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Abstract: To study the influence of process parameters on the elastic recovery rate of polymer micro-channel in the rolling 

embossing, the nonlinear finite element simulation software ABAQUS is employed. The simulated results show that the elastic 

recovery rate of micro-channel cross-section decreases with an increase of temperature and decrease of preloading and rolling 

speed. Using the orthogonal design method, the optimum temperature, preloading and rolling speed parameters can be obtained, 

the influence order of each factors is temperature>preloading height>rolling speed. 
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1. Introduction 

Nanoimprint technology has received much attention by the 

international nano-fabricating industry in recent years. At 

present, there are many kinds of micro-nano processing 

technology, such as optical exposure technology, electron 

beam lithography, microinjection molding, nanolithography 

etc [1]. In recent years, micro/nano processing technology has 

been applied in many areas [2]. 

However, there are many difficulties in the large area of 

nanoimprint, such as low production efficiency, uneven 

distribution of printing force and demolding difficulties. To 

over those problems, rolling embossing technology has been 

developed in recent years
 
[3]. Due to the advantages of high 

productivity and low cost, it has gradually developed into a 

star in the nano-facturing industry. But some shortcomings 

appeared in the manufacturing process, such as incomplete 

filling, stress concentration et al, and those defects on the 

patterning process of the polymer has a very important impact. 

Yunjun Deng etc [4] designed a R 2 R hot embossing machine 

with an induction heating coil inside the model roll, however, 

the fast forming of the R 2 R rolling embossing process limits 

the time for material flow and results in complicated flow 

behavior in the polymers. For the relationship between the 

mold structure and the flow profile, Yong He etc [5] used the 

software DEFORM to study the effect of the mold duty ratio, 

ratio of the mold width to the polymer thickness, concave 

mold, convex mold and the non-symmetric mold on the 

polymer flow profile, and proposed the strategy of topology 

optimization of mold structure to improve the polymer filling 

efficiency. Liu etc [6] investigated the deformation behavior 

of solid polymer during hot embossing process, the 

swallowtail deformation due to the incomplete filling 

occurred during the heating and applying pressure process, 

and reduced during the remaining temperature and pressure 

process, but the deformation behavior of solid polymer is not 

explained clearly in the rolling embossing process. Song Xiao 

etc [7]
 
established a theoretical model based on the principle 

of electroosmosis-driven micro flow, and used COMSOL 

Multiphysics simulation software to reveal the feature patterns 

and the properties of polymer. These findings are valuable in 

providing a theoretical basis for electroosmosis-driven 

nanoimprinting, optimizing imprinting process and further 

enhancing the performance of the new patterning method. Lei 

Wan etc [8] proposed a gas-assisted hot embossing process to 

eliminate the swallowtail phenomenon during pattern transfer 

and simplify workpiece process setting, and realized the 

replication of high-quality pattern. With help of this method, 

the rate of replication greater than 95.5%. However, this 
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method has a long working cycle and low production 

efficiency in the process of large-scale embossing.  

In this work, the simulation of rolling embossing process 

technology was carried out using a commercial FE code, 

ABAQUS / Standard. The specimen of amorphous polymer 

polycarbonate (PC) is modeled as a viscoelastic material. 

Using orthogonal design method, the effect of elastic recovery 

during roller embossing was investigated. 

2. Viscoelastic Material Model of 

Polymer 

It is known that the material property of amorphous 

polymer is strongly dependent on the temperature. When the 

temperature is lower than the glass transition Tg, it is glassy 

state, in which amorphous polymer acts like a hard and brittle 

solid glass. This property is regarded as the so-called 

viscoelasticity, as shown in This constitutive behavior can be 

expressed in the stress relaxation form:  
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In general, the viscoelasticity model of amorphous polymer 

material can be expressed by the following formula: 
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where E0 is the instantaneous modulus, E∞ is the equilibrium 

value of E (t) after the time t goes to infinity. Ei and λi are 

relaxation modulus and time constant , respectively. N is the 

number of Maxwell units. Diveded by the instantaneous 

modulus E0 at both sides. Eqs. (2) and (3) can be converted to 

a dimensionless form in Eq. (4): 
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ηλ , which iη indicates viscosity. 

The material deformation behavior of amorphous polymer 

resists is a function of temperature can be classified into three 

states, it means that the temperature is another property of 

viscoelastic polymer. Based on the time-temperature 

superposition principle, the effect of temperature on the 

material behavior is introduced through the dependence of the 

instantaneous stress on temperature and through a so-called 

reduced time concept. The express of Eq. (1) can be writtern 

as: 
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where A (T) is the time reduction factor at temperature T 

relative to the reference temperature T0 and E
T0

 is the modulus 

at reference temperature T0. 

It is essential that predict the material response at 

temperature T based on response function at a reference 

temperature T0. Baed on the reduced time concept, the 

relationship between modulus at temperature T and T0 can be 

expressed as Eq. (7). Using the WLF equation, the time 

reduction factor for material can be expressed as Eq. (8) 

[9-10]. 
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where C1 and C2 material constant at the reference temperature T0 

 
Figure 1. Generalized Maxwell model. 

3. Finite Element Methods 

A nonlinear finite element simulation software ABAQUS 

was employed to establish a 2-D model of driving roller with 

micro-arcstructure, as shown in Fig. 2. 

The roller and the micro-arc structure are 100 mm and 0.5 

mm in radius, respectively. In order to prevent the interaction 

between the two micro-arc structures on the micro-channel, 

the distance between the two micro-arc-structure centers is 

defined as six times the radius of the micro-arc. The mold 

made of steel is considered relatively rigid, and its 

deformation is rather small as compared with that of the 

polymer. In this paper, polymer substrate were considered to 

be viscoelastic material, and takes a 1.5 mm*50 mm. In the 

established finite element model, the CPE 4 RT plane strain 

grid is chosen, and the number of grids is 17687. The basic 

parameters of polymer in Table 1. 

Several assumptions are made to simplify the analysis of 
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the embossing process. Firstly, the length of the micro-channel 

is considered much larger than the width and depth. Secondly, 

the effect of gravity, friction force, surface tension is 

sufficiently small and can be neglected. Thirdly, it is assumed 

that the embossing temperature remains constant. Zero x and y 

displacement is applied to the bottom face, and zero x 

displacement is applied to the side face [11]. 

 
Figure 2. Conceptual drawing of the cross-section of polymer molding 

process. 

Table 1. The basic parameters of PC. 

Parameters Values 

Density (kg/ m3) 1200 

Young’s modulus (MPa) 2320 

Poisson’s ratio 0.42 

4. Result and Discussion 

4.1. Effect of Process Parameters 

When the micro-arc is separated from the substrate surface, 

the formed micro-channel is in the demolding stage. Elastic 

potential energy of the polymer is released with the decrease 

of the contact area between the roller and polymer material. 

After a period of time, the deformed material will be 

encounted a recovery deformation due to elastic effect, as 

shown in Fig 3. To measure the recovery of the 

micro-channel, the elastic recovery rate of the micro-channel 

cross-section was used as an index to study the recovery 

change of the micro-channel. For simplicity, it is assumed 

that the cross-sectional area before recovery is S and the 

cross-sectional area after recovery S1, the elastic recovery 

rate (＆) is calculated from Eq. (9) [12-13]. 

＆= (S-S1)/S                (9) 

 
Figure 3. The micro-channel profile before/after recovery. 

As the temperature, preloading height and roller speed are 

important factors affecting the recovery of the polymer 

materials [14], these three process parameters were 

considered and simulated in accordingly. The cross-section 

are of micro-channel versus process parameters before/after 

recovery are given in Table 2.  

Table 2. Cross-section area of micro-channel before/after recovery. 

 
T=165°C H=0.45 mm V=1 mm/s T=170°C H=0.45 mm V=1 mm/s T=175°C H=0.45 mm V=1 mm/s 

S S 1 S S 1 S S 1 

Area (mm2) 0.42762 0.33912 0.39720 0.33397 0.39250 0.33364 

 
H=0.4 mm T=170°C V=1 mm/s H=0.45 mm T=170°C V=1 mm/s H=0.5 mm T=170°C V=1 mm/s 

S S 1 S S 1 S S 1 

Area (mm2) 0.42804 0.37775 0.39720 0.33397 0.39250 0.30928 

 
V=0.5 mm/s H=0.5 mm T=170°C V=1 mm/s H=0.5 mm T=170°C V=1.5 mm/s H=0.5 mm T=170°C 

S S 1 S S S 1 S 

Area (mm2) 0.39250 0.31845 0.3925 0.30928 0.3925 0.30227 

4.2. Analysis of Process Parameters 

To find the optimum process parameters that lead to minimum change of the elastic recovery rate, the orthogonal design 

method is employed [15-16]. 

Table 3. Orthogonal factor level table. 

Level 
Factor 

Temperature A (°C) Preloading B (mm) Rolling speed C (mm/s) 

1 165 0.4 0.5 

2 170 0.45 1 

3 175 0.5 1.5 
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In experiments, as mentioned previously, three factors 

experiment parameters were chosen as the main factors 

effecting on the final quality of roll-embossing process. They 

are embossing temperature (A), preloading height (B) and 

rolling speed (C). The factors are designed to take three levels, 

respectively as listed in Table 3 and test using the orthogonal 

array L9 (3
4
) in Table 4. 

Table 4. Test scheme and test results. 

Factor A B C D ＆ 

1 1 1 1 1 16.88 

2 1 2 2 2 20.7 

3 1 3 3 3 24.64 

4 2 1 2 3 11.75 

5 2 2 3 1 16.54 

6 2 3 1 2 18.87 

7 3 1 3 2 9.73 

8 3 2 1 3 10.87 

9 3 3 2 1 17.95 

F1 (X) 20.74 12.79 15.54 

 
F2 (X) 15.72 16.04 16.8 

F3 (X) 12.85 20.49 16.97 

∆ FX 7.89 7.7 1.43 

From table 4, F
1
 (A)>F

2
 (A)>F

3
 (A), F

3
 (B)>F

2
 (B)>F

1
 (B), 

F
3
 (C)>F

2
C)>F

1
 (C). Obviously, factor A take the third level 

while target function is less than the other two levels, similarly, 

the minimized target function is achieved as the group of 

A3B1C1 is selected. The effect on the target function is defined 

as difference between the maximum and minimum of F
i
 (X). 

As shown in Table 4, ∆ FA= F
1
 (A)-F

3
 (A)=7.89, ∆ FB= F

3
 

(B)- F
1
 (B)=7.7, ∆ FC= F

3
 (C)- F

1
 (C)=1.43. It is observed 

that the ∆ FA > ∆ FB > ∆ FC simply the influence order of 

three processing parameters of embossing temperature (A), 

preloading height (B), rolling speed (C) in descending order. 

 
Figure 4. Effect of temperature on elastic recovery rate of micro-channel 

cross-section. 

 
Figure 5. Effect of preloading height on elastic recovery rate of 

micro-channel cross-section. 

 
Figure 6. Effect of rolling speed on elastic recovery rate of micro-channel 

cross-section. 

5. Conclusion 

In this paper, the effect of process parameters on the elastic 

recovery rate of rolling embossing for micro-features was 

studied. Elastic recovery rate decreases with the increase of 

temperature. When the preloading height increases, the 

pressure on the polymer will increase, and then elastic 

recovery rate will increase as expected. In addition, the elastic 

recovery rate is enhanced as the roller speed increases. In final, 

using the orthogonal design method, the optimized processing 

parameters of temperature, preloading height and rolling 

speed can be obtained. The influence order of each factors is 

temperature > preloading height>rolling speed. 
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