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Additive manufacturing of self-sensing parts through material extrusion
Jan Akmal a,b and Mika Salmi a

aDepartment of Mechanical Engineering, Aalto University, Espoo, Finland; bEOS Metal Materials, Electro Optical Systems Finland Oy, Turku, 
Finland

ABSTRACT  
The objective of this study is to develop and evaluate self-sensing capabilities in additively 
manufactured parts by embedding conductive elements that are copper and continuous carbon 
fiber. Two sets of test specimen were manufactured using a custom g-code on material 
extrusion-based Anisoprint A4 machine. Each set contained copper and continuous carbon fiber 
in an amorphous thermoplastic matrix. A tailor-made test setup was developed by improvising 
the American Society for Testing and Materials (ASTM D790) three-point loading system. 
Electrical resistance measurements were conducted under flexural loads to evaluate the self- 
sensing capability of each test specimen. The results confirmed that material extrusion 
technology can allow production of self-sensing parts. The electrical resistance increases linearly 
(Sensing tolerance <±2.6%, R2>93.8% p-value < 0.005), establishing a strong correlation with 
applied force and strain. The work allows for creating smart parts that can facilitate big data 
collection, analysis, and evidence-based decision-making for condition monitoring and 
preventive maintenance needed for Industry 4.0.
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Introduction

Additive manufacturing (AM), de facto known as 3D- 
printing, is rapidly emerging into a general-purpose 
technology to produce end-use parts from 3D model 
data [1,2]. As opposed to the subtractive and formative 
modes requiring part-specific tools for removal and pres
surised shaping, the layer-by-layer AM principle allows 
for tool-less manufacturing with unprecedented geo
metric freedom [3–5]. Owing to its digital and general- 
purpose characteristics, AM has been identified as the 
key enabler of Industry 4.0 facilitating the interface 
between physical and virtual environments through 
big data collection, analysis, and evidence-based 
decision-making [6–9].

Leveraging the digital and general-purpose character
istics of AM, literature has proposed several methods for 
manufacturing parts with embedded components, for 
example, passive and active sensors, printed circuit 
boards, motors, gears, shafts, and bushings [10–14]. 
Binnard [11], Cham et al. [12] and Prinz and Weiss [14] 
highlighted an approach to embed components by 
depositing and removing material in layer-based cycles. 
Kataria and Rosen [13] suggested a shape conversion 
method for embedding components in a primitive 

rectangular form for vat photopolymerization process. 
Akmal [15] developed process interruption-based embed
ding using binder jetting, material extrusion, powder bed 
fusion, and vat photopolymerization methods. Feldhau
sen et al. [16] have reported process interruption-based 
embedding of ceramic inserts using directed energy 
deposition and subtractive manufacturing.

Several studies have dispensed conductive inks, e.g. 
silver, to introduce electrical interconnects in parts using 
vat photopolymerization process [17–20]. However, they 
are prone to poor conductivity as solid material due to 
high electrical resistance and to the requirement of 
high temperature for curing. Further, they may also 
cause electrical shorting [21] when deposited in combi
nation with material extrusion-based technique owing 
to inherent porosity. To yield higher current densities, 
emerging literature has embedded continuous copper 
wire (CCW) using in-house made and customised extru
sion-based 3D printers [22–24]. However, literature still 
lacks their printing parameters (e.g. deposition speed, 
tool head speed, layer thickness, etc.) and use-cases 
owing to highly tailor-made setups for embedding.

On the other hand, commercial solutions now exist 
for embedding continuous carbon fiber (CCF) because 
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of its dominant reinforcement in polymer matrices 
[25,26]. Emerging studies have also been testing the 
self-sensing capabilities of CCF which eliminates the 
need for attached or embedded sensory elements [27– 
31]. While externally attached sensory elements may 
be subjected to wear and tear depending on the 
environment, embedded sensory elements may be 
prone to degradation of structural integrity of the part 
depending on the size of the embedded sensors.

The aim of this study is to develop and evaluate the 
self-sensing capability of CCW and CCF embedded in a 
thermoplastic matrix using a commercially available 
material extrusion-based AM machine.

Methods

Test specimens

Figures 1 and 2 depict two test specimen – Type A and 
Type B – that were designed using Creo Parametric 
(6.0.2.0, PTC, Needham, MA, USA). Type A contains one 
grid line composed of conductive element, i.e. CCF or 
CCW. Similarly, Type B contains 38 grid lines of identical 
conductive element.

Additive manufacturing

The Anisoprint A4 machine was used to additively manu
facture the specimens composed of CCF and CCW in a 
thermoplastic matrix, i.e. polyethylene terephthalate 
glycol-modified (PETG). The CCF comprised of 1.5 k 
carbon fibers. The tow of CCF filament had a tensile 
strength of 2240 MPa, a tensile modulus of 149.5 GPa, 
and tensile ultimate strain of 1.325%. The CCW was a con
ventional copper wire (DASOL Grade 1, Class 155). It had an 
electrical resistance of 0.03401 Ω/m (diameter of 0.8 mm) 
according to IEC 60851-5.3. The machine followed the 
material extrusion principle in which material was selec
tively dispensed through a nozzle [2]. The print head con
tained dual nozzle – one nozzle for dispensing the 

thermoplastic, and the second nozzle for dispensing the 
reinforcement filament which was equipped with a 
cutting device. The reinforcement filament nozzle dis
pensed both reinforcement material and PETG simul
taneously. The test specimens were pre-processed using 
Anisoprint Aura (1.27.2, ANISOPRINT SARL, Esch-sur- 
Alzette, Luxembourg). Table 1 shows the AM parameters.

Table 2 lists the recommended processing par
ameters of the proprietary CCF and the tailor-made pro
cessing parameters of the CCW using trial and error 
approach.

Self-sensing under flexural loads

Two flexural fixtures were designed and manufactured 
by improvising the ASTM three-point loading system 
[32]. Figures 3 and 4 show the fixtures concomitant to 
Type A and Type B specimens. Type A fixture contained 
a support span-to-depth ratio of 26:1 and similarly, Type 
B contained a span-to-depth ratio of 78:1 to consider 
large deformations on the specimens and subsequently 
the conductive elements.

The BK2840 DC Resistance Meter (B&K Precision Corp., 
Yorba Linda, CA, USA), comprising of an accuracy of 
0.1%, was used to conduct electrical resistance measure
ments as a function of controlled mid-span deflections. 
The specimens were deflected at the mid-span with an 
increment of 0.1 mm (accuracy of 0.03%) as shown in 
Figures 3 and 4. Force (accuracy of ±0.05 N) and electri
cal resistance measurements were taken at each mid- 
span deflection increment in a static state. Sampling 
time was 402 milliseconds.

The sensitivity coefficients, kp and kD, were estimated 
according to Eqs. (1) and (2).

DR
Ri
= kpP (1) 

ΔR is the difference between the final and initial resist
ance, Ri is the initial resistance, P is the force (N ) at the 

Figure 1. Test specimen Type A (No. of grid lines = 1). Figure 2. Test specimen Type B (No. of grid lines = 38).
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mid-point of the load-deflection curve, and kp is the 
force sensitivity coefficient.

DR
Ri
= kDD (2) 

D is the deflection (mm) of the centerline of the test 
specimen at the middle of the support span and kD is 
the deflection sensitivity coefficient. Considering the 
large support spans of the test specimens, the flexural 
stress, σf (MPa), in the outer surface of the test specimen 

at the mid-span is estimated using Eq. 3 as follows:

sf =
3PL

2bd2

􏼒 􏼓
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L
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􏼒 􏼓
D
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􏼒 􏼓􏼢 􏼣

(3) 

where L is the support span (mm), b is the specimen 
width (mm), and d is the specimen thickness (mm). 
The flexural strain, εf, in the outer surface of the test 
specimen at the mid-span is calculated according to 
Eq. 4 as follows:

1f =
6Dd

L2 (4) 

Results

All specimens were successfully manufactured using the 
parameters listed in Tables 1 and 2. Figure 5 shows the 
dispensation of CCW and CCF, and the end-use Type B 
specimens. Figures 6 and 7 show the raw results of 
self-sensing under flexural loads for Type A and Type B 
specimen embedded with CCW. Similarly, Figures 8 
and 9 depict the results for specimens embedded with 
CCF. Figure 10 shows the linear fit of the fractional 
change in resistance as a function of force and deflection 
at mid-span for both test specimens Type A and B. Table 
3 lists the piezoelectric properties of the test specimens 
based on statistical evidence. Figure 11 denotes the 
flexural stress–strain curves for both test specimens 
types, i.e. Type A and Type B, comprising of copper 
wire and carbon fiber.

Discussion

This study develops and evaluates self-sensing capabili
ties of additively manufactured parts. A prerequisite for 
this work was the establishment of stable processing 
parameters for embedding CCW. The trial and error 
approach successfully yielded processing parameters 
for embedding CCW using a commercially available 
AM machine.

As shown in Table 2, the identified processing par
ameters allow for embedding CCW in a freeform 
manner within each layer of the print comprising of an 
amorphous thermoplastic polymer (PETG) matrix. The 

Table 2. Processing parameters of continuous carbon fiber and 
continuous copper wire.

Description
Continuous carbon 

fiber
Continuous copper 

wire

Diameter [mm] 0.35 0.35
Build plate temperature 

[oC]
60 60

Z-lift on restart [mm] 0.5 1
Fiber extrusion speed [mm/ 

sec]
10 1

Restart pause [sec] 1 25
Finish ironing distance 

[mm]
20 20

Plastic retract Yes Yes
Fan speed [%] 50 50
Fiber feed rate [%] 100 125
Printing speed coefficient 0.5 0.2

Figure 3. Flexural fixture for Type A specimen.

Table 1. Global additive manufacturing parameters.

ISO/ASTM AM 
Method Machine Software

Material

Layer thickness [mm] Post-processing
Thermoplastic 
matrix Reinforcement

Material 
Extrusion

Anisoprint 
A4

Aura 
1.27.2

PETG Continuous carbon fiber +  
Continuous Copper wire

Thermoplastic matrix: 
0.17 mm 
Reinforcement: 
0.34 mm

Manual removal from 
build platform

VIRTUAL AND PHYSICAL PROTOTYPING 3



Z-lift on restart (mm) ensured that the CCW extruder was 
adequately raised to extrude the copper wire before 
printing. The default value of 0.5 mm of Z-lift on 
restart was inadequate to extrude the CCW owing to 

Figure 4. Flexural fixture for Type B specimen.

Figure 5. Additive manufacturing of Type B specimen with (a) continuous copper wire and (b) continuous carbon fiber, and (c) the 
end-use specimens.

Figure 6. Self-sensing capability of Type A specimen embedded 
with CCW.
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higher stiffness of CCW compared to CCF. Higher values 
than 1 mm can curl the tail of the CCW upon initiation of 
the print. The fiber extrusion speed was decreased to 
1 mm/s to ensure that an accurate polygon was 
printed with adequate adhesion to the underlying 
layer. High fiber extrusion speed can cause entangle
ment of the CCW in the fiber feeder of the machine. 
The restart pause (sec) is the delay before the initiation 
of CCW printing. This was significantly increased to 
25 sec from the default value of 1 sec to ensure that 
the tail of CCW adhered to the underlying layer. The 
fiber feed rate (%) was increased by 25% to decrease 
the tension in the CCW. This ensured adequate fitting 
of the CCW to the presumed path length. Finally, the 
printing speed coefficient was decreased by 40% to 
compensate for the fiber extrusion speed and to allow 

adequate printing of the CCW. A total of 20 test 
samples were printed to identify these printing par
ameters. Though these parameters ensure a stable 
process for printing CCW, there is an opportunity for 
further optimisation for future work.

Following this novel capability, two types of test 
specimens, i.e. Type A and Type B, were printed with 
CCW. Specimens embedded with CCF were printed in 
parallel using the machine’s default processing par
ameters as reference. For Type B, the length and width 
of the specimens were increased by three times com
pared to Type A. Subsequently, two flexural fixtures 
were designed and manufactured with three folds differ
ence in span-to-depth ratios for fair comparison with 
identical flexural stress projection at the mid-span of 
the test specimens. Type A specimen was force-oriented 
because it had a smaller support span enabling higher 
loads as a function of deflection. Comparatively, Type 
B specimen was strain-oriented because it allowed for 
increased deflection with lower loads. Further, Type B 
allowed for evaluating the difference between greater 
number of CCW and CCF grid lines. This novel test 
setup allowed for measuring the electrical resistance of 
CCW and CCF embedded within the test specimens as 
the specimens were deflected at the midspan.

In line with the hypothesis, electrical resistance within 
the embedded elements increased as the deflection was 
incrementally increased, confirming that both CCW and 
CCF can be used to establish self-sensing capabilities in 
additively manufactured parts. Though the literature has 
highlighted the ability to embed CCF for self-sensing 
applications [30], the novelty of this work extends to 
embedding CCW using a commercially available 
system for self-sensing applications. Further, it extends 

Figure 7. Self-sensing capability of Type B specimen embedded 
with CCW.

Figure 8. Self-sensing capability of Type A specimen embedded 
with CCF.

Figure 9. Self-sensing capability of Type B specimen embedded 
with CCF.

VIRTUAL AND PHYSICAL PROTOTYPING 5



Figure 10. Linear regression of fractional change in electrical resistance as a function of force and deflection for Type A and Type B 
specimens. (a)Type A: CCW (b)Type B: CCW (c)Type A: CCF (d)Type B: CCF
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the self-sensing capabilities from single-grid to multi- 
grid design configuration considering also the CCF 
specimens. The results indicate that electrical resistance 
increases as the deflection causes the embedded 
elements to undergo deformation, which reduces the 
cross-sectional area of both wire and fibers. This is 
because electrical resistance is inversely proportional 
to the cross-sectional area following Ohm’s law.

The results of both specimens, i.e. Type A and B, 
embedded with CCW confirm that electrical resistance 
increases linearly as a function of force and deflection, 
as shown in Figure 10(a and b). The increase in resistance 
range from specimen Type A to B was quite identical 
(95%) to the increase in number of grid lines i.e. from 
1 to 38. The coefficients of determination of sensitivity 
coefficients, shown in Table 3 for both Type A and 
Type B, indicate a strong linear relationship (R-squared  
> 93.8%) with significant results (p-value < 0.005). Speci
men Type A sustained the linear relationship with 
flexural stress of 49.9 MPa at a flexural strain of 0.4%, 
as shown in Figure 11. Whereas Type B specimen was 
able to reach identical flexural strain at only 5.9 MPa of 
flexural stress. Considering the size of the test speci
mens, the sensitivity tolerance for all CCW specimens 
was reasonable (< ± 3.0%) compared to conventional 
strain gauges that typically have a sensitivity tolerance 
of about 1% at the cost of miniaturised size. This noise, 

shown by subsequent peaks and troughs in Figures 6 
and 7, is most likely due to the external disturbances 
when the force is exerted onto the specimens, which 
causes fluctuations in contact between the crocodile 
clips and electrodes.

Similarly, the results of CCF specimens also confirm 
the increase in electrical resistance as a function of 
force and deflection, as shown in Figure 10(c and d). 
The change in resistance of CCF Type A specimen exhi
bits a pattern of steep rise followed by sharp falls as 
shown in Figure 8. This is caused by high flexural 
stress applied at the mid span. This specimen was 
loaded with up to 50.1 MPa of flexural stress exhibiting 
0.4% of flexural strain. As the flexural stress at the mid- 
point is increased, it most likely facilitates the detach
ment of the ultrathin monofilaments of the CCF from 
the impregnated thermo-active binder that the original 
equipment manufacturer uses to create the tow of 
filament. Luan et al. [30] have reported an identical 
phenomenon. Though the overall electrical resistance 
increases, the goodness of fit is poor (R-squared <  
35.3.0%) and the sensitivity tolerance is high (< ±  
17.47%), as shown in Table 3. This can also be explained 
by the wavy pattern of dispensation of CCF, which con
tains many ultrathin monofilaments, as opposed to CCW, 
which contains only one monofilament, as shown in 
Figure 5. In contrast, CCF Type B shows a strong linear 
relationship (R-squared > 90.7%) with reasonable sensi
tivity tolerance of ±3.2%. The force sensitivity coefficient, 
Kp (21.3 × 10−6 × N−1), estimated in this study is on the 
reasonable range compared to the study conducted by 
Luan et al. [30], which indicates a force sensitivity coeffi
cient of 11.2 × 10−6 × N−1, considering the differences in 
specimen dimensions, support span, and thermoplastic 
matrix. As shown in Figures 8 and 9, an identical peak- 
to-trough amplitude is observed in Type B specimen 
compared to Type A. This is because identical flexural 
stress projection was applied for both specimen types. 
However, this phenomenon seems to be localised in 
Type B owing to a higher number of grid lines, i.e. 38, 
compared to 1 for Type A specimen.

Considering deflection as the stimulant, the force- 
oriented specimen Type A yielded higher deflection 

Figure 11. Flexural stress in the outer surface at midpoint as a 
function of flexural strain.

Table 3. Piezoelectric properties of the test specimens based on statistical evidence.
Description Stimulant Specimen Type Sensitivity Sensing Tolerance R-squared P-value

Continuous copper wire Deflection A kD = 534.6 [10−6 × mm−1] ±2.9% 94.3% <0.005
B kD = 202.4 [10−6 × mm−1] ±2.4% 94.5% <0.005

Force A kp = 47.4 [10−6 × N−1] ±3.0% 93.9% <0.005
B kp = 122.4 [10−6 × N−1] ±2.6% 93.8% <0.005

Continuous carbon fiber Deflection A kD = 1559.6 [10−6 × mm−1] ±16.4% 35.3% <0.005
B kD = 39.7 [10−6 × mm−1] ±3.2% 90.7% <0.005

Force A kp = 124.7 [10−6 × N−1] ±17.47% 32.0% <0.005
B kp = 21.3 [10−6 × N−1] ±3.2% 90.8% <0.005

VIRTUAL AND PHYSICAL PROTOTYPING 7



sensitivity coefficients compared to Type B. Considering 
force as the stimulant, the strain-oriented specimen 
Type B incurred higher force sensitivity coefficients com
pared to Type A. This is logical because higher coeffi
cients are needed to cover a smaller range. The results 
of CCF Type A indicate that the span-to-depth ratio of 
26 is too small considering only one grid line of the 
used CCF. Additional grid lines should be added to miti
gate non-linearity. In general, the sensitivity coefficients 
of the test specimens were higher (x 5-6) for CCW com
pared to CCF for Type B specimens.

The outcomes of the results serve as a proof of 
concept that embedding CCW and CCF can enable 
self-sensing capabilities in additively manufactured 
parts. The results confirm that sensitivity coefficients 
can be tuned for personalised applications. This opens 
a vast number of opportunities and a direction for 
both practical applications and future research work. 
For example, this work allows condition monitoring of 
custom-designed end-use parts considering the geo
metric freedom that AM offers. Creating customised pat
terns of the conductive elements can allow for 
monitoring stresses and strains at different regions of 
the part to detect forces exerted on specific projections. 
The self-sensing capabilities can be extended to temp
erature, radio-waves, and damage-specific stimuli. The 
CCW also circumvents the limitations caused by poor 
conductivity and shorting issues that are highlighted 
by Espalin et al. [21]. In conjunction with semi-passive 
and active sensors, it can yield interconnects. The CCW 
and CCF can also be printed on the exterior surfaces of 
the parts. Continuous conductive elements can also 
act as output transducers to provide heat and magnetic 
flux to the part and its surrounding. A simple wheatstone 
bridge configuration can allow for detecting miniscule 
changes in resistance. The current study is limited to 
embedding CCW and CCF in one layer, future work is 
needed to join the conductive elements in multiple 
layers, for example through external or internal intercon
nects in the z-axis of the print.

Conclusion

Implementing additive manufacturing in an industry 4.0 
setting requires tools that allow self-sensing properties 
for big data collection, analysis, and evidence-based 
decision-making without compromising the functional 
integrity of the end-use part. Facilitating the interface 
between physical and digital environments, this study 
develops and examines the self-sensing capability of 
additively manufactured parts embedded with continu
ous copper wire and continuous carbon fiber under 
flexural loads. To this end, a stable printing process 

was developed for embedding copper in an amorphous 
thermoplastic matrix using a commercial material extru
sion-based machine. Tailor-made specimens and setups 
were devised to test the self-sensing capabilities. The 
outcomes of regression models yielded significant 
results, confirming highly dependent relationship 
between electrical resistance as a function force and 
deflection. The work allows researchers and practitioners 
to create self-sensing smart parts for condition monitor
ing, machine learning, and preventive maintenance 
required for industry 4.0.
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