations. Over time, these conditions may lead to structural
degradation such as fatigue cracking, corrosion or material deterioration, which could compromise
the integrity and lead to failure. Hence, ensuring safety is the main priority in the aerospace and
aviation industries.

Aircraft structural integrity, traditionally, has been maintained through scheduled inspection and
maintenance programs relying on visual inspections and non-destructive evaluation techniques to
identify damage. Though this approach is effective, it is often conservative and resource-intensive.
Components and parts might be replaced irrespective of their actual conditions, leading to an increase
in maintenance costs and aircraft downtime [4].
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Structural Health Monitoring (SHM) offers an alternative approach. It is important because SHM can:

e Detect hidden or barely visible damage like early fatigue cracks, delamination that visual
inspection may miss [1].

e Support continuous or frequent monitoring, shifting the focus from time-based to condition-
based monitoring [2,5].

e Provide more accurate operational load histories on wings and fuselage, improving fatigue
life assessment [1].

e Increase overall safety and reduce lifecycle cost [4].

With the increase in complexity of aircraft structures and operational demands in the aviation sector,
SHM is gaining more attention. Despite the potential benefits and implementation of SHM in
commercial aviation, there are also challenges like long-term performance under harsh environmental
conditions, system reliability, certification requirements, and integration of this method of inspection
in existing aircraft fleets.

The SHM systems combine multiple sensors like strain, vibration, and ultrasonic to detect, locate and
also quantify damage using algorithms and sensing methods shown in Table.]1.

Table 1. Common sensing methods under SHM [4-6]

SHM's role in aircraft Common sensing methods

Fatigue/load monitoring of wings | Electrical strain gauges, fiber-optic strain, optimised placement to minimise

and fuselage sensor count while preserving load accuracy

Crack/damage detection in metals | Acoustic emission, guided Lamb waves with piezoelectric transducers,

and composites impact-echo and ultrasonics, vibration-based methods

Corrosion monitoring Electrochemical impedance sensors, galvanic and resistance-based corrosion

sensors, and chemical ion-selective sensors

Global condition assessment & Sensor networks with SHM algorithms, sometimes integrated with digital twins
diagnostics and advanced data analytics

1.1.1. Advantages and challenges of SHM in commercial aviation

Apart from its technical role in monitoring the structural integrity, SHM also carries significant
importance in terms of operations for airlines and aircraft operators. Commercial aviation is very
sensitive to factors like maintenance costs, aircraft availability, and schedules. Unexpected structural
issues spike these factors, leading to costly downtime, delays and disruptions to the schedule. Hence,
monitoring the fleet to attain prior insights into the structural condition is a valuable tool for overall
improvement of maintenance and planning [1].

For this reason, SHM is gaining attention and is viewed not only as a diagnostic tool but also as a step
towards predictive maintenance and digital aircraft management [2,7].

Though there is significant interest and potential for more technological progress, SHM still faces
several technical, regulatory and operational challenges. Existing certification standards do not fully
cover SHM systems, and new guidelines must clearly define the sensors, structures and software
involved, while also addressing durability and reliability testing requirements in the aviation context
[2]. Sensor survivability under high temperature, humidity, and fluid exposure remains a concern, as
these conditions can degrade sensor signals over time, emphasising the need for more robust designs
and qualification testing [2]. The size and complexity of sensor networks also introduce practical
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challenges, as larger networks increase weight and data handling burden, driving research towards
smarter and more efficient sensor placement strategies [4,9]. Finally, the upfront installation and
certification costs present a significant adoption hurdle in airline operations, and must be justified
through demonstrated reductions in maintenance costs and improvements in aircraft availability [ 1,9].

1.2. Structural sensor technologies

Structural sensor technologies are of core importance in SHM systems as they are used to obtain
information on the integrity and the performance of the structure, relying on continuous or periodic
data acquisition from the sensor networks. This data proves critical in detecting damage, monitoring
load conditions and also in the evaluation of critical components like the wing, fuselage, joints and
control surfaces. The effectiveness of the sensor relies on the type of sensors used and the suitability
of the sensors for long-term operation and conditions [6].

Strain-based sensors, vibration sensors, ultrasonic sensors, acoustic emission sensors and infrared
thermography systems are a few widely used technologies. However, no single sensor technology is
universally optimal, and each method involves trade-offs in sensitivity, environmental robustness and
data interpretation complexity, as illustrated in Fig. 2.
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Fig. 2. Overview of commonly used sensing techniques in SHM [§]

Electrical strain gauges, piezoelectric sensors, and fiber-optic sensors are the main structural sensing
families. They help in local strain sensing, global vibration monitoring of the structure and detecting
distributed damage. Each of these technologies is briefly reviewed below, with electrical strain gauges
discussed in further detail in Section 1.3, given their direct relevance to this project.

a. Piezoelectric sensors

The piezoelectric effect is where mechanical strain generates an electrical charge within the material
[9]. Piezoelectric sensors work on the above-mentioned operating principle commonly deployed as
PZT (lead zirconate titanate) patches or wafers. They have the ability to perform as both actuators
and sensors, which enables them to detect structural response while generating mechanical waves
within the structure [7]. This dual capability allows them to play a pivotal role in guided wave and
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vibration-based health monitoring techniques where mechanical waves are propagated through a
structure to detect possible defects [2].

Fig. 3. Piezoelectric disc sensor used for vibration-based SHM applications [9]

A typical example of a piezoelectric disc sensor used in vibration-based structural health monitoring
is shown in Fig. 3. These sensors are widely used for detecting impacts and structural damage,
especially in composite materials and aircraft panels with respect to aerospace engineering
applications. They are also implemented in pipelines, rotating blades and other load-bearing
components [7]. The main advantage of a piezoelectric sensor is high sensitivity and the ability to
respond over a wide frequency range, which makes them very effective for damage detection methods
[9,11]. However, environmental factors such as temperature fluctuations, humidity and mechanical
degradation could affect the performance over a large time span [1,2].

b. Fiber-optic sensors (FOS)

Fiber-optic sensors detect structural changes by measuring the variations in the properties of light
transmitted through optical fibers. The characteristics of the sensor, such as light intensity, phase,
wavelength within the fiber can be altered with changes in strain, temperature, vibration and even
structural deformation. Precise measurements of structural conditions and damage can be detected by
monitoring these changes [1,9].

Several types of fiber optic sensing technologies have been developed for SHM. A Fibre Bragg
Grating (FBG) sensor measures strain or temperature via shifts in the reflected light wavelength, and
it is the most widely used type [9]. Fiber-optic sensors offer several advantages. They are lightweight
and immune to electromagnetic interference. They are also quite durable in harsh environments [4].

With the advancements in technology, structural sensors have evolved from mere measurement tools
to monitoring systems that support reliability, safety and efficiency in aviation. However, the strain
gauge remains one of the most widely adopted and significant approaches for load monitoring and
fatigue assessment in aviation.

1.3. Strain gauge sensors

Among the sensing technologies introduced in the previous section, strain gauges are the most widely
adopted for structural monitoring in aviation. They are directly bonded to critical load-bearing
structures such as wings, fuselage panels, and landing gears to measure localised structural
deformation under operational loading conditions, as shown in Fig. 4.
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Fig. 4. Strain gauges location (a) on the wing, (b) on the top fuselage and (c) side fuselage [11]

They are particularly useful for monitoring structural strain and fatigue accumulation under
operational loading. By tracking resistance changes in the gauge element, fatigue accumulation can
be detected before it leads to structural damage. The sensitivity of a strain gauge to deformation is
characterised by its gauge factor, which directly relates the measured resistance change to the applied
strain.

1.3.1. Working principle of strain gauges

A strain gauge comprises a thin metallic foil or a 3D printed conductive grid, which is bonded to or
attached to the surface of the structural component. When the structure is subjected to mechanical
loading, the strain is transferred to the gauge element. As illustrated in Fig. 5, the applied strain
changes the geometry of the conductive path, thereby varying the electrical resistance. This change
in resistance forms the basis for strain measurement [13,14].

Strain Gauge
Direction of strain

Gauge resiitandce T
wires Gauge
backing

Fig. 5. Diagram of the Working Principle of the Strain Gauge [12]
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The electrical resistance of a conductor is determined by:

L
R=p~ (1.1)

where R is the electrical resistance, p is the electrical resistivity of the material, L is the length of the
conductor, and A is its cross-sectional area [13].

When the structure undergoes axial strain €, the length and cross-section of the gauge change. For
small deformations, the relative change in resistance can be approximated as [14]:

AR Ap N AL AA 1.2
R p L A '
The terms associated with changes in length and cross-section represent geometric effects related to
Poisson’s ratio, while the resistivity term represents the piezoresistive effect.

In practical aircraft monitoring systems, strain gauges are commonly connected in Wheatstone bridge
configurations such as quarter-bridge, half-bridge, or full-bridge arrangements. These bridge circuits
convert very small resistance changes into measurable voltage signals while also improving
temperature compensation and measurement sensitivity [12].

In practical scenarios in aircraft monitoring systems, the strain gauges are connected in Wheatstone
bridge configurations like the quarter bridge, half bridge or the full bridge configurations. These
bridge converts small resistance changes into voltage signals [15].

1.3.2. Gauge factor and sensitivity

Gauge factor (GF) is a measure of the sensitivity of a strain gauge, which is expressed as the ratio
between resistance change and applied mechanical strain [13].

AR/R
F= /
€

(1.3)

where € represents the mechanical strain applied to the gauge. Metallic foil strain gauges commonly
used in aerospace applications have an approximate value of 2.0 [12,13]. In contrast, printed or
composite sensors based on strain gauges exhibit lower and tunable gauge factors strongly depending
on the material composition and processing conditions.

Improvement of the sensitivity of strain gauges has been a burning topic of research. There are various
approaches to it. One approach is to use semiconductor materials or CNT-based composites, which
have higher intrinsic gauge factors. The second approach is to integrate it in a Wheatstone bridge
layout. This approach increases the output signal amplitude, effectively improving the measurement
resolution. The measured resistance can be converted into strain once the gauge factor is determined
using [5,12]:

€= —— (1.4)
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This relationship allows for monitoring live strain measurement during flight and converting it into
structural load histories.

1.4. Wheatstone bridge for strain measurement

A Wheatstone bridge is predominantly used to convert the extremely small resistance change in a
strain gauge into a measurable voltage signal. In this layout, the circuit consists of four resistive arms,
excitation voltage V; is applied across one end, and the output voltage V, is measured on the other. In
the balanced condition, the resistance ratio of one branch must be equal to that of the other branch,
resulting in a null output voltage. So when strain is applied, the resistance of the gauges changes by
a small amount AR, interrupting the balance of the bridge and producing a differential output
proportional to the strain [17,18].

Ri _Rs

R "R =>1,=0 (1.5)

Different Wheatstone bridge configurations are used depending on the required sensitivity and needed
compensation characteristics.
1.4.1. Quarter-bridge configuration

In a quarter-bridge layout, only one of the four resistive arms acts as an active strain gauge, while the
remaining three are fixed resistors. Fig. 6 shows how a change in resistance of the active gauge
disturbs the bridge balance, producing a measurable output voltage [18].

Fig. 6. Quarter Bridge Configuration [16]
For small resistance changes (| AR |« R), the output voltage is approximately:
Vo=77V (1.6)
Substituting the strain gauge relation gives:
1

Vo =7 GF e, (1.7)

This configuration is commonly implemented in basic strain measurements as it is quite simple.
However, its sensitivity is relatively lower and limits temperature compensation [8].
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1.4.2. Half-bridge configuration

In a half-bridge layout, two of the resistive arms act as active strain gauges. These are typically
arranged such that one experiences tensile strain while the other undergoes compressive strain,
producing opposite resistance changes. As illustrated in Fig. 7, this arrangement causes a greater
imbalance in the Wheatstone bridge compared to the quarter-bridge configuration, resulting in a
higher output voltage [17]. This configuration, therefore, improves sensitivity and also provides
partial compensation for temperature effects.

Fig. 7. Half-Bridge Configuration [16]

The approximate bridge output for small resistance changes is:

v _1ARV (1.8)
° 2R S '
or

1
VO:EGFSVS (1.9)

When compared to the quarter bridge configuration, the sensitivity is doubled, and temperature-
induced variations tend to cancel out more effectively [18].

1.4.3. Full bridge (4 active gauges)

In a full-bridge configuration, all four resistive arms are active strain gauges. Fig. 10 depicts the
arrangement in which two gauges experience tensile strain while the other two undergo compressive
or transverse strain, maximising the output signal. This configuration provides the highest sensitivity
and offers effective compensation for temperature and environmental effects.

Fig. 8. Full-bridge Configuration [16]
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Similar to the half bridge configuration, in an axial setup, the gauges are often aligned in a way that
two gauges experience tensile strain, while the other, which measures the transverse or compressive
strain [1]:

& = —VEg (1.10)
where v is Poisson’s ratio and ¢ is the longitudinal strain.

For this configuration, the bridge output can be approximated as:

V, =GF(1+v)gV, (1.11)

In the ideal case where the gauges experience equal and opposite strain effects, the bridge output can
be simplified to:

V,=GFeV, (1.12)

This configuration provides maximum sensitivity and excellent temperature compensation because
identical temperature effects occur in all four arms and largely cancel out.

Practically, the output voltage from a Wheatstone bridge is very small, often in the millivolt range.
Therefore, to amplify the signal before processing, instrumentation amplifiers are used. Overall,
because of their high sensitivity, the bridges are adopted and implemented widely in precision strain
measurement and SHM applications [2,17].

1.5. Additive manufacturing of strain sensors

Recent advancements in additive manufacturing have enabled the direct fabrication of strain-sensing
elements integrated within structural components. Unlike conventional bonded foil gauges, these
sensors rely on printed conductive paths and offer significant design flexibility.

Several studies have investigated the design, fabrication, and characterisation of 3D-printed strain
sensors using conductive polymer filaments, each adopting different structural geometries, substrate
materials, and testing conditions. Reviewing these works provides important context for
understanding the design choices, performance trade-offs, and known limitations of sensors of the
type employed in this project.

1.5.1. Sensor design strategies

Based on existing research, 3D-printed strain sensors can be broadly classified into two main
configurations:
e Surface-mounted printed sensors, where conductive tracks are deposited on a substrate,
similar to traditional foil gauges
e Embedded sensors, where conductive pathways are integrated within the structure during
fabrication

In one research, [14], a comparable approach based on an FDM-printed strain gauge using Proto-
Pasta conductive PLA deposited onto a non-conductive PLA substrate was presented. The main
components of the printed strain gauge are identified in Fig. 9, including the carrier material,
conductive grid, and contact pads, where the grid functions as the sensing element. The sensor was

23



fabricated on a Prusa 13 MK3 printer using a 0.4 mm nozzle, with the conductive traces embedded
into the PLA base to improve inter-layer adhesion, which is a known challenge in multi-material
FDM printing.

The authors reported a near-linear relationship between applied strain and measured resistance,
validated using an Instron E10000 tensile testing machine. However, a 6.05% increase in residual
resistance was observed between the start and end of each loading cycle, attributed to the viscoelastic
behaviour of PLA and restructuring of the carbon black percolation network.

= A

Carner material\\’

———— .Conductive grid
=
® &6l € pen ®

= B

Fig. 9. Components of the FDM-printed strain gauge showing carrier material, conductive grid pattern, and
contact pads [13]

A lagging of the resistance response relative to applied strain was also identified. These findings
highlight a fundamental limitation of carbon-black-filled PLA sensors: while suitable for slow or
quasi-static strain monitoring, such as long-term creep, they are less well suited to dynamic or rapidly
varying load conditions. Importantly, the study also demonstrated that incorporating conductive PLA
traces reduced the ultimate tensile strength of specimens by approximately 73% compared to non-
conductive PLA, raising important considerations for sensor placement and structural integration
[13].

A more refined design was undertaken in another study [19] where a two-layer 3D-printed strain
gauge was fabricated, consisting of a meander-shaped measuring grid of conductive PLA (Protopasta
Conductive PLA) printed on a non-conductive PLA substrate, closely mirroring the layout of a
conventional metal foil gauge. Fig. 10 provides a detailed view of the sensor structure, including the
PLA substrate, conductive grid pattern, and bonding to a steel plate, which enables strain transfer.
The printed sensor was bonded to a stainless steel plate using a cold-curing superglue and subjected
to a bending load of 30 N, with gauge placement determined through prior finite element analysis in
COMSOL Multiphysics to identify the region of maximum strain. Results demonstrated a nearly
linear resistance response with a correlation coefficient R of 0.996 and a linearity error within +4%.

24



0.2 Mm%y

Steel plate 2mm — %

Fig. 10. Structure of the 3D-printed strain gauge showing the PLA substrate, conductive PLA measuring
grid, and bonding onto a steel plate acting as the load-bearing element [19]

The gauge factor was calculated to be 8.3, approximately four times higher than that of a conventional
metal foil gauge. However, polymer-induced creep was observed as a superimposed drift in resistance
during sustained loading, attributed to reorganisation of the conductive particle network within the
filament. The study confirms that 3D-printed sensors of this type can be bonded to metallic structural
elements and exhibit useful sensitivity, but that the creep behaviour of the conductive polymer
remains a key challenge [19].

A recent study [20] extended the application of FDM-printed sensors to the marine industry,
fabricating a two-layer device comprising a CNT-enriched PLA sensing element printed on an
Acrylonitrile Styrene Acrylate (ASA) substrate using an Ultimaker S3 printer. Fig. 1(a) outlines the
sensing geometry, while Fig. 1(b) presents the fabricated device, including the substrate, sensing
element, and contact pads. The sensing element geometry was a simple rectangular piezoresistor
measuring 50 mm x 4 mm, with integrated contact pads that could be connected directly to readout
circuitry via standard soldering, eliminating the need for wire bonding. A notable feature of this work
was the investigation of post-printing thermal sintering as a means of improving sensor performance.
Annealing at 102 °C for up to 20 hours produced a total resistance reduction of 44%, improved gauge
factor from 0.54 (unsintered) to 0.95 (sintered 20 h), and significantly reduced hysteresis and
resistance variability. The correlation between sintering time and linearity was found to be strongly
negative (Pearson coefficient —0.99), indicating that longer annealing produces more consistent and
repeatable sensor behaviour. The authors attributed these improvements to a transition of the PLA
microstructure from an amorphous to a semi-crystalline state, which stabilises the CNT conductive
network. The study also examined sensor response under alternating hogging and sagging bending
modes, observing a nonmonotonic resistance-strain behaviour consistent with competition between
formation and destruction of CNT percolation pathways — a phenomenon also reported elsewhere in
the literature for CNT/polymer composites.
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Fig. 11. Geometry of the 3D-printed strain gauge showing the conductive sensing grid and contact pads [20]

Contact Pads

These findings are particularly relevant to structural applications, as they suggest that post-fabrication
thermal treatment can meaningfully improve sensor linearity and repeatability without high additional
cost.

A structurally different approach was taken [15], where both FDM and stereolithography (SLA)
techniques were used to fabricate the structural body of micro force sensors, onto which conventional
commercial foil strain gauges (Omega SGD-1.5/120-LY 13, 120 Q) were manually bonded. As shown
in Fig. 12, two sensor geometries were developed: a parallel-beam load cell printed in PLA using an
FDM printer, and a cantilever beam sensor printed in HTM 140 resin using an SLA printer. Finite
element analysis was used to optimise the structural design and identify locations of maximum strain
for gauge placement. The load cell achieved a force resolution of 56 uN with a sensitivity of 6.845
V/N and a linearity of 1.14%. In comparison, the cantilever beam sensor achieved a resolution of 4.3
uN at a sensitivity of 525.15 V/N.

(a) parallel beams

cantilever beam half bridge Il

Fig. 12. Design schematics (left) and corresponding Wheatstone bridge circuits (right) for (a) parallel-beam
load cell sensor and (b) cantilever beam sensor [15]

Both configurations used Wheatstone bridge circuits, a full bridge for the load cell and a half bridge
for the cantilever, with instrumentation amplifiers to condition the sub-millivolt output signals.
Although this work differs from the all-printed approach in that the sensing element is not itself 3D-
printed, it demonstrates that 3D-printed polymer structures can serve as effective flexure elements for
strain-based force sensing and highlights the importance of FEA-guided design and bridge
configuration selection in achieving high measurement resolution.
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1.6. Conductive materials for 3D-printed sensors

The performance of sensors manufactured through additive manufacturing highly depends on the
conductive material used in the fabrication. Commonly, a combination of thermoplastic polymers
with conductive fillers is employed as they exhibit piezoresistive behaviour.

Fig. 13. Types of conductive filaments (a) Carbon-filled [21] (b) Metal-filled (Copper) [22]

As illustrated in Fig. 13, these materials are typically available as carbon-filled filaments or metal-
filled filaments, each offering different electrical and mechanical properties. Electrical conduction
occurs through a percolation network formed by these fillers within the polymer matrix.

1.6.1. Types of conductive filaments

Conductive filaments used in 3D printed sensors can be broadly categorised into three material
families: carbon-based, metal-filled, and ionic or liquid-based systems.

Carbon-black-filled polymers, such as Protopasta Conductive PLA, are the most widely used for
piezoresistive strain sensing applications. These materials mix a standard polymer matrix such as
PLA or TPU with conductive carbon black particles, achieving printed resistivities in the range of
30-115 Q-cm depending on print orientation and parameters [13,14]. Carbon nanotube-enriched
composites represent a more advanced variant, offering tunable gauge factor and improved linearity
through thermal treatment [18], though they are less commercially accessible than carbon-black
alternatives.

Metal-filled filaments incorporate metallic powders such as silver, copper, or bronze dispersed within
a polymer matrix. While they offer higher conductivity than carbon-based systems, the discontinuous
nature of the metal particle network means conductivity remains significantly below that of bulk
metals. A related approach involves post-processing carbon-filled printed electrodes through
electrodeposition of metallic coatings such as gold nanoparticles, enabling noble-metal surfaces
suitable for electrochemical sensing [21].

Liquid metal and conductive ink systems represent a third category, primarily used in flexible and
stretchable sensing applications. Liquid metals such as gallium alloys contained within microchannels
maintain high conductivity under large deformations, while conductive inks deposited through screen
or inkjet printing enable hybrid fabrication approaches on 3D printed substrates [21]. However, these
systems are less suited to rigid structural sensing applications and were not considered further in this
project.
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1.7. Temperature effects on resistance-based sensors

Resistance-based sensors (strain gauges, conductive-PLA sensors, RTDs, concrete resistivity probes,
etc.) are highly sensitive to temperature. Temperature affects both the sensor element and the
measurand (e.g., structure, concrete pore fluid), and several error sources appear in practice. A few
ways in which temperature affects resistance-based sensors:

a. Intrinsic temperature coefficient of resistance (TCR)

The inherent nature of the resistance-based sensors makes them sensitive to temperature by default;
this phenomenon is described by the temperature coefficient of resistance (TCR).

In metallic sensing elements, such as platinum resistance temperature detectors (RTDs), resistance
typically increases approximately linearly with temperature [25]. For strain-type sensors, the general
relation between resistance, strain, and temperature includes a TCR term, so the mean resistance level
shifts with temperature, independent of strain [24]. In piezoresistive 3D printed conductive PLA
sensors, theory explicitly separates strain-dependent terms from the temperature term, which only
affects the mean resistance and must be compensated if temperature varies significantly [24]. The
temperature dependence of resistance is evident in Fig. 14, where resistance increases with
temperature, indicating a positive temperature coefficient.
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Fig. 14. Relationship between AR and AT for a temperature-sensitive component

The horizontal axis represents the temperature change (AT), while the vertical axis represents the
change in resistance (AR). At the reference temperature (AT = 0), the resistance change is zero. When
the temperature increases, the resistance increases with a positive slope, indicating a positive
temperature coefficient. When the temperature decreases, the resistance decreases with a negative
slope. The curved (nonlinear) shape of the graph shows the variation in resistance.

b. Thermo-mechanical effects (CTE mismatch)

Temperature variations can also influence sensor measurements through thermo-mechanical effects.
When the sensor material and the host structure have different coefficients of thermal expansion
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(CTE), temperature changes can produce apparent strain in the sensing element even if no mechanical
loading is present [14]. This occurs because the sensor and the substrate expand or contract by
different amounts. For bonded sensors (foil gauges, embedded conductive tracks, FBG strain
sensors), this can be a major error source unless materials with similar CTEs are chosen or appropriate
compensation is used [8,21].

¢. Temperature-dependent material or medium properties

In some sensing applications, temperature affects not only the sensor itself but also the properties of
the surrounding material or medium being monitored. For example, in resistivity-based sensors used
to measure moisture content in concrete, electrical resistivity is strongly influenced by both
temperature and water saturation.

Experimental studies have shown that within temperature ranges of approximately 0—40 °C,
resistivity in concrete can change by roughly 3—5 % per degree Celsius, and may decrease by about
half when the temperature increases by around 20 °C [25]. Measurements from embedded resistivity
sensors have demonstrated that the relationship between temperature and resistivity often follows
Arrhenius-type behaviour. As a result, temperature corrections are required to obtain reliable
estimates of material properties such as water content or conductivity [24].

To reduce the influence of temperature on resistance-based sensors, several compensation strategies

can be applied. Temperature measurement and correction is the most common approach, where the
sensor output is adjusted using known temperature-resistance relationships such as TCR-based
corrections. Material selection also plays an important role; choosing sensing materials with low
temperature sensitivity or matching the coefficient of thermal expansion (CTE) between the sensor
and the host structure helps minimise thermally induced resistance changes. In addition, sensor
configuration techniques, such as differential measurement arrangements, can help cancel common
temperature effects between sensing elements. Finally, proper calibration across the expected
temperature range and careful experimental design, including shielding from environmental
fluctuations, can significantly improve measurement reliability by separating temperature effects
from actual strain signals.
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2. Sensor Development and Characterisation

To develop a functional 3D printed strain sensor, material selection, geometry of the sensor, and the
fabrication process must be taken into close consideration. The first step is to identify a suitable
conductive filament for fabrication, determine the temperature coefficient and propose a possible way
to compensate. Furthermore, electrical integration methods are also investigated, along with
determining reliable 