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A direct inkjet printing process was developed to fabricate patterned elastic microstructures for
pressure sensors using n-butyl acetate diluted polymethylsiloxane (PDMS). The diluted PDMS pre-
cursor mixture with a cross-linker exhibited a controllable viscosity below 14 cP in 48 h at 25°C,
and the PDMS film had lower elastic modulus and hardness values than the non-diluted PDMS pre-
cursor after curing. The capacitor using the printed PDMS film as the microstructured dielectric
layer showed a very high pressure sensitivity of up to 10.4kPa~' under the pressure below 70 Pa,
and the pressure sensitivity would be dramatically decreased to 0.043-0.052kPa ™' under the pres-
sure between 2 and 8§ kPa. Furthermore, the triboelectric sensors could be structured with an inkjet
printed PDMS film and controllably generate the voltage signals up to 1.23 V without any amplifi-
cation. The results suggest that mechanical properties and patterned elastic microstructures play the
key roles in PDMS-based sensor devices, and the PDMS dielectric layer with controlled mechani-
cal properties and microstructures fabricated via directly inkjet printing opens up the applications

of the PDMS and its composites in functional devices. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4990528]

Polydimethylsiloxane (PDMS) is a typical silicone elas-
tomer with excellent properties such as stretchability, chemi-
cal/physiological/thermal stability, low modulus, and optical
transparency, as well as low cost and ease of fabrication. It
has been widely used in microfluidics,’ soft lithography,’
analytical chemistry,” electronics,” medical devices,” and
polymeric optics.® Over the past few years, PDMS and its
composites were reported in the application of sensors’*® and
energy harvests.”'® The microstructured PDMS film has
been proven to be the key element for high sensitivity and
fast response time in capacitive,'" triboelectric,” and piezore-
sistive'? pressure sensors.

Comparing with the microstructures fabricated by replica
molding'""'? or other potential large-area printing/coating
techniques,'*"> inkjet printing is a low-cost and convenient
non-contact method for depositing the materials with custom-
ized patterns.16 However, it is normally impossible to make
the PDMS precursor to be jetted out by the piezoelectrically
driven inkjet printhead due to the high viscosity and continu-
ous cross-linking reaction. Although it could be jetted out by
an injector with a volume ranging from 10 ul to 100 ul,'” it is
still very difficult to produce pL-scaled droplets.

Diluting the PDMS precursor with functional solvents is
a simple and effective method to decrease the viscosity. It
was reported that a 70 nm PDMS film could be achieved by
spin-coating the hexane diluted precursor.'® Furthermore,
the properly diluted mixture could be processed by using the
spraying technique.'® In this letter, the PDMS precursor was
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diluted with a good solvent and its direct inkjet printed pat-
terned film with pL-scaled droplets was used as the micro-
lens or microstructured dielectric layer for pressure sensors.

To eliminate the nozzle clogging, high boiling n-butyl
acetate was chosen as the diluting solvent to reduce the ink
evaporation during the printing process. The PDMS precur-
sor mixture with a cross-linker (Dow Corning Sylgard 184,
the weight ratio of the base to the cross-linker was 10:1) was
diluted with a volume ratio of 1:3 (PDMS to solvent). The
diluted mixture by stirring for 10min at least could be
printed by a MicroFab jetlab II inkjet printer with a 50 um
diameter printhead. The PDMS was printed directly on
indium tin oxide (ITO) coated glass, which was cleaned by
sonication in acetone, deionized water, and isopropanol,
respectively, followed by the curing process at 115°C for
30min. The viscosity was measured by using a digital viscom-
eter (Nirun, SNB-1), and the sample surface was measured by
using a Dektak XT stylus profiler. The nanoindentation was
performed by using an Agilent Nanoindenter G200.

The schematic diagram of the inkjet printing PDMS pat-
tern and the scanning electron microscopy (SEM) image of
printed droplets are shown in Figs. 1(a) and 1(b), respectively.
A single cured PDMS droplet printed on the ITO/glass surface
has a very flat spherical segment shape (base outer diameter,
160 um; height, 1.6 um) with a volume of about 16 pL [Fig.
1(c)]. The inset in Fig. 1(c) depicts that the images of the
luminous filament can be observed from printed PDMS drop-
lets as a microlens array. Furthermore, PDMS can be printed
to form any patterns directly on a flexible polyethylene tere-
phthalate (PET) film, as shown in Fig. 1(d).

Published by AIP Publishing.
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FIG. 1. (a) Schematic diagram of the inkjet printing PDMS microstructure.
(b) SEM image of the printed PDMS droplet array. (c) The surface profile of
a cured droplet on a substrate. The inset shows the images of the luminous
filament observed from printed PDMS droplets. (d) Inkjet printed PDMS
with designed patterns on the PET substrate. (e) The viscosity stability of
the diluted PDMS mixture at temperatures of 25 and 5°C. (f) The load-
displacement curves of PDMS samples.

A remarkable advantage of the diluted PDMS mixture
in this work is that the viscosity can be decreased to less than
10cP, and it shows little change in a long time. It is well
known that, due to the continuous cross-linking reaction, the
non-diluted PDMS precursor mixture with a cross-linker
should be used as soon as possible because the viscosity
increases quickly. On the other hand, Fig. 1(e) displays the
viscosity variation of the diluted PDMS mixture at the typi-
cal temperatures of 25 and 5 °C. It can be found that the vis-
cosity can be kept below 10 cP in 6 h and below 14 cP in 48 h
at 25 °C. If the temperature is decreased to 5 °C, the viscosity
of the diluted mixture can be kept less than 14 cP in a week.
Considering the rate of the cross-linking reaction reported as
a complex function of the precursor’s concentration accord-
ing to the curing kinetics,”® the lower concentration of
the diluted PDMS precursor should play a key role in these
experimental results. There should be much slower cross-
linking reactions between the diluted PDMS precursor and
the cross-linker because of the decreased concentration,
which can make the curing process much longer. Thanks to
the lower concentration and the slow cross-linking rate of
the diluted PDMS precursor, the viscosity of PDMS was
kept suitable for inkjet printing in a quite long time.

The mechanical properties of the cross-linked PDMS
film fabricated via spin-coating using the PDMS precursor
with and without diluting were measured as well. Two spin-
coated PDMS samples (a thickness of 2.5 yum and the same
curing condition as printed PDMS) with and without solvent
dilution were studied by the nanoindentation measurement
using the Oliver and Pharr method.?' The load-displacement
curves demonstrate that the diluted PDMS sample has more
displacement at the same load during the measurement [Fig.
1(f)], which means that it has lower elastic modulus and
hardness. The elastic modulus and hardness of the PDMS

Appl. Phys. Lett. 110, 261904 (2017)

film with the diluted precursor at the max load are calculated
to be 105 and 19 MPa, respectively, while the values of
the PDMS film with the undiluted precursor are 146 and
27 MPa, respectively. The lower elastic modulus and hard-
ness of diluted PDMS can be explained by the lower concen-
tration before the solvent evaporated during the curing
process. The cross-linking reaction of diluted PDMS should
be slower than that of the undiluted precursor because of the
decreased concentration according to the kinetics.”® As a
result, the cross-linking degree of diluted PDMS is lower
than that of undiluted samples with the same curing process,
which makes diluted PDMS to have the softer mechanical
properties. On the other hand, both PDMS films have larger
elastic modulus and hardness than the reported results because
of the thinner thickness and higher curing temperature.?***

A series of 10 x 10 mm thin-film capacitors using printed
PDMS patterned microstructures as the dielectric layer were
fabricated for measuring the capacitance variation under pres-
sures [Fig. 2(a)]. The PDMS was printed with different dot-
spacings of 500, 353, 250, and 177 um, and the corresponding
devices were marked as devices Psgo, P3s3, Pasg, and Py,
respectively. For comparison, a spin-coated undiluted PDMS
film using the maximum spin-coating speed on ITO/glass
(2.5 um thickness and the same curing conditions as printed
PDMS) was also fabricated and labeled as device S. In order
to make sure that there is the good contact between the PDMS
and the top ITO surface, a piece of ITO/glass (0.3 g, corre-
sponds to 29.4 Pa) was laminated onto the PDMS microstruc-
tures as the top electrode and was set as the “zero-weight”.
The capacitance was measured by using a IM3533-1LCR
Meter (Hioki Company, Japan).

To understand the overall capacitance changes of differ-
ent devices, the relative change in the measured capacitance
(AC/Cy) versus logarithmic pressure is displayed in Fig.
2(b), where Cy and AC denote the initial capacitance and the
change in capacitance with applied pressure, respectively.
It can be found that the AC/C, values are in the order of

FIG. 2. (a) Schematic of capacitors using printed or spin-coated PDMS as
the dielectric layer. (b)—(d) The capacitance change in the pressure range of
logarithmic 0—10 kPa, 0-200 Pa, and 2—8 kPa, respectively.



261904-3 Peng et al.

Appl. Phys. Lett. 110, 261904 (2017)

TABLE I. Device performances with different PDMS layers, the curves of which are shown in Figs. 2 and 4.

Device PDMS coverage (%) Pressure at AC/C=1 (Pa) Selected calculated sensitivity (kPa™h) Triboelectric output peak voltage (V)
Pso0 8.0 79.9 10.4/2.28/0.043 0.55
P3s3 15.68 111.6 7.4/2.7/0.047 0.64
Psso 32.0 474.7 3.0/0.05 1.23
Py 62.7 1024.8 2.41/0.049 1.05
S 100 7000 0.5/0.052 0.61

decreasing as P5oo>P353>P550>P;77>S under all the applied
pressures. To evaluate different capacitance change rates, the
pressures of various devices at AC/C=1 (C=2 Cy) are
marked in the figure, the values of which are summarized in
Table I. The figure also shows that all the AC/C, values have
much higher increasing speeds in the range of low pressure
than those under higher pressure.

The detailed characteristics of AC/C, under various pres-
sures are shown in Fig. 2(c) (0-200Pa) and Fig. 2(d)
(2-8 kPa). Several representatively calculated pressure sensi-
tivities (defined as the slope of AC/C, versus applied pres-
sure) are listed in Table I. It can be found that the device Psq
has a pressure sensitivity as high as 10.4kPa ' in a pressure
range of 0—70 Pa, but it decreases to 2.28 kPa~' in 70200 Pa.
Similarly, the pressure sensitivity of device P;s;3 also drops
from 7.4kPa! (0~70 Pa) to 2.7kPa"' (70-200 Pa). Different
from these two capacitors, the pressure sensitivities of devi-
ces P50 and P77 show the lower values without obvious
change in the range of 0-200 Pa, while device S has the low-
est value down to 0.5kPa™' in this pressure range. On the
other hand, all the devices have quite similar sensitivity val-
ues that are between 0.047 and 0.52kPa~' in the pressure
range of 2—8 kPa.

The rapid change in pressure sensitivity should be attrib-
uted to the printed thin PDMS microstructures with low dis-
tribution density. According to the surface profiles of PDMS
layers [Fig. 3(a)] and the schematic diagram of the capacitor
under different pressures [Fig. 3(b)], the printed flat PDMS
spherical segment droplets can be pressed into a low circular

FIG. 3. (a) Surface profiles of the printed PDMS film with different printing
dot-spacings and the spin-coated PDMS film. (b) Schematic diagram of the
capacitor under different pressures: Pressure 1 < Pressure 2 < Pressure 3.

cylinder shape under a relatively low pressure, the capaci-
tance of which will increase quickly. At the same time, the
dielectric constant of the PDMS-air composited layer also
increased when the PDMS (¢ =3.0) displaced the volume of
air (¢ = 1.0). It can be calculated that the printed PDMS cov-
erage ratio of devices Psqy and P3s3 on the bottom ITO sur-
face is 8% and 15.68%, respectively (Table I), which makes
them have lower modulus and are more sensitive to small
pressure during this process. On the other hand, device S
shows much poorer sensitivity in the low pressure range
because of the smooth surface and 100% coverage. However,
the elastic modulus will dramatically increase if the PDMS
layer (both with/without patterned microstructure) is further
compressed under a higher pressure, which should be the
main reason for the rapid decrease in pressure sensitivity to
0.043-0.052kPa~" in the range of 2-8kPa. It was reported
that the PDMS layer’s mechanical strength can be reinforced
by the rigid substrate,'” which may also play a key role in the
sensitivity decreasement and homoplasy under high pressure.

The patterned microstructured PDMS on the ITO/glass
surface was also reported as the active layer for self-powered
triboelectric sensors with PET films due to the charge genera-
tion and separation between PDMS and PET.? For verifying
the triboelectric effects of inkjet printed PDMS microstruc-
tures, a series of triboelectric sensors were fabricated with the
ITO/PET film covered on the printed and spin-coated PDMS
layers (Pspo, P3s3, Paso, P177, and S) with the PET side con-
tacting the PDMS. Figure 4(a) presents the schematic diagram

FIG. 4. (a) The schematic structure of the self-powered triboelectric sensor
with the printed PDMS dielectric layer. (b) The pellet used for test. (c)
Different output voltages for self-power triboelectric sensors with printed
and spin-coated PDMS layers.
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of the triboelectric sensor and its test method. A small Al-foil
pellet [3mg, about 0.294 Pa in pressure, Fig. 4(b)] is utilized
to induce applied force upon the device. The comparison of
the output voltages can be found in Fig. 4(c), showing that
there were different scales of pulses measured with obvious
damped vibrations after the pellet hit the PET film. The
device P,s, produces the best peak voltage up to 1.23 V with-
out any amplification, while the spin-coated device S with the
flat surface only shows an output signal of 0.61 V peak volt-
age. The better performance of P, is attributed to the micro-
structured PDMS, which has larger effective triboelectric
effects during the pressing process, and the triboelectric
charges are more easily separated when the device released.
The peak voltage of device P;7; decreases to 1.05V because
of a shorter peak-to-valley PDMS distance than P,5y. On the
other hand, the triboelectric charges generated by devices
Pso0 and P3s3 are much less than those generated P55 due to
the lower PDMS coverage (Table 1), leading to the peak of
the output signal as low as 0.55V and 0.64 V, respectively.
The above results suggest that the triboelectric sensor with
good performance should result from the balance between the
PDMS coverage and the triboelectric effect.

In summary, the PDMS precursor diluted by n-butyl
acetate was inkjet printed to form patterned elastic micro-
structures, which are similar to microlens. The viscosity of
diluted PDMS precursor mixtures is very stable and suitable
for inkjet printing. The PDMS film produced from diluted
inks exhibited lower elastic modulus and hardness values
than non-diluted PDMS after cross-linking. The capacitor
using printed PDMS as the microstructured dielectric layer
has a high pressure sensitivity (10.4kPa ' best) in the
pressure range of 0-70Pa, which dramatically drops to
0.43-0.52kPa~"' under an applied pressure in the range of
2-8 kPa. The printed PDMS based triboelectric sensors could
be controlled to produce large voltage signals up to 1.23V
with damped vibrations and without any amplification. The
mechanical properties, microstructure shape, and coverage
play important roles in PDMS based devices. The directly
inkjet printed PDMS dielectric layer with controlled
mechanical properties and microstructures opens up the pos-
sibility of using the PDMS and its composites in functional
electrical devices.
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