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Abstract: Cast molding process has provided a reliable, simple and cost-effective way to fabricate micro

structures since decades ago. In order to obtain structures with fine, dense and deep nano-size features by cast

molding, it is necessary to study the forming mechanism in the process. In this paper, based on major steps

of cast molding, filling models of liquid are established and solved; and the forming mechanism of liquid is

revealed. Moreover, the scale effect between the liquid and the cavity on the filling velocity of liquid is studied.

It is also interesting to find out that the wettability of liquid on the cavity may be changed from wetting to

dewetting depends on the pressure difference. Finally, we experimentally verify some of our modeling results

on the flowing and filling state of the liquid during the cast molding process.
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Introduction

Two decades ago, cast molding had been used to fab-
ricate microstructures in fluid integrated circuit [1]. Up
to now, many researchers have utilized the technique to
fabricate various micro/nano structures. The utiliza-
tion of cast molding can be roughly classified into two
main strategies. One is to make the final structures
by the technique directly, such as fabrication of three
dimensional microfluidic systems [2], devices integra-
tion with large-area nanopillar arrays [3], double cast-
ing of microstructured masters [4], and optical switch-
ing of liquid crystal grating [5]. Another is to make
templates by the technique firstly, and then the tem-
plates are used to fabricate the final structures. The
second approach has been widely developed since im-
print lithography was proposed, such as soft lithogra-
phy [6] and UV imprint lithography [7-9]. By the use
of fabricated templates, many complicated micro/nano

structures can be replicated in a large variety of mate-
rials and in large area efficiently, such as polymethyl-
methacrylate, ceramics, polystyrene, polyurethane and
Teflon [10-15].

In the two above-mentioned approaches, the cast
molding process provides a reliable, simple and cost-
effective way to construct structures for many mate-
rials. However, it is still a challenge to obtain high-
quality structures with fine, deep, and compact nano-
size features by cast molding process. In 1999, Chi-
ang et al. [16] investigated castable materials and mold
sticking properties, resolution of pattern transfer, and
effects of surface roughness and surface wettability. In
our previous work, effects of vacuum degree and the
curing temperature on the quality of PDMS mold were
studied; and the process was optimized to obtain PDMS
molds with high fidelity and improved physical proper-
ties [17].

Cast molding process can usually be divided into four
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steps: Firstly, the liquid is poured onto the surface of a
master under atmospheric environment. Secondly, the
assembly is evacuated to eliminate the bubbles. Then
the assembly is taken out to return to the atmospheric
environment again. Finally, the liquid is cured under a
specific condition. The first three steps can be grouped
into the forming stage, and the last step can be named
as the curing stage. During the first stage, the liquid
flows along the surface of the master and penetrates
the grooves in the master gradually, and forms the mi-
cro/nano features in the liquid. Thus, the first stage
can be called the forming stage, which is the basis of
constructing the structures in the liquid and will affect
the fidelity of the replicated structures directly.

Therefore, it is essential to analyze the effects of vac-
uum degree, liquid viscosity, surface tension, contact
angle and scale effect on the flowing and penetrating
state of the liquid during the forming stage. In this
paper, by establishing and solving the flowing and fill-
ing model of the liquid during the forming stage, the
effects of the above factors are analyzed, and the form-
ing mechanism is revealed. Finally, our experimental
results on cast molding agree well with the above anal-
ysis.

Analysis

As the forming stage in cast molding process con-
sists of three different steps, we will analyze the forming
stage according to these steps respectively.

Liquid penetrating into master under atmo-

sphere

If the liquid can wet the surface of the cavity (diame-
ter 2R, height h) in master, the poured liquid will pen-
etrate into the upper part of the cavity (height hi) due
to surface tension γ, as shown in the following Fig. 1,
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Fig. 1 The liquid cast over the cavity under atmosphere.

contact angle of the liquid over the cavity wall is θ,
and air pressure in and out of the cavity are Pin and
Pout(P0) respectively.

Suppose the liquid is incompressible, and the width
of cavity is small, the liquid flowing into the cavity is
stationary and laminar flow. We select an infinitesi-
mal element (micro cylinder: radius r, height hi) in the
flowing liquid for further analysis, as shown in Fig. 2.
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Fig. 2 State diagram of the infinitesimal element of the
liquid under forces.

The infinitesimal element will be in equilibrium along
axis X under actions of surface tension, internal friction
τ and pressures, therefore:

P0(πr2)−Pin(πr2)+ γ cos θr(2πr)− τ(2πrhi) = 0 (1)

In the formula, the angle between γ and axis X is θr.

For liquid flowing in macroscopic scale cavities,
Navier-Stokes Equation can work very well. However, if
the cavities decrease to the nano scale, the continuum
hypothesis which is the basis of Navier-Stokes Equa-
tion could become invalid. Some researchers have found
that, for fluid flow in cavities larger than 10 times of
fluid molecular diameters, the continuum hypothesis
will still be valid and Navier-Stokes Equation can be
used to analyze the flow [18, 19]. However, as the fluid
is confined in nano cavities, the fluid viscosity may be
different from its bulk viscosity. Eringen et al. [20] pro-
posed effective viscosity, which is the correction of bulk
viscosity, depends on the fluid materials and the width
of cavities:

μ = μb[1 + ξ(Rg/D)2] (2)

where μ is the effective viscosity, Rg is the radius of
rotation of fluid molecular, D is the external character-
istic length, ξ is a dimensionless constant, and μb is the
bulk viscosity of fluid.

Therefore, according to internal friction τ = −μ
dv

dr
(v

is velocity of liquid along axis X) and Eq. (2), we can
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change Eq. (1) into following form:

P0(πr2) − Pin(πr2) + γ
r cos θ

R
(2πr)+

μb

[

1 + ξ

(
Rg

R − r

)2
]

(2πrhi)
dv

dr
= 0 (3)

dv = −

(
P0 +

2γ cos θ

R
− Pin

)

2μbhi

×

[

1 −

ξR2

g

ξR2
g + (R − r)2

]

rdr (4)

Integrating the Eq. (4) and substituting the boundary
condition (ν (r = R) = 0), we can obtain the velocity
along the radius of the cavity as the following:

v =

2γ cos θ

R
− P0

hi

h − hi

2μbhi

{
1

2
(R2

− r2) +
ξR2

g

2
ln

[
1+

(R − r)2

ξR2
g

]
−

√
ξRRg arctan

(R − r)
√

ξRg

}
(5)

The maximum of the velocity is:

vmax =

2γ cos θ

R
− P0

hi

h − hi

2μbhi

{
1

2
R2 +

ξR2

g

2
ln

[
1+

R2

ξR2
g

]
−

√
ξRRg arctan

R
√
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}
(6)

If using B as the ratio of cavity width and liquid ra-
dius of rotation, B = R

Rg

√

ξ
, we can change (6) into the

following:

vmax =

2γ cos θ

R
− P0

hi

h − hi

2μbhi

R2S (7)

S =

{
1

2
+

1

2B2
ln[1 + B2] −

1

B
arctanB

}
(8)

From the above equations (7) and (8), it can be seen
that the relationship between S and B will reflect the
influence of scale effects of the cavity on the liquid flow-
ing velocity during forming stage.

As shown in Fig. 3, S increases rapidly and starts to
saturate as Bincreases to more than 40. It means that,
if the characteristic length of the cavity is much larger
than the radius of rotation of fluid molecular, the influ-
ence of scale effects can be neglected. Otherwise, the
influence of scale effects will be very large, and the ve-
locity of liquid flow will decrease greatly and even fall
to zero.
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Fig. 3 Influence of scale effects of the cavity on the liquid
flowing velocity.

Moreover, from the formula (5) and (6), it is obvious
that: decreasing both the external air pressure and the
viscosity of the fluid will increase the flowing velocity of
the fluid; increasing surface tension of fluid and wetta-
bility between the liquid and cavity will also accelerate
the flowing and penetrating of the liquid; and if the
contact angle θ < 90◦, then the liquid can penetrate
into the cavity.

The assembly under vacuum

As shown in Fig. 4, after the liquid cast over the cav-
ities, the assembly is evacuated under vacuum pressure
Pv.
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Fig. 4 The assembly vacuumized under vacuum.

Similarly, we will select a micro-cylinder in the flow-
ing liquid, as shown in the following Fig. 5.

We can also obtain the following formula:

v =

2γ cos θ

R
− Pv

hi

h − hi

2μbhi

{
1

2
(R2

− r2) +
ξR2

g

2
ln
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ξR2
g

]
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√
ξRRg arctan

(R − r)
√
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}
(9)
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Fig. 5 State diagram of the micro cylinder under forces.

From the formula (9), it can be seen that a higher
degree of vacuum will improve the flowing and pene-
tration of liquid into the cavities. Due to the degree of
vacuum can be very high, the penetration velocity of
the fluid in vacuum will be a lot quicker vis-à-vis than
the penetration velocity of the fluid in atmosphere.

We can estimate the maximum of penetration depth
of liquid into the cavity. In the formula (10), the liquid
will come to its depth limit when the vmaxapproaches
zero. Therefore, we can obtain the following formula:

hi

h
=

1

1 +
Pv

2γ cos θ/R

(11)

As the value of Pv can be very small, the fill ratio
hi

h
will be very close to 100%.

The assembly is taken out to return to the at-

mospheric environment again

After the evacuation step, the assembly is placed in
the ambient atmosphere again. As shown in Fig. 6, due
to the separation by the liquid, the air pressure in the
cavities is very low (Pv), while the pressure out of the
cavities is much higher (P0).

We think that, influenced by the pressure difference
between the outer cavity and the inner cavity, the wet-
tability of liquid on cavities may be changed from wet-
ting to dewetting. Under this condition, the surface
tension will contribute to drive the penetrated liquid
out of the cavities.

Therefore, the time in step 3 should be shortened as
soon as possible, while the liquid is better to be cured
after step 2.
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Fig. 6 The assembly is put into atmosphere again.

Experiment and discussion

In experiment, we utilize cast molding process to fab-
ricate PDMS molds. The master template used for cast
molding consists of a layer of positive resist and a sil-
icon substrate, and the master patterns are defined in
the resist by a high resolution electron beam lithogra-
phy system, and the casting material is PDMS (ESSIL
291) from Axson Corporation. The whole cast molding
process is similar to our previous work [17].

Effects of viscosity on replication fidelity

The viscosity or the mixed PDMS resin (ESSIL
291/ESSIL 293, weight ratio 10:1) is 40000 mPa·s under
room temperature. After being degassed to eliminate
the air bubble, the mixture is cast over the master, and
stayed for an hour. Then, the mixture is cured for 3
hours under 80℃, and peeled off from the master under
room temperature. The experimental results is shown
in Fig. 7,

From the above figure, the height of features in the
obtained PDMS mold is only 30 nm, while the grooves
depth in the master is 200 nm (width of 80nm and
space of 920 nm). So, this reveals that the pure PDMS
resin cannot penetrate into the bottom of cavity in the
master due to its much higher viscosity.

However, if diluting the PDMS resin with normal
heptane, we can obtain low viscosity PDMS. When the
volume concentration of PDMS decreases to 30%, its
viscosity will decrease to 400 mPa·s under room tem-
perature. Using the diluted resin, even if the master
has dense grooves with the same depth 200 nm (width
of 80nm and space of 240 nm), the resin with lower vis-
cosity can still penetrate into their bottoms, as shown
in the following Fig. 8.

However, it is a pity that the cured PDMS features
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Fig. 7 Images of master and PDMS mold obtained by pure PDMS resin. (a) SEM picture of master; (b) and (c) AFM
images of PDMS mold.
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Fig. 8 Images of master and PDMS mold obtained by diluted PDMS resin. SEM picture of (a) Master; (b) Cured PDMS
and master.

are almost all ruptured and trapped in the grooves of
the master. The reason is not clear, but maybe due
to the deterioration of the mechanical properties of
PDMS after dilution, since all the other conditions dur-
ing cast molding are unchanged, except for the dilution
of PDMS.

Effects of degree of vacuum on the replication

fidelity

In the experiment, PDMS molds are fabricated un-
der several different pressures, such as 0.06 MPa, 0.03

MPa, 1000 Pa, and 10 Pa, whereas the other condi-
tions are kept the same (curing temperature 40℃, 36
hours). Figure 9 shows the AFM images of the final
PDMS molds:

From the Fig. 9, it is obvious that, as vacuum pres-
sure is reduced from 0.06 MPa to 10 Pa, the quality
of the PDMS mold is improved continuously. On the
one hand, feature depth in PDMS molds increases from
70 nm to 200 nm. On the other hand, the defects in
features are also reduced gradually. Therefore, a higher
vacuum degree will be helpful to obtain a high quality
replication during the cast molding process.
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Fig. 9 AFM images of PDMS molds fabricated under different vacuum pressure. (a) Pressure of 0.06 MPa; (b) Pressure of
0.03 MPa; (c) Pressure of 1000 Pa; (d) Pressure of 10 Pa.

Conclusions

Through solving the flowing and filling model of liq-
uid during the forming stage of cast molding process,
factors which affect the penetrating state of the liquid
have been analyzed: fluid viscosity, external air pres-
sure, surface tension of liquid, and wettability between
liquid and cavity. For the first two factors, the lower
values of them will increase the flowing velocity of liq-
uid; but for the last two factors, the effects are just the
reverse. Another important factor is scale effect, which
will affect the flowing velocity greatly, if the character-
istic length of the cavity is comparable to the radius of
rotation of liquid molecular. The experimental results
also indicate that, lower viscosity and higher vacuum
degree will be helpful for the liquid to penetrate into
the bottom of the cavity.
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