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ABSTRACT: Three-dimensional (3D) printers have attracted
considerable attention from both industry and academia and
especially in recent years because of their ability to overcome
the limitations of two-dimensional (2D) processes and to
enable large-scale facile integration techniques. With 3D
printing technologies, complex structures can be created
using only a computer-aided design file as a reference;
consequently, complex shapes can be manufactured in a single
step with little dependence on manufacturer technologies. In
this work, we provide a first demonstration of the facile and
time-saving 3D printing of two-terminal micro-electromechan-
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ical (MEM) switches. Two widely used thermoplastic materials were used to form 3D-printed MEM switches; freely suspended
and fixed electrodes were printed from conductive polylactic acid, and a water-soluble sacrificial layer for air-gap formation was
printed from poly(vinyl alcohol). Our 3D-printed MEM switches exhibit excellent electromechanical properties, with abrupt
switching characteristics and an excellent on/off current ratio value exceeding 10°. Therefore, we believe that our study makes an
innovative contribution with implications for the development of a broader range of 3D printer applications (e.g, the
manufacturing of various MEM devices and sensors), and the work highlights a uniquely attractive path toward the realization of

3D-printed electronics.
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B INTRODUCTION

Three-dimensional (3D) printing can overcome general
problems arising from two-dimensional (2D) processes;
hence, 3D printing technologies have recently attracted
considerable attention from both academia and industry for
their potential applications to various fields such as aerospace,
automotive, medicine, and semiconductor engineering.l_7 This
family of manufacturing technologies enables the reliable and
accurate fabrication of structures of a broad range of sizes (from
the sub-micrometer scale to several meters) with complex 3D
features. In particular, 3D printing is easy to use, is cost-
effective, and is freely adaptable to use on a wide range of
compatible materials (e.g., metals, polymers, and ceramics) to
produce desired structures.’ "> Furthermore, nontechnical
users can easily produce complex products either independently
or upon request using 3D printers. In particular, by means of
computer-aided design (CAD) files, various complex products
such as electronic devices can be fabricated by merely sending
necessary files to the 3D printer software.”*%'¢~"
Micro-electromechanical (MEM) switches have received
widespread attention as promising candidates for surpassing
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the limitations of currently complementary metal-oxide-semi-
conductor (CMOS) technologies and at present are also
essential components of the circuit architectures of various
MEM systems.””~>* MEM switches can be fabricated without
semiconducting materials because they can be operated
through the electrostatic actuation of a freely suspended
electrode rather than through the modulation of the
conductivity of a semiconducting channel. Thus, MEM
switches ensure lower insertion losses and consume less
power than switches based on conventional CMOS technol-
ogies such as field-effect transistors or diodes.”"*>~*” However,
as MEM switches are generally composed of complex 3D
structures with suspended electrodes, they are inefficient to
produce via 2D processes. In recent years, to address limitations
arising from difficulties associated with fabricating MEM
switches, low-cost MEM switches fabricated via inkjet printing
have been reported.”*™*° Nevertheless, complex processing
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Figure 1. (a) Schematic illustrations of a 3D-printed two-terminal MEM switch in the nonconducting off state and in the conducting on state. The
MEM switch exhibits a pull-in phenomenon because of the electrostatic force acting on the suspended electrode when voltage is applied to the fixed
bottom electrode. (b) Process flow for the fabrication of a 3D-printed two-terminal MEM switch. First, a CPLA layer was printed to form a fixed
bottom electrode. A PVA layer was then printed on the CPLA as a water-soluble sacrificial layer. Then, another layer of CPLA was printed to form a
freely suspended electrode with a hammerhead structure. Finally, the PVA layer was dissolved in DI water to achieve the mechanical separation of

the electrodes, yielding the final 3D-printed two-terminal MEM switch.

issues still remain (e.g., the need for separate steps for sintering,
annealing, and contact electrode formation), thus resulting in
low levels of throughput. However, a 3D printer can
simultaneously make adjustments in three directions; hence,
with use of a 3D printer, MEM switches can be fabricated
without the expensive infrastructure, such as sterile rooms,
photolithography equipment, and masks, required for the
conventional manufacturing of MEM switches. Therefore, 3D-
printed MEM switches are expected to save process time and to
enable manufacturing with high throughput and at low cost.

In this paper we illustrate the fabrication of two-terminal
MEM switches using a commercially available 3D printer. Two
thermoplastic materials, conductive polylactic acid (CPLA) and
poly(vinyl alcohol) (PVA), were used for the fabrication of 3D-
printed MEM switches. Our proposed MEM switch design is
composed of a two-terminal configuration consisting of a freely
suspended electrode and a fixed bottom electrode; both
electrodes were 3D-printed using CPLA. Mechanical separation
between the electrodes was achleved by dissolving a sacrificial
layer 3D-printed via PVA in water;’' —* this fully prevented a
leakage current from forming under the nonconducting “off
state”. When we applied an electrical bias between the freely
suspended electrode and fixed bottom electrode, the suspended
electrode collapsed toward the bottom electrode, establishing
mechanical contact and creating a current path under the
conducting “on state”. Our 3D-printed MEM switches exhibit
excellent electromechanical properties such as abrupt switching
and a high on/off current ratio. Although these two-terminal
MEM switches are not appropriate for high-power radio
frequency applications because of their self-actuation, they can
be applied in cross-bar memory devices or transformable
building blocks. Our results are expected to make an innovative
contribution to the field of MEM systems as a first step toward
the application of 3D-printed electronics.

B RESULTS AND DISCUSSION

Fused deposition modeling (FDM), which is commonly used
as the printing method in 3D printers, allows for the fabrication
of parts using a range of materials, including elastomers and
polymers.”> FDM is an additive manufacturing technology
through which thermoplastic materials are melted by a heating
coil in an extruder, are laminated layer by layer, and are

hardened by a fan operating on each side of the work area to
produce tangible objects. Thermoplastic materials suited to
FDM-based 3D printers®'"'>***® (CPLA (Proto-Plant Inc.)
and PVA (eSUN Inc.)) were used in this study for the efficient
fabrication of our 3D-printed MEM switches. Using an FDM-
based 3D printer that is readily commercially available, we
demonstrated the fabrication of two-terminal MEM switches
(for information on the main components of the FDM-based
3D printer used in this study, see Figure S1 in Supporting
Information). Figure la schematically illustrates the operating
principle of our 3D-printed MEM switch design. The two-
terminal MEM switch consists of a fixed bottom electrode and
a freely suspended upper electrode with a hammerhead
structure. When the switch is in the off state, an air gap
separates the upper and lower electrodes such that ideally no
current can flow between them. This is the main advantage of
MEM switches, and indeed the only leakage current was found
at the noise floor of our measurement setup. When a suitably
large voltage difference is found between the electrodes, the
suspended upper electrode is electrostatically actuated down-
ward into contact with the fixed bottom electrode, generating a
current path and causing the switch to enter the on state. This
phenomenon is referred to as “pull-in”, and the voltage (Vpy) at

which it occurs is dependent on design parameters of the switch
27,37,38
used:”"""

(1)

where kg is the effective spring constant of the suspended
upper electrode, g,;. is the as-fabricated air gap thickness, g, is
the permittivity of the vacuum, and A, is the overlapping
area between the upper and lower electrodes. Notably, all of the
materials used to fabricate our MEM switches were
simultaneously printed by the 3D printer, facilitating easier
fabrication compared to that achieved using the conventional
manufacturing technique based on 2D processes. The design of
the air gap is particularly important for determining the
operation characteristics of an MEM switch; in our study, the
air gap was easily formed by 3D printing a sacrificial layer and
then dissolving it in water.
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Figure 1b illustrates the fabrication process used for a 3D-
printed two-terminal MEM switch. A 3D printer can control
the density of printed material during printing. For this
fabrication process, we selected a CPLA density value of 100%
to enhance surface properties when the two electrodes were in
contact with one another (see Figure S2 in Supporting
Information). First, the nozzle temperature inside the 3D
printer was set to 240 °C, which is the melting point of CPLA.
A 300-pum-thick layer of CPLA was printed on a test printed
circuit board (PCB) substrate to serve as the fixed bottom
electrode. Then, a layer of PVA, which is soluble in water, was
printed as a sacrificial layer at a nozzle temperature of 190 °C.
Considering the length of the suspended electrode (L) that
was to be printed later, the thickness of the PVA was designed
to form a suitable air gap between the suspended upper
electrode and the fixed bottom electrode. MEM switches
require exerting very good control over g, to minimize
variations in operation characteristics; we achieved this by
applying a PVA density level of 100%. Next, the freely
suspended upper electrode was printed on the sacrificial PVA
layer via CPLA. While printing the freely suspended electrode,
we created a “hammerhead” structure at the end of the
electrode to reduce Vp; by increasing Ay, In addition, Vp
can be further reduced by decreasing kg which is expressed as
follows (for more information on the derivation of kg, see the
Supporting Information) 2

_ Ewg/
eff 4Lse3

41(L,. — x)

2 3

3L, + 49.5x — 74.25x(i) + 29x(i) - 7.25x(i)
Ly L Lee

2)

where E is the Young’s modulus for the upper electrode, W is
the width of the suspended upper electrode, and t, is the
printed thickness of the suspended upper electrode. Therefore,
an increase in the distance (x) between the fixed bottom
electrode and the anchor supporting the suspended electrode
will result in a reduction in kg and in a corresponding decrease
in Vp; (see Figure S3 in Supporting Information). For this
calculation, we used an E value of 2465 + 500 MPa, which was
extracted from several CPLA samples using the American
standard test method (see Figure S4 in Supporting
Information). Additionally, it is important to optimize the
thickness of the upper electrode because this value determines
kg an excessively thin beam will collapse upon release due to
stiction, whereas a thicker beam will have a higher V;; value and
hence will exhibit higher levels of dynamic power consumption.
Thus, we applied a thickness of 360 ym, which is the lowest
thickness that can support the freely suspended electrode
during the release of the PVA sacrificial layer. As a final step, the
manufactured device was immersed in deionized (DI) water
and was subjected to ultrasonic treatment for a few minutes at
room temperature to selectively dissolve the printed sacrificial
PVA layer to form an air gap. We verified that structural and
electrical properties of the CPLA remained unchanged while
the CPLA was immersed in DI water (see Figures S5 and S6 in
Supporting Information). In summary, using only a 3D printer,
we fabricated our 3D-printed MEM switches without applying
any complex processes (e.g, etching, annealing, or sintering).
Although our MEM switches are larger in size than previously

reported MEM switches fabricated via conventional 2D
processes, our devices can be scaled down using a state-of-
the-art 3D printer.40 Moreover, the entire process was
performed at room temperature, and no high-temperature
annealing or treatment was required; consequently, these
devices are attractive for fabrication on a wide range of
substrates. Figure 2a shows an optical image of a 3D-printed
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Figure 2. (a) A 3D-printed two-terminal MEM switch with a freely
suspended electrode fabricated on a PCB substrate. (b) Magnified
views of key components of the 3D-printed MEM switch: the g,;, after
the removal of the sacrificial PVA layer, the thickness t, of the
suspended electrode, the anchor supporting the suspended electrode,
and the hammerhead structure of the suspended electrode.

two-terminal MEM switch. Magnified views of critical
components of our MEM switch are shown in Figure 2b.
Main parameters of the fabricated switch are illustrated in Table
1. After the removal of the sacrificial layer, the g, between the

Table 1. Summary of the Parameters of the Fabricated MEM
Switch

parameter value
length of suspended top electrode (L,,) 22 +0.14 mm
width of suspended top electrode (W) 0.8 +0.06 mm
width of hammerhead section of top electrode (W,) 4.1 + 0.1 mm
distance between fixed bottom electrode and anchor (x) 16 + 0.17 mm
air gap thickness (g,;,) 0.12—0.19 mm

overlap area between top and bottom electrodes (Agyey,) 24 % 091 mm?

thickness of suspended top electrode (t,) 0.36 +0.01 mm

two electrodes was evaluated through a microscope. The value
of g, was approximately 160 pm, which is significantly larger
than the gaps of conventional MEM switches reported to date.
However, the feasible gap size can be reduced using a state-of-
the-art 3D printer. Furthermore, although we used a sequential
two-step process in this study to form an air gap (ie., first
printing and then dissolving the sacrificial PVA layer), we also
expect to be able to achieve necessary levels of mechanical
separation in one step when using a high-performance 3D
printer.

Figure 3a shows microscopic images of a 3D-printed MEM
switch in the nonconducting and conducting states (i.e., the off
and on states). In the off state, there is physical separation
between the two electrodes that ensures the achievement of the
off state. In the on state, the hammerhead region of the
suspended electrode is in close contact with the bottom
electrode, generating a current path. Electrical characteristics of
the fabricated device are presented in Figure 3b. The voltage
plotted on the x-axis is the voltage (V) applied between the
upper and lower electrodes, and the current plotted on the y-
axis is the current (I) flowing between the two electrodes. In
the off state, the leakage current is immeasurably low (below
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Figure 3. (a) Microscopic images of a 3D-printed MEM switch in the on and off states. (b) Measured I—V characteristics of the 3D-printed MEM
switch. I was artificially limited to 10 A to prevent significant Joule heating and consequent welding. (c) Comparison of the measured VPI values for
several 3D-printed MEM switches with different g,;. values to the theoretically predicted values.

the noise floor of the parameter analyzer). As the voltage
increases to above Vpy, the switch turns on, and the current rises
quickly from the nonconducting off state to the conducting on
state. The on/off current ratio exceeds 10°. The device shows
abrupt switching characteristics: the subthreshold slope is less
than 10 mV/dec, which is far lower than the theoretical limit
(60 mV/dec) for CMOS devices at room temperature. When V/
is reduced to below the release voltage (Vg ), the 3D-printed
MEM switch turns off because the sum of the electrostatic force
and the surface adhesion force becomes lower than the spring
restoring force.

The Vp; of an MEM switch is the most important indicator of
device performance; hence, we compared the measured Vp;
values with the calculated values as a function of g, as shown
in Figure 3c. The symbols shown correspond to sets of
measured Vp; values for 3D-printed MEM switches with various
gap sizes g, and the lines represent theoretically predicted
values calculated from the simplified model of a two-terminal
MEM switch (eq 1). For this calculation, we used a kg value of
2.73 N/m obtained from eq 2 by considering the structure of
our switches. Although some discrepancy between the
calculated and measured values can be observed because of
the nonuniform thickness that arose during layer-by-layer
stacking when printing the PVA layer, we found an effective
reduction in Vp; with a decreasing g,. This consistency
between the measured and calculated values shows that the
simplified model is well suited to describe the electro-
mechanical behaviors of our 3D-printed MEM switches,
facilitating design-to-fabrication consistency. In addition, a
further reduction in Vp; is expected to be achieved by more
accurately controlling the thickness of the printed PVA layer.

Representative I—V characteristics of a 3D-printed MEM
switch with a g, of 190 pum as observed during cyclic
measurements are shown in Figure 4. The I-V curves, which
rose at slightly varying values of Vp; during cyclic testing, show
the occurrence of mechanical actuation induced by the
electrostatic force. In the first two cycles, I rose at the same
Vpy, but after these two cycles, the Vp; value suddenly decreased,
indicating a chan§e in g, and a physical degradation of the
contact surface.*”*” As the thermoplastic material (i.e., CPLA)
used to fabricate the electrodes has a lower melting point and is
softer than typical metals, the 3D-printed MEM switch
underwent unwanted Vp; degradation. Although the device
showed poor levels of reliability, it is encouraging to note that
the introduction of harder 3D-printable metals with better
resistance to corrosion and contamination compared to CPLA
can lead to further improvements in the reliability of 3D-
printed materials.

(a) (b)
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Figure 4. (a) Representative I—V characteristics of a 3D-printed MEM
switch with a g,;. of 190 ym during cyclic measurements. (b) Vp; values
extracted from the cyclic measurements. The value of Vp; decreased as
the number of contact instances increased because of the physical
degradation of the contact surface.

B CONCLUSION

We have demonstrated the facile fabrication of two-terminal
MEM switches using a commercially available FDM-based 3D
printer. We fabricated MEM switches in a single printing step
using 3D-printable thermoplastic materials. Our 3D-printed
MEM switch design has a two-terminal structure with a freely
suspended upper electrode and a fixed lower electrode printed
from CPLA. In addition, to achieve the physical separation of
the two electrodes, a layer of water-soluble PVA was printed
between the electrodes. Our 3D-printed MEM switches exhibit
excellent electromechanical properties in both the on and off
states, showing promise for the applicability of 3D-printed
electronic devices. Consequently, 3D-printed MEM switches
are intriguing candidates for the implementation of high-
throughput and low-cost MEM devices.

B METHODS

The 3D printing process was performed using a SPROUT single-
nozzle 3D printer (Former’s Farm, Inc., Korea). Using only a CAD
file, we fabricated 3D-printed MEM switches by loading the CAD file
to the 3D printer software program. The designed MEM switches were
printed layer by layer. In our experiment, the diameter of the 3D
printing nozzle was set to 400 um, and the nozzle moved at a speed of
10 mm/s. For CPLA and PVA printing, nozzle temperatures were set
to 240 and 190 °C, respectively, which are close to the melting points
of each material. The process of fabricating an entire MEM switch
took less than 30 min, including the 3D printing process required to
produce electrodes and the sacrificial layer and the process of
dissolving the sacrificial layer to form an air gap.
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S1. Main components of the FDM-based 3D printer

Figure S1 shows photographic images of the 3D printer, which operates based on the FDM method,
and the main components of the 3D printer, including the bed, fans, and extruder. Thermoplastic
material is printed on the bed at a controlled temperature. The bed can move semi-automatically in the
vertical direction, and care must be taken to properly adjust the printing position. A fan is located on
each side of the extruder to cool the printed thermoplastic to quickly to solidify it. As a component of
the extruder, the heating coil melts the thermoplastic by heating it to a temperature exceeding its melting
point. As another component of the extruder, the nozzle can withstand temperatures exceeding the
melting points of 3D-printable thermoplastics, as it is composed of stainless steel with low thermal

conductivity.

Figure S1. Photographs of the FDM-based 3D printer used to fabricate the 3D-printed MEM switches

and its components.
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S2. Top-view micrograph images of the 3D-printed CPLA of various densities

Figure S2 shows top-view micrograph images of the 3D-printed CPLA layers of various densities
(25%, 50%, 75%, and 100%). The internal density of the printed structures can easily be controlled
using a 3D printer; hence, a higher density can generate enhanced surface properties in the printed
structures. As the two electrodes are in contact with one another in an on state in our 3D-printed MEM

switches, it is necessary to print the CPLA at a density of 100% to improve surface characteristics.

#

Density=75%f =~ :- Dehs'it;y:‘»:,_l‘OO%

Figure S2. Micrograph images of the 3D-printed CPLA layers of various densities (25%, 50%, 75%,

and 100%).
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S3. Derivations of the k. equation and calculations of the normalized ks values for the two-
terminal MEM switches
In our previous study, the k. for two-terminal MEM switches with a hammerhead structure is

denoted by the following equation:

24EI y

k.=
3(LS€ — x)(Lse + x)2 + 2yx2 (x + 3LS€) +12xL, (Lse - x)(y — 1)

eff

(S1)

where /,, is the moment of inertia of the suspended electrode and y is a constant value that divides the

W, of 4.1 mm by the W; of 0.8 mm. Here, I, is defined by solving the following:

— WltseB
B V)

(82)
Therefore, by rearranging the y value (5.125) and by adding Eq. S2 to Eq S1, the modified k.
equation can be expressed.
Moreover, to investigate the effect of x on k., we calculated normalized k. values as a function of x.
Figure S3a presents a schematic illustration of MEM switches with increasing x values; Figure S3b

shows the normalized k. results. As x increases, k. ultimately reaches a negative value. The k.5 values

were normalized with respect to the value corresponding to x = 0.

(a) (b)

-
(@)

Normalized keﬁr
o
(8)]

o
o

0 5 10 15 20

Anchor x (mm)

Figure S3. (a) Schematic illustration of 3D-printed MEM switches with increasing x values. (b)

Calculated normalized k. values for different x values.
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S4. Calculation of the Young’s modulus for the 3D-printed CPLA

To examine the mechanical properties of the printed CPLA, we measured the Young’s modulus (E)
of several CPLA samples using the American standard test method (ASTM) D638. Samples of a
predetermined standard size were printed, and £ was then measured for each sample by analysing the
measured stress relative to the applied strain at a strain rate of 9.75 mm/sec as shown in Figure S4a. The
value of E can be extracted from the initial slope of the stress-strain curve and thus it can be expressed

as the following equation:

_ d(stress)

d(AL/L,) (S3)

AL/Ly=0
where Ly is the initial length of the sample and AL is the stretched length of the sample. We measured
the stress-strain curves of six CPLA samples. The average E value of the samples was found to be
approximately 2465 MPa + 500 MPa as shown in Figure S4b and Figure S4c. Notably, we printed the
CPLA 100% density when fabricating the 3D-printed MEM switches; however, CPLA density can be
controlled during 3D printing, suggesting that the £ value can be adjusted by varying the density level.
This density dependence of the mechanical properties of 3D-printed materials is expected to afford 3D-
printed MEM switches additional design versatility; density levels can be adjusted to tune E, which in

turn determines the k.5 value of the suspended CPLA electrode.

(a) (b)

Movab‘le meber“g :,' 18l Young's modulus (E)
- 8 i 1 2465 MPa + 500 MPa
oA 10 _

N Young’s = [
e A ';' modulus (E) @
Jn ' f : Strain g 6r
Fixed member "L»Initialslope - a
[ 5 ol 0 . ;
o 0.00 001 002 0123 4 5 6
strain (4L/L o CPLA Sample
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Figure S4. (a) Procedure for measuring £ values of the printed CPLA samples. The values of E were
extracted from the measured stress-strain curves. (b) The stress-strain curves from which the £ values

were extracted. (c¢) The E values extracted from the six samples.
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SS5. Selectivity and volume change of the sacrificial PVA layer in water

To confirm the selectivity and volume change behaviours of the PVA in DI water, we immersed a
3D-printed PV A layer printed on a CPLA layer with dimensions of 10 mm x 10 mm x 0.5 mm in DI
water. As shown in Figure S5a, the printed PVA layer dissolved fully within a few minutes. After
dissolving the PVA layer in DI water, we found no deformation of or damage to the CPLA. No
significant volume changes were observed when comparing volumes of the CPLA before and after PVA

dissolution; as shown in Figure S5b.

(a)

-

90favolume (%) = 3.17 %
56.1+7.2 54.3+3.7

Fe=

0 min 3 min 7 min

DI water .‘
.

-

CPLA PVA dissolved PVA

1 S

0
Before PVA After PVA
dissolution dissolution

Figure S5. (a) Dissolution of a 3D-printed PVA layer in DI water. (b) Volume change of the CPLA

sample before and after PVA dissolution.
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S6. Measurement of the resistivity of CPLA using the Van der Pauw method.

To investigate the electrical properties of CPLA, we measured CPLA resistivity using the Van der
Pauw method. The Van der Pauw method can be used to accurately measure the characteristics of any
arbitrary shape so long as the sample is approximately two-dimensional and solid and has electrodes in
place. First, one can flow the current along one edge of the sample and measure the voltage across the
opposite edge. Further, by changing the direction of the current and by measuring the voltage, two
voltage drop values can be obtained. By measuring the voltage by shifting the electrode in the clockwise
direction as shown in Figure S6a, the electrical resistivity (p) of CPLA can be derived from a total of

eight voltage drop values. p is expressed by the following equation:®'

oz V-V, +V,-7,)

P _EfA Lepra 4] (S4)
i (V=Y +V,-Wy)

pB_EfB Lepra 4] (S5)
_patp

p= A2 B (S6)

where f; and fz are geometric factors based on sample symmetry, tcp4 is the thickness of the CPLA
sample, V;-Vs denote measured voltages, and [ is the current injected through the CPLA sample. f; and

/5 can be extracted from Eq. S7 and Eq. S8, respectively, as follows:

_ 2/ f
(%] = Aarccosh © (S7)
O,+1 In2 2
_ In2/ fy
G-l = Aarccosh ©
0,+1 In2 2
(S8)

where Q4 and Qp are the ratio of the resistance measured from the length and width directions of the

CPLA sample. Q4 and Q3 are calculated as follows:

_h-n

0=y (89)
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AT (S10)

We calculate Q4 and Qp from Eq. S9 and Eq. S10, respectively, with the measured voltage values and
substitute them into Eq. S7 and Eq. S8 to derive f; and fz values by numerical calculation. Finally, we
obtain p4 and pp from Eq. S4 and Eq. S5 and we determine the p value for CPLA from Eq. S6.

Our printed CPLA sample size is 10 mm x 10 mm x 0.5 mm and the actual measurement image is
shown in Figure S6b. We confirm that printing and dissolving the sacrificial PVA layer did not
significantly affect the p of CPLA by measuring p from the test thin-plate-like printed CPLA using the

Van der Pauw method as shown in Figure Séc.
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Figure S6. (a) The sequence of Van der Pauw method measurement procedures. (b) Images of the
CPLA samples for measuring p via the Van der Pauw method. (¢) p values extracted from printed CPLA,

from CPLA after PVA printing on the CPLA, and from CPLA after the removal of PVA samples.
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