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Abstract: The development of three-dimensional printed electronics has garnered significant interest
due to the ease of integration of electronic circuitry on 3D surfaces. However, it is still very challenging
to achieve the desired conformability, stretchability, and adhesion of conductive pastes used for
printing on thermoformable substrates. In this study, we propose the use of novel thermoformable
ink composed of copper flakes coated with silver, which enables us to prevent the oxidation of
copper, instead of the commonly used silver inks. Various polymer/solvent/flake systems were
investigated, resulting in thermoformable conductive printing compositions that can be sintered
under air. The best inks were screen printed on PC substrates and were thermoformed using molds
with different degrees of strain. The effects of the various components on the thermoforming ability
and the electrical properties and morphology of the resulting 3D structures were studied. The
best inks resulted in a low sheet resistivity, 100 mQ/0/mil and 500 mQ/0/mil before and after
thermoforming at 20%, respectively. The feasibility of using the best ink was demonstrated for the
fabrication of a thermoformable 3D RFID antenna on PC substrates.

Keywords: printed electronics; thermoforming; copper conductive ink; screen printing

1. Introduction

In recent years, increasing attempts have been made to develop the next generation of
internet of things (IoT) components which, until recently, had limited integration into free-
form 3D shapes due to the rigidity of their electronic circuitry resulting from their traditional
manufacturing techniques. Nowadays, however, many researchers are advancing the
manufacturing strategies for the fabrication of these components by developing deformable
electronic circuits which can be divided into two main categories, i.e., rigid and flexible.
While flexible circuits can be subjected to dynamic deformations such as elongation and
compression and as such are based on elastomeric substrates, rigid circuits should retain
their structure after their initial deformation from a 2D shape to their final 3D shape, and
as such are based on rigid thermoplastic substrates [1,2].

Screen printing is a suitable printing method that can be used to produce both of the
above-mentioned categories as it allows for the economical, high-volume production of
printed electronics. The inks are generally based on polymer solutions that encapsulate
the conductive particles. Printing is usually followed by sintering and, in the case of rigid
free-form circuits, by a thermoforming process. Thermoforming is a simple, practical
technique used extensively in packaging applications of pharmaceutical products, food
containers, and medical equipment [3].

Coatings 2023, 13, 1548. https:/ /doi.org/10.3390/ coatings13091548

https:/ /www.mdpi.com/journal/coatings


https://doi.org/10.3390/coatings13091548
https://doi.org/10.3390/coatings13091548
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0002-6794-0553
https://doi.org/10.3390/coatings13091548
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings13091548?type=check_update&version=1

Coatings 2023, 13, 1548

20f11

Among the different thermoforming methods, vacuum thermoforming is one of the
most common variants. In this method, a 2D thermoplastic sheet is clamped in an airtight
frame, then softened by heating through radiation or convection, drawn against a mold
using a mechanical lever, and finally pressed against the mold using a vacuum. After
cooling down, the component, which retains its final shape, is removed from the mold,
and trimmed. The temperature range of this process depends on the substrate used but
typically ranges between 120 and 200 °C. Due to its ease of use, thermoforming, along with
other additive manufacturing methods, is gaining traction in producing free-form electronic
component prototypes for control components in automotive and medical industries [4-6], an-
tennas [7-13], sensors [14-17], diodes [18,19], solar cells [20], LED array [21] and epidermal
electronics products [22-25].

Although thermoforming is widely used in its conventional form, the integration
of printed electronics into this process is relatively recent. The effects of thermoforming
on electrical performance and the limitations of printed electronics circuitry are not fully
understood and process design guidelines are not fully developed.

There have been several studies on the fabrication of thermoformable printed electron-
ics including the use of continuous laminated conductive foils, e.g., copper foil, sandwiched
between thermoformable polymeric layers [10], printed traces on thermoformable sub-
strates using 3D printers [26], as well as inks made from interconnected conductive particles
such as graphene [27,28], Ag nanowire [29], Cu nanowire [30], and Ag flakes [31] bound
by polymeric media. There are, however, fewer studies on screen-printed thermoformable
circuits such as the study by Zulfiqar et al. [32] which investigated the effect of thermoform-
ing strain, up to 12.5%, on the electrical performance of conductive inks. They prepared
their ink using Ag powder and butyl carbitol and printed them on polycarbonate (PC) for
components used in automotive lighting products and observed increases in resistance
up to 633%. Wu et al. [13] used thermoforming to produce hemispherical coil antennas
using commercial Ag paste from DuPont capable of a single-time stretch of up to 75%.
Finally, Gong et al. [33] produced a regression model to describe the relationship between
deformation, due to thermoforming, and electrical resistance of screen-printed traces using
another commercial conductive Ag ink from DuPont. As can be seen, there are a few
studies on screen-printed thermoformable circuits using conductive Ag flakes. Ag flakes
are more affordable than gold and more air stable than copper. However, the price of Ag is
still high, restricting its utility for many applications. One way to reduce the cost is to use
Ag to coat copper flakes, resulting in flakes that are cheaper than Ag and more air stable
than copper while remaining highly electrically conductive and more affordable. From an
additive manufacturing viewpoint, producing thermoformable circuitry from these pastes
is also much less time-consuming compared to the ones produced from etched copper
electrodes. To the best of our knowledge, there is no study on the production of thermo-
formable circuits based on Ag-coated Cu flakes. In this study, we aim at preparing new
thermoformable conductive pastes based on Ag-coated Cu flakes in polymeric solutions,
for fabricating thermoformed coatings for application in printed electronics, focusing on
plastic substrates.

2. Materials and Methods
2.1. Materials

All chemicals/materials purchased were used without additional processing. Poly-
methyl methacrylate (PMMA, Sigma Merck 182230, Darmstadt, Germany), Polyvinyl butyral
(PVB, Sigma Merck P110010), Poly (ethylene-vinyl acetate) (PEVA, Sigma Merck 340502),
1-phenoxy-2-propanol (PPh, Sigma Merck 484423), 2-phenoxyethanol (EPh, Sigma Merck
77699), Tri(ethylene glycol) dimethyl ether (TEDM, Sigma Merck T59803), Di(Propylene gly-
col) methyl ether (DPM, Sigma Merck 484253), Tri(propylene glycol) methyl ether (TPM,
Sigma Merck 484245), Di(ethylene glycol) monoethyl ether (DEE, Sigma Merck 537616),
2-(2-ethylhexyloxy) ethanol (EEH, Sigma Merck 476226), Di(ethylene glycol) hexyl ether
(DEH, Sigma Merck 449393), and Di(propylene glycol) propyl ether (DPP, Sigma Merck
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484210) were all purchased from Sigma Merck. Ag-coated Cu flakes were purchased from
Guangzhou Hongwu Material Technology Co., Ltd. (Guangzhou, China), and polycarbon-
ate (PC) film (LEXAN) was purchased from Sabic (Riyadh, Saudi Arabia).

2.2. Formulating Conductive Inks

Polymers were added to corresponding solvents at 60 °C and stirred for up to a few
days to form resins containing 8 wt% polymers. These resins were mixed with Ag-coated
Cu flakes at a ratio of 40:60 wt%, respectively, and the resulting composition was mixed in
a planetary centrifugal mixer (THINKY ARE 310, Thinky USA, Laguna Hills, CA, USA)
until homogenous ink was produced.

2.3. Sheet Resistivity Measurement

Inks were screen printed on PC using screens made with a polyester 47T mesh,
stretched on a metal frame at a tension of 21-25 N with two emulsion thicknesses of
25 um and 50 pm. After screen printing, PC films with wet prints were dried in an oven at
120 °C for 30 min. Sheet resistance (m(2/[]) was measured using a 4-point probe system
(Jandel RM 3000, Jandel Engineering Limited, Leighton Buzzard, UK), and print thickness
was measured using a digital gauge (Mitutoyo, Sakado, Japan) to calculate sheet resistivity
(mQ/0/mil).

2.4. Thermoforming

A tabletop vacuum thermoformer (Jintai) was used for thermoforming. Molds with
nominal strains of 20, 60, and 100% were CNC milled from aluminum blocks. The nominal
strains of the molds were calculated according to Equation (1). L and Ly (1 cm) are shown in
Figure 1. Molds were designed to allow stretching in one direction only. The resistance (R)
of the prints was measured using a multimeter to calculate the resistance increase according
to Equation (2). The normalized resistance increase is calculated according to Equation (3).
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Figure 1. Typical cross-sectional view of a mold showing L and L used to calculate the nominal strain
of the molds. The three locations investigated by the light microscope and SEM are also designated.
2.5. Characterization

Scanning electron microscopy (SEM, Zeiss Supra 55, operated at 3 kV secondary
electron, Zeiss, Jena, Germany) was used to characterize the surface morphology of the
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films (Figure 1) at three locations, namely bottom, angle, and top, after thermoforming.
Light microscopy (Olympus BX-51, Tokyo, Japan) was used to characterize the crack
formation and their location.

Dynamic mechanical analysis was conducted on a Dynamic Mechanical Analyzer
(DMA, TA instrument DMAS850, New Castle, DE, USA). Samples were placed under a
small load of 0.3 N, and the temperature was increased from 140 °C at a rate of 5 °C/min
until sample failure to calculate the onset temperature for softening, which was used to
find out the required time for the thermoforming process. By attaching a thermocouple
to the film that is mounted on the thermoformer and recording the amount of time that is
required to reach the softening temperature, we calculated the amount of time required for
thermoforming.

3. Results and Discussion

The overall process of thermoforming is schematically presented in Figure 2. The
pastes were screen printed on PC substrates and dried in an oven. Afterward, PC substrates
were thermoformed using different molds, and the effects of polymer type and content,
flake size and content, solvent, print patterns and thickness, and mold geometry on the
electrical performance and morphology of the printed traces were studied.

(" Phase 1: Paste formulation ) ( Phase 2: Screen printing Y4 Phase 3: Thermoforming N\

J

.

Figure 2. Schematic overview of the steps required to produce free-form 3D circuits. Phase 1. Polymer
solution and Ag-coated Cu flakes are mixed. Phase 2. The resulting ink is screen printed on the
substrate and the ink is dried in an oven. Phase 3. The substrate is clamped inside a thermoforming
device, heated above softening, and conformed on a mold equipped with a vacuum pump. The
resulting 3D polymer is then removed after cooling and trimmed. Image of 2D screen-printed RFID
circuitry and 3D thermoformed circuitry.

3.1. Effect of Solvent on Sheet Resistivity

Conductive inks were made by mixing polymeric resin and copper flakes in a planetary
mixer. Solutions with 8 wt% polymer content were mixed with flakes with an average size
of 10 pum at a ratio of 40:60 wt%, respectively. The printed inks were cured in air, and the
sheet resistivity was measured using a 4-point probe, and the thickness was measured by
a profilometer.

In the first stage, a screening of solvents and polymers was performed. The results for
PEVA-based Cu ink made from screening several solvents and shown in Figure 3 indicate
that only the paste containing PEVA dissolved in PPh meets our sheet resistivity criterion
(100 mQ/0/mil). This finding signifies that even though solvents leave the paste after
drying in the oven, they can still have substantial effects on the electrical properties of
the pastes. PMMA was soluble in six of the solvents; however, pastes produced from
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alkyl-based glycol ethers, i.e., alkoxy alcohols, namely TEDM, DPM, TPM, and DEE, did
not have a good print due to transfer tailing during the separation of the screen from the
substrate, i.e., splattering. After the identification of the solvent that enables good solubility
of the polymer, and also good printability via screen printing, we evaluated the sheet
resistivity for formulations with various polymers. In our research, the criterion for good
electrical property was a sheet resistivity of 100 mQ)/1/mil or below. The measurements
showed that, in general, when the solvent with a phenyl ring was used, the resistivity was
much lower (~100 mQ2/[]/mil) as compared to that obtained while using aliphatic solvents
(EEH, DP, DEH, and TPM), with a resistivity of 180-300 m(2/UJ/mil. The solvent PPH is
known for its coalescence ability for polymer-containing paints [34], and therefore, it can
be assumed that the films formed in such formulations are more homogenous. That is why
these three pastes were chosen for further investigation of their thermoformability.
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Figure 3. Sheet resistivity for pastes with identical formulations made from different polymer/
solvent systems.

3.2. The Effects of Polymer and Solvent on Thermoformability

The DMA measurement of the substrate with the cured conductive ink (Figure 4)
shows the variation in strain at different temperatures, suggesting ~184 °C as the onset
of softening temperature. Next, we fixed a thermocouple at the back of a PC film with
the paste printed on top, clamped the film in our thermoforming device, and recorded the
variation in temperature versus the time after we turned on the heating coil. The time it
takes for the film to reach 200 °C was recorded and applied for the thermoforming of the
rest of the samples.
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Figure 4. Variation in strain for PC film with printed paste on top at a constant load of 0.3 N versus

temperature, showing ~184 °C as the onset temperature for the softening of PC sheets with printed
paste on top.
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To study the effects of polymer binder on thermoformability, pastes based on PMMA,
PVB, and PEVA solutions in PPh were screen printed on PC films, dried, and subjected
to thermoforming using the 20% strain mold. The resistance of the traces was measured
before and after thermoforming using a two-point probe. The calculated increase in the
resistance of the films along with their pre-thermoforming values for resistance, as shown
in Figure 5a, reveals the clear effect of polymer binder on the thermoformability of the
pastes. We witnessed earlier that even though solvents leave the pastes after drying, they
can have a profound effect on the sheet resistivity of the pastes. To discover if solvents
have any effect on the electrical performance of the prints after thermoforming as well,
identical PMMA pastes with different solvents, i.e., PPh and EPh, were produced, and
the changes in their electrical performance after thermoforming were investigated. These
pastes have similar sheet resistivity, but as follows from data in Figure 5b, the choice of
solvent, even though it is not present during thermoforming, may have a noticeable effect
on the resistance of the traces after thermoforming.

(a) 160 |paste [Pmma |[PvB | PEVA (b)“ZOO Paste | PMMA | PVB
X140 (PPh) | (PPh) | (PPh) S 180 {PPh) | (EPh)
8120|@ [098 [o86 |258 3150 (@) [098 [055%
i $0.14 [+0.13 | £0.12 « 140 +0.14 |0.04
E 100 E 120
8 80 s 123
E 60 E ot
E; 40- 3 40 -

e 20 & 5
0 0
PMMA (PPh)  PVB(PPh)  PEVA (PPh) PMMA (PPh) PMMA (EPh)

Figure 5. Resistance increase after thermoforming with the 20% strain mold for (a) identical pastes
made from PMMA, PVB with PPh as solvent (b) identical pastes made from PMMA and two different
solvents: PPh and EPh. The insets show average resistance values before thermoforming.

Several parameters may affect the change in resistivity after thermoforming: the
morphology of the dried polymer film, the stretchability of the polymer film, and the
melt-strength of the polymer. The Tg of the three tested polymers are PMMA~105 °C,
PVB~80 °C, and PEVA~—38 °C [35]. Therefore, PVB and PEVA have a better ability to
stretch and elongate than PMMA, resulting in larger distances between the copper particles
during the thermoforming process, and eventually lower conductivity. Interestingly, the
observed change in sheet resistivity (Figure 5) (PMMA < PVB < PEVA) is also in good
agreement with the ranking of the Tg range (PMMA > PVB > PEVA) of the polymers.

3.3. The Effects of Mold Geometry and Print Thickness on Thermoformability

As seen in Figure 6, a paste made from PMMA(PPh) yielded the least resistance
increase after thermoforming on the 20% strain mold; therefore, we further investigated
the electrical performance of this paste after being thermoformed at even higher strains,
i.e., 60% and 100%. In addition, we also investigated the effect of print thickness on the
electrical performance of this formulation after thermoforming using two different screens
with 25 and 50 pm emulsion sizes. The screen-printed traces were then dried in an oven
and thermoformed using 20, 60, and 100% strain molds. The results of their resistance
increase are shown in Figure 6a. As expected for both thicknesses, resistance increase goes
up at higher strains. However, the rise in resistance increase is much less pronounced for
the thicker print, i.e., 50 um, and it plateaus at higher strains. This trend is more evident in
Figure 6b, in which normalized values of the resistance increase are plotted. Normalized
values are calculated by dividing the increase in resistance values by their corresponding
strains, and they signify the proportion at which resistance increase values go up vis-a-vis
strain increase. The figure clearly shows that the values of normalized resistance increase
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go up with increasing strain for 25 pm prints, unlike the 50 um prints, the values for which
go down. We attribute this finding to the reinforcing effect of the paste printed on top of
the substrate. Since these pastes are practically polymeric composites printed on top of PC
substrates, they can increase the force required for conforming the films onto the molds
as their thickness goes up. It should be noted that for samples with sharp angles of the
thermoformed films, we observed that samples with 50 pm thickness do not fully conform
to these sharp angles, and as such, the actual strain imposed on the traces is lower in the
case of the 50 um prints compared to the 25 pm ones, despite the nominal values being
the same. This highlights that thicker prints have a higher resistance against deformation,
hence causing the molding process to be less conforming.

800
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300 ®50 pm
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100 . '
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0 20% 60% 100%
Strain (%)

®25 um
. . I ®50 um
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Resistance Increase (%)

(WY
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A~ O
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0

Figure 6. (a) Resistance increase and (b) normalized resistance increase for pastes made from
PMMA (PPh) at different strains. The average resistance value for PMMA (PPh) films before thermo-
forming is 0.98 £ 0.14.

3.4. Morphology of the Thermoformed Prints

The quality of printed conductive electrodes based on PMMA(PPh) printed using
the 25 um screen, and thermoformed on 20, 60, and 100% molds, was investigated via
light microscopes and SEM (Figure 7). Since the original pastes were 3D, samples were
first cut along the print lines, pulled from both ends and fixed between two glass slides
for light microscopy imaging. For SEM, small pieces of the samples were cut and fixed
on the stub. It was found that all films show a negligible change in the morphology of
the samples at the base of the mold and the top of the mold. The most significant change
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for all the samples can be observed where the samples conform to the sharp 90-degree
angle of the molds. These changes are not as visible on the light microscope images for the
20 and 60% molds but noticeable for the 100% mold. SEM was employed to investigate the
changes in the morphologies at smaller scales. SEM micrographs of the sample which was
thermoformed on the base of the molds showed no noticeable cracks in this location for all
samples. For the micrographs taken from the top of the mold, the samples prepared in the
thermoforming mold of 20% strain did not show any cracks, which is not the case for the
60 and 100% molds, as these micrographs show the presence of sporadic microcracks for
the 60% mold and slightly more cracks for the 100% mold. The most significant difference
was seen for the micrographs taken from paste conformed to the sharp mold angle for all
samples. For the 20% mold, these cracks seem to be narrow and shallow. The depth and
width of the cracks increase for the 60% mold, and some of the cracks spread through the
whole thickness of the film, making the substrate visible underneath. The most obvious
change, as expected, occurred for the paste thermoformed on the sharp angle of the 100%
mold, in which case, the cracks are even evident on the low-magnification micrograph.
Here, a lot of cracks, many of them as deep as the thickness of the paste, can be observed,
which are responsible for the drastic increase in the resistance of the films.

Base

Base

Figure 7. Low-magnification light microscope images for pastes molded on 20% strain mold (top),
60% strain mold (middle), and 100% strain mold (bottom). Higher-resolution light microscope
images were taken from three locations for each sample: at the base of the mold, at the 90% angle,
and at the top of the mold. SEM micrographs were taken from three locations as well, similar to
high-magnification light microscope images.
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3.5. Demonstration: Thermoformable RFID Circuit

Once we have established the printing compositions and the thermoforming process,
we evaluated the feasibility of obtaining a functional thermoformed device. To demonstrate
this, we used conductive inks composed of Ag-coated Cu flakes, with PMMA dissolved in
PPh, to print an RFID antenna on PC substrates. After thermoforming (Figure 8) using the
60% mold, it was found that the continuity was not affected and an LED could still be lit,
although the total resistance was increased from 11 + 1 to 44 + 8 ohm. In addition, it was
found that the thermoformed antenna could be used for RFID communication, while the
readability did not show any drop using a 13.56 MHz chip from a distance of 1 cm.

Figure 8. A typical RFID antenna design after printing on PC and thermoforming.

4. Conclusions

In this study, we explored different polymer/solvent/flake systems to obtain conduc-
tive printing compositions that are suitable for applications in plastic electronics which
require thermoformability. Our results indicate that printing formulations composed of
PMMA solutions in PPh with an 8 wt% polymer content and Ag-coated Cu flakes, in a
40:60 ratio, exhibited the best properties. The silver coating of the flakes prevents oxidation
of the copper at the temperature experienced during the thermoforming process. These
compositions, when screen printed on PC substrates, were analyzed for the effect of print
thickness and mold geometry on their electrical properties. The best compositions expe-
rienced a sheet resistance increase of about four times only upon thermoforming using
molds that induce strains of up to 20%. Morphological analysis of the films revealed a
non-uniform strain distribution, with the highest strain observed at the mold’s 90° angle.
The PMMA-PPh-based printing ink was employed to print circuits for RFID antennas,
and these antennas exhibited consistent RFID readability at a frequency of 13.56 MHz
after thermoforming with strains up to 60%. These results suggest a potential approach
to producing thermoformable plastic-printed electrical circuits, which are important for
the emerging field of flexible hybrid electronics for applications in various fields including
automotive, aerospace, and household electronics.
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