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structures (Sparreboom et al. 2009). Due to the special phe-
nomena which only occur in nanochannels such as ultra-
high surface to volume ratio and electrical double layer 
overlap, nanochannels become a critical method to study 
nano-scale fluidic, molecular and ion properties (Sparre-
boom et al. 2009; Freedman et al. 2013). In recent years, 
based on the nanochannels a great number of research has 
been performed, such as DNA stretching (van Kan et al. 
2012; Pedersen et al. 2013), ion separation (Tsukahara 
2010; Gillespie and Pennathur 2013), virus characterization 
(Zhou et al. 2011) and protein analysis (Anwar et al. 2012; 
Chun et al. 2013; Sang et al. 2013).

Hot embossing, which mainly includes heating step, 
pressing step and de-molding step, is a promising tech-
nology for fabrication of micro/nanostructures in polymer 
sheets. Comparing with conventional fabrication methods 
for micro/nanostructures, like ultraviolet (UV) lithography 
and etching processes on semiconductor substrates, hot 
embossing exhibits considerably better advantages in cost, 
resolution and productivity (Peng et al. 2013). By using this 
technology, high replication precision nanochannels can be 
fabricated in the polymer sheets. So far, sub-200 nm two-
dimensional (2D) nanochannels have been replicated in the 
polymethyl methacrylate (PMMA), cyclic olefin copolymer 
(COC) and poly carbonate (PC) sheets by hot embossing 
techniques (Chantiwas et al. 2010; Sakamoto et al. 2011; 
Wu et al. 2011).

During hot embossing, it is significant to optimize the 
embossing parameters to replicate 2D nanochannels into 
the polymer sheet with high precision. The finite ele-
ment method, a numerical method to find proximate solu-
tions to boundary value problems, is a quantitative analy-
sis technique for process optimization. By finite element 
method, the heating step and pressing step have been stud-
ied to increase the replication precision of the 2D polymer 

Abstract Hot embossing of polymethyl methacrylate 
(PMMA) sheet is an emerging method for fabrication of 
two dimensional (2D) nanochannels with low cost and high 
replication precision. However, the de-molding step which 
influences the replication precision of the final 2D PMMA 
nanochannels has not yet been studied systematically. In 
this work, the effect of the de-molding angle, de-molding 
temperature and friction coefficient between the 2D silicon 
nano-mold and the PMMA sheet on the maximum local 
stress in the 2D PMMA nanochannels was studied by finite 
element method. The results show that the maximum local 
stress appears in the period of 0.8–0.9 s, which indicates 
that the damage of 2D PMMA nanochannels may be more 
likely to occur at the end of the de-molding step. To sepa-
rate the 2D silicon nano-mold and the PMMA sheet with-
out nanochannels damage, the following processing param-
eters are suggested: de-molding angle smaller than 0.5°, 
de-molding temperature of 85 °C and anti-sticking treat-
ment on the surface of the nano-mold.

1 Introduction

Nanofluidics is the analysis of the behavior, manipula-
tion, and control of fluids which are confined to nanoscale 
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nanochannels. The influence of the embossing temperature, 
embossing pressure and embossing time on the replication 
precision of the 2D polymer nanochannels was investigated 
(Hirai et al. 2007; Bum-Goo et al. 2008; Zhu et al. 2009). 
The effect of the duty ratio and depth-to-width ratio of the 
nano-mold and initial thickness of the polymer sheet on the 
flow behavior of the polymer was also studied (Hocheng 
and Nien 2006; Kim et al. 2008). Those researches are very 
helpful for fabricating high quality 2D polymer nanochan-
nels. However, during hot embossing process, there are still 
some issues should be addressed. The de-molding step is a 
step in which the mold is separated from the polymer sheet 
after pressing step. This step is critical and has significant 
influence on the replication precision of the final 2D poly-
mer nanochannels. Unfortunately, to best of our knowl-
edge, there is no work which investigates the de-molding 
step by numerical simulation or experiment method dur-
ing 2D polymer nanochannels fabrication. Therefore, an 
in-depth and systematical analysis on the de-molding step 
should be carried out.

In this paper, the de-molding parameters were studied by 
finite element method. The deformation of the 2D PMMA 
nanochannels during de-molding step was evaluated by the 
maximum local stress in PMMA nanochannels. The influ-
ence of the de-molding angle, de-molding temperature and 
friction coefficient between the 2D silicon nano-mold and 
the PMMA sheet on the maximum local stress of the 2D 
PMMA nanochannels was investigated. With optimized 
de-molding parameters, the PMMA sheet can success-
fully separated from the 2D silicon nano-mold without 
nanochannels damage. To verify the simulation method, 
the scanning electron microscope (SEM) profiles of 2D 

PMMA nanochannels de-molded under different de-mold-
ing conditions were compared.

2  Experiments

Hot embossing is a technique to fabricate low cost plastic 
micro/nano-structures by pressing the micro/nano-structures 
on the mold into the polymer sheet at proper pressure and 
temperature. Hot embossing mainly includes three steps. The 
first step is heating step, the second step is pressing step and 
the third step is de-molding step. The typical hot embossing 
process is shown in Fig. 1. In Fig. 1, the red line represents 
the changes of the embossing temperature and blue dotted 
line presents the changes of the embossing pressure.

The first step of heating step: the mold and the polymer 
sheet were heated to a temperature above the glass transi-
tion temperature (Tg) of the polymer. When the embossing 
temperature was above the Tg of the polymer, the poly-
mer goes to a rubbery state (Guo 2004; Yin et al. 2014), 
the Young’s modulus of the polymer is low (the polymer 
is very ‘soft’), the micro/nano-structures on the mold can 
therefore be embossed into the polymer sheet easily. In this 
step, the embossing pressure was not applied on the mold 
and the polymer sheet.

The second step of pressing step: the embossing pressure 
was applied on the mold and the polymer sheet quickly at 
the embossing temperature, and then the pressure and tem-
perature were maintained for a period of time. When the 
micro/nano-structures in the mold were embossed into the 
polymer completely, the temperature was falling down to 
the de-molding temperature.

Fig. 1  Typical hot embossing 
process used in this paper, the 
real line represents the changes 
of the embossing temperature 
and dotted line presents the 
changes of the embossing 
pressure
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The third step of de-molding step: in this step, the emboss-
ing pressure applied on the mold and the polymer sheet was 
released, the mold and the polymer sheet were separated. The 
micro/nano-structures in the mold were transferred into the 
polymer sheet. The de-molding temperature cannot be above 
the Tg of the polymer. That is because when the temperature 
is above the Tg of the polymer, the polymer can be reflowed 
after demolding step, the well embossed structure in the poly-
mer sheet can be deformed severely (Guo 2004).

To study the influence of the demolding step on the final 
replication precision of the 2D PMMA nanochannels, the 
0.8 mm PMMA sheets were purchased from Asahi Kasei 
Corporation (Tokyo, Japan) with glass Tg of 105 °C. The 
0.8 mm PMMA sheet was cut into 15 mm  × 15 mm square 
pieces. The prepared sample PMMA sheets were sonicated 
for 10 min in the cleaner (DZ-1, Jinan Xihua technologies 
Co., Ltd, Shandong, China), rinsed in the de-ionized water 
and dried under a nitrogen stream. Then, the hot embossing 
experiments can be carried out by a custom-made JHJ-I hot 
embossing equipment. The 2D silicon nano-mold used in 
this paper, shown in Fig. 2, is 175 nm wide and 180 nm high 
which is fabricated by the sidewall transfer technique (Rao 
et al. 2011). To study the de-molding step, the 2D PMMA 
nanochannels were de-molded at different de-molding con-
ditions. However, during hot embossing, the conditions of 
heating step and pressing step were fixed at temperature of 
130 °C, pressure of 2 MPa and time of 200 s.

3  Finite element methods

During the de-molding step the de-molding temperature 
is below the glass transition temperature of the polymer 
sheet. The polymer sheet is in solid state and therefore 
can be assumed to be an elastic body (Kim et al. 2008; 
Lan et al. 2009). In this paper, to simulate the de-molding 
step, the 2D silicon nano-mold and the PMMA sheet were 
considered to be elastic materials. A 2D 4-nodal linear 
structural element PLANE 42 was employed to represent 

the 2D silicon nano-mold and the PMMA sheet. A contact 
pair of CONTACT 172 and TARGET 169 was applied on 
the interface between the 2D silicon nano-mold and the 
PMMA sheet. A nonlinear finite element method software, 
ANSYS 10.0 (ANSYS inc., Pittsburgh, PA, USA), was 
employed to solve the constitutive equation and geometry 
equation simultaneously. For simplification, the plain-strain 
condition was supposed. Because the structures of the 2D 
silicon nano-mold were periodical, only a periodical struc-
ture was used to create the computational domain.

Figure 3 shows the geometrical model. Symmetric 
boundary was applied on right side of the 2D silicon nano-
mold and the PMMA sheet. The X-axis displacement of 
the left side of the 2D silicon nano-mold and the PMMA 
sheet was set to zero due to the periodicity of the nano-
features of the 2D silicon nano-mold. The Y-axis displace-
ment of the bottom surface of the PMMA sheet was set to 
zero because the PMMA sheet was supported by a fixed hot 
embossing board. The 2D silicon nano-mold we used in the 
experiments has a 20-nm-height difference in one period 
(see Fig. 1). Consequently, during geometric modeling, the 
height difference was considered, as shown in the enlarged 
view of Fig. 3.

4  Results and discussions

During hot embossing process, we found that the 2D 
PMMA nanochannels can be easily distorted during the 

Fig. 2  SEM images of the 2D silicon nano-mold having width and 
height of 175 and 180 nm, respectively

Fig. 3  Geometrical model for numerical simulation of de-molding 
step
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de-molding step. Consequently, the deformation of the 2D 
PMMA nanochannels during de-molding step should be 
investigated. The local stress of the 2D PMMA nanochan-
nels is a significant factor to evaluate the deformation of the 
2D PMMA nanochannels. During de-molding step, when 
the local stress of the 2D PMMA nanochannels is larger 
than the yield stress of the PMMA, the unrecoverable 
deformation will occur. To separate the 2D silicon nano-
mold and the PMMA sheet without nanochannels damage, 
the maximum local stress of the 2D PMMA nanochan-
nels should be smaller than the yield stress of the PMMA. 
Therefore, in this paper, the deformation of the 2D PMMA 
nanochannels during de-molding step was estimated by the 
maximum local stress in 2D PMMA nanochannels. The 
effect of the de-molding angle, de-molding temperature and 
friction coefficient between the 2D silicon nano-mold and 
the PMMA sheet on the maximum local stress of the 2D 
PMMA nanochannels was analyzed by numerical simula-
tion method. During numerical simulation, the de-molding 
time was set to 1 s and the 2D silicon nano-mold and the 
PMMA sheet were separated by applying upward displace-
ment to the 2D silicon nano-mold.

To analyze the deformation of the 2D PMMA nanochan-
nels during de-molding step, the yield stress of the PMMA 
should be taken into account. Since the yield stress of the 
PMMA is decreased with the increase of temperature, the 
yield stresses of PMMA at different temperature should be 
calculated or measured. The yield stress of the PMMA at 
different temperature can be calculated by an interpolation 
method according the yield stress in the reference (Quin-
son et al. 1997; Song et al. 2008). The yield stresses of the 
PMMA at different temperatures are listed in Table 1.

4.1  Influence of the friction coefficient

Figure 4 shows the maximum local stress of 2D PMMA 
nanochannels as a function of de-molding time with differ-
ent friction coefficients. The effect of the friction coefficient 
between 2D silicon nano-mold and the PMMA sheet on the 
maximum local stress of the 2D PMMA nanochannels was 
investigated with the de-moldig temperature of 85 °C and 
de-molding angle of 0°. In Fig. 4, the maximum local stress 
increased with the increase of friction coefficient. Dur-
ing the whole de-molding step, the maximum local stress 
continuously increased from 0 to 0.8 s, and then decreased 
after 0.8 s. This is because from 0 to 0.8 s, the contact area 
between the nano-protrusion in the nano-mold and the 
PMMA nanochannels was decreasing, which lead to the 
local stress increasing. However, after 0.8 s the nano-mold 
and PMMA were separated. The maximum local stress of 
the 2D PMMA nanochannels decreases quickly within 
0.2 s. The maximum local stresses were 16.78, 18.22, 19.72 
and 22.22 MPa at friction coefficient of 0, 0.1, 0.2 and 0.3, 

respectively. It obviously that when the friction coefficient is 
larger than 0.2, the maximum local stress in the 2D PMMA 
nanochannels will be larger than the yield stress of the 
PMMA at 85 °C (18.25 MPa). It means that the 2D PMMA 
nanochannels will be destored after de-molding. In order to 
avoid the deformation of the 2D PMMA nanochannels, it is 
wise to decrease the friction coefficient between the 2D sili-
con nano-mold and PMMA sheet. A thin anti-sticking layer 
coating on the 2D silicon nano-mold is therefore suggested 
to decrease the friction coefficient.

4.2  Influence of the de-molding angle

The effect of the de-molding angles on maximum local 
stress of the 2D PMMA nanochannels during de-molding 
step was also investigated. Figure 5 shows the relation-
ship between the maximum local stress and de-molding 
angle at friction coefficient of 0 and de-molding tempera-
ture of 85 °C. One can see that as the de-molding angle 
increases, the maximum local stress over the whole de-
molding step increases as well. The maximum local stress 
increased significantly when the de-molding angle is larger 
than 0.5°. When the de-molding angle is larger than 0.5°, 
the maximum local stress in the PMMA nanochannels is 
much greater than the yield stress of the PMMA at 85 °C 
which resulting in a high degree of plastic deformation in 
the nanochannels after de-molding. In order to decrease the 
deformation of the PMMA nanochannels, the de-molding 
angle should be maintained below 0.5°. If possible, a zero 
de-molding angle is recommended.

4.3  Influence of the de-molding temperature

Figure 6 shows the maximum local stress as a function of 
de-molding time at different temperatures, when friction 
coefficient is 0 and the de-molding angle is 0°. The maxi-
mum local stress appears in the period of 0.8–0.9 s and 
quickly drops to zero. Contrary to the influence of the fric-
tion coefficient and the de-molding angle, the maximum 
local stress decreases with the increase of the de-molding 
temperature. In this article, the influence of the de-molding 
temperature on the maximum local stress above 105 °C is 
not discussed, because the nanochannels on PMMA sheet 

Table 1  The yield stress of the PMMA at different temperatures

Temp/°C Yield stress/MPa

65 24.65

75 21.24

85 18.25

95 15.64

104 13.56
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would be highly distorted if the de-molding temperature 
was higher than the glass Tg of PMMA (105 °C). By com-
paring of Fig. 6 with Figs. 4 and 5, we can see that the 

value of the maximum local stress is more significantly 
influenced by the de-molding angle than that by the friction 
coefficient and the de-molding temperature.

Fig. 4  The relationship 
between the maximum local 
stress and time at different  
friction coefficient

Fig. 5  Maximum local stress 
as a function of time at different 
de-molding angles

Fig. 6  Maximum local stress 
as a function of de-molding 
time at different de-molding 
temperatures
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In order to investigate the deformation of the 2D PMMA 
nanochannels at different de-molding temperatures, the nor-
malized stress at de-molding temperature T, StressNorm_T, is 
defined (Eq. 1):

where, Stress_T is the maximum local stress in the 2D 
PMMA nanochannels at demolding temperature T and the 
StressYield_T is the yield stress of the PMMA at temperature 
T.

The normalized stress can indicate the unrecoverable 
deformation of the 2D PMMA nanochannels. If the maxi-
mum local stress at de-molding temperature T is larger than 
the yield stress of the PMMA (StressNorm_T > 1), the plastic 
deformation in the nanochannels will occur after de-mold-
ing step. From Fig. 7 when the de-molding temperature 
higher than 100 °C, the 2D PMMA nanochannels will suf-
fer plastic deformation. We can also see that the normalized 
stress drops first, and then increases. In order to decrease 
the deformation of the 2D PMMA nanochannels, we rec-
ommend choosing 85 °C as the optimized de-molding 
temperature.

4.4  Experimental comparison

In this paper, the 2D PMMA nanochannels were hot 
embossed into the 0.8 mm PMMA sheet. During heat-
ing and pressing step, the embossing parameters for 
replicating 2D PMMA nanochannels we chose were 
embossing temperature of 130 °C, embossing pressure of 
2 MPa and embossing time of 200 s. In order to verify 
the optimized de-molding step, the 2D PMMA nanochan-
nels were de-molded at different de-molding conditions. 

(1)StressNorm_T =

StressT

StressYield_T Figure 8 shows SEM images of hot embossed 2D PMMA 
nanochannels.

The 2D PMMA nanochannels shown in Fig. 8a were 
de-molded at the following condition: (1) The de-molding 
temperature was 95 °C. (2) The PMMA sheet and the 2D 
silicon nano-mold were separated by hand. This means the 
de-molding angle was large. (3) The 2D silicon nano-mold 
was not treated with anti-sticking layer. This means that 
the friction coefficient between 2D silicon nano-mold and 
PMMA sheet was high.

On the other hand, the 2D PMMA nanochannels in 
Fig. 8b were de-molded at following the conditions: (1) The 
de-molding temperature was 85 °C. (2) The PMMA sheet 
and the nano-mold were separated vertically (de-molding 
angle approximately equal to 0). (3) The 2D silicon nano-
mold was treated with anti-sticking layer. This means the 
friction coefficient between nano-mold and PMMA sheet 
can be considered to be 0.

From Fig. 8a and b, we can clearly see that the 2D PMMA 
nanochannels without the optimized de-molding parameters 
were highly distorted after de-molding step. However, the 
PMMA nanochannels de-molded under the optimized de-
molding parameters stayed intact after de-molding step. It 
indicates that the optimized de-molding conditions obtained 
by the numerical simulation method can be used to fabricate 
high quality 2D PMMA nanochannels. The numerical simu-
lation method is an effective way to investigate the deforma-
tion of the 2D PMMA nanochannels during de-molding step.

Fig. 7  Normalized stress at different de-molding temperatures

Fig. 8  SEM profiles showing 2D PMMA nanochannels after de-
molding, a 2D PMMA nanochannels de-molded without optimized 
de-molding parameters, b 2D PMMA nanochannels de-molded with 
optimized de-molding parameters



135Microsyst Technol (2016) 22:129–135 

1 3

5  Conclusions

In this paper, the de-molding step was analyzed by numeri-
cal simulation method. The influence of the de-molding 
angle, de-molding temperature and friction coefficient 
between the 2D silicon nano-mold and the PMMA sheet on 
the maximum local stress of the 2D PMMA nanochannels 
was studied. The simulation results indicate that the impact 
of the de-molding angle on the maximum local stress is 
greater than that of the de-molding temperature and the 
friction coefficient. During the de-molding step, the dam-
age of 2D PMMA nanochannels could occur at the end of 
de-molding step. In order to separate the 2D PMMA nano-
channels from the 2D silicon nano-mold without nanochan-
nels damage, the following processing parameters are sug-
gested: de-molding angle smaller than 0.5°, de-molding 
temperature of 85 °C and anti-sticking treatment on the 
surface of the nano-mold.
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