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Abstract—This paper introduces a characterization technique
to study 3D-printing of conductors and sensors during fabrica-
tion. Currently characterization of 3D-printed sensors is done
after fabrication. In our novel method, however, the electrical
resistance is monitored in-situ by electrically contacting the part
in the beginning of the print process. This way, the effect of
every additional layer on the total resistance is determined.
Our new experimental method opens up ways to study 3D-
printing of sensors in order to better understand the processes
at hand, e.g. it may allow distinguishing between bulk and inter-
layer resistances. FEM simulations and experiments are used to
validate the use of this new method.

Index Terms—Electrical Resistance, Monitoring, 3D-Printing,
Fused Deposition Modelling

I. INTRODUCTION

3D-printing of conductors by means of Fused Deposition
Modelling is a promising technique for fabrication of cus-
tomisable conductors and sensors [1], [2], [3]. FDM works
by means of extruding molten plastic line per line, one layer
at a time. Usually conductive-polymer composites are used to
obtain electrical conduction with FDM, e.g. a polymer filled
with nano-particles like carbon black or carbon nanotubes
[4], [5], [6]. The layer-wise fabrication process introduces
anisotropic electrical properties [7], [8], by improper fusion
between layers and between lines or track-elements (traxels).
These anisotropic properties can affect or even improve sen-
sor performance [9], [10]. Currently the (anisotropic) elec-
trical properties of 3D-printed conductors and sensors are
characterized after the fabrication process. This is mainly
done with global resistance or impedance measurements [8],
[11], although a recent study also shows Scanning Electron
Microscopy and infrared thermography measurements to de-
termine the distributed electrical properties on single layers
[12]. With these methods it is very difficult to distinguish the
effect of the printing parameters on the electrical resistance
of the individual layers in a larger print. In-situ measurements
during printing can offer a solution in this respect. Several in-
situ techniques already exist for quality monitoring in FDM
printing. Techniques are, among others, based on optical
scanning [13], computer vision [14], acoustics [15], vibrations
[16], strain [17], rheological [18] and thermal measurements
[19]. However, to the best of the author’s knowledge an in-situ
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technique for monitoring the electrical properties has not yet
been proposed. Therefore this paper presents the first in-situ
monitoring technique of the electrical resistance in FDM. By
means of inserting electrical contacts before or during printing
(e.g. the electrical connections of a conductive sensor) the
reduction in resistance by every added layer on top of the
electrical contacts can be measured and the effects of printing
parameters can be studied.

The following sections present the measurement principle
and show experimental data and FEM simulations to proof the
use of this technique for monitoring 3D-printing of sensors.

Fig. 1. a. Electrical contacts (e.g. used as connections to the printed sensor)
are stuck onto the printing bed or embedded inside the initial layers of the
3D-print and used to monitor the electrical resistance. A 3D-printing nozzle
extrudes molten plastic onto the sample layer by layer. The electrical resistance
can be measured with a multi- or LCR- meter during printing. Ideally every
added layer aids in lowering the electrical resistance. b. During printing (P) the
temperature dependent resistance goes up. After printing the resistance goes
down during cool down (CD). The added layer yields a lower total resistance
(going from N to N +1 layers), which is followed by printing another layer.

II. MEASUREMENT PRINCIPLES

The measurement principle is based on a basic electrical
resistance measurement. Electrical contacts are fixed on the
printing bed or embedded during printing to monitor the elec-
trical resistance (and may later be used as electrical contacts
for the sensor), figure 1.a. This can be used to study the
changes in electrical resistance with added layers, the contact
resistance between layers and the effect of printing parameters.
The method can also be applied as a proxy to monitor other
properties of parts that use conductive-polymer composites,
for example for the mechanical, thermal or electrostatic charge
dissipative nature of these materials [20]. One challenge for
this measurement principle is the strong rise in electrical
resistivity due to an increase in temperature (the targeted



materials generally have a positive temperature coefficient,
or PTC), often followed by a negative dependence of the
resistivity on the temperature above the melting temperature
[21]. The general accepted explanation for the PTC effect is
believed to be a mismatch of thermal expansion coefficient
between polymer and filler, especially at a phase transition
(melting) of the polymer matrix [21]. This is encountered with
FDM when the hot plastic and nozzle heat up the sample,
causing the electrical resistance to increase during printing,
phase P in figure 1.b. This challenge can be reduced or
overcome by letting the sample cool down between printing of
each layer, phase CD in figure 1.b. Hence, during printing of a
layer the resistance ramps up and after printing the resistance
drops exponentially.

III. METHODOLOGY

A. Experimental Set-Up

Experiments are performed with a customised Ultimaker 2
printer with a BondTec direct drive extruder, a water cooled
hot end and an E3D stainless steel nozzle of 0.8 mm. Samples
are designed in SolidWorks CAD software and slicing is
performed with Cura. As materials a conductive carbon black
filled Polylactic Acid (PLA) called Proto-Pasta [22]) and
a conductive carbon black filled TPU filament called PI-
ETPU 85-700+ from Palmiga Innovation [23] are used. The
samples are plates of 40 mm by 40 mm with a layer thickness
of 250 µm, where they have a different number of layers
depending on the test. Copper tape of 6.35 mm wide and 66 µm
thick with conductive acrylic adhesive is used as electrical
contacts. Alignment tabs are printed on the side of the sample
to place two pieces of copper tape consistently at a distance of
16 mm, figure 2.a. The tape is added after printing two layers
of material for reliable embedding. 6 small holes are punched
in the tape and touched with a soldering iron at 400 ◦C to
prevent the printer pushing the tape away when printing. The
print bed is kept at 50 ◦C, whereas the nozzle is kept at 230 ◦C.
The fan is not used to reduce cooling below the print bed
temperature. Per sample a single infill angle is used of either
0◦ or 90◦, as shown in figure 2.a. The extrusion multiplier
(or flow rate) is taken at 100 % or 110 %. Electrical resistance
measurements are performed with the DC mode of an LCR
(UNI-T UT612 LCR Meter). After printing each layer, the
printer is paused for 5 minutes to let the sample cool down
before printing the next layer.

B. FEM Simulations

In order to test our understanding of the measurement
method, FEM simulations are performed (the inter-layer re-
sistance complicates analytical calculations). The structures
are simulated in 2D using the Electric Currents module in
COMSOL. A 2D simulation can be used, since the sample has
a uniform cross section. A voltage terminal and a ground are
included to represent the copper electrical contacts over which
the resistance is measured. Resistance between the printed
layers is implemented through the contact impedance func-
tionality. A parameter sweep is performed over the number of

layers (ranging from 2 to 12, where the electrical contacts
are placed on top of the second layer), for resistivity (ρ)
values of 0.15Ωm and 0.25Ωm, and for isotropic conditions
(a sample without inter-layer resistance) and an inter-layer
contact resistance (σ) of 1 × 10−2 Ωm2.

Fig. 2. a. The two infill angles used in the experiments: printing parallel
(0◦) and perpendicular (90◦) to the electrical contacts. b. The first two layers
of a sample with electrical contacts added on top. The electrical contacts are
punctured with six holes each and touched with a soldering iron to fixate
them.

IV. RESULTS

The first two layers of a sample with the copper contacts are
shown in figure 2.b. The infill in this sample is 90◦, yielding
traxels perpendicular to the electrical contacts. The resistance
measurement is started directly following the application of
the electrical contacts.
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Proto-Pasta In-Situ Resistance Measurement

extrusion multiplier: 100%, infill angle: 90°
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Fig. 3. Resistance over time for various print settings (extrusion multiplier,
infill pattern) for conductive PLA. The peaks arise from heating during and
subsequent cooling down after printing, as illustrated in figure 1.b.

Figure 3 shows measurements for various Proto-Pasta sam-
ples, whereas figure 4 shows them for ETPU samples. The
printing of successive layers can be identified from the periodic
peaks. Furthermore it becomes clear that every added layer
lowers the total resistance. The resistance starts high and drops
before the first layer is printed, since adding the electrical
contacts with the soldering iron heats up the material signifi-
cantly. Next to that the measurements show that an extrusion
multiplier of 100% yields a lower resistance than 110% and



an infill angle of 90◦ yields a lower resistance than 0◦ for both
materials (even as measured after several days). Moreover for
infill angles of 90◦ the peak of the first layer is very small
compared to the other peaks. Finally the peaks for 0◦ are
always sharper and more pronounced than for 90◦.
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ETPU In-Situ Resistance Measurement
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Fig. 4. As Figure 3 but results are for conductive TPU.

Additional measurements are performed on a Proto-Pasta
sample composed of 12 layers for comparison with the FEM
simulations. It is fabricated with an extrusion multiplier of
100%, an infill angle of 0◦, an increased cool down period
of 7 minutes and copper contacts on top of the second layer.
Figure 5 compares the measured total resistance versus the
number of layers with the corresponding FEM simulations
for an isotropic model and for a model with high inter-
layer resistance of 1 × 10−2 Ωm2. For the simulations with
high inter-layer resistance it becomes clear that the total
resistance barely changes going from 10 to 12 layers. On
the other hand for the isotropic simulation, adding material
in this range still significantly lowers the total resistance.
The experimental curve lies somewhere in between these two
scenarios, indicating the presence of inter-layer resistance. The
FEM simulations do not take into account contact resistance
and parasitic resistance of the set-up. For low numbers of
layers the measurements and simulations do not fit well.

V. DISCUSSION AND CONCLUSIONS

The proposed novel measurement method clearly shows the
change in resistance per printed layer. The measurements show
strong qualitative similarity for different print settings and
materials, enabling an easy comparison of results. Resistance
(changes) during measurements are highly correlated with the
resistances after cooling down, allowing for optimisation of
electrical conductivity in 3D printed conductors and sensors.
Since the method uses embedded electrical contacts, these
can be used after fabrication as connections to the sensors,
and vice versa sensor connections can already be used during
fabrication for monitoring.

Several remarks can be made about the results. The mea-
surement results show an interesting difference in height and
sharpness of the resistance peak for the two different infill
angles in figures 3 and 4. This can likely be explained from
the temperature dependence of the resistivity in combination
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Fig. 5. The total measured resistance after cooling down (extrusion multiplier:
100%, infill angle: 0◦) compared to FEM simulation results as a function of
number of layers. FEM simulations are performed for isotropic conditions (no
inter-layer resistance), and high inter-layer resistance of 1 × 10−2 Ω m2.

with the infill angle. For an angle of 0◦ the nozzle heats up the
sample in parallel to the electrodes, so the current always flows
through a just heated section with a high resistivity. For 90◦

the nozzle heats up the sample perpendicular to the electrodes,
so the current can always flow through sections that have not
been heated yet or have already started cooling. In this way
the change in resistance over time is more pronounced for an
infill angle of 0◦. Another remark is that the measurements
and FEM simulations do not fit well for small numbers of
layers. One explanation for this could be a poor connection
between the electrical contacts and the print at the start, giving
a high contact resistance. When the first layers are printed on
top of the contacts, the nozzle then pushes on them, melts
the plastic and in this way lowers the contact resistance. This
would be an explanation for the measured high resistance at
low numbers of layers. Furthermore the method currently has
two major challenges. A first challenge for the new method
is the placement of the electrical contacts. Only after placing
the contacts one can start measuring. Therefore contacts have
to be on the print bed or in the first layers to monitor the
resistance for the largest part of the fabrication process. A
second challenge for the new method is posed by the thermal
effects. Cooling down of the sample in between printing helps
to get a more reliable resistance measurement. However, it
is still unclear how the inhomogeneous heating from the bed
heating below and the nozzle above influences the resistivity
throughout the sample and if cooling down is sufficient. This
challenge could be reduced significantly by heating the entire
environment around the sample up to the bed temperature.

Future research is aimed at gaining more understanding
of the method. A next step will be studying the use of the
method for different print parameters as well as electrode and
print geometries to see how it can be used for optimisation of
3D-printed electrical conductive structures. Finally it can be
researched if the optimised parameters obtained by studying
fusion in conductive materials can also be used for improving
regular mechanical prints.
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