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In this work, the application of 3D printing for microfabrication and mechanical stress characterization in flexible electronics is presented.
The 3D printing method used is fused deposition modeling with polylactic acid (PLA) filament as an eco-friendly alternative. For mechanical
stress characterization, a 3D device is designed to be adapted to the requirements of flexible samples showing accuracy, versatility and ea:s
implementation in any probe-station. For microfabrication, a PLA 3D shadow mask is used to transfer silver patterns to flexible substrates
such as Polyethylene Terephthalate (PET) and photographic paper. A systematic study to evaluate the mechanical stress in the silver patter
is conducted using the 3D printed devices previously designed. The silver film is evaporated using a thermal evaporating coater. Finally, to
demonstrate a flexible Printed Circuit Board (PCB) application, a silver path evaporated on PET substrate is used as a transmission line for ¢
sine electrical signal. The flexible PCB exhibits a reliable electrical operation even when the substrate is bent.
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1. Introduction offer the advantage of a non-toxic biodegradable material de-
rived from natural sources [12]. Although there is an interest
Recently, flexible electronics is gaining attention in the re-in the use of other biobased and biodegradable filaments [15],
search community due to several novel applications fodifferent strategies are under development to strengthen PLA
wearable and Internet of Things (IoT) technologies, sincan biomedical and agriculture applications [15]. Moreover,
cardiovascular healthcare monitoring, electrochemical serPLA is considered a reliable option to develop conductive fil-
sors, flexible displays, flexible integrated circuits, amongaments in biosensors [16]. Another great advantage of 3D
others [1-4]. Flexible electronics have the advantage oprinting is the wide range of designs and applications due to
stretchability, bendability, and/or conformability thanks to the digital modeling of a 3D piece by computer aided design
the use of flexible substrates such as Polyethylene Tereplf€AD) software.
thalate (PET), Polyethylene Naphthalate (PEN), Thermoplas- It is of interest that 3D printing may find a reliable use
tic Polyurethane (TPU), cellulose paper and especially polyin flexible electronics microfabrication, with the advantages
imide [3,5,6]. The main challenge in flexible electronics mentioned earlier, can be used as a fast-prototyping tool for
is the mechanical stability, since the devices are bent anfrinted Circuit Boards (PCBs) and flexible devices. Usu-
stretched several times which affects their electrical operaally in microfabrication of electronic devices in rigid sub-
tion [1,3,7]. The bending tests are necessary to extract patrates, such as silicon wafers and glass, photolithography
rameters while the device is in operation. However, severaand wet/dry etching processes are widely used to transfer
authors reported in literature bending tests using glass tubgmatterns in order to fabricate the device [17,18]. A shadow
or metal/plastic rods with radius selected randomly, not bymask can be an alternative when a material can be damaged
experimental design [1,2,4,6,8-11]. This limits the mechandy photolithography or etching processes, or even to make
ical stress characterization since varying systematically théaster the fabrication process [18]. However, the fabrication
tensile radius becomes inaccurate, complex and/or expensivef a shadow mask implies the use of photolithography and
On the other hand, 3D printing technology has revolu-wet etching processes as well. For these reasons, low-cost
tionized both research and industry fields due to low-cos8D printed shadow masks have been explored as an alterna-
and ease of operation. The most widely 3D printing methodive to transfer metal patterns in microfabrication [17-20]. In
used is fused deposition modeling (FDM), where an extrudeRef. [17], an ABS shadow mask was 3D printed to transfer a
mechanism is used to deposit layers of fused thermoplastitO0 nm-thick copper pattern on glass substrates using a high
material [12-14]. Also, 3D FDM printing offers non-toxic vacuum thermal coating equipment. In Ref. [18], an ABS 3D
materials and rapid prototyping [12]. Different thermoplasticprinted shadow lift-off mask was printed directly onto the Si
filaments can be used in 3D FDM printing, where the poly-wafer. Ti/Au films were sputtering through the 3D printed
lactic acid (PLA) and the copolymer acrylonitrile butadiene mask to transfer the pattern.
styrene (ABS) are the most widely used [12]. PLA filaments In this work, the application of 3D printing for micro-
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fabrication and mechanical stress characterization in flexible

electronics is presented. The 3D printing method used is
FDM with PLA filament. For mechanical stress characteri-

zation, a 3D device is designed to be adapted to the require;
ments of flexible samples showing accuracy, versatility and

easy implementation in any probe-station, in order to address

the limitations reported in literature by using random tensile

radius. For microfabrication, a PLA 3D shadow mask is usedFIGURE 2. Shadow mask design with patterns at different separa-
to transfer silver patterns to flexible substrates such as PEfon.

and photographic paper, offering a low-cost, fast fabrication

and reliable alternative. Moreover, with the use of PLA theto find the minimum length resolution in the printed mask.
3D shadow masks become a biodegradable option. The silvdihe pattern consists in rectangular shapes with a width of
film is evaporated using a thermal evaporating coater. 10x and length of 2x, with a separation of x to 4x. Initially,

x was used at 100m and was increasing until the minimum
length was found in the 3D printed mask. Figure 2 shows
the shadow mask design. To evaporate the silver film a ther-
In flexible electronics applications, it is of great relevance toMal evaporating coater (GSL-1700x-SPC2, MTI Corp.) was
establish the effect of deformation on electrical performancetSed. PET and photographic paper substrates were used. The
and it is also important to determine the critical deforma-€l€ctrical measurements were made using a function genera-
tion at which the flexible device electrically fails. Usually, t©r (UNI-T model UTG9005C) and an oscilloscope (UNI-T
the bending effects are calculated considering the bent of tH&0del UT-81B). An electrical signal from 10 to 200 kHz and
sample fitted in a cylinder of radius Thus, the tensile ra- 4V amplitude was used. There is no specific reason to choose

dius, which is inversely proportional to the strain, is used acthe frequency and amplitude parameters for the electrical sig-

2. Experimental section

cording to the Eq. (1) [21]. nal, since it is just for an application example. A sine signal
is closer to the typical signals used in analog electronics, al-
Strain(%) = ((ST +TT)/2r) - 100, (1)  though triangular and square signals were also evaluated. All

where ST is the substrate thickness, TT is the thin-film thick-the measurements were performed at room temperature and

ness and- is the tensile radius of the substrate. Figure 1amb|ent conditions.
shows a schematic representation of Eq. (1).

The FDM Ender-6 3D printer from Shenzhen Creality 3D ; .
Technology Co., Ltd was used. Polylactic acid (PLA) fila- 3. Results and discussion
mgnt was used as a blgdfagradable alfce'rnanve. The generI‘?ilgure 3 shows a basic design with a fixed tensile radius fol-
print settings were Quality: 0.1 mm, Infill: 80%, Top/bottom . ) . ;

. - lowing the schematic representation of Fig. 1. As can be seen
pattern: zig zag. The printing temperature was “ZD@nd

the bed temperature 8C. The Creality slicer 4.8.2 software n F|g. 3a),_ the top. sur.face of thg printed device follows t.he
L g tensile radius making it easy to fit the sample to the device.
was used. The printing time was 5 min.

For the use of 3D printing for microfabrication, a shadow Figures 3b), 3c) and 3d) show different views of the design.

mask was designed with patterns at different scalesin ord (?ne advantage of this design is that the height and length can
9 P e adjusted to fit the size of the sample, while the top surface
can maintain the same tensile radius. These features offer

SAMPLE versatility and accuracy in order to characterize systemati-

cally different strain values, since a variety of different tensile
A radius can be designed for the same flexible device.
Figure 4a) shows a set of 3D printed devices with a va-

riety of different tensile radius. In these printed devices, the
length of the device was fixed at 2.5 cm to fit our samples.
Figure 4b shows the use of the printed device with a sam-
ple of electronic devices fabricated on PET substrate. As can
be seen in fig. 4b, the printed device can be easily adapted
to any probe-station for characterization while the electronic
device is in operation. In comparison with the reported in lit-
erature, the 3D printed device can have specific parameters to
accurately calculate the strain in any kind of flexible sample.
FIGURE 1. Schematic representation of the tensile radius in a flex- Therefore, this design offers a reliable alternative to study
ible sample. the strain-dependent characteristics in flexible electronics by

TENSILE RADIUS
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FIGURE 4. A set of printed devices with a range of different tensile radius. a) Printed devices, b) printed device adapted to a probe-station
for characterization.

varying systematically the tensile radius. For the case to evahdvantage of these bending systems is the probable inaccu-
uate a different shape, such as a concave position, this desigate tensile radius that can be calculated from the curve. Also,
can be adapted to meet the specific requirements. they may present high-cost and complexity to integrate them
According to the literature, a few bending machines havewith a probe-station. For these reasons, 3D printing can be
been reported [3,7,22]. Some of them consist of one fixed low-cost and reliable alternative to be implemented in the
plate and a second movable plate to adjust the tensile radiusechanical stress characterization in flexible electronics.
of the flexible devices by bringing the plates closer together. On the other hand, another interesting application of 3D
Although these machines are useful, they can be large angtinting in Flexible electronics is microfabrication of PCBs
complex to integrate into a probe-station. In Ref. [23], theand flexible devices. In Fig. 2 the pattern of different con-
authors reported the use of a commercial three-point flexurgacts was shown to be 3D printed as a shadow mask. In order
testing system, which can offer reliable accuracy, but alsdo find the minimum optimal resolution, 1Qfm was consid-
the inconvenience of high-cost, large-area and complexitgred as the minimum length and then, it was increasing until
to integrate it within a probe-station. In other works, it hasan optimal resolution was found. Figure 5a) shows the 3D
been reported home-made bending systems to characteripeinted shadow mask with a non-optimal minimum length of
the strain by varying the tensile radius [1,21,24-31]. Some 0250 um. As can be seen, the 3D printer does not have the
them consist in two fixed plates to hold the sample on bottresolution to print at this scale accurately. The optimal mini-
sides, and as the plates get closer, the sample tends to bemaym length was found at 6Q@m with a variation of£10 zm
forming a curve to calculate the tensile radius. The main dis{16 patterns were evaluated), as shows Fig. 5b). In other pub-
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d)

FIGURE 5. 3D printed shadow mask. a) With a minimal length of 258. b) With an optimal minimum length of 600m. c) Variations in
patterns with a resolution lower than the minimum found. d) A well-defined pattern in the 3D printed shadow mask with the optimal minimal
resolution found.

lished works the minimum resolution reported was close tcsubstrate used. It is important to mention that current-voltage
740-870pm and some novel applications were in the rangemeasurements of Fig. 7 are representative of 10 measure-
of millimeters [18,19,32-35]. In Ref. [32], a glucose sen- ments in each substrate.

sor screen-printed on Algae-based substrates with a mini- The set of printed devices of Fig. 4 were used to sys-

ImuFrzn fsp:;mg between _elte (zjtrr(])deg d(')tf 1.2 mm Wtis r3!00rteqematically characterize the mechanical stress in the silver
n e];1[7 ],;screen{rﬁ)rme_ umi II ystinsfo;m a Imen'paths, varying the tensile radius from flat position to 7.5 mm.
SION OFL7 > 2o MM with @ minimum fength ot - MM was ré- g6 tangile radius were selected 17.5 mm, 15 mm, 12.5 mm,

ported. This minimal resolution is reliable for Flexible PCBs 10 mm and 7.5 mm. The resistance was calculated using the
and may be eff|c_|ent for fast protot_ype fa_brlcatlon of SENSOShhm's law. Table | shows the summary of the calculated val-
electrodes and interconnections in flexible electronics. Al-

: o S . ues. The values were calculated from 5 measurements in each

though not yet_fo_r h|gr_1—den5|ty mtegrated CII‘CU!tS. Figure SCZPrinted device and each substrate.
shows the variations in patterns with a resolution lower tha
the minimum found, while Fig. 5d) shows a well-defined pat- ~According to the results, the silver paths exhibit very sim-
tern in the 3D printed shadow mask with the optimal minimalilar resistances from flat position to a bent position with a
resolution found 00 + 10 xm). tensile radius of 7.5 mm. It can be noted that the resistance

Figure 6 shows the silver evaporated paths on differenglightly increases with the reduction of tensile radius in both
substrates. Figure 6a) shows the paths in the 3D printegubstrates. After each bent measurement, the samples were
shadow mask for comparison. Figure 6b) shows the silfeleased and measured in flat position, where the values re-
ver paths evaporated on silicon wafers, while Figs. 6c) andnain similar to the original flat position measurements. This
6d) show the silver paths on PET and photographic papepdicates thatthere is no degradation in the silver paths during
substrates, respectively. Figure 7 shows the current-voltag@e mechanical stress. These reliable results open the oppor-
measurements of the silver paths. All measurements exhibitinity to explore the use of 3D printed shadow masks in Flex-
linear and symmetric behavior expected in ohmic contactgble PCBs applications. Recently, the research community
Based on forward and reverse measurements, it can be olginterested in the challenges of manufacturing biodegrad-
served that hysteresis is negligible. These results offer thable PCBs and their novel applications in devices and sensors
possibility of using the silver paths as conductive tracks in[36]. The use of recyclable substrates such as PET and paper
flexible, recyclable or biodegradable PCBs according to théulfils the requirements for these applications.

TABLE |. Resistance of the silver paths on different substrates varying the tensile radius systematically.

Substrate Flat Position 17.5mm 15 mm 12.5 mm 10 mm 7.5mm
PET 5.7+0.1Q 5.7+0.2Q 5.7+0.20Q 59+0.20Q 6.0+0.30Q 6.2+0.30Q
Paper 1514040 1514040 1524040 15.44+0.4Q 15.7+0.5Q 15.94+0.5Q
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100 um

c) 7 d)
FIGURE 6. Silver paths evaporated on different substrates. a) Paths in 3D printed shadow mask for comparison. b) silver paths evaporatec
on silicon wafers. c) silver paths on PET substrates. d) silver paths on photographic paper.

Oscilloscope

To demonstrate a flexible PCB application, a silver path
evaporated on PET substrate is used as a transmission line fol
a sine electrical signal. The selected electrical characteristics
were just as an example. The flexible PCB is under operation
in flatand bent positions. Figure 8a) shows the schematic

Function
Generator
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S Flexible PCB
0.10 1 Si
Photographic Probe-Station
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FIGURE 7. Forward and reverse current-voltage measurements ofF/GURE 8. Demonstration of a transmission line in flexible PCB

the silver paths on different substrates. Inset: Photograph of the2Pplications. a) Schematic representation of the test and measure-
silver paths on photographic paper. ments setup. b) Bent sample using a 3D printed device with a ten-

sile radius of 7.5 mm.
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“ be useful for this purpose and also, can be used to evaluate
INPUT the Transfer Length Method (TLM) which consist in current-

is voltage measurements of contacts at different separation [38].
Based on the results shown in this work, 3D printing
can find a reliable use for microfabrication and mechanical
_;i stress characterization in flexible electronics. 3D printing of-
FLAT fers unlimited possible designs that can be adapted to the re-
“ quirements of every single application and can enable several

i/\A/v\/ novel applications in flexible electronics.

p 4. Conclusions
2 BENT

4 In this work, the application of 3D printing for microfabrica-
= tion and mechanical stress characterization in flexible elec-
13 tronics is presented. In mechanical stress characterization,
the 3D printed device shows accuracy, versatility and easy
 n e e = w w e implementation in any probe-station for characterization dur-
Time (us) ing operation of the electronic dgvices. The PLA 3D'shadow
mask successfully transferred silver patterns to flexible sub-
FIGURE 9. Electrical measurements of the transmission line in flat strates such as PET and photographic paper. The current-
and bent positions. The input signal is shown for comparison.  voltage measurements of the silver paths exhibit linear, sym-
. metric behavior and negligible hysteresis. The optimal mini-
representation of the test and measurements setup, afgm |ength was found in 600m, this resolution is reliable
Fig. 8b) shows the bent sample using a 3D printed devicgy Flexible PCBs and may be efficient for fast fabrication
with a tensile radius of 7.5 mm. Figure 9 shows the electrica|y, fexible electronic devices. The demonstration of a flexi-
measurements of the transmission line in flat and bent posj5;e pcy application is shown. The transmission line did not

tions, the input signal is shown for comparison. These resultgyq,y signal loss or attenuation, even when the flexible PCB
indicate that there is no signal loss or attenuation in the transg pent with a tensile radius of 7.5 mm.

mission line, even when the flexible PCB is bent and returned
to flat position. The sine signal was switched to triangular
and square signals with similar results (not shown here), adcknowledgments

expected. Moreover, the initial frequency was 10 kHz an .
was increased to 200 kHz with no_attenuation or signal Ios(sirhe authors want to thank the personnel of the Flexible Elec-
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