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Printing techniques have been extensively studied as a promising route towards large-scale, low-cost and
high-throughput manufacturing process for electronic devices. With the recently emerging applications
in wearable electronics and customizable conformal electronics, it calls for the necessity to develop
printed electronics that function on complex, 3D nonplanar architectures. In this study, aerosol printing
and flash sintering of conformal conductors on nonplanar surfaces are demonstrated. Various printed
patterns are fabricated by aerosol printing of conductive ink by copper nanoparticles (Cu NPs) on both
planar and nonplanar surfaces. Pulsed flash light introduces rapid sintering of the printed Cu patterns
in the ambient environment. For the nonplanar patterns, a back reflector is utilized to improve the uni-
formity of sintering. As a result, highly conductive customizable nonplanar Cu patterns with conductivity
at 10%-12% of that of bulk Cu are obtained. Effects of different sintering conditions, including sintering
voltage and mounting distance on the conductivity of sintered patterns are studied. For nonplanar pat-
terns, conductivity values at different localized spots on the nonplanar rod are also investigated to eval-
uate the uniformity of nonplanar sintering. The processes of aerosol printing and flash sintering have
provided a facile manufacturing route for conformal conductors on arbitrary nonplanar objects.

© 2021 Society of Manufacturing Engineers (SME). Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Printing techniques have been extensively developed as a
promising route towards large-scale, low-cost and high-
throughput manufacturing process [1-4] for various electronic
devices including radio frequency identification (RFID) tags [5,6],
sensors [7,8], transistors [9,10], energy devices [11-14] and mem-
ory devices [15,16]. Currently, the devices are mostly printed on 2D
planar substrates. For novel applications such as wearable elec-
tronics and customizable conformal electronics, it appeals to
develop printed electronics that function on complex, 3D nonpla-
nar architectures. 3D nonplanar electronics have been reported
by fabrication methods such as conformal transfer printing
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[17,18] and forming [19,20]. However, these methods require com-
plicated fabrication processes which post difficulty in cost-
effective and large-scale manufacturing. Comparatively, direct
printing on 3D nonplanar surfaces provides facile process with bet-
ter flexibility in the fabrication of freeform patterns and architec-
tures [21]. There have been several works demonstrating the
printing on 3D nonplanar surfaces with ink containing silver
nanoparticles (Ag NPs) [22,23]. Direct printing of Ag inks have also
been developed to fabricate free-standing 3D architectures [24,25].
The printing techniques used in these works include extrusion
printing [21], inkjet printing [24], and aerosol printing [25]. Among
them, aerosol printing has its unique advantage due to the flexible
stand-off distance of 1-5 mm from the deposition nozzle to the
substrate [26,27], which enables its capability of deposition on
substrates with complex surface topologies such as trenches and
wavy structures (tens of micron to millimeter size) [28,29]. The
nonplanar printing capability can be further extended to large
objects (centimeter size) with 5-axis stage equipped [29].
Recently, copper nanoparticles (Cu NPs) have been developed
for conductive inks of printed electronics due to the considerably
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lower cost than the more commonly used Ag NPs [30-32]. In this
study, we aimed to fabricate conformal conductors on nonplanar
surfaces with Cu NPs. One of the major concerns in the printing
of Cu is that Cu is easier to get oxidized compared to Ag. Thermal
sintering of Cu usually requires vacuum or inert gas environment
to avoid the oxidation issue [33]. Alternatively, sintering tech-
niques employing high energy irradiation have been recently
reported to sinter Cu NPs in ambient environment [34-36]. Among
these methods, flash sintering relies on the wide wavelength spec-
trum of the emitted light to heat up the deposited materials over a
relatively large projected area [34,37]. It is used in this study to
accommodate the 3D complex geometries of the printed patterns
with a back reflector introduced to improve the uniformity of
sintering.

2. Manufacturing methods

Aerosol printing and flash sintering are used for the printing
and sintering of highly conductive Cu patterns. Both methods are
developed with nonplanar processing capabilities to realize print-
ing and sintering on 3D nonplanar surfaces. This section provides
a brief introduction to these two manufacturing methods. Experi-
mental details are given in Supplementary Material.

2.1. Nonplanar aerosol printing

Schematic of the nonplanar aerosol printing system is shown in
Fig. 1a. The system consists of nebulizer, deposition nozzle, sample
mount and 5-axis stage. In the nebulizer, aerosol mists containing
microparticles of the solvent and Cu NPs are generated and deliv-
ered to the deposition nozzle by the carrier gas. The substrate for
printing is Kapton® polyimide (PI). The 5-axis stage provides trans-
lational motion in three directions and rotational motion in two
directions to realize printing on nonplanar surfaces.
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2.2. Nonplanar flash sintering

Schematic of the nonplanar flash sintering system is shown in
Fig. 1b. Pulsed flash light from a Xenon lamp is capable of rapid sin-
tering of the printed patterns in ambient environment with a pulse
duration of 2 ms. A back reflector with adjustable height and angle
is mounted to realize nonplanar flash sintering with improved uni-
formity of sintering. Fig. 1c displays different nonplanar patterns
on cylindrical substrates in spiral and square wave. Fig. 1d gives
a demonstration on the printed and sintered conformal Cu conduc-
tor on a piece of earring as the nonplanar mounting object. Fig. 1e
presents the photograph of the conformal Cu conductor on a rod
substrate during the nonplanar flash sintering process.

3. Results and discussion

The aerosol printed Cu patterns before and after sintering are
shown in Fig. 2a-b. After flash sintering, the Cu patterns remained
intact. The color of the Cu patterns turned from black to metallic
light orange, indicating the formation of conductive Cu. To under-
stand the transformation of microstructures of the printed Cu pat-
terns before and after flash sintering, they were examined by
scanning electron microscopy (SEM). Before flash sintering
(Fig. 2c), the unsintered Cu NPs were mostly individually segre-
gated. After flash sintering (Fig. 2d), the growth in the particle
diameter of Cu NPs was observed (Fig. S1). The Cu NPs showed
fused contact with the neighboring particles, which was essential
to the formation of conductive path.

The oxidation on the surface of the flash sintered Cu patterns
were evaluated by energy dispersive spectroscopy (EDS) and com-
pared to the unsintered Cu patterns. The EDS spectra for the flash
sintered and unsintered Cu patterns were shown in Fig. S2a-b. It
was found that the wt% of oxygen was reduced after flash sintering,
which indicated the sintering in ambient condition did not intro-
duce oxidation of the Cu NPs. Instead, the reduced wt% of oxygen

Xenon Lamp

Printed Cu Line

Fig. 1. Schematics of (a) nonplanar aerosol printing and (b) nonplanar flash sintering of conformal Cu conductors. (c) Photograph of the nonplanar Cu patterns in spiral and
square wave. (d) Photograph of the conformal Cu conductor on nonplanar object (earring) as a demonstration. (e) Photograph of the conformal Cu conductor on a rod
substrate during the nonplanar flash sintering process. Inset photograph shows the conformal conductor as the interconnect for the LED circuit.
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Fig. 2. (a) Photographs of the sintered and (b) unsintered Cu patterns. (c) SEM images of the printed Cu NPs before sintering and (d) after sintering. (e) Optical microscopic
images of the nonplanar Cu patterns. (f) cross-section SEM image the nonplanar Cu patterns.

could reveal the reduction of readily formed oxides on the surface
of Cu patterns, as the flash sintering of CuO nanoparticles into Cu
conductive patterns was reported [34]. Another testing was carried
out by the thermal sintering of printed Cu patterns in Argon-filled
glove box at 300 °C for 1 h. The EDS spectrum of the thermally sin-
tered Cu patterns was shown in Fig. S3c. The wt% of oxygen did not
reduce for the thermally sintered Cu patterns. The results indicated
that flash sintering could be advantageous to suppress the forma-
tion of oxides in printed Cu patterns.

The printed nonplanar Cu patterns (Fig. 2e) on a cylindrical sub-
strate were also examined. The nonplanar patterns were found to
be continuous and have similar linewidth to the planar patterns.
From the cross-section SEM image in Fig. 2f, the Cu NPs in the non-
planar patterns were well sintered with the same microstructures
observed in the planar sintered patterns. At the interface between
PI substrate and the printed Cu structure, the materials were
observed to be fused together. The formation of the fused interface
could come from the partial melting of the PI by the rapid heat
introduced during the flash sintering process. The thickness of
the printed and sintered Cu pattern was around 2-3 um.

Effects of different sintering conditions including sintering volt-
age and mounting distance on the conductivity of sintered patterns
were studied for both planar and nonplanar patterns with 10 sam-
ples measured for each condition. It was found that optimized sin-
tering conditions for the nonplanar patterns were different from
those of the general planar sintering. As seen in Fig. 3a, the opti-
mized conductivity on planar surfaces (with conductivity of
7.7 x 10° S/m and conductivity ratio of ~13%) was found at sinter-
ing voltage of 2.1 kV. However, the best result out of nonplanar
surfaces (with conductivity of 7.1 x 10° S/m and conductivity ratio
of ~12%) was found at voltage of 2.7 kV. As for the mounting height
(Fig. 3b-c), the optimized heights for planar sample and nonplanar
sample were 4.5 mm and 10.8 mm respectively. The results indi-
cated that mechanism of nonplanar sintering could be different
from the planar sintering due to the geometric factors and should
be further studied.

For the next step, the sintering effect at different localized spots
on the nonplanar rod was investigated. Generally, for planar pat-
terns, the flash light was normally incident on all locations with
same traveling distance. This resulted in a uniform light distribu-
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Fig. 3. Conductivity ratios with (a) varied sintering voltage and (b) varied mounting height for planar and nonplanar samples. (c) Schematics explaining mounting height

during the sintering process.

tion during the planar sintering. However, without extra designs to
help distribute the flash light on different locations on nonplanar
surfaces, such configuration would not work for nonplanar sinter-
ing. Fig. 4a showed that with 1-time flash sintering, only the half of
the rod facing the lamp was sintered, and the conductivity started
to degrade from 0° to +90°. In order to sinter the back side, 2-time
flash sintering was introduced by flipping over the rod for 180° and
sintering again. However, after the 2-time flash sintering, only the
locations near 0° and 180° showed good conductivity while the
locations on the side parts of the rod (near +90°) remained almost
unsintered. To improve the sintering uniformity, a back reflector
was introduced. The horizontal back reflector (mirror) was initially
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investigated. However, as shown in Fig. 4b, it did not help enhance
the conductivity at any locations because the light was not effec-
tively reflected onto the surface. Then, the tilted angle of the back
reflector, which altered the direction of the reflected light was
introduced. Fig. 4c indicated that the conductivity was significantly
increased at £90° with the additional angled back reflector applied.
The conductivity ratio was measured to be averaging 10% on the
cylindrical rod, with slight drop of conductivity on the side parts.

The effects of sintering conditions on the localized conductivity
were also studied. It was found that the conductivity ratio was sig-
nificantly escalated with sintering voltage increased from 2.5 kV to
2.7 kV at all the locations on the rod (Fig. 4d). The effect of mount-
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Fig. 4. Conductivity results of localized spots on the nonplanar rod based on (a) flashing times, (b) application of mirror laid, (c) application of back reflector, (d) sintering

voltages, (e) mounting heights, and (f) back reflector angles.



I-Meng Chen, Y. Liu, X. Yu et al.

ing height was displayed in Fig. 4e. Mounting height of 10.8 mm
was observed to provide better sintering results compared to the
greater (12.0 mm) or smaller (9.6 mm) heights. In Fig. 4f, effect
of different tilted angles of the back reflector on the conductivity
ratio at localized spots was presented. It was found that by increas-
ing the angle of back reflector from 0° to 25°, the conductivity ratio
was gradually increased and turned to be more uniform. When the
back reflector angle was increased to 25°, 80% of the localized spots
exhibited conductivity ratio of above 10%. The highest conductivity
ratio was ~15% at —144°. Light propagation simulations were per-
formed to calculate the beam density at different localized spots
with varied back reflector angles. The results (Fig. S3) showed that
the density distribution with back reflector angle at 25° appeared
to be the most uniform case, which matched the experiment
results.

4. Conclusion

In this study, a new customizable, low-cost, facile manufactur-
ing method of printed conductors on nonplanar surfaces is devel-
oped. Aerosol printing is employed to print Cu ink into designed
patterns on both planar and nonplanar surfaces with 5-axis stage
equipped. Pulsed flash light sinters the printed Cu patterns in the
ambient condition. The sintered planar patterns exhibit average
conductivity of 7.7 x 10% S/m (~13% of that of bulk Cu). SEM
images show the Cu NPs are well coalesced with solid contact to
neighboring particles. The nonplanar patterns are well sintered
with an angled back reflector at optimized sintering parameters.
The conductivity of the nonplanar patterns is found to be 10%-
12% of that of bulk Cu. The processes of aerosol printing and flash
sintering have provided a facile manufacturing route for conformal
conductors on arbitrary nonplanar objects.
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