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ABSTRACT
In this paper, the electrical response of a carbon black polylactic acid 3D printed 
polymer is characterised in detail by a combination of advanced experimental 
techniques at different scale lengths. The electrical properties as a function of 
the temperature become repeatable after the second heating cycle, exhibiting 
different trends as a function of the printing parameters. Joule heating and oven-
heating techniques have been compared, showing the advantages of the Joule 
heating method to maintain electrical conductivity due to the lower thermal iner-
tia. Small-Angle X-Ray Scattering has been employed to discern the underlying 
physics, showing the crucial role of crystallinity, filler dispersion and carbon black 
aggregates to form an effective segregated conductive network. This investiga-
tion provides guidelines to produce 3D-printed devices with a reliable electrical 
response and the governing equations to operate them with sufficient accuracy 
for engineering applications.
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GRAPHICAL ABSTRACT 

Introduction

4D printing is an emerging Additive Manufacturing 
technique to produce bespoke Shape Memory Poly-
mers triggered by external stimuli such as water, heat 
or pressure [1]. Heat-sensitive Shape Memory Poly-
mers can be programmed by inducing internal stresses 
that are released once the device is heated above the 
glass transition temperature, creating a temporary 
actuator [2–5]. 4D printed actuators are lightweight, 
low-cost and relatively simple in comparison to con-
ventional pneumatic, electro-mechanical or electro-
magnetic actuators [6, 7]. They could be potentially 
implemented in a wide range of applications, such as 
the deployment of solar arrays [8, 9], soft robotics [10, 
11], intravascular and trachea stents [12–14], reflector 
antennas [15, 16] or tissue engineering [17, 18]. Since 
the technologies reported in the literature depend 
on external stimuli, the reliability of these devices 
for engineering applications is currently a hot topic 
[19–21]. For instance, large deployed structures might 
present substantial temperature gradients that will 
cause difficulties during the simultaneous operation of 
multiple actuators distributed along the structure [22].

One approach to control these temperature gra-
dients is the in-situ printing of electrical circuits that 
could heat the actuator by Joule effect [23–26]. Electri-
cal circuits are conventionally embedded in structural 
components by 3D printing to successfully manufac-
ture sensors, flexible circuits and wearable devices 

[27–30]. They employ conductive filaments based on 
conventional polymers such as Polylactic acid (PLA) 
filled with metal particles, carbon black, graphene or 
carbon nanotubes [27, 31–35]. These filaments offer 
several applications such as electrode materials [36], 
impedimetric sensors [37] or wearable devices [38]. 
Since they are mainly employed to conduct electric-
ity at low voltages, the information available in the 
literature regarding their thermoelectric response is 
limited. For low applied voltages (below 6 V), the 
electrical resistivity is a unique value conventionally 
employed to calculate the intensity of the circuit [39]. 
However, for high applied voltages, Joule’s effect 
increases the temperature of the material resulting 
in an increase in resistivity which might follow a dif-
ferent trend depending on the microstructure of the 
multifunctional polymer [40]. In particular, above the 
glass transition temperature, multifunctional poly-
mers experience drastic changes in mechanical [41, 42] 
and electrical properties including resistivity [43, 44], 
which is critical for the development of Joule heated 
4D printing. Additionally, the strong anisotropy of 
material properties in 3D printed samples also needs 
to be considered since the characteristic mesostructure 
(composed of a repeatable sequence of filaments and 
voids) influences the electrical performance [45]. In 
summary, further efforts are required to characterise 
the thermoelectric governing relationships between 
resistivity and temperature of 3D printed multifunc-
tional polymers in order to transform Joule heated 
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4D printing into a reliable technology for engineering 
applications.

Few authors have reported studies in electrical 
characterisation of 3D printed multifunctional particle 
reinforced polymers [39, 40, 46]. These studies focused 
on the characterisation of thermoelectrical proper-
ties from a phenomenological point of view. They 
reported changes in resistivity with temperature, find-
ing different trends for each experimental campaign 
despite using the same commercial material since they 
employed different equipment and printing param-
eters. The differences between those studies could 
be explained by shedding light on the fundamental 
physics behind the non-linear thermoelectric trends 
observed, using advanced characterisation techniques. 
The previous studies disregarded the role of printing 
parameters, void content and 3D printed mesostruc-
ture, crystallinity and carbon particle aggregation at 
molecular level, mechanisms that couple to define the 
global non-linear themoelectric trends observed [47, 
48]. This knowledge could be employed to unify the 
outcomes in the reported literature and set a common 
direction for the future design of 3D printed electrical 
components based on carbon fillers.

This study aims to investigate the electrical 
response of a multifunctional 3D printed carbon black 
reinforced PLA composite as a function of the printing 
parameters and the heating technique. In order to do 
that, advanced experimental techniques at different 
length scales have been used to determine the mac-
roscopic degradation of resistivity with temperature, 
the evolution of electrical properties due to thermal 
cycles, the crystallinity (Differential Scanning Calorim-
etry), the microstructure evolution of porosity (X-ray 
micro-computed tomography) and the filler disper-
sion (Small Angle X-Ray scattering). The experimental 
results have been combined, analysed and discussed 
to discern the fundamental physics governing the ther-
moelectric response.

Materials & methods

Materials & manufacturing

The material selected for this study is a multifunc-
tional Polylactic Acid (PLA) filament charged with car-
bon black (CB) particles. It is supplied by the company 
Protoplant and commercialised under the brand name 
Proto-Pasta. According to the datasheet, the polymer 

blend contains 65 W% Natureworks 4043 PLA rein-
forced with an average carbon black particle content 
of 21.43 W% and 12. 7 W% of an unknown polymer 
[40]. The coupons were produced by a Prusa i3 MK3S 
FDM printer. The printing parameters were selected 
considering a previous investigation in mechanical 
characterisation [42]. A 1 mm diameter nozzle was 
chosen at 100% extrusion ratio, one perimeter layer 
and a fixed deposition velocity of 45 mm/s. The tem-
perature of the nozzle and the printing bed were set 
as 225 ◦ C and 60 ◦ C respectively. The dimensions of 
the specimens were 15 x 70 mm and 2.4 mm in thick-
ness. Two different raster directions, 0 ° and 90 °, par-
allel and perpendicular to the loading direction were 
selected to determine the influence of the mesostruc-
ture in the thermoelectric performance. In addition, 
the influence of the layer height was analysed, with 
samples printed at 0.05, 0.1 and 0.2 mm. The samples 
were wired by applying conductive silver paint at the 
edges, with wires attached with Araldite to minimize 
contact resistance.

Thermal characterisation

The thermal properties were determined by Differ-
ential Scanning Calorimetry (DSC). The characterisa-
tion was conducted using a PerkinElmer DSC 8000 in 
nitrogen atmosphere. The specimen temperature was 
stabilised at 30 °C for 5 min and then heated up to 
220 °C at a constant rate of 10 °C/min. This analysis 
provided the thermogram curves (heat flow as a func-
tion of temperature) to identify the glass transition, the 
cold crystallisation and the melting temperatures. The 
degree of crystallinity was calculated according to [49]:

where ΔH
m

 and ΔH
c
 are the enthalpies of fusion and 

cold recrystallisation of the specimen respectively and 
ΔH0

m
 is the enthalpy of fusion for 100% crystalline PLA, 

taken from the literature as 93 J/g [50]. w stands for the 
PLA mass fraction obtained from the datasheet and 
normalises the result considering the percentage of 
carbon black particles in the material [51].

The thermal expansion coefficient was measured 
with a DIL 402 Expedis Classic dilatometer. The 
specimens were 3D printed with 5 mm thickness 
and 0.1  mm layer height, and small cube samples 
of dimensions 5 x 5 x 5 mm3 were extracted with a 
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Mecatome T210 Presi cutting machine, ensuring all 
the faces of the samples were parallel. Two sam-
ples were tested for each configuration to ensure 
the reproducibility. The thermal expansion coeffi-
cient was measured along the filament direction up 
to 120 °C with a heating rate of 1 °C/min and a load 
cell of 0.001 N. Two subsequent heating cycles were 
performed to determine the differences in thermal 
expansion coefficient before and after annealing and 
to understand the influence of the residual stresses 
generated during the manufacturing process.

Thermoelectrical characterisation

 Joule heating

To analyse the Joule heating response, a potential 
difference of 30 V (DC current) was applied to the 
specimens with a TENMA 72-2540 generator. Con-
sidering the dimensions of the specimens, 5 min 
were enough to stabilise the resistance and tempera-
ture values. The thermal cycles were composed of 
3 heating steps with a 6 min cooling step (enough 
time for the sample to cool at room temperature) 
between each cycle. The samples were fixed on a 
classic 3D printed PLA test bench and were attached 
thanks to two rubber bands. The resistance was reg-
istered with the generator, meanwhile temperature 
distributions were monitored with a FLIR A655SC 
thermal camera, see Fig. 1.

Oven heating

The influence of an external heat source in the ther-
moelectric response of the material was conducted 
employing a SciQuip oven-230HT. The samples were 
first heated up to 50 °C at 5 °C/min heating rate. The 
temperature was then progressively increased in steps 
of 5 °C, and maintained for 5 min to induce a homoge-
neous temperature over the sample. The temperature 
of the sample was monitored by three taped thermo-
couples equally distributed along the specimen to 
register temperature gradients. The evolution of the 
resistance was registered with a TENMA 72-2540 gen-
erator employing a low potential difference of 15 V, 
avoiding any undesirable Joule heating. Thermal 
cycles were also performed, extracting the samples 
from the oven for 6 min to allow them to return to 
room temperature.

Data treatment

The evolution of thermoelectric properties was quan-
tified by the fractional change in resistance ( ΔR∕R

0
 ), 

computed according to equation (2):

where R
i
 stands for the monitored resistance and R

0
 

stands for the initial resistance at room temperature. 
To guarantee the statistical significance of the experi-
mental results, 5 repetitions of each test were carried 

(2)ΔR∕R
0
=

R
i
− R

0

R
0

∗ 100

Figure 1  Experimental set-up for the Joule heating method (left picture), and temperature field recorded by the thermal camera (right 
picture).
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out and the mean values and standard deviations were 
calculated.

Microscale morphological characterisation

X‑ray micro computed tomography

X-ray micro computed tomography (microCT) was 
employed to determine the evolution of the meso-
structure under thermal cycling loading. The tomo-
grams were obtained with a in-house instrument avail-
able at The School of Geoscience of The University of 
Edinburgh. The instrument comprises (i) a Feinfocus 
10-160 keV dual transmission and reflection X-ray 
source, (ii) a Micos 160-Air ultra-high precision air-
bearing rotary sample table and (iii) a Perkin Elmer 
XRD0822 amorphous silicon flat panel X-ray camera 
with a terbium-doped gadolinium oxysulfide scintil-
lator, with 20 x 20 cm size and 1 megapixel resolution. 
967 radiographs were registered for each tomogram 
using an exposure time of 2.5 s, and tomograms were 
reconstructed using a filtered back-projection algo-
rithm implemented within the reconstruction software 
Octopus v8.9. The reconstructed volume encompassed 
an area of 25 mm2 with a resolution of 4.88 �m/voxel. 
The tomograms were post-processed using a Python 
script to determine the ratio between void and mate-
rial pixels. Each measurement employed 906 slices 
perpendicular to the filament direction.

Small‑angle x‑ray scattering

SAXS was employed to characterise the evolution of 
the filler dispersion with the thermal cycles [52–54]. 
SAXS measurements were performed by a nanostar 
SAXS equipment from Bruker. The X-ray beam wave-
length provided was � = 1.3642 Å and the measure-
ments were calibrated with an AgBh (silver behenate) 
substrate. All measurements were carried out in a 
vacuum with an exposure time of 20 min. The scatter-
ing pattern was collected by a CDD detector using a 
sample-to-detector distance of 2070 mm. The final pat-
tern was spatially corrected to obtain a flat 2D image. 
The scattering patterns were postprocessed using 
the software Diffrac.SAXS from Bruker. Azimuthal 
integrations were computed to obtain the averaged 
intensity values as a function of the q-spacing. Kratky 
plots were computed as well, where an extra factor 
q
2 was multiplied by the scattering intensity [55]. The 

average size of the primary particles and the mass 
fractal aggregates was estimated by fitting the SAXS 
intensity curves to the Beaucage Unified Power model 
[56] using the software SasView [57–59]. Two differ-
ent levels were employed to estimate the two differ-
ent radius of gyration ( R

g
 ). The q range was divided 

into two areas, at the crossover point between the 
scattering regimes, and the fitting procedure was con-
ducted in two steps. First, the high-q range was fitted 
to determine the average primary particle size, and 
afterwards, the second level was fitted within the q 
range 0.02 to 0.1 Å, to estimate the average radius of 
gyration of the mass fractal aggregates.

Result

Baseline thermal and electrical properties

The resistivity of the printed specimens as a function 
of the layer height and the raster direction is plot in 
Fig 2. The best conductivity is obtained for the thicker 
layer height of 0.2 mm, with similar behaviour regard-
less of the raster direction. A progressive increment 
in resistivity is observed when decreasing the layer 
height, in particular for the raster direction 90 °. The 
specimens printed at raster direction 0 ◦ exhibit a limit 
increment of resistivity, from 73.29 to 91.47 Ω ⋅mm of 

Figure 2  Initial resistivity as a function of the layer height and 
the raster direction.
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resistivity when decreasing the layer height from 0.2 to 
0.05 mm. The specimens at raster direction 90° instead 
present a dramatic loss of conductivity and a large 
increment of scattering for low layer heights, reaching 
142.26 Ω ⋅mm for 0.05 mm.

Figure 3 shows the DSC thermograms of the 3D 
printed samples. Three characteristic temperatures can 
be distinguished: (i) the glass transition temperature, 
T
g
 , between 48◦ C and 60◦ C, (ii) the cold crystallisation 

exotherm peak, T
c
 , between 70◦ C and 120◦ C and (iii) 

the melting peak, T
m

 , between 153◦ C and 155◦ C. The 
crystallisation rate has been calculated according to 
equation 1 and provides a degree of crystallinity of 
2.80% and 15.78% for the 0.05 mm and 0.2 mm layer 
heights respectively.

The thermal expansion coefficient as a function of 
the temperature is shown in figure 4. The first cycle 
corresponds to the first heating after being printed, 
and the second cycle is the repetition of the experi-
ment after the sample has been cooled. During the first 
heating cycle, the thermal coefficient does not follow 
the characteristic response of PLA [60] and presents a 
negative expansion coefficient once the temperature 
approaches the T

g
 . Several anomalous negative and 

positive peaks are registered as a consequence of the 
internal stresses induced by the 3D printing process 
[61, 62]. This phenomenon is a result of the change in 
viscosity according to the temperature. A sudden drop 
in the thermal expansion coefficient occurs at 48 °C, 
reaching a maximum negative value of −0.0017oC−1 
at a temperature of 54.1 °C. The response becomes 
unstable after a second peak is developed with a maxi-
mum positive value of 0.0012oC−1 at 81.6 °C. After this 
annealing process, the thermal coefficient stabilises. 
During the second cycle, a different behaviour is 
observed. The thermal expansion coefficient increases 
quickly until the T

g
 . Afterwards, the rate of increment 

slows down until reaching an absolute maximum at 
77 °C.

Figure 3  Heat flow endo down for samples after being printed 
with a layer height of 0.2 mm and 0.05 mm.

Figure 4  Thermal expansion coefficient as a function of the temperature after being printed (left side) and after annealing (right side).
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Thermo‑electric characterisation

Figure 5 shows a summary of the representative 
curves of the evolution of the percentage of resistance 
amplitude (RA) as a function of the temperature for 
the different configurations and heating techniques. In 
all cases, an increment of resistivity with temperature 
is registered, showing a degradation of the electrical 
properties at high temperatures, characteristic of 
multifunctional particle-reinforced polymers [63]. All 
the configurations present a reliable response below 
the glass transition temperature ( T

g
 ), and a change 

in trend above the T
g
 , with different responses as a 

function of the raster direction and heating method. 
The Joule heated samples printed at 0°, see Fig. 5a, 

present replicable evolution of resistance regardless 
of the layer height. In addition, the resistance stabilises 
after 65 °C. On the other hand, the Joule heated 
samples at raster direction 90°, see Fig. 5b, show a 
deviation of the samples printed with 0.2 mm layer 
height, and a further increase in resistivity above the 
T
g
 . In comparison, the oven-heating technique induces 

a faster degradation of electrical properties than the 
Joule heated counterpart, and a higher variability 
of the electrical response. Significant differences 
as a function of the layer height are registered 
for samples printed at 0°, see Fig. 5c, with a large 
increase in resistance for a layer height 0.05 mm, and 
a posterior stabilisation above T

g
 . All the rest of the 

configurations present a progressive degradation of 

Figure 5  Representative curves of the fractional change in resistance (%) of the Joule heated and oven-heated samples printed at 0° (a 
and c) & 90° (b and d).
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electrical properties above T
g
 during oven-heating, 

with particularly large increments of resistance for 
samples printed at 90°, see Fig. 5d.

Thermal cycles

Thermal cycles imposed by different heating tech-
niques have been investigated to analyse the influence 
of thermal inertia on the reliability of the electrical 
properties. Both methods applied the same temper-
atures on the specimens, however, each technique 
resulted in a different heating rate, with the Joule’s 
heating samples warming faster. Figure 6 illustrates 
the fractional change in resistance of samples sub-
jected up to three thermal Joule heated cycles for the 
layer height of 0.2 mm printed at 0° (left side) and 
90° (right side). R

0
 is updated for each new cycle with 

the initial resistance value at room temperature. The 
electrical behaviour during the first cycle (black full 
line) exhibits higher degradation of electrical proper-
ties than the subsequent second (red dash line) and 
third cycles (blue round dotted line), which present 
a replicable thermoelectric response with negligible 
changes in trends within the range analysed. These 
results are comparable with previous measurements 
registered for bulk polymers reinforced with carbon 
black particles [64]. Similar results are obtained for the 
remaining layer heights.

Figure 7 plots the initial resistivity values for each 
Joule heating cycle. The same trends are registered for 

mean values and associated scattering regardless of 
the raster direction and the layer height. The differ-
ences between the subsequent cycles have no statis-
tical significance, although an initial degradation of 
electrical properties is registered after the first heating 
cycle, followed by a slight improvement in resistivity 
after the second cycle, in particular for the samples 
printed at raster direction 0°.

Microscale characterisation

A microscale characterisation of the samples printed at 
0° was conducted to determine the main heat and elec-
tronic transfer micromechanisms. First of all, the ther-
mal cycles induce a different evolution of the degree of 
crystallinity as a function of the layer height, see Fig. 8. 
The samples printed at 0.2 mm layer height present a 
constant degree of crystallinity (with an average value 
of 15.9%) regardless of the heating technique and the 
number of cycles. This degree of crystallinity is consid-
ered the maximum achievable by this polymer blend 
due to the poor crystallisation ability of conventional 
PLA under atmospheric pressure [65]. On the other 
hand, the samples printed with a 0.05 mm layer height 
suffer cold recrystallisation as a result of the annealing 
imposed during the thermal cycles when heated above 
70°C. This increment in the degree of crystallinity is 
proportional to the imposed thermal inertia [66], and 
is in agreement with the longer time duration needed 
to heat the samples in the oven (30 min) vs the Joule 

Figure 6  Fractional change in resistance due to thermal Joule heating cycles for the samples printed with a layer height of 0.2 mm at 0° 
(left side) and 90° (right side) raster angles.
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heating technique (5 min instead), showing a higher 
increment of the degree of crystallinity for the oven-
heated samples.

Further analysis of the evolution of the microstruc-
ture was conducted by micro CT scan. Figure 9 shows 
representative tomographies of the baseline printed 
samples with layer height 0.2 mm, and the evolu-
tion of porosity for different heating methods. Fig-
ure 10 summarises the results, quantifying the ratio 
between void and material pixels. Different trends in 
the evolution of porosity are registered as a function 

of the heating technique. Oven-heated samples tend to 
decrease the void content progressively, meanwhile, 
the Joule heating technique induces a drastic incre-
ment of the porosity with the first heating cycle, and 
reduces the porosity progressively afterwards. The 
large increment of porosity for the first Joule heat-
ing thermal cycle correlates with the initial negative 
thermal expansion coefficient registered before the 
samples have been annealed, see Fig. 4. The release 
of the internal stresses (induced during 3D printing) 
retracts the material leading to an increase in void 

Figure 7  Initial resistivity of thermally Joule heated cycled samples printed at 0° on the left and 90° on the right.

Figure 8  Evolution of the crystallinity as a function of the thermal cycles for specimens printed with a layer height of 0.2 mm (left) and 
0.05 mm (right).
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content. After the second Joule heating cycle, since the 
material is heated above the T

g
 , the PLA polymer is 

fully annealed and all the internal stresses have been 
released, the polymer flows through the weldlines and 
reduces the void content progressively similar to the 
oven-heated technique.

The filler distribution at the nanoscale has been 
investigated by SAXS. Figure 11 compares the inten-
sity curves and the Kratky plots of the printed sam-
ples with layer heights 0.05 and 0.2 mm. Two differ-
ent regions can be distinguished: (i) the outer region 
at high q-values, representative of the surface 
scattering by primary particles and (ii) the 
intermediate q-spacing scattering produced by mass 
fractal aggregates [67]. The initial scattering peak is 
an instrumental artefact of the SAXS device. Both 

configurations present a similar trend at high 
q-spacing up to a value  qsi = 0.065 Å-1, the crossover 
point between the scattering regimes. This is 
representative of a carbon black particle size  dsi = 
96Å, where d

si
= 2�

q
si

 . This q region was adjusted with 

a Beaucage Unified Power fit with a radius of 
gyration R

g
= 43.57  Å. Assuming a spherical 

particle, � = 2R
g

√

5

3

 , this corresponds to a particle 

size of 112.5 Å, very close to the initial particle size 
estimated from the crossover point and in agreement 
with the values and scattering reported in [67].

In the intermediate region, each configuration 
presents a different trend. The sample printed 
with 0.05 mm layer height shows uniform sizes 
distribution of mass fractal aggregates, between 

Figure 9  Representative 
tomographies of 3D printed 
samples printed at 0 with 
a layer height of 0.2 mm. 
Baseline printed sample at 
the top, and thermally cycled 
samples by oven heating (left 
side) and Joule heating (right 
side).
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 qagg = 0.025 Å-1 and  qagg= 0.065 Å-1. On the other hand, 
the sample printed with 0.2 mm layer height presents 
a pronounced hump, representative of mass fractal 
aggregates of similar size on average R

g
= 161.68 Å. 

Since aggregates tend to migrate to the boundaries 
of polymer crystals, this statistical difference 
correlates with the higher degree of crystallinity of 
this configuration [68–70]. Furthermore, since this 
sample possesses lower initial resistivity, see Fig. 2, 
these particular mass fractal aggregates seem to 
benefit the electrical properties of the material.

Figure 12 shows the evolution of the Kratky plots 
for the thermal cycles, as a function of the layer 
height (0.2 and 0.05 mm) and the heating method 
(oven-heating and Joule heating). The thermal cycles 
impose a different filler migration depending on the 
heating technique and the evolution of crystallin-
ity. The samples printed with 0.2 mm layer height 
do not present a noticeable dynamic aggregation 
while Joule heated, see Fig. 8a, indicating negligi-
ble changes to the segregated conductive network. 
In the oven-heated case, the slope of the hump is 
reduced, showing the development of new aggre-
gates and agglomerates with a large variety of sizes, 
see Fig. 8b. The samples printed with 0.05 mm layer 
height instead progressively increase the crystal-
linity with the thermal cycles, see Fig. 8b, provid-
ing preference locations for primary CB particles 

to segregate. As a result, the CB particles migrate 
into the new crystal boundaries, generating new 
mass fractal aggregates with a preferential average 
size registered by pronounced humps in the SAXS 
curves, see Fig. 12c and d. No noticeable dynamic 
aggregation is registered after the first heating cycle 
from a SAXS perspective.

Discussion

The raster direction is the first relevant parameter to 
consider in the electric response of 3D printed sam-
ples. The samples printed at orientation 0° exhibit a 
response representative of the original multifunctional 
polymer, however, using a printing direction orthogo-
nal to the electric path might increase artificially the 
resistivity depending on the weldlines between adja-
cent filaments. Fig 13 shows the differences in weld-
ines for samples printed at raster direction 90° and 
layer heights of 0.2, 0.1 and 0.05 mm. The electrical 
resistivity registered in Fig. 2 is directly proportional 
to the extension of the fractured area, which increases 
with the layer height. In the case of the thickest layer 
height (0.2 mm, see Fig. 13a), weldlines (highlighted 
in red) are consistently formed at each layer, resulting 
in negligible disruption to the electric path. This indi-
cates that the characteristics of the segregated conduc-
tive network of the 0.2 mm layer height samples are 
equivalent for both raster directions. Nevertheless, for 
thinner layer heights, the experimental width of print-
ing is lower than the theoretical value, hence weldlines 
are not formed on each layer, see Fig. 13c. As a result, 
large voids appear randomly in the samples, disrupt-
ing the electrical path and leading to poor electrical 
properties, lower repeatability, and a larger standard 
deviation. These findings are consistent with previ-
ous studies on the characterization of 3D printed com-
ponents, which have highlighted the critical role of 
interface continuity in the mechanical response of such 
components, prioritizing it over porosity considera-
tions [42]. Based on these consistent observations, we 
can infer that the continuity of the interfaces enhances 
electrical properties by establishing a more consistent 
and evenly distributed conductive network.

The second parameter to consider is the layer 
height. Higher layer heights (e.g. 0.2 mm) exhibit lower 
resistivity and better electrical performance, see Fig. 2. 
The electrical properties of multifunctional polymers 
are highly sensitive to the gap width of the quantum 

Figure 10  Ratio between void and material pixels for micro CT 
tomographies.
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tunnelling effect (defined by the conductive particles) 
and the interparticle distance, proportional to the 
particle diameter [71]. As such, molecular networks 
with homogeneously distributed particle aggregates 
can provide continuous electron paths that cannot be 
established by isolated large agglomerates. Comparing 
the distribution of aggregates characterised by SAXS 
for different configurations, see Fig. 11, and the initial 
crystallinity of the 3D printed samples, see Fig. 8, it can 
be concluded that the improved electrical performance 
of the samples printed with layer height 0.2 mm is a 
result of the higher percentage of mass fractal particle 
aggregates of a particular size, probably distributed 
along the crystal boundaries. This seems to play a 
critical role in the electric performance of the material, 
leading to an improved segregated conductive 
network and lower resistivity.

In any case, the increment in temperature has a 
detrimental impact on the electrical properties of the 
multifunctional polymer. All the configurations pre-
sent an increase of resistivity with temperature, see 
Fig. 5. The thermal energy supplied during the heating 
process provides additional mobility to the CB parti-
cles, deteriorating the conductive network [72]. Since 
the oven-heating technique provides a higher thermal 
inertia than the Joule heating technique, it results in a 
higher increment of resistivity. The effect of high tem-
peratures is even more detrimental in the case of the 
samples printed with a raster angle of 90°, showing 

a major disruption of the segregated conductive net-
work formed by discrete adjacent filaments.

The evolution of resistivity with cyclic thermal load-
ing was driven by a series of competing mechanisms 
that results in different responses at different scales. 
At the molecular scale, the thermal inertia (i) increases 
the degree of crystallinity of the PLA matrix and (ii) 
migrates CB particles into thermodynamically stable 
positions. The boundaries of the PLA crystals offer a 
stable location for CB small aggregates, see Fig. 12c 
and d, resulting in an effective segregated conduc-
tive network. However, in our study, this mechanism 
is limited by the maximum degree of crystallinity of 
the PLA blend, around 15%. Once this mechanism is 
exhausted, if additional thermal energy is supplied to 
the system, particles and small aggregates will con-
tinue to migrate towards more thermodynamically 
stable positions, clustering in large agglomerates and 
deteriorating the conductive network [73], see Fig. 12b. 
CB particle migration seems to be limited to the first 
heating cycle, with no perceptible differences in parti-
cle distribution for subsequent cycles that do not over-
take the maximum previous temperature. As such, no 
additional deterioration of the electric properties is 
registered, see Fig. 6.

At the macroscale, resistivity is driven by 
the changes in the 3D printed architecture. The 
differences in resistivity between cycles for the 
Joule heated specimens, see Fig. 7, correlates with 

Figure 11  SAXS intensity curves a and Kratky plot b of samples printed at a layer height of 0.2 mm and 0.05 mm.
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Figure 12  Kratky plot of samples printed at a layer height of 0.2 mm (a and b) and 0.05 mm (c and d) and Joule heated (left side) or 
oven-heated (right side).

Figure 13  SEM pictures of broken samples printed at 90°- with a layer height of 0.2 mm a, 0.1 mm b and 0.05 mm c. Weldlines are 
highlighted in red.
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the evolution of porosity, see Fig. 10. The first Joule 
heating cycle results in an increment in porosity that 
overall increases the resistivity of the specimens. The 
remaining cycles instead show a slight improvement 
in electrical performance, justified by (i) the decrease 
in void content registered by the CT-Scan and (ii) 
the limited thermal inertia induced by Joule heating, 
which cannot activate the detrimental migration of the 
CB mass fractal aggregates into large agglomerates.

Conclusion

The electrical response of a 3D printed carbon black 
reinforced PLA polymer has been analysed in detail 
by means of a combination of experiments carried out 
at different length scales. The thermoelectric response 
has been determined for different cyclic thermal loads, 
providing the relationship between resistance and 
temperature, useful for design applications and dis-
cerning the fundamental physics responsible for the 
phenomena.

The macroscopic tests show that the initial 
resistivity is highly influenced by printing parameters 
such as the raster direction and the layer height. For 
instance, the samples printed parallel to the electric 
path present superior electric performance and 
reliability, being representative of the overall response 
of the multifunctional polymer. On the other hand, 
samples printed with a raster direction perpendicular 
to the electric path exhibit poor electric performance 
due to the lack of consistent welding between adjacent 
filaments, in particular for thin layer heights. The layer 
height also has an impact on the initial resistivity of the 
material due to differences in filler distribution at the 
microscale level. The samples printed with the thickest 
layer height (0.2 mm) present a high percentage of 
mass fractal aggregates that play a critical role in the 
connectivity of the segregated conductive network, 
resulting in an improved electric path.

The resistivity of the multifunctional polymer 
increases with the temperature as a result of the 
molecular particle mobility. No perceptible dete-
rioration of the electric properties is registered for 
subsequent thermal cycles that do not overtake 
the maximum previous temperature, however, a 
slight improvement in electric performance can be 
obtained when the void content decreases as a result 

of the polymer flow and additional welding of the 
filaments above the glass transition temperature.

Large differences in electrical response are reg-
istered for the oven-heating and the Joule heating 
techniques as a result of the different thermal inertia 
induced. The oven-heating method, with higher ther-
mal inertia, releases the internal stresses originated 
during 3D printing and allows the polymer to flow 
and weld the filaments, decreasing progressively the 
void content. At a molecular scale, it accelerates the 
increment of the degree of crystallinity, and migrates 
the CB particles to mass fractal aggregates located 
at the crystal boundaries, or large agglomerates 
once that mechanism becomes saturated. The Joule 
heating technique instead imposes a lower thermal 
inertia. As a result, additional thermal cycles are 
requested to release the internal stresses produced 
during 3D printing. At a molecular level, the Joule 
heating technique minimises the increment of crys-
tallinity and limits particle migration, maintaining 
the original segregated conductive network and 
preserving the multifunctional properties of the 
material.

This investigation provides the basis to manufac-
ture 3D-printed devices with reliable thermoelectric 
properties. An improved and repeatable response 
can be programmed if devices are (i) printed at a 
raster direction following the electric path, (ii) 
printed with thicker layer heights and (iii) subjected 
to an initial Joule heating cycle above the maximum 
expected in-service temperature. This investigation 
unlocks the design of technologies such as Joule 
heated 4D printing for industrial applications and 
provides the thermoelectric laws to operate devices 
with sufficient accuracy.
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