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Prototyping three-dimensional (3D) printed electronics via material extrusion (MEX) has become popular in
recent years with the increased availability of commercial conductive filaments. However, the current planar 3D
printing method of layer upon layer construction shows clear challenges in extruding conductive traces for
inclining surfaces. This inherent limitation of planar 3D printing restricts the design freedom of 3D printed
electrically conductive objects with conductive filaments based on Polylactic Acid (PLA). To overcome this

limitation of planar 3D printing, this paper describes a novel method of employing a multi-material 5-axis 3D
printer to extrude conductive PLA in curved layers. The paper characterises changes in the resistivity of printed
traces for angles of incline and curvatures using two commercial conductive PLA filaments. Conductive traces
were printed via a custom-built desktop 5-axis 3D printer and a conventional multi-material MEX 3D printer. We
found that 3D printing following a conformal approach can reduce the resistivity of the vertical conductive trace
by more than 9 times. The paper concludes by successfully fabricating complex conductive patterns onto free-

form doubly curved substrates.

1. Introduction

Integrating conductive elements in three-dimensional (3D) printing
is gaining popularity with the increased availability of ‘extrudable’
conductive materials. 3D printing electronics offers a new range of op-
portunities for rapid prototyping of interactive devices, such as
increased freedom of design, miniaturisation of circuit boards, reduced
time and cost of constructing bespoke prototypes. Various approaches to
integrating electrical features into 3D printed parts have been reported
in the literature, such as the ultrasonic embedding of wires into 3D
printed parts [1,2], material extrusion and material jetting of conductive
silver ink [3-6], and material extrusion of conductive Polylactic Acid
(PLA) filaments [7]. However, all the above methods for 3D printing
conductive traces have a common limitation of fabricating conductive
elements for inclining surfaces, which largely restricts the design
freedom beyond the XY plane [8]. This is due to the inherent character of
the planar construction, where the materials are deposited layer upon
layer causing weaker conductivity or broken inter-layer bonding of in-
terconnects on inclining surfaces [8].

As a method of circumventing this problem, various approaches to
3D printing conformal circuits have been explored, such as transferring
prefabricated planar circuit patterns via additive stamping [9],
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hydroprinting [10-12], thermoforming [13,14], non-planar extrusion of
carbon nanotube-based composite [40,41] or material extrusion of
conductive ink on a multi-axis stage [15,16]. However, no approach of
using conductive PLA on a multi-axis material extrusion (MEX) 3D
printer has been reported to-date. Among various other methods, MEX is
the most popular form of 3D printing for different user groups because
the machine and the material are low cost and easy to use. In this work,
two commercially available examples of conductive PLA materials were
3D printed onto various inclined and curved 3D printed substrates using
a custom multi-material 5-axis MEX 3D printer. After experimenting
with the resistance of single-line conductive traces, we 3D printed more
complex conductive patterns onto a doubly curved substrate with arbi-
trary form factors to demonstrate the design and fabrication capabilities
of a desktop multi-material 5-axis 3D printer to produce curved circuits.
Conformal 3D printing has been successfully demonstrated in the liter-
ature using multi-axis computer-numerically controlled (CNC) machines
and 6 degrees of freedom robotics arms with a filament extrusion head
[17-19]. These machines, however, are out of reach for most individual
users due to the high cost and the technical knowledge required for
operating the machine. In addition, since these machines are not
designed for 3D printing specifically, they are not compatible with most
other popular 3D printing firmware and controllers. In recent years,
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various affordable and ‘desktop friendly’ 5-axis 3D printers have been
introduced to allow individual designers, makers and hobbyists to be on
board with multi-axis 3D printing [20-23]. One of the biggest barriers to
employing multi-axis 3D printing is the difficulty of accessing or
developing a slicer that can generate a curved toolpath. Some re-
searchers have adapted multi-axis slicing algorithms through numeric
computing environment [24,25,42,43], while others have used 3D
modelling software with visual scripting extensions, e.g., Rhinoceros
and Grasshopper [26], to design and produce the G-code [20,27,28].
Visual scripting environments offer designers the ease of rapidly pro-
totyping complex geometries and the capability to evaluate the design
and create parametric systems without much scripting knowledge. This
paper combines state-of-the-art 5-axis 3D printing and 3D printing of
electronics to invite more researchers and makers into 3D printing
curved electronics.

2. Material and methods
2.1. Conductive PLA

Two specific examples of commercially available conductive 1.75
mm PLA filaments have been used in this work: a carbon-based PLA
called ProtoPasta and a copper-based PLA called Electrifi [30]. The two
filaments were selected because they show distinctive advantages and
disadvantages over one another. Firstly, ProtoPasta has much higher
resistivity. ProtoPlant advertises ProtoPasta’s resistivity as 300 Q-mm in
the XY plane and 1150 Q-mm along the Z axis [29] (although values
reported in literature show 60 Q-mm in the XY plane and beyond 200
Q-mm along the Z axis [38,39]) compared to Electrifi’s resistivity of
0.12 Q-mm in the XY plane and 0.85 Q-mm along the Z axis [7]. Pro-
toPasta can, however, be printed at a much higher temperature (210 °C),
which means it can be extruded more easily without requiring fine ad-
justments to print settings. In contrast, Electrifi is highly susceptible to
3D printer settings and thermal environmental conditions [31]. Electrifi
should be printed at a low temperature (145 °C), as otherwise its con-
ductivity drops significantly. The lower printing temperature also con-
tributes to weaker bonding between layers. In this work, substrates were
3D printed at 220 °C using a standard non-conductive PLA filament
(1.75 mm).

2.2. 5-axis 3D printer

To fabricate the conformal samples, we built a custom multi-material
5-axis 3D printer based on E3D’s tool-changer hardware [32] (Fig. 1).
Employing tool-changing methods over a conventional dual-nozzle
extrusion head was vital because any additional volume on the
extruding head increases the contact angle, which limits the freedom of
the design. There are two approaches to multi-axis 3D printing: i)
rotating the print bed or ii) rotating the extruding head. In our version of
the 5-axis machine, we employed the rotary bed approach because: i)
Since the nozzle is fixed vertically, the material is always extruded
downward, working in concert with gravity; ii) The rotary bed does not
need to unwind the wire and therefore the rotary bed approach can use
shortest tool-paths for faster printing; and iii) Since the rotary bed is
independent of other axes, it can fit into various other Cartesian ma-
chines for an easy conversion of a 3-axis machine into a 5-axis machine.
A simple method of converting a Cartesian 3D printer into a 5-axis 3D
printer has been shown by Hong et al. [20]. The two-axis rotary bed
shown in this paper was built with 3D printed components. Rotary beds
used for 3D printing do not require the same degree of rigidity as the
ones in multi-axis milling, therefore we found that 3D printed hardware
was structurally adequate. The rotary bed was fitted onto the Z-axis
gantry of the core XY-type 3D printing mechanism. Our multi-material
5-axis 3D printer is controlled with the popular Duet3D Duet 2 WiFi
and Ethernet 3D printing control board [33] and RepRap firmware [34].
We openly share the hardware design and controller firmware of our
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custom 5-axis 3D printer in a GitHub repository.' We also employed an
elongated 0.4 mm nozzle from nonplanar.xyz to reduce the contact
angle between the extruding head and the PLA substrate, and thus
provides a greater degree of freedom in curved extrusion.

2.3. 5-axis slicing

To construct the conformal traces, we employed an openly available
slicer, Open5x [20], that is based on Rhinoceros/Grasshopper. Since
Open5x is implemented into the CAD environment, it also provides
visualisation of the printing process which is helpful in detecting po-
tential collisions. Fig. 2A) shows a simulated movement of the 5-axis 3D
print for the vase-like structure and 2B) shows the actual printing pro-
cess. In the slicer, the retraction height can also be checked and adjusted
to prevent collisions. The 5-axis 3D printing process of the vase-like
samples presented in this paper can be found in the video Fig. 1.

Supplementary material related to this article can be found online at
doi:10.1016/j.addma.2023.103546.

3. Experiments

To investigate the effect of curved layer deposition in 3D printing of
electrical traces, we compared the differences in resistivity of the con-
formally and planarly 3D printed electrical traces for various angle of
incline and curvature radii (Fig. 3). Both the planar and conformal
samples were printed on same 3D printer with the elongated nozzle. The
conformal samples were printed on the 5-axis stage and the planar
samples were printed on the 3-axis stage. After the initial investigation,
we fabricated more complex conductive patterns on a doubly curved
substrate with arbitrary form factors. We predicted the resistance of
each pattern in the results section using the resistivity measured from
the inclined and curved samples.

We calculated the resistivity of the 3D printed traces with the
following equation: p = RA/l, where R is the electrical resistance of the
trace, A is the cross-sectional area of the trace and [ is the length of the
trace. Resistances of the printed traces were measured using a multi-
meter (771V, Fluke). We applied a conductive silver ink (L100, Kemo)
onto the contact pads of the traces to minimise the contact resistance.
The conductive ink used in this paper has sheet resistance of
0.02-0.1 Q/cm?. The ink was left to cure at room temperature for 24 h.
The designed dimensions of the conductive trace were used to determine
resistivity, and measurements of the cross-sectional area of the printed
traces were taken to verify its accuracy. Measurements were taken by
cutting the samples perpendicularly to the direction of the trace and
taking an image of the profile with a BDS400 optical microscope
(Fig. 10).

3.1. Inclined substrate

To test the changes in resistivity of 5-axis 3D printed traces, we 3D
printed three conductive traces onto seven right-angled triangle sub-
strates with inclines varying from 15 to 105 degrees in 15-degree in-
crements, which were 3D printed in the planar approach. The 105-
degree incline is an undercutting surface, which is impossible to print
with non-planar conformal printing via a 3-axis stage [24,35]. The
5-axis 3D printing process begins by first 3D printing a white PLA sub-
strate in planar onto the rotary bed. We printed the substrate triangle
and the conductive trace with a 0.3 mm layer height using a 0.4 mm
nozzle and without bed heating. Once complete, the 5-axis machine
swaps the extrusion head for conductive PLA. Then, on top of the sub-
strate, three traces of conductive PLA traces were printed with 0.6 mm
width, 1.2 mm depth and 40 mm length, with additional contact pads at
each end of the trace. The extruding temperature was 145 °C for Electrifi

! http://www.github.com/FreddieHong19/Open5x
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Fig. 1. Left: Customised multi-material 5-axis 3D printer based on E3D’s Tool-changer hardware system. Right: 5-axis 3D printing of process of a conductive trace

onto an inclined substrate.

Fig. 2. 5-axis 3D printing vase-like object with conformal traces. A) Visualisation of the 5-axis printing process on Open5x slicing environment. Blue line indicates
the printing path, the green and red lines indicate the travel path for retraction and de-retraction. B) Actual printing process of the conductive trace on the vase-

like object.

I conductive PLA
[ Substrate PLA

Planar Conformal

Planar Conformal

Fig. 3. Illustration of the planar and conformal printing path for inclined substrate (left) and curved substrate (right).

and 210 °C for ProtoPasta. The print settings were identical for both the
planar and conformal samples.

3.2. Curvature radius

For 3D printing of the curved samples, we used identical print set-
tings as for the inclines for both substrates and traces. We 3D printed the
curved substrates with each including a segment with a constant radius
of curvature ranging from 0 to 10 mm with 2 mm increments.

3.3. Conductive pattern on doubly curved surface

We tested 5-axis 3D printing on more complex conductive patterns
on a free-form, doubly curved vase-like substrate to demonstrate the

capability of 5-axis 3D printing for constructing conformal circuits. The
bounding size of the substrate is 50 mm by 45 mm in the plane, and
60 mm in height. We printed six traces with different patterns and
lengths on the substrate. Each trace has a different travel pattern and a
different relationship with the substrate’s layers. The resistance of each
conductive trace was predicted by using values retrieved from the in-
clined and curved samples. Fig. 4 shows the six different conductive
patterns on the doubly curved vase-like substrate. Each pattern has the
same trace profile as the earlier tests. The length of each pattern is
116 mm, 93 mm, 115 mm, 131 mm, 79 mm and 69 mm, respectively.

4. Result and discussion

As mentioned in the Introduction, many of the failures in 3D printing
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Perspective 4,

Fig. 4. Rendered diagram of the six conductive patterns on doubly curved vase-like substrate.

occur in between the layers where the inter-layer bonding is dependent
on the surface adherence of the PLA. The weak adherence can lead to
print delamination and failure, especially for delicate features such as
electrical traces. Multi-material 3D printing can also cause cross-
contamination of the materials caused by stringing and oozing. For 3D
printing of conductive traces, this can also lead to a short circuit between
the traces.

4.1. Effect of 5-axis 3D printing on inclining surfaces

Fig. 5 shows the carbon-based PLA 3D printed via A) conformal and
B) planar approaches. Visually, the conformal samples have a higher
finish quality with no evidence of oozing or stringing. The resistivity of
the carbon-based PLA printed in planar (black) and conformal (red) is
shown in Fig. 6. As shown in the graph, the resistivity of the planarly 3D
printed samples increases with the angle of incline. Higher degree of
incline means more print layers, which in turn means that the resistivity
of the planarly printed traces relies more on inter-layer bonding than
intra-layer bonding, which results in poorer conductivity of the traces

A

[36]. The relationship between the angle of incline and resistivity is
evident in the graph, in which it is shown that the 105-degree sample has
a lower resistivity than the 90-degree sample despite overhanging. The
number of printed layers for each angle of incline is shown in Table 1.
Compared to the planar traces, the conformal traces show a significantly
smaller trend of resistivity increasing with the angle, most likely a result
of the planar traces consisting of more intra-layer than interlayer con-
nections. Fig. 7 shows a comparative microscopic image between the
planar and conformal samples for the 45-degree incline. Comparative
microscopic images for the other angles can be found in Fig. S1 in the
SM. The planar sample relies much more on inter-layer bonding,
whereas the conformal sample relies more on intra-layer bonding. The
resistivity of the 0-degree trace was 84 Q-mm. The difference between
the highest and lowest resistivity of the carbon-based planar sample was
197 Q-mm, and 16 Q-mm for the conformal sample.

Fig. 8 shows the copper-based PLA 3D printed via A) conformal and
B) planar approaches. The copper-based PLA employed in our experi-
ment is generally more challenging to 3D print than carbon-based PLA.
This is mostly due to the rheological properties of the copper-based PLA

75 90 105

90 105

Fig. 5. Carbon-based conductive traces printed onto an inclined substrate with the angle ranging from 0 to 105 degrees. (Left) Front view, (Middle) side view, (Right)
orthogonal view with grid: A) samples printed via conformal approach and B) samples printed via planar approach.
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Fig. 6. The average resistivity of the printed carbon-based PLA traces versus
the angle of incline. Planarly printed samples are in black and conformally
printed samples are in red. The error bars indicate the range of measured values
for the respective angle of incline.

Table 1
Incline angle and the number of substrate layers under conductive traces.

Angle (deg) 0 15 30 45 60 75 90 105
Number of layers 4 44 80 110 134 148 152 148

Additive Manufacturing 70 (2023) 103546

and weaker adhesive bonding than carbon-based PLA. As shown in
Fig. 9, the resistivity of the planarly 3D printed copper-based trace also
increases with the angle of incline. This trend is very similar the trend
observed with the carbon-based PLA, where the increase in the reliance
on inter-layer bonding also increases the resistivity. However, differ-
ently to the carbon-based sample, the copper-based sample shows a
much greater relative increase in resistivity between inclines. We
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Fig. 9. The average resistivity of the printed copper-based PLA traces versus
the angle of incline. Planarly printed samples are in black and conformally
printed samples are in red. The error bars indicate the range of measured values
for the respective angle of incline.

Fig. 8. Copper-based conductive traces printed onto an inclined substrate with an angle ranging from 0 to 105 degrees. (Left) Front view; (Middle) side view; and
(Right) orthogonal view with grid. A) samples printed via conformal approach, and B) samples printed via planar approach.
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suspect this is due to an additional factor that is independent to the
geometry factor, reducing the conductivity of the printed trace. We
suspect that a major contributor is the thermal annealing of the copper-
based traces caused by both the travel of the heated substrate PLA nozzle
(220°C) near the printed traces and its nearby deposition of hot PLA.
Thermal annealing significantly reduces the conductivity of the copper-
based PLA [37]. The relative difference in resistivity is therefore ex-
pected to be greater for copper-based traces compared to carbon-based
traces. The resistivity of the 0-degree trace was 0.56 Q-mm. The differ-
ences between the highest and the lowest resistivity of the copper-based
planar samples and conformal samples was 1831.7 Q-mm and 0.8 Q-mm,
respectively.

To investigate the cross-sectional profile of the planarly and con-
formally printed traces, the 45-degree samples were cast in epoxy resin
and saw-cut perpendicularly to the trace’s direction. The cross-section
was then polished into a smooth surface for imaging. Fig. 10 shows
the cross-sectional image of the 45-degree samples: A) Carbon-based
PLA printed via planar approach (left) and conformal approach
(right); and B) Copper-based PLA printed via planar approach (left) and
conformal approach (right). In the figure, the 4 elliptical layers of the
extrusion are clearly visible in the conformal deposition, whereas the
individual layers appear fused for planar samples. This is due to the
geometry of the planarly printed traces in relation to their direction and
the cut. The greater the angle of incline, the more individual layers
parallel to the cut. Consequently, individual layers appear thicker to the
point where fewer than four layers accommodate the cross-sectional
area. Interestingly, the sectional profile of the copper-based planar
sample shows an even greater interaction between the layers. The cross-
section is thinning toward the tip, and the oval shape of individual layers
is not obvious. This could be attributed to a dragging effect, also noticed
in Fig. 7A, where the retracting nozzle pulls on the deposited material.
Due to the short path of the in-layer deposition in planar printing, the
effect is much more obvious than in conformal printing. This effect is
likely not as noticeable with the carbon-based samples due to the higher
print temperature and consequently lower viscosity of the conductive
PLA material. Furthermore, this could explain the relatively poorer
performance of the copper-based planar sample when compared to the
carbon-based planar sample. Additional cross-sectional images for
planar samples with 30-degree and 60-degree inclines are shown in
Fig. S2 in SM. Using the microscopic image, the cross-sectional area of
the conductive traces was measured by counting pixels. Table 2 shows
the cross-sectional areas of the traces corresponding to Fig. 10.

4.2. Effect of 5-axis 3D printing on curved surface

Fig. 11 shows the curvature radius samples for carbon-based PLA 3D
printed via A) conformal and B) planar approaches. Fig. 12 shows the
resistivity of the printed traces. As shown in Table 3, unlike the inclined
samples, the layer count does not change as much between each radius,
and therefore the measurement shows no obvious relationship between
the resistance and the radius. For the conformally printed samples, the

A
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Table 2
Measured cross-sectional area of the 45-degree incline samples.
Carbon, Carbon, Copper, Copper,
Planar Conformal Planar Conformal
Area (mm?) 0.75 0.79 0.75 0.72
Deviation 0.03 0.07 0.03 0.00
(mm?)
Relative Error 4.8 10 21 0.1

(%)

Fig. 11. Carbon-based conductive traces printed onto curved substrate with a
curvature radius ranging from 0 to 20 mm. A) samples printed via conformal
and B) samples printed via planar approach.

resistivity of the traces was consistent throughout all curvature radii,
with a much smaller range of values. The most significant difference in
resistivity between the planar traces was 42 Q-mm, and 18.5 Q-mm for
conformal traces.

Fig. 13 shows the curvature radius samples for copper-based PLA 3D
printed via A) conformal and B) planar approach. As shown in Fig. 14,
the resistivity of the conformal traces is much more consistent in com-
parison to the planar traces. The difference between the highest and the
lowest resistivity for the planar traces was 7.5 Q-mm and 0.8 Q-mm for
the conformal traces.

4.3. Effect of substrate surface on conformal trace

Fig. 15 shows the normalised resistivity of the conformal traces in
detail for left) the angle of incline, and right) radius of curvature. The
normalisation was calculated by dividing the individual data points with
the largest data point of each respective data set. In Fig. 15 (left) we can
notice that the resistivity of the copper-based traces increases with the
angle of incline toward 90 degrees and then drops again at 105 degrees.
This change in resistivity resembles the trend shown in the earlier planar

Fig. 10. Cross-sectional images of the 45-degree samples: A) Carbon-based and B) Copper-based. The planar samples are shown on the left, and the conformal

samples are on the right. Illustration of the cut-plane is shown in Fig. S3 in SM.
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Fig. 12. The average resistivity of the printed carbon-based PLA traces. Pla-
narly printed traces are in black and conformally printed traces are in red. The
error bars indicate the range of measured values for the respective radius
of curvature.

Table 3

Radius of curvature and number of layers for conductive traces.
Radius (mm) 0 2 4 6 8 10
Number of layers 85 88 86 82 78 74

Fig. 13. Copper-based conductive traces printed onto curved substrate with a
curvature radius ranging from O to 20 mm. A) samples printed via conformal
and B) samples printed via planar approach.

sample. However, this trend is likely due to the interaction between the
substrate and the conformal trace, in which the substrate’s surface ge-
ometry influences the conformal trace’s resistivity and, as shown in
Table 1, the larger the angle of incline, the more layered is the surface
that the conformal trace needs to interact with. Unlike the copper-based
traces, the carbon-based traces do not appear to be affected by the
condition of the substrate’s surface. We believe this is due to the ma-
terial characteristics of the carbon-based PLA being less susceptible to
the print settings and print environment. The greatest difference be-
tween the highest and the lowest normalised resistivity for copper-based
trace was 0.6, whereas, for carbon-based trace, it was 0.2. We also
noticed that the normalised resistivity of the curved traces does not
show a clear trend for both copper-based and carbon-based traces, as
shown in Fig. 15 (right). We believe this is because the curved samples
do not have significant change in the number of layers to indicate a clear
trend. The greatest differences were 0.35 and 0.2 for copper and carbon-
based traces, respectively.
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Fig. 14. The average resistivity of the copper-based PLA traces. Planarly
printed samples are in black and conformally printed samples are in red. The
error bars indicate the range of measured values for the respective radius
of curvature.

4.4. Conformal 3D printing onto concave substrate

One of the apparent limitations of conformal 3D printing using 5-axis
is that due to the shape of the printing nozzle, it is challenging to deposit
material onto a concave surface. As shown in Fig. 16, the ‘printability’
onto a concave surface is very much dependent on the shape of the
elongated nozzle. The smallest curvature radius our machine can print
conformally is 6 mm.

Fig. 17 shows carbon-based conductive traces printed onto concave
substrates, whose radii ranged from 6 mm to 10 mm. We compared the
resistivity of the concave traces to the convex traces. From Fig. 18 we
can see that the resistivities of the concave traces are well within the
range of convex traces with the corresponding curvature radius. This is
expected as the traces are geometrically equivalent.

4.5. Conductive patterns on free-form and doubly curved substrate

In this section, we use the resistivity measured from the inclined
samples to estimate the resistance of the more complex conductive
pattern on a freeform vase-like substrate. As shown in Fig. 4, the vase-
like object has 6 conductive patterns with various shapes and lengths.
The actual 3D printed object is shown in the Fig. 19. Using the formula
R= pl/A we estimated the resistances of each pattern and compared
them with the measured resistances. Table 4 shows the values for
carbon-based traces and Table 5 shows the values for copper-based
traces. The value of resistivity used for estimation was obtained by
averaging the resistivity of all conformally printed traces at all angles of
incline for the respective material. The error of resistivity was estimated
to be half of the average difference between the minimum and maximum
for the respective material. As seen in Fig. 15, the relative value range
was much higher for copper-based traces than carbon-based ones.
Therefore, the error range for the copper-based PLA is more indicative of
the dependency of the angle of incline. In contrast, the error range of the
carbon-based PLA is more indicative of the variability of the printing
process, which can be seen in the variations of the measured cross-
sectional area (Table 2 and Table S1). Furthermore, the conformal
traces on the vase-like substrate are deposited on the surface that is
mostly at a 60-90-degree incline, which can explain why the measured
resistance is closer to the upper bound of the estimated resistance for
copper-based traces.
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Fig. 16. 5-axis 3D printing on a concave substrate with a 6 mm curva-
ture radius.

Fig. 17. Conformally 3D printed carbon-based traces for concave curvature
radius of 6 mm, 8 mm and 10 mm.

5. Conclusion

This paper demonstrated a method of employing a multi-material 5-
axis 3D printer to print conformal electrical traces onto a free-form and
arbitrarily curved substrate. The advantages of employing 5-axis 3D
printing over the conventional planar process were investigated by
comparing the resistivity of the 3D printed traces constructed with
conformal and planar approaches. Our study shows that 3D printing
conductive traces using a conformal approach significantly stabilises the
conductivity of the printed traces for various geometries of the substrate.
We found that the most contributing factor to the decreased conduc-
tivity of the printed trace is the reliance on inter-layer bonding. This was
especially apparent for copper-based PLA. We also noticed that copper-
based PLA is indeed more susceptible to the printing environment. This
sensitivity has been reported to be a result of redistribution of metallic
particles inside the thermoplastic when exposed to different tempera-
ture profiles [31]. Furthermore, the rough texture of the substrate

3.0 1
@ Concave
@ Convex
2.5
3
£
c
z204 | !
=
@
7]
O
o
1.5
1.0 T T 1
6 8 10

Radius of curvature (mm)

Fig. 18. The average resistivity of the copper-based traces conformally printed
onto: Blue) a concave substrate, and Red) a convex surface. Measurements of
the concave traces are shifted slightly in x-axis of the graph for improved
legibility. The error bars indicate the range of measured values for the
respective radius of curvature.

Fig. 19. Conductive traces conformally printed onto vase-like doubly curved
substrate. Left) Carbon-based trace; and Right) copper-based trace.

surface can also affect the conductivity of the conformal trace. The
microscopic image of the printed structure shows clear evidence that the
quality of the conformal features can be significantly improved through
multi-axis 3D printing, which also eliminates oozing and stringing. We
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Table 4
Estimated and measured resistance of the carbon-based conductive pattern on
doubly curved vase-like substrate.

Pattern Length Estimated Resistance Measured Resistance
No. (mm) kQ) (kQ)
1 116 13.2+1.3 14.0
2 93 10.6 + 1.0 10.5
3 115 13.1+1.3 12.0
4 131 149 £ 1.5 15.3
5 79 9.0 £0.9 9.8
6 69 7.9+0.8 8.1
Table 5

Estimated and measured resistances of the copper-based conductive traces on
doubly curved vase-like substrate.

PatternNo.  Length Estimated Resistance Measured Resistance
(mm) Q) Q)

1 116 152 + 66 253

2 93 122 £ 53 145

3 115 151 + 65 178

4 131 172 +£74 178

5 79 104 £ 45 126

6 69 91 + 39 112

also showed that we can estimate the resistance of more complex traces
on a vase-like substrate based on the resistivity measured from traces
printed on various angles of incline. In future work, we will perform
mechanical evaluation of 5-axis 3D printed electrical objects against
existing standards and proposed techniques specific to additive
manufacturing to determine precise adhesion, bending and temperature
resistance properties and characteristics.
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