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Abstract
Low-cost manufacturing technology for a micro-sized structure is receiving a lot of attention as human society is getting
mixed with sensors and electronics. A template printing technology which forms micro-patterns by letting ink dried within
a solvent permeable template is an attractive alternative of traditional costly micro-fabrication. However, low printing speed
and lack of scalability have been recognized as a major drawback of this method. Here, we propose a novel printing
machine using an inflatable polymer template. It is expected that thin membrane improves the printing speed due to its
high permeation speed; however, the theoretical prediction and experimental proof of this approach has not been studied.
A 450-μm thick membrane is fabricated by the casting polydimethylsiloxane (PDMS) on a silicon master mold, fixed
to a printer head, and inflated to contact with substrate uniformly. The permeation mechanism is investigated by using
both of the numerical simulation and experiments and discovers that the diffusion in thin membrane obeys an analytical
solution for Fick’s diffusion in steady state, while a conventional bulk template (10 mm) is in non-steady state. The printing
system composed of pneumatic lines, a flash sintering unit, and a printer head holds the membrane is prototyped to ensure
reproducibility of this novel method, five times faster printing speed compared to the ordinal method is confirmed.

Keywords Template printing · Micro-3D printing · Microfluidics · Soft lithography

1 Introduction

Nowadays, low-cost manufacturing technology of micro-
structures has been getting attention as a pathway to realize
disposable sensor and electronics. A conventional micro-
fabrication technology using photolithography, deposition,
and etching technology targets a high-volume product and
running cost of the manufacturing process prevent further
cost reduction. Because of the recent trend which price and
variety are matter, the direct patterning with printing tech-
nology has been studied widely as a promising alternative to
the conventional manufacturing process [1, 2].
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Major printing technology uses an ink to transfer material
onto substrate using mechanical method such as physical
contact [3, 4] and jet from nozzle [5–8]. Those methods are
widely used due to its high throughput and a capability of
additive manufacturing [4, 9]. On the other hand, micro-
sized three-dimensional (3D) structures [6, 10] are used in
various fields, such as bumps for wafer level packaging[11,
12] and microneedles [13, 14]. So, the capability for 3D
microprinting is expected to have an additional impact
on the low-cost manufacturing technology. However, the
printing with ink is not suitable for this purpose, because the
shape of ink while drying is governed by surface tension.

A template printing has been proposed using an elas-
tomer with micro pattern contacting with target substrate
to be printed on [15, 16]. This printing principle is using
solvent permeation of a polymer material to generate ink
flow into a channel (permeation pumping [17–19]) and let it
dries. In contrast to droplet-based printers, this technology
enables to control the shape of ink while it is drying, which
means high aspect ratio printing is possible. However, the
printing speed of these printing methods are generally slow
due to small permeation of the template, and printing proce-
dure is too complicated to achieve automatedmanufacturing.
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Here, we propose the novel design of template printing
with an inflatable thin template (Fig. 1). It is envisioned
that ultra-thin membrane instead of bulk template enables
higher printing speed due to high permeation rate and
larger printing area by using pneumatic action of the
template. However, to our best knowledge, there is no report
studying neither theoretical prediction between thickness
and printing speed nor embodiment of inflatable template
printer. So, the following section presents a re-investigation
of the ordinal template printer to create a theoretical
model which realizes an accurate prediction of the printing
speed in various conditions. The experimental proof of this
method is carried with a printer prototype which is designed
to improve reproducibility of evaluation of printing speed.
In Sections 3 and 4, the demonstration of printing and
evaluation of printing speed are conducted, respectively.

2 Principle of template printing and analysis

2.1 Dynamics of inks in a permeable template

First, the re-investigation of printing speed with ordinal
block template is carried to understand the solvent behavior
in PDMS template. As illustrated in Fig. 2a, the template

printing can be divided into three stages. First, a pure solvent
is filled between a substrate and a template for initiating
a continuous flow from an ink reservoir to microchannel
by the permeation pumping. Then, ink is feed at the ink
reservoir to alternate the pure solvent with an ink. As inks
flow, the concentration of inks increases and solidarization
of ink will start at the end of the channel, where the ink flow
is zero at. Here, the substrate must be flat enough to prevent
leakage of ink. This means that layer-by-layer printing
is difficult without planarization step like the damascene
process. In this paper, we will focus on single layer printing.

Figure 2 b are sequential photographs of printing of a
silver nanoparticle ink. An alternation of a clear solvent
with opaque ink, followed by solidification of ink started
from the end of a channel can be seen. A dried pattern
is observable by diffraction. As shown in the figure, the
drying speed of ink is slower than ink filling. This is because
the ink filling process is altering the pure solvent with ink
while drying process needs to increase an ink concentration
everywhere in the channel including an ink reservoir. On the
other hand, the density of printing pattern strongly affect the
printing speed as shown in Fig. 2c. As we discussed later,
this slower printing speed can be explained by the saturated
PDMS between channels which prevents two-dimensional
diffusions of a solvent.

Fig. 1 Template printing a with ordinal block template b with membrane template
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Fig. 2 Dynamics of ink in a
solvent permeable template: a
illustration of two printing
stages, b snapshot of a silver ink
filling and an ink drying stages
of 20% density pattern, and c
50% pattern densities. Ten
millimeter-thick PDMS (1:10
cured) block is used and printing
temperature (TP ) is 43.3 ◦C

2.2 Permeation speed with diffusion analysis

The ink filling process is purely governed by the permeation
and visually observable compared to the drying process.
In this section, a permeation and printing speed are stud-
ied by comparing the computer simulation and experimental
results. The ink filling process can be modeled by combin-
ing of a two-dimensional flux of solvent, J2D(mol m−1s−1),
and one-dimensional function of ink position l(t) as shown
in Fig. 3a, b [20]. Because only pure solvent area contributes
ink flow, l(t) satisfies following differential equation:

dl(t)

dt
= −J2D

1

A

Mi

ρi

l(t), (1)

where the A is cross-sectional area of the channel. The
molar mass (Mi) and the density of solvent of ink (ρi)
appears to convert the molar mass flux to volume change as
time. In this study, ethanol (EtOH)-based ink is used. Here,
the two-dimensional flux, J2D can be classified into two
cases: steady solution and non-steady solution. A flux at a
boundary of steady state is constant with time, while the one
for non-steady state decreases with time until it reaches the
steady state.

Before moving to the calculation of J2D using the finite
element method (FEM) simulation, it is worth to introduce
an analytical solution of one-dimensional Fick’s diffusion
equation to know the order of values and time dependency,
also to verify the accuracy of FEM simulation. The diffusive

Fig. 3 Simulation model for the
ink filling process. a The model
of ink flow; b cross section of
channel and boundary
conditions of two-dimensional
simulation of diffusion
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Table 1 Comparison with 1D
approximation and 2D
simulation

1D approximation Block (hm = 10 mm) Membrane(hm = 0.45 mm)

J1D,s(wch + 2hch) × 10−9 0.44 9.71

J1D,n(wch + 2hch)/
√

t × 10−6 0.27 0.27

FEM simulation Block (hm = 10 mm) Membrane (hm = 0.45 mm)

Pattern density (wch/pch) 10% 50% 91% 10% 50% 91%

J2D,s × 10−9 4.33 0.87 0.48 82.34 19.56 10.80

J2D,n/
√

t × 10−6 1.40 0.36 0.20 1.40 0.36 0.20

flux at the boundary in a steady and non-steady state are as
follows:

J1D,s = D
Cs − C0

hm

(2)

J1D,n = Cs

√
D

πt
(3)

where hm is a thickness of the media of which a
concentration at another side is C0. Because non-steady
solution describe the diffusion of semi-finite media whose
initial concentration is zero, C0 and hm does not appear in
Eq. 3. So, it is expected that when solvents are contacted
with a template, the flux independent from the thickness of
media happens at a boundary and gradually decreased until
the one for steady states. The simplest approximation of J2D
is the integration of the boundary flux of the 1Dmodel along
the inner wall of the channel as follows:

J2D ≈ J1D(wch + 2hch) (4)

Note the approximation of Eq. 4 does not count a pattern
density of channel because two-dimensional diffusion is
truncated. For more accurate estimation of J2D in which
the pattern density is considered, FEM simulator (COM-
SOL Multiphysics) is used to obtain the flux of steady state
(J2D,s) and non-steady state (J2D,n) with the periodic and
two-dimensional models shown in Fig. 3b. The flux simu-
lated in the time-dependent simulation is confirmed to obey

the function of an inverse square root of time. Comparison
between the analytical approximation and computational
result and a list of parameters are summarized in Tables 1
and 2, respectively. This result shows the approximation
using a peripheral length of channel matches with the
simulation only when pattern density is high. It should be
noted that the time until the template becomes a steady
state can be roughly estimated by calculating the time the
flux for non-steady state becomes smaller than the steady
states. From the simulation results in Table 1, it is pre-
dicted that a 450-μm thick PDMS membrane will become
steady condition within 5 min, while a 10-mm PDMS block
takes 2460 min in any printing densities. As our printing
time with PDMS block is much smaller than this value in
general, the ordinal printing with the bulk template is most
likely carried in a non-steady state of diffusion.

Now, solutions of the ink position to Eq. 1 can be found
with the initial condition (ls,n(t0) = L) as follows:

ls(t) = Le−K(t−t0), (5)

ln(t) = Le−2K ′(
√

t−√
t0), (6)

where K and K ′ are values independent of time expressed
by the following:

K = J2D,s

1

A

Mi

ρi

, (7)

Table 2 Parameters used in
calculation and simulation
(Tp = 43.3 ◦C)

Material properties

DP Dffusion constant of PDMS (EtOH, 43.3 ◦C) 1.88 × 10−10 m2s−1

CS Saturation concentration of EtOH in PDMS 1170 [20] molm−3

C0 Molar concentration on free boundary (EtOH) 8.0 molm−3

ρi Density of solvent (EtOH) 789 kgm−3

Mi Molar mass of solvent (EtOH) 46.07 molg−1

Geometry parameters

wch Width of channel 20 × 10−6 m

hch Height of channel 5 × 10−6 m

pch Pitch of channel 200 × 10−6 m

hm Thickness of template 10 × 10−3 m

0.45 × 10−3
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K ′ = J2D,n√
t

1

A

Mi

ρi

. (8)

Experimental verification of our prediction of printing
speed is carried by observing actual ink filling in a block
template. Figure 4 a is the result of l(t)with 10% pattern
density ( wch/pch = 0.1) and channel length (L) of 0.01 m.
The stationary solution withK = 2.53×10−3(s−1) acquired
by FEM does not match with the result, while the non-
steady solution with simulated value of K ′ = 0.82(s−3/2)

and t0 = 4300 s is in good agreement with measured
data (χ2 = 0.29 × 10−3). The t0 is a reasonable value by
considering a template cleaning with ethanol right between
printings in addition to the pre-filling time. This result
indicates that block membrane is partially saturated before
the ink flow started at the observation point.

Thanks to the verified model of the template printing
above, we can expect the printing speed of the block tem-
plate and membrane template with various pattern densities.
Ink flow speed is defined by dividing 95% of length by the
time when l(x, t) becomes 5% of total length. As shown
in Fig. 4b, the ink flow speed will be improved by three
to five times by altering block template with a 450-μm
thick membrane. Please note that permeation speed can be
improved further by using a thinner template if the diffu-
sion is in a steady state according to the Eq. 2. The basis
of some of the numbers in Table 2 is given here. First,
the concentration of ethanol at the other side of a template
(C0) is obtained by the ideal gas law (C0 = Pe/(RT )),
where Pe is saturated vapor pressure of ethanol, and R is
the ideal gas constant, 8.314 m3PaK−1 mol−1. The satu-
rated vapor pressure of ethanol are calculated to be 21.28×
103Pa(TP = 43.4 ◦C) by the Antoine equation for ethanol
[21], then C0 = 8.0 mol/m3 is obtained. On the other
hand, the diffusion constant at a specific temperature can be
calculated according to the Stokes-Einstein equation. The

diffusion constant in the printing temperature (TP ), DP can
be obtained as follows:

DP = DRT

TP + 273

300

μRT

μP

, (9)

where μP and μRT are dynamic viscosity of ethanol in the
printing temperature and room temperature. By calculating
those viscosities from the study [22], the diffusion constant
for the typical printing temperature (43.4◦C) is calculated
to be 1.88 × 10−10m2s−1. Here, the diffusion constant of
PDMS for ethanol solvent is assumed to be DRT = 1.2 ×
10−10 according to various studies in a past [20, 23].

3 Pneumatic membrane printer

3.1 Printer head and printing system

Satisfying both of thinning of a template and uniform
contact with the substrate are realized by using pneumatic
action of a membrane. Figure 5 a illustrates a printer head
which can inflate a membrane after contacting with a sub-
strate. Some of the bolts fastening the membrane have a hole
so that ink is supplied to the space between the substrate
and the inflated membrane. The printer head has a space
between the membrane and transparent lid on the other side
where the dried gas flows with appropriate pressure.

Fabrication of membrane template is done by replicating
Si master mold which has SU-8 (Microchem, Westborough,
MA, USA) or TMMR (Tokyo Ohka Kogyo, Kanagawa,
Japan) into PDMS film. PDMS film is made by spin coating
of Sylgard184 mixed with a curing agent in 1:10 weight
ratio. Uniform thickness (± 10 μm) is achieved by multiple
coating and rapid curing using a leveled hotplate (400 rpm
spin coating and 100 ◦C hot plate for three times). When
the aspect ratio of a template is high, removing the bubble

Fig. 4 Determination of
parameters for the accurate
prediction of printing speed. a
Matching with experimental
result with a block template, b
expected improvement of
printing speed
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Fig. 5 Design of the printer
head and printing procedure. a
Assembly drawing of a printer
head; b fabricated template
membrane; c inflated membrane;
d procedure of the printing

is necessary to maintain the membrane is durable enough to
inflate. After the membrane is gently peeled from the master
mold, a mounting of the membrane on to the printer head is
carried in an ethanol tub to avoid initial stress or wrinkles.
Figure 5 b and c show the fabricated membrane and inflated
condition for reference.

Figure 5 d describes a procedure of the printing. After
contacting and vacuum chucked with a substrate, the space
between the membrane and substrate is filled with a pure
solvent to initiate the permeation pumping. This solvent also
works as a lubricant which enables deformation occurs only
near the edge of a membrane. The nitrogen gas is introduced
with the pressure of 6.9 kPa (1psi) which is smaller than the
saturated vapor pressure of ethanol (20.9 kPa in TP needle
valve at an exhaust port controls the nitrogen gas flow about
100 sccm. Ink is then injected into space between the curved
membrane and substrate through the holes of bolts. After
most of the features are solidified, remaining ink on the
reservoir is washed away and collected for regeneration

by circulating ethanol while the template is pressed. If the
printed material can be sintered by phone energy, flash
sintering is then carried to avoid residue on template after
release and increase adhesion for the following process.
Releasing of the membrane is done by simply shutting a
valve at the intake port. These procedures are done by
manual gas control as shown in Fig. 6a. The printer head
is fixed to an acrylic platen (Fig. 6b) and the printing is
carried while temperature and pressure are monitored for
better repeatability.

3.2 Demonstration of printing

In this section, the capability and feasibility of the mem-
brane printer are presented visually. Figure 7 is sequence
photographs taken through the transparent platen of the
printer head while printing a conductive pattern with the
EtOH-based silver nanoparticle ink, DGP 40LT-15C (ANP
USA., Inc., Fremont, CA, USA). It can be seen that an ink
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Fig. 6 Membrane printing
system. a Photograph of the
membrane printer. b
Cross-sectional view of the core
structure

reservoir is formed around the membrane and ink flows
toward a center. As the concentration of ink builds up, the
solidifying starts from the end of channels. Once the ink is
injected to the reservoir, no additional operation is required,
while the ordinal printing method needs supplying an ink
or solvent constantly to prevent an ink reservoir dried in the
middle of printing [24].

The sintering machine is integrated into this printer for
several purposes. First is to increase the printing speed by
skipping persistent heating before mold release which is
used to be carried to prevent damage to the pattern [25].
The second purpose is to realize an in-situ cleaning of

the substrate or mold before the printer head is released
from the substrate. Figure 8 shows the demonstration
of flash sintering on printed the silver pattern. The
laboratory-made photon sintering machine can generate
420 mJ cm−2 of Xenon’s flash within a few milliseconds.
As shown in Fig. 8a, several times of an impulsive light
exponentially decrease a sheet resistance of printed pattern
which indicates the particles are sintered to some extent.
The surface of the sintered pattern is observed by the
scanning electron microscopy (SEM) to have larger and
dense particles. The solvent resistance is also investigated
by soaking into ethanol (Fig. 8c). The notable changes are

Fig. 7 Sequential photographs
of the printer head while printing



1716 Int J Adv Manuf Technol (2019) 103:1709–1719

Fig. 8 Evaluation of sintering
process. a Change of sheet
resistance with number of flash;
b SEM image of surface of
printed pattern before and after
flashing; c sintering effect on
solvent resistance

observed which support feasibility of the in situ solvent
cleaning after mold releasing.

The consistent procedure developed above realizes the
high-throughput printing of complicated pattern shown in
Fig. 9. These patterns are made of silver and printed by
the template printing technology. Both of two patterns are
printed within 20 min and no additional process is required.
Figure 9 b is a demonstration of the printing uses a template
with different height of microchannel.

4 Experiments and discussion

4.1 Ink filling of membrane template

First of all, the ink filling speed with a 450-μm thick
template are investigated to confirm if the diffusion of
thin PDMS membrane can be described as a steady state.
Figure 10 shows the sequential photograph of the printing
the pattern whose pattern density is 10%. As theoretically
expected, the ink filling process becomes five times faster
than that with a block template by altering it with a thin

membrane. The analytical solution for the ink flow (l(t))
in a steady state well matches with the experimental result
(χ2 = 95.8 × 10−6). The constant value, K of 4.81 × 10−2

calculated in Section 2.1 is used. This good agreement
between experiment and simulation indicates that diffusion
is the governing phenomena in this printing method and
parameters in Table 2 are reliable.

Next, the investigation of ink flow rate and the drying rate
of ink with different pattern densities are carried with both
ordinal template and new membrane printer. The progress
of printing with the template which has a test pattern with
various densities is recorded by a camera, and printing speed
is obtained by measuring the time when 95% of the channel
is filled. As shown in Fig. 11a, the faster ink filling speed is
observed which matches with the analytical simulation. By
comparing the speed with block and membrane template,
it can be concluded that the five times larger effective
diffusion constant is realized by the new printer. On the
other hand, drying speed is improved by a factor of two in
average, which is not directly reflected by the change of
diffusion constant (Fig. 11b, inset). This can be explained by
considering an analytical model of the ink drying process.

Fig. 9 Possible structure with
the template printing
technologies. a 5:1 aspect ratio
structure b bump structures
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Fig. 10 Ink flow measurement
in 450 um membrane template

The length of the undried channel can be expressed in the
following equation [26] as follows:

ldry(t) = Lpexp

(
− C0

Cf

K(t − tf )

)
, (10)

where Lp is the distance from an ink reservoir to the
end of a channel and tf is the time when solidarization
started. The saturation concentration of ink Cf and the
solute concentration of an ink reservoir C0 appears as an
additional time constant. We believe that the concentration
of ink reservoir for block template is high compared to
the membrane template because the block template printing
uses an open-air ink reservoir as shown in Fig. 1a.

4.2 Other parameters affect the printing speed

The influence of other printing parameters on permeation
speed is investigated here. Figure 12 a plots the ink filling
speed with different printing temperature. The ratio between
measured ink flow rates is 1.23 in average, and this is close

to the ratio between diffusion constant in 43.3 ◦C (1.88 ×
10−10) and in 48.9 ◦C (2.11 × 10−10) obtained from Eq. 9.
As printing speed in steady diffusion is proportional to the
value K (L/tf = KL/loge(0.05L)) , this result is natural.
Moreover, the increase of the speed regardless of the pattern
density is a reasonable result as the diffusion constant is
the parameter independent from geometry. Figure 12 b
plots drying speeds with a different solute concentration of
ink. The ink DGP 40LT-15C (metal content 31.6 wt%) is
diluted with 200 proof ethanol at a specific rate. As Eq. 10
expected, a time constant of the drying process and an
ink concentration must be in a proportional relation. The
averaged ratio of printing speed is 2.8 which is close to the
ratio of ink concentrations (19.0:6.3 wt%).

5 Summary

In this paper, a novel printing method using an inflatable
template is proposed, and a comprehensive study from
theory to experiments is carried to proof the feasibility of

Fig. 11 Comparison between
block and membrane templates:
a ink filling rate and b drying
rate of ink
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Fig. 12 Influence of other
parameter on printing speed. a
Permeation speed with different
temperature; b ink concentration
dependency on drying rate of ink

this method. Use of a membrane instead of a block has
a benefit in printing speed and automation of a printing
procedure. Diffusion analysis of templates reveals that 450-
μm thick membrane has a constant permeation flux while
the one for 10-mm thick template has a time-varying
permeation speed which depends on the saturation condition
of the block. The printer which can inflate the membrane,
inject ink, and release the membrane after the ink dries is
prototyped for reliable experimental proof of concept. The
experiment shows that this method has a five times faster
permeation rate than the ordinal method as expected. This
degree of improvement is hard to achieve by increasing
printing temperature or ink concentration. Moreover, micro-
sized 3D structures are successfully demonstrated thanks to
the semi-automated printer. In conclusion, the feasibility of
printing method using an inflatable template is proven by
numerical printing model and printing experiments, and this
paper argued a new direction of research toward practical
realization of a template printing technology.
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