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Summary 

In this paper, the embossing head of a hot embossing machine which uses the 
electromagnetic induction heating is studied. In order to determine the relevant performance 
parameters of the embossing head, i.e. the coil distribution position, material of the embossing 
head, heating frequency, cooling water velocity, simulation and analysis are carried out based 
on the finite element method in ANSYS/Workbench. The results demonstrate that a distance 
of 1 mm between the coil and the embossing head, copper as the embossing head material, a 
frequency of 8500Hz, and a water velocity of 1.2 m·s-1 satisfy the requirements, including 
those of a hot-pressing temperature of 150℃ and a demoulding temperature of 60℃. 
Simultaneously, the chip processing-cycle exploiting this embossing head is reduced by a 
factor of three. Compared with the existing heating methods of embossing heads, the 
electromagnetic induction heating method presented in this paper has the advantages of high 
efficiency, high heating rate, and long life. 

Key words: Simulation and analysis, Heating performance parameters, Embossing 
head, Electromagnetic induction heating, ANSYS 

1. Introduction 
The microfluidic chip [1] with a microchannel structure and other functional units have 

been widely used in some fields, such as DNA analysis [2], immunoassays and food inspection, 
due to its main characteristics of rapidity, high effectiveness and low consumption [3]. 
Compared with glasses and silicon wafers, polymer materials [4] have the advantages of low 
price, simple manufacturing process, and good repeatability for chip fabrication. Furthermore, 
the polymer materials are classified into two categories: the thermosetting polymers such as 
polydimethylsiloxane (PDMS), [5], and the thermoplastic polymers such as 
polymethylmethacrylate (PMMA), [6]. Specifically, the thermoplastic materials offer higher 
impact strength, corrosion-resistance, and easy processing with better flow features for 
moulding complex designs than thermosetting materials [7]. The hot embossing machine with 
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superior properties of simple operation, steady running, and high automation degree [8] is the 
key equipment for the complete channel forming and packaging of thermoplastic materials 
[9,10]. 

Traditionally, two primary heating techniques, the resistance wire heating and the 
thermoelectric refrigeration reactor, are adopted in the hot embossing machine. For instance, a 
hot embossing machine with the resistance wire heating was established in [11] to 
manufacture the microfluidic chip. Nevertheless, the low thermal efficiency and short service 
life are the bottlenecks of this heating method. By comparison, a hot embossing machine 
utilizing a thermoelectric refrigeration reactor was employed to compensate for the 
insufficiency of the former method [12]. Unfortunately, in this method, 30% of the heat is not 
being utilized efficiently. Noticeably, the electromagnetic induction heating has the 
advantages of high efficiency, high heating rate, and long life [13]. Particularly, the heat 
transfer efficiency of this method can reach 90%; consequently, it has been introduced 
extensively into national defence, mechanical processing, and other fields. Thus, the 
electromagnetic induction heating technique was applied in a large-scale plastic processing 
system for solving the issues of high energy consumption and serious pollution [14]. 
However, the characteristics of high efficiency and stable operation are not specifically 
referenced in that system. Remarkably, the electromagnetic induction heating technique was 
utilized to implement the high efficient and stable operation of the heating system [15]. 
Nonetheless, the peculiarity of low sensitivity is neglected. Fortunately, the plastic-mould 
heating system [16] was ameliorated by using the electromagnetic induction heating method, 
and the requirements of strong controllability and high sensitivity were satisfied. To sum up, 
various performance advantages of electromagnetic induction heating technology have been 
gradually fully reflected in different equipment. Nevertheless, up to this point, no literature 
about a hot embossing machine utilizing the electromagnetic induction heating technology for 
manufacturing micro-structures has been reported. 

In this paper, the embossing head of a hot embossing machine with the electromagnetic 
induction heating is utilized. The magnetic-thermal coupling field [17] of embossing head was 
simulated and analysed [18] in ANSYS/Workbench[19] to determine the relevant 
performance parameters of embossing head, i.e. the coil distribution, embossing head 
material, heating frequency, and circulating water velocity.  

2. Theory of Research Method 

2.1 Establishment of Mathematical Models 
(1) Mathematical model of the electromagnetic field 
The space distribution of electromagnetic field is described by Maxwell's equations 

(governing equation) including the Ampere circuital law, Faraday law of electromagnetic 
induction, Gauss law of electric flux, and Gauss law of magnetic flux; the differential forms 
are as follows: 
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Where  , 


H , 


J , 


sJ , 


eJ , 


D , 


E , 


B  and  are respectively the Hamiltonian; the 
magnetic intensity vector, A/m; the total density vector of conduction current, A/m2; the 
density vector of source current, A/m2; the density vector of induced eddy current, A/m2; the 
vector of electric flux density, C/m2;  the electric intensity vector, v/m; the magnetic intensity 
vector, T; and the charge density, C/m3. 

The vectors


B , 


H , 


D , 


E  satisfy the following relations: 


 HB   (5) 


 ED   (6) 

Where  and are respectively the magnetic permeability, H/m, and the permittivity, 
F/m. 

Generally, the current frequency range of induction heating is from medium to low 
frequency. Under this condition, the density amplitude of displacement current can be ignored 
because it is much smaller than the amplitude of the conduction current. Then, the formula (1) 
can be simplified as: 



 es JJJH  (7) 

(2) Mathematical model of temperature field  
For the induction heating process, the induced eddy current is equivalent to the internal 

heat source of the heated body, and the heat inside the heated body is transferred by the 
method of heat conduction. Assuming that the material properties of the heated body are 
isotropic, the governing equation is: 
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Where  , c , T,  , and q  are respectively the material density, kg/m3; the specific heat 
capacity, J/kg℃; the temperature, ℃; the thermal conductivity, W/m℃; and the internal heat 
source generated by an eddy current, W/m3. 

The internal heat source q  is generated through the per-unit volume heating of the 
induced eddy current, so it is expressed as follows: 

/2
eJq   (9) 

Where   is the electrical conductance, s/m. 

(3) The calculation method of coupling field  
The finite element method [20] is generally utilized for the numerical simulation of the 

electromagnetic-thermal coupling field. There are two methods for coupling the calculation of 
multi-physical field in the ANSYS, i.e. sequential coupling and direct coupling [21]. The 
sequential coupling method is used to perform two or more iterative analyses in sequence; it 
takes the analysis results of the previous field as the load of the latter field analysis so as to 
realize the coupling between multiple fields. The direct coupling method utilizes the coupling 
element type that contains all the necessary degrees of freedom to obtain the analysis result of 
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the coupling field only by solving it once. However, this method requires a higher computer 
configuration and a lower calculation efficiency. 

In this paper, the sequential coupling method was employed based on the 
ANSYS/Workbench software [22] to accomplish magneto-thermal coupling analysis of the 
embossing head [23].  

2.2 Calculation of Heat Transfer Efficiency 
Heat transfer efficiency, as an important parameter in this study, is defined as the 

ratio of the actual heat transfer AQ  to the theoretical heat transfer TQ ; the difference 
between the two is due to the heat loss in the process of heat transfer. For electromagnetic 
induction heating, the heat loss mainly includes the coil loss 2

1Q I R  and the heat 
conduction loss  2Q T T  . The theoretical heat transfer is calculated using the 
formula (10) as follows: 

  22 2 2

2 2
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Where  , N , S , R , X , and H  are respectively the magnetic permeability, H/m; the 
coil turns; the area, m2; the resistance of eddy current loop, ; the inductance of eddy current 
loop, , and the magnetic intensity, A/m.  

The actual heat transfer is calculated by the formula (11) as follows: 

1 2A TQ Q Q Q    (11) 

Consequently, the heat transfer efficiency   is calculated by the formula (12) as 
follows: 

 
  

 

   

 

  
 

2 2
1 21 2

2 22 2 2
2 2 2

2 2

22 2 2
2 2

1 22 2

2
2 2 2

2 2
1 2

2
2 2 2

= = =
d d0.24 0.24

d d

d0.24
d

=
d

0.24
d

=1
d

0.24
d

TA T

T

R X Q Q QQ Q Q Q
Q H t H tN S Rt N S Rt

R X t t

H tN SR X Rt Q Q
R X t

H t
N S Rt

t

R X Q Q

H t
N S Rt

t


 







   

   
       

  
        

 
 
 

 


 
 
 

 
(12) 

It is to be noted that the heat efficiency boosts with increasing magnetic permeability. 
Remarkably, this further proves the advantages of choosing copper in this study because of its 
high magnetic permeability. Similarly, the heat transfer efficiency can be improved by 
increasing the coil turns and the area. 
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3. Simulation Process 
The Maxwell 3D and Transient Thermal in the ANSYS/Workbench software were 

employed to accomplish the magneto-thermal coupling analysis of the embossing head. 

(1) Model establishment 
To meet the technological requirements for the manufacturing of polymer microfluidic 

chips, a model of embossing head is established, as shown in Figure 1. The thickness and 
diameter of the embossing head plate are 10 mm and 140mm, respectively; the width and 
depth of the water tank are 35 mm and 45mm, respectively; the height and diameter of the 
embossing head column are 120mm and 70mm, respectively. 

 
Fig. 1  The structure of the embossing head model 

Due to the complex geometric structure of the embossing head, to simplify the complex 
problem and meet the working limit of the computer, the influence of any external factors on 
the embossing head can be ignored. Therefore, the following assumptions were made for the 
embossing head of the hot embossing machine during the modelling and problem solving 
processes: 

(a) It is considered that the material of the structural parts is approximately uniform and 
isotropic; 

(b) The quantities in the field are sinusoidal and change with time; 
(c) All structural parts of the embossing-head are symmetrical along the centreline. 

(2) Mesh generation 
To boost the calculation accuracy and save the computing resources, a hexahedron mesh 

was realized utilizing a mapping mesh. In Figure 2, the method of mesh division used in this 
article is demonstrated. The number of nodes and cells in the finite element model is 15,576 
and 12,591, respectively. 

 
Fig. 2  A schematic diagram of grid division 

(3) Setting of the material 
The materials of the embossing head structural parts are selected from the Mallwell 

material library. The materials of the embossing head plate, water tank, embossing head 
column, and coil are respectively structural steel, aluminium alloy, structural steel, and 
copper. The specific properties of these materials are shown in Table 1. 
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Table 1  Properties of the embossing head materials. 

Materials Resistivity
(·m) 

Thermal conductivity 
(W/m·℃) 

Relative 
permeability (H/ms) 

Density 
(Kg/m3) 

Specific heat 
capacity (J/kg·℃) 

structural steel 9.78×10-8 16 8000 7.9×103 0.50×103 
aluminium alloy 1.4×10-6 230 1 2.7×103 0.88×103 

copper 1.6×10-8 377 1 8.9×103 0.39×103 

(4) Setting of the boundary condition  
In the process of magnetic field analysis, the current excitation and phase angle are 

confirmed. Simultaneously, the vortex effect carrier is selected to meet the heating 
requirements of the hot embossing machine. 

In the process of thermal field analysis, the eddy current of external load is adopted to 
apply the temperature load. Due to the phenomenon of heat exchange between the embossing 
head and the external environment, the dominating boundary condition affecting the heat 
transfer on the surface of embossing head is thermal convection. The heat convection 
equation is as follows: 

( )n T T     (13) 

where  and T  are respectively the convection coefficient and the environment temperature. 
The relevant boundary conditions in the analysis of magnetic and thermal fields are set as 
shown in Table 2. 

Table 2  Relevant boundary conditions in the analysis of magnetic and thermal fields 
Current 

Excitation (A) 
Phase 

Angle (°) Carrier Adaptive 
Frequency (Hz) 

Convection Coefficient 
(W·m-2·℃-1) 

Environment 
Temperature (℃) 

3000 0 Embossing
-head 7500/8500/9500 20 20 

The eddy current density based on the frequencies of 7500Hz, 8500Hz and 9500Hz is 
obtained by utilizing the above parameters. Remarkably, the energy required for heat 
conduction is provided via the eddy current power of electromagnetic induction. 

4. Results and Discussion 
In thermoforming, different materials are usually processed at a temperature close to the 

glass transition temperature. In the hot embossing test, hot-pressing should be carried out at a 
temperature that is higher by more than 10℃ than the glass transition temperature and 
demoulding should be carried out below the glass transition temperature to ensure that the 
microchannel is completely manufactured [24]. The glass transition temperature and the hot 
embossing temperature of three different materials are shown in Table 3 to describe the limits 
and requirements of parameters in the microchip replication process. 

Table 3  The glass transition temperature and the hot embossing temperature of different materials. 

Materials Glass-transition 
Temperatures 

Hot-embossing 
Temperatures References 

PMMA 105℃ ﹥115℃ [25] 

PC 150℃ ﹥165℃ [26] 

PAA 106℃ ﹥116℃ [27] 
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4.1 Distance between the Coil and the Embossing Head Plate 
The inductive distance of the heating coil is a significant factor affecting the final 

heating efficiency. The influence of different inductive distances on the distribution of the 
embossing head temperature is shown in Figure 3. When the induction frequency is 1500Hz 
and the heating time is 300s, the temperature distributions of the embossing head plate 
transverse position (path 1) and embossing head column longitudinal position (path 2) are 
respectively discussed in distances of 0 mm, 1 mm, and 5 mm between the coil and the 
embossing head plate. 

      
Fig. 3  The influence of coil position on temperature distribution 

Noticeably, the heating temperatures on path 1 and path 2 show increasing trends, 
owing to the selected paths getting closer to the heating coil. Unfortunately, when the distance 
is 0 mm, the temperatures change slightly on path 1 and path 2, and the maximum 
temperature is almost close to the room temperature. At this moment, the efficiency of 
induction heating is almost close to 0. This phenomenon is attributed to the small distance 
between the coil and the embossing head plate causing no LC resonance and then a weak 
high-frequency current. Furthermore, the power cannot be adjusted to a higher level on the 
account of the weak current. Remarkably, the average value of temperature along path 1 and 
path 2 is highest when the distance is 1mm. Take the average temperature on path 1 as an 
example; compared with distances of 0mm and 5mm, the average value is boosted by 4 times 
and 1.5 times, respectively. The cause of this phenomenon is that the heat is produced via the 
eddy currents generated in the metallic conductors through utilizing the electromagnetic coil 
radiation rather than the electromagnetic coil itself. Therefore, the efficiency of 
electromagnetic induction heating increases with the decrease in the distance provided that the 
distance between the coil and the embossing head plate is not 0 mm. 

Combining the analysis results with the actual demand, the distance of 1 mm between 
the coil and the embossing head plate is employed not only to satisfy the requirement of LC 
oscillation but also to enhance the thermal generation efficiency of induction heating. 

4.2 Embossing Head Material 
The magnetic permeability of the metal material is a crucial factor affecting heating 

efficiency. The influence of different magnetic permeability on the distribution of the 
embossing head temperature is shown in Figure 4. For the given parameters, i.e. an induction 
frequency of 8500Hz and a heating time of 300s, the temperature distributions of the 
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embossing head plate transverse position (path 1) and the embossing head column 
longitudinal position (path 2) are respectively deciphered under three conditions of structural 
steel, aluminium alloy, and copper. 

     
Fig. 4  The influence of head materials on temperature distribution 

The heating temperature on path 1 first shows an increasing trend and then a decreasing 
one. Taking the aluminium alloy as an example, the temperature rises from 135℃ to 165℃ at 
the beginning and then falls to 150℃. The reason for the highest temperature at X=0.05mm is 
that the location of the selected path is first close to the coil and then further away from the 
coil. Therefore, the temperature increases first and then decreases. The heating temperature on 
path 2 shows an increasing trend due to fact that the nodes on path 2 gradually get closer to 
the coil. The magnetic conductivity of structural steel is the best among the three materials. In 
consequence, the thermal generation rate and the mean temperature are highest on path 1. 
Unfortunately, the maximum temperature occurs at X=0.05m and it is not located in the 
effective area of practical application (the region of 0m- 0.003m). For aluminium alloy, the 
average temperature is highest on path 2. Furthermore, this phenomenon does not satisfy the 
design requirements due to the higher temperature on the embossing head column. A common 
conclusion drawn from Figure 4 is that the slope of the average temperature of copper is the 
least steep in comparison with the other two materials. In other words, the heating 
temperature is most evenly distributed on path 1 and path 2 owing to better thermal 
conductivity of copper. This is most evident on the path1 effective heating area of 0m - 
0.003m where the temperature variations are smallest. 

Based on the analysis results and the actual demand, copper is selected as the material 
for the embossing head. This material can satisfy the uniformity of temperature distribution in 
the hot embossing process and can also boost the processing quality of the chip. 

4.3 Frequency of Electromagnetic Induction Heating 
The determination of the heating frequency is the key to the normal operation of the 

embossing head. Specifically, different induction heating frequencies have different heating 
characteristics. The influence of different induction heating frequencies on the embossing 
head temperature distribution is shown in Figure 5. For the given parameters, i.e. the 
embossing-head material which is copper and a heating time of 300s, the temperature 
distributions of the embossing head plate transverse position (path 1) and the embossing head 
column longitudinal position (path 2) are respectively discussed with different frequencies of 
7500Hz, 8500Hz, and 9500Hz. 
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Fig. 5  The influence of frequencies on temperature distribution 

It is pretty obvious that the induction heating efficiency increases with the boosts in 
the heating frequencies on path 1 and path 2. Taking X=0.05m on the path 1 as an example, 
the corresponding temperatures of the three frequencies are 180℃, 190℃, and 200℃, 
respectively, owing to the fact that higher frequency results in a higher degree of conversion 
from electric energy to magnetic energy and then to thermal energy. Taking frequencies of 
7500Hz and 9500Hz on path 2 as examples, it is worth mentioning that when the frequency 
is 7500Hz, the low-temperature requirements of the embossing head column are satisfied 
due to the lowest average temperature; in addition, the highest level of heat is generated 
when the frequency is 9500Hz. Nonetheless, in the 0.00-0.03 mm effective heating range, 
the average temperatures for both frequencies are 130℃ and 155℃, respectively. Compared 
with the actual demanded temperature of 140℃, the temperature value is not optimal. 
Noticeably, the average temperature is closest to the actual requirement on the path1 
effective heating area when the frequency is 8500Hz, and it only takes 10 minutes to 
fabricate a chip. 

Combining the analysis results with the actual requirements, the frequency of 8500Hz is 
utilized for electromagnetic induction heating in the embossing head not only to satisfy the 
temperature requirement of the hot embossing replication process but also to improve the 
processing efficiency of the chip. 

4.4 Cooling Water Velocity (Coefficient of Convection Heat Transfer) 
In order to ensure the moulding quality of the chip, cooling water is utilized to reduce 

temperature. The cooling water velocity is replaced by convection heat transfer coefficients to 
study the influence of different cooling water velocities on the distribution of temperature in 
the embossing head, which is shown in Figure 6. For the given parameters, i.e. copper as the 
embossing-head material, a frequency of 8500Hz and a heating time of 300s, the temperature 
distributions of the embossing head plate transverse position (path 1) and the embossing head 
column longitudinal position (path 2) are respectively deciphered using heating transfer 
coefficients of 1000 (W·m-2·℃-1), 1200 (W·m-2·℃-1), and 1400 (W·m-2·℃-1). 
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Fig. 6  The influence of convection heat transfer coefficients on temperature distribution 

The analysis results demonstrate that the heating temperature on path 1 first shows an 
increasing trend, and then a decreasing one. The case of X=0.05mm exhibits the highest 
temperature. The reason for this phenomenon is that the coil is in the central location at 
X=0.05mm. The cooling effect is more and more noticeable with the increase in the 
convection heat transfer coefficients on path 1 and path 2 because the convection heat transfer 
coefficient is a significant factor affecting the cooling efficiency. Remarkably, when the 
convection heat transfer coefficient is 1400 (W·m-2·℃-1) in the path1 effective heating area of 
0.00m-0.003m, the overall cooling effect is the strongest, compared with the other two 
circumstances. At this time, the average temperature is close to the temperature requirement 
of 60℃ in the chip demoulding. Simultaneously, when the convection heat transfer 
coefficient is 1400 (W·m-2·℃-1) on path 2, the low-temperature requirements of the 
embossing head column are satisfied because the average temperature of the embossing head 
is the lowest of all three cases. 

Based on the analysis results and the actual demand, the convection heat transfer 
coefficient of 1400 (W·m-2·℃-1) is utilized; namely, the water flow velocity is 1.2 m·s-1. This 
method not only satisfies the temperature requirements of cooling and demoulding in the hot-
embossing replication process but also guarantees the processing quality of the chip. 

4.5 Comparing Different Embossing Heads for Heating 
The heating parameters of embossing heads utilizing different heating methods are 

listed in Table 4. In terms of meeting the demand, all three types of embossing heads can meet 
the requirements of hot embossing temperature. Nonetheless, for the resistance wire heating 
[28], there are many insufficiencies including low heat transfer efficiency and short service 
life, and the heating rate is the lowest compared with the other two heating methods. 
Remarkably, for the thermoelectric refrigeration reactor [29], some heating parameters, such 
as the heat transfer efficiency and heating rate, and service life are improved compared with 
the resistance wire heating. However, when this method is used, 30% of the heat is not 
utilized efficiently [29]. Fortunately, the electromagnetic induction heating technology of 
embossing head is presented in this paper to avoid the problems of low heat transfer 
efficiency, low heating rate, and short life. In summary, the embossing head using 
electromagnetic induction heating meets all the requirements discussed in this paper and it has 
advantages of high efficiency, high heating rate, and long life. 
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Table 4  Comparison of heating parameters of different embossing heads. 

Object Heating method Meet the 
demand 

Heat transfer 
efficiency Heating rate Useful life

The embossing head 
from [28] 

Resistance wire 
heating Yes 40% 25℃/min Short 

The embossing head 
from [29] 

Thermoelectric 
refrigeration reactor Yes 70% 30℃/min Ordinary 

The embossing head 
of this paper 

Electromagnetic 
induction heating Yes 95% 112.5℃/min Long 

The advantages of electromagnetic induction heating are described in this paper; to 
further highlight the characteristics, the dynamic responses of different heating methods are 
compared, as shown in Figure 7. 

Te
m

pe
ra

tu
re

 /℃

 
Fig. 7  The dynamic response of different heating methods 

Take the 115 ℃ temperature required for a PMMA hot-embossing as an example. It can 
be clearly seen from the figure above that for the same temperature requirement the speed of 
electromagnetic induction heating is faster. Furthermore, for the two heating methods, the 
time for electromagnetic induction to reach a steady-state (about 250s) is three times shorter 
than that in the thermoelectric refrigeration reactor (about 750s). 

5. Concluding Remarks 
In this study, an embossing head utilizing electromagnetic induction heating is 

employed to boost the performance of the hot embossing machine. Based on the 
ANSYS/Workbench, numerical simulation and analysis are performed to investigate the 
influence of the coil distribution position, material of embossing head, heating frequency, and 
cooling water velocity on the temperature distribution in the embossing head. The study 
shows that the heating efficiency increases with a decrease in the distance provided that the 
distance between the coil and the embossing head plate is not 0 mm; the heating temperature 
is most evenly distributed on path 1 and path 2 owing to the copper possessing better thermal 
conductivity; the average temperature is closest to the actual requirement in the path1 
effective heating area when the frequency is 8500Hz and, compared with the other two 
circumstances, the cooling effect is the best when the convection heat transfer coefficient is 
1400 (W·m-2·℃-1). Consequently, for the following parameters, i.e. a distance of 1 mm 
between the coil and the embossing head, copper as the material, a frequency of 8500 Hz, and 
a water velocity of 1.2 m·s-1, the hot embossing machine temperature requirements are 
satisfied, including the hot embossing and the demoulding process. Simultaneously, the 
processing time of the chips when this embossing head is used has been reduced from 
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30 minutes to 10 minutes, compared with the existing heating methods of embossing heads. In 
summary, the embossing head which meets all the requirements in this paper has advantages 
of high efficiency, high heating rate, and long life. Next, this embossing head will be utilized 
to carry out related hot embossing experiments.  
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