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ORIGINALARTICLE

Parameters identification of hot embossing machine based on the finite element
method

Junyao Wang 1• Qi Sun1 • Bo You 2• and Fu-wang Wang 1

Abstract: A new type of hot embossing machine was developed,
which comprised of frame structure and pressing head. To ensure
fitting accuracy of the pressing heads, static simulation of
columns as vertical moving guide was conducted, simulation
results demonstrated that the column of the frame structure
possessed enough stiffness via adopting the material of Q235 and
the size of 30 mm, and the largest radial deformation of the
column reached to 2.5nm. Thermoelectric refrigeration reactor
(TRR) as the improved heating mode was utilized and the power
was determined. Because the TRRs did not bear the whole
pressing load, different types of pressing head are developed,
which achieved the separation of pressing load and TRR’s
preload. Distributions of deformation on the feed direction were
analysed for different types of pressing head. And simulation
results demonstrated that the pressing head of "王" exhibited the
best homogeneous deformation through comparing with other
types of pressing head, which the maximum variation of
deformation distribution approximately reached to 30nm.
Additionally, force-thermal coupling simulation of pressing head
plate as a core component was conducted to reduce thermal stress,
and effects of distributions of deformation and temperature were
discussed. For the given time, the head plate with the thickness of
18mm exhibited good uniformity of temperature and moderate
heating rate, which the mentioned parameters reached
0.03°C/um2 and 0.35°C/s, respectively. Generally, the applied
thermal load decreases the deformation uniformity to a certain
extent.
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1 Introduction

With characteristic of low cost, a rapid reaction rate and
high efficiency, microfluidic chip integrated highly into
micro-units implemented the functions in aspects of DNA
analysis, drug screening, cell manipulation and
immunology determination [1-4]. Traditionally,
microfluidic chips were fabricated with several materials
including silicon, glass and polymer. Nevertheless, the
applications for silicon and glass were limited due to low
optical performance and small depth-width ratio
respectively [5-6]. Fortunately, polymer materials
represented by PMMA (polymethyl methacrylate)
compensated for the former material’s insufficiency, and
demonstrated broad prospective with the characteristics of
great varieties, low cost and easy mass production [7-9].
Remarkably, polymer materials were divided into
thermosetting and thermoplastic. Comparing with the
former, the thermoplastic possessed good performance of
reprocess and recycle [10-12].
Currently, hot embossing machine for thermoplastic

materials has been developed to manufacture the chip.
Specifically, despite achieving the process of hot
embossing, feeding accuracy didn’t meet the requirements
due to the use of early pneumatic drive [13-14]. With the
development of electric motor, servo motor as the power
was employed to improve the feeding accuracy of
embossing machine. Nonetheless, an issue of demoulding
difficulty was exposed on account of the adoption of
air-cooling system. Simultaneously, influence of the air on
chip was neglected during the fabrication process [15-16].
Fortunately, oil with large heat capacity was applied to
boost the cooling rate. Furthermore, bubbles generation
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was avoided through integrating a vacuum system.
Nevertheless, thermal stress was increased owing to an
integration design of resistance wire and water channels
[17-18]. Particularly, TRR (thermoelectric refrigerator
reactor) was installed to decrease thermal stress, which
achieved the heating and cooling by the current reversing.
Whereas two issues including low refrigeration efficiency
and long processing cycle were emerged [19-20].
Dramatically, the mentioned issues were resolved with the
assisted water tank. Because fitting precision for the
pressing head was neglected, it was difficult to ensure
accuracy of channel duplication of microfluidic
chip[21-22]. Up to the point, the theoretical research on
guaranteeing machining accuracy remains to need further
development. Additionally, the mentioned foreign
equipment were more expensive, and domestic equipment
were not for sale.
In this paper, hot embossing machine composed of the

frame structure and the pressing heads structure was
established. To ensure the fitting accuracy of the pressing
heads, static simulation of columns as vertical moving
guide was conducted, radial stiffness of the column was
studied in terms of material and size. The improved heating
mode of TRR was utilized and the power was determined.
Because the TRRs did not bear whole pressing load, the
different types of head structures are developed, which
achieved separation of pressing load and TRR’s preload.
Distributions of deformation on feeding direction were
analysed. Additionally, to reduce thermal stress on
accuracy of channel duplication of microfluidic chip,
Force-thermal coupling simulation of pressing head plate
as a core component was conducted, and effects of
distributions of deformation and temperature were
discussed. At the end of the article, the concluding remarks
were demonstrated.

2 Theoretical basis for determining heat
power

Considering low heating efficiency of traditional electric
heating wire, TRRs comprised of Multiple P-N junctions
were employed as heating/refrigerating element. Operating
principle of single P-N junction included Seebeck effect,
Parte effect, Thomson effect, Fourier effect and Joule
effect[23-24]. Through analyzing the mentioned principle,
Refrigeration capacity (QC) and heating capacity (QH) of
the single P-N junction were respectively derived, as
shown in Eqs. (1), (2). And parameters were shown in the
following table 1.

21( )
2C p N CQ a IT I R K T     (1)

21( )
2H P N HQ IT I R K T      (2)

Table 1 Relevant parameters of Eqs. (1), (2)

TC TH αp-αn K ΔT

Absolute
temperature
on cold side

Absolute
temperature
on heat side

Sebeck
coefficients
between
N-type and
P-type

Thermal
conductivity

Temperature
variations

between cold
side and hot

side
K K V/K W/m.K K

Consequently, based on Eqs. (1), (2), the internal
relationship between QC and QH was deduced as shown in
Eq. (3), which coupled with Eq. (4) of input power [25].

H CQ Q W  (3)
2. =W U I I R I T   (4)

Where W, U, I were the input power, the input voltage
and the input current respectively. Considering actual
processing temperature, the heating rate and cooling rate of
the system were about 0.3°C/s and 0.1°C/s respectively.
The Eq. (5) demonstrated theoretical heating/cooling
power, and the Eq. (6) exhibited identification of TRR’s
numbers to be used. The related parameters of Eq. (5) and
Eq. (6) were shown in the following table 2. QC/H was the
rated power of TRRs, and n was TRR’s numbers.

/ /. . .c h p c hQ C V  (5)

/

/

c h

C H

Qn
Q

 (6)

Table 2 Relevant parameters of Eqs. (5), (6)

CP ρ v Qc/h νc/h

Specific heat
capacity

Material
density

Volume of
pressing
head plate

Total
Heating/Refrig
eration power

Heating/
Cooling
rate

J/Kg.K Kg/m3 m3 J/s K/s

3 Design of the Hot embossing machine and
initial boundary conditions

3.1 Frame structure and initial boundary conditions
In this paper, Closed frame structure with high stability

consisted of the crossbeam, moving crossbeam, lower
crossbeam and columns. The screw lift was connected to
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the moving crossbeam by flange, and the feeding motion
was achieved via the linear bearing motion pair.
Dramatically, the lower crossbeam were able to achieve the
free movement in the vertical direction, and the
maintainability and replacement of pressure sensor
installed on the bottom were accomplished with the
characteristics of short time and easy operation. And the
closed frame structure was shown in Figure 1.

Figure 1 Structure of closed frame

To ensure fitting accuracy of the pressing heads, static
simulation of columns as vertical moving guide was
conducted, The radial stiffness of the column was studied
in terms of material and size. The following were the
specific simulation condition. Tetrahedral meshes were
employed owing to simplicity of the model. Additionally,
total loads of 3.1KN including the weight of the upper
equipment and the pressing load were applied to the
shoulder, and the fixed support was exerted to the bottom
of the shaft. Parameters of sizes and grid were shown in
table 3

Table 3 Relevant parameters of column

Material
Length
of shaft
body

Diameter
of body

Length
of shaft
head

Diameter
of

shoulder

Allow
-able
stress

Aluminum
alloy 6061

605mm 30mm 20mm 65mm
13.8
Mpa

Stainless
steel 202

605mm 30mm 20mm 65mm 66.7
Mpa

Structure
steel Q235

605mm
25/30/35
mm

20mm 65mm
58.7
Mpa

3.2 Structure of pressing head and initial boundary
conditions
In this paper, the TRRs were utilized as
heating/refrigerating unit, and separate pressing head was
developed, which achieved the separation of the pressing
load and the TRR’s preload. Firstly, the parts of bearing

pressing load were pressing head plate, heat insulating
mattres, side beam, middle beam and lower slab. And the
heat insulating mattres was used to reduce heat loss, and
improve the heating efficiency. Secondly, the parts of
applying TRR’s preload was bolt, spring washer, rubber
mat, cover of water tank, body of water tank, pad of TRR.
The construction of pressing head was shown in Figure 2.

Figure 2 Structure of pressing head

In order to improve the force uniformity of the chip,
three types of separate pressing heads were designed. And
then, distributions of deformation on the feed direction
were analysed for different types of pressing head as
shown in Figure 3.

Figure 3 The three types (“工”，“王”，“田”) of separated
head structure

The following were the specific simulation condition.
Tetrahedral meshes were employed owing to the simplicity
of the head structure. Because the size of the processing
chip was 40mm*40mm*2mm, the working force of 2KN
was applied to the central area of 40mm*40mm on the
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surface of the head plate, and the fixed support was exerted
to the bottom of beams. The related parameters of types
were shown in table 4. And the simulation results were
shown in the Figure 5.

Table 4 Simulation parameters of types of pressing heads

Types Overall Size Head plate
Heat

insulation
Beam

Shape
of
“工”

150mm*160mm
*140mm

brass polycarbo
nate

45
steel

Shape
of
“王”

150mm*160mm
*140mm

brass polycarbo
nate

45
steel

Shape
of
“田”

150mm*160mm
*140mm

brass polycarbo
nate

45
steel

3.3 Head plate and initial boundary conditions
To reduce thermal stress on accuracy of channel

duplication of microfluidic chip, Force-thermal coupling
simulation of pressing head plate as a core component was
conducted, and effects of distributions of deformation and
temperature were discussed.
Based on the Eqs. (4), (5), the TRR’s number of four

with a rated QC of 125w were selected. The thermal load
was imposed on the TRR, and the working force of 2KN
was applied to the central area of 40mm*40mm on the
surface of the head plate, and the fixed support was exerted
to the bottom of the beams. Simultaneously, tetrahedral
meshes were adopted. For the given heat time of 300s, the
parameters of numerical simulation were shown in table 5.

Table 5 Simulation parameters of head plate

Material Size Thickness Elements Nodes
Brass 150mm*160mm 14mm 25730 49835
Brass 150mm*160mm 16mm 19080 35802
Brass 150mm*160mm 18mm 13024 30058

4 Results and discussion

4.1 Simulation result and discussion of column

Figure 4 Simulation results of column

Through establishing the axial path on the column
bottom’s center, distributions of stress and stiffness for
common materials were exhibited in Figure 4(a, b).
Moreover, the general curve trends of the two graphs were
similar. The stress curve changed slightly in the region of
x<0.58m. Nevertheless, it declined with a large rate in the
region of x>0.58m. The phenomenon was attributed to the
fact that the total loads exerted to the shoulder resulted in a
sharp change of the regional stress near the shoulder.
Whereas the stress far from the shoulder area tended to be
gentle. Apparently, the distribution of stress in Figure 4(a)
were highly overlapped. Taking the point of x=0.58m as an
example, the maximum stress is 4.6*106Pa, and it was less
than the corresponding allowable strength as shown in the
table 3. Consequently, the strength requirement was
satisfied. The obvious distinction among the radial
deformation curves was demonstrated in Figure 4(b). For
instance, when x=0.625m, the corresponding deformation
of aluminum alloy, stainless steel, structural steel were
3.75*10-8m, 1.3*10-8m and 1.25*10-8m, respectively. The
phenomenon was attributed to the fact that elastic modulus
of 6061 was about 1/3 times than that of Q235 and 202,
while the difference between Q235 and 202 was not
significant.
Subsequently, the strength and stiffness of different sizes

were investigated in Figure 4(c, d). On account of the same
loads applied to the shoulder, the change trend was the first
gentle and then sharp decline with the limit of x=0.58m.
Furthermore, when x = 0.58 m, the maximum stresses of
25 mm, 30 mm and 35 mm were respectively 6.4*106Pa,
4.4*106Pa and 3.25*106Pa. And the strength requirements
were guaranteed, because the stress mentioned above were
less than the corresponding allowable strength shown in
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the table 3. Apparently, for the 25 mm column, the issue of
the insufficient stiffness was exposed in the Figure 4(d).
the stiffness of 30mm was not different from that of 35mm.
and the distributions of deformation of 30nm and 35nm
were homogeneous, which was able to improve the fitting
accuracy of the pressing heads.
Moreover, in view of cost and fitting accuracy, the Q235

with the maximum stiffness was employed. and the size of
30mm is identified.

4.2 Simulation result and discussion of pressing head

Figure 5 Simulation results of pressing head

In this paper, three types of head structures were
designed as shown in Figure 3. Compared with the shapes
of “工 ” and “王 ”, the difficulty in installing TRR was
increased via adopting the shape of “ 田 ”. Through
establishing diagonal line and central line of the pressing
head plate as path 1 and path 2, distributions of
deformation on the feed direction were demonstrated in
the Figure 5(a,b). The overall trends in the two graphs
were highly symmetrical on account of three symmetrical
head structures. As the distance increased, Nodes on the
path gradually passed through the central area locating in
the application area of the working load. Consequently,
that overall trend was firstly increasing and then
decreasing. Different from the deformation distribution in
Figure 5(b), the slope of the peak area in Figure 5(a)
changed with a large rate. This phenomenon was
attributed to the thickness change of the head plate.
Taking x=0.11m as an example in Figure 5(a), the
maximum deformation values of the shape of “工 ”, the
shape of “王 ” and the shape of “田 ” were respectively
8.1*10-8m, 6.5*10-8m and 3.2*10-8m. It was inferred that
although the deformation range of the three structures
reaches 10 nm, the average deformation of the shape of
“王” was the best than that of the other types. Similarly,
deformation curve in Figure 5(b) also confirmed that the
mechanical properties of the “王 ”-type were super than
those of the other structures. Consequently, through
comprehensively considering the installation difficulty of
TRR and the uniformity of deformation in the central
region, the shape of “王 ” with the smallest deformation

distribution was adopted.

4.3 Simulation result and discussion of pressing head
plate

Figure 6 Simulation results of pressing head plate

For the given parameters including the shape of “王 ”
and the heating time of 300s, through esablishing the
diagonal and center line of the indenter plate as the path 1
and path 2, effects of distributions of deformation and
temperature were discussed in Figure 6. because the TRRs
were symmetrically installed under the pressing head plate,
distribution of temperature on the two paths exhibited the
shape of double hump with the highly symmetrical
characteristic. Particularly, as the distance increased in the
region of (x<0.11m), the path gradually passed through the
installation area of the TRR, which induced to the
temperature trend of firstly increasing and then decreasing.
And then the first hump point (x=0.07m) appeared in the
center of the TRR’s installation. Additionally, because the
middle beam induced to significant heat loss, the minimum
temperature occured at x=0.11m. Apparently, the
temperature distribution at x>0.11m was symmetric with
the above region, which was not discussed here.
Furthermore, with the decrease of thickness of head plate,
the thermal capacity got smaller. And then the heating rate
was improved under the same conditions. And it was
confirmed that the average heating rate of 14mm, 16mm
and 18mm were respectively 0.39°C/s, 0.35°C/s and
0.33°C/s.
Compared with the temperature distribution in Figure

6(a), the temperature variations of the corresponding three
curves in Figure 6(b) were small, because the thickness of
the head plate remains unchanged on the path 2.
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Simultaneously, combining the temperature curves of the
two paths, the temperature uniformity of the head plate for
14 mm was poor, while that of 16 mm was approximately
consistent with that of 18mm. It was remarkable that
uneven temperature distribution resulted in larger thermal
stress, and ultimately affected processing accuracy of
microchip. As a consequence, the size of 14mm don’t
satisfied the mentioned requirement in this paper.
And then to further reveal the deformation of the head

plate with thermal load, the influence of deformation
distribution were respectively plotted as shown in Figure
6(c, d). Obviously, the overall trend of deformation curve
presented symmetrical shape of “W” in Figure 6(c). More
specifically, as the increase of distance in the region of
x<0.11m, the curve exhibited the decline trend with the
appearance of inflection point at x=0.03m. it would be
attributed to that the nodes located in direct acting area of
TRR made the temperature nearby suddenly change.
Additionally, due to the smallest thickness of the head
plate, thermal expansion rate at the center (x=0.11m) was
much lower than that at the edge, and thereby brought
about the greatly changed peak slope. Apparently, the
temperature distribution at x>0.11m was symmetric with
the above region, which was not discussed here.
Nevertheless, because the path 2 was always along the
middle beam direction and does not pass through the
installation area of TRR, the corresponding curve of
deformation distribution in Figure 6(d) generally took the
shape of “U”, with no inflection point and minimum point.
Through combining with the distributions of

deformation and temperature curves on path 1 and 2, the
uniformity ratio of 16mm and 18mm were 0.07°C/um2 and
0.03°C/um2. Based on the comprehensive consideration of
heating rate and thermal stress, the thickness of 16mm
was identified.

5. Concluding Remarks

(1) the hot embossing machine composed of the frame
structure and the pressing heads structure is
established. The closed frame structure was employed
and the screw drift was used to achieve feeding
movement.

(2) According installation characteristic of TRR, the
separate pressing head was established, which achieve
which achieved the separation of the pressing load and
the TRR’s preload.

(3) Static simulation of columns as vertical moving guide
was conducted, The simulation results demonstrate
that the column with the material of Q235 and the size

of 30mm possess sufficient strength and proper
rigidity.

(4) Distributions of deformation on the feed direction were
analysed. and pressing head of shape of “王” was
employed with the character of easy installation of
TRR and good uniformity of deformation.

(5) Force-thermal coupling simulation of pressing head
plate as a core component was conducted. And the
head plate of thickness of 18mm was adopted and it
possessed the moderate heating rate and little thermal
stress.

(6) the applied thermal load decreased deformation
uniformity to a certain extent
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Figures

Figure 1

Structure of closed frame

Figure 2

Structure of pressing head



Figure 3

The three types (“”“”“”) of separated head structure

Figure 4

Simulation results of column



Figure 5

Simulation results of pressing head

Figure 6

Simulation results of pressing head plate
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