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Abstract
Surface micro-channels with different structures have a variety of functions. In order to further develop these functions, 
micro-channel design and forming process are constantly being innovated. In this paper, the advanced rubber pad forming 
technology is used to manufacture the new two-step micro-channel structure. Forced convection can be caused by this kind of 
micro-channel in three dimensions of the gas, which can reduce the flow rate and make the gas evenly distributed. Therefore, 
it can be used in bipolar plates of PEMFC (proton exchange membrane fuel cell). According to the driving mode, forming 
mode is divided into active forming and passive forming. The metal plates formed in these ways are studied, and the advan-
tages and differences of forming results are discussed. The 304 stainless steel sheet with the thickness of 0.1 mm is used in 
the manufacturing process. Polyurethane with shore A70 hardness and 60 mm total thickness is selected as rubber pad. And 
then, two models of forming two metal plates simultaneously in one time are presented. In order to verify the accuracy of 
the model, finite element method and forming experiment are carried out. It is shown that the rubber pad forming process 
is a feasible process for producing multiple two-step micro-channel metal plates in one time.

Keywords  Rubber pad forming · Finite element method · Micro-channel · Active forming

1  Introduction

In recent years, due to the miniaturization of microsystem 
technology, the demand for micro sheet metal components 
has been increased [1]. At the same time, it is worth men-
tioning that the forming accuracy, shape, surface quality, and 
low cost are considered indispensable requirements. Rub-
ber pad forming, based on the characteristics of high preci-
sion, high surface quality, and low cost, has the potential to 
manufacture complex shape parts [2, 3]. As shown in Fig. 1, 
plate is placed on the rubber pad. Then the mold is pressed 

down the plate and the rubber pad simultaneously [4]. Only 
one rigid mold is required, and polyurethane rubber can be 
reused, so the production cost of the mold is greatly reduced. 
Because hydrostatic pressure is applied to the material, the 
plate is easy to be machined. Excellent surface quality with 
no tool marks can be formed by using rubber pad as a flex-
ible die [5]. Due to the rubber pad, the problem of inconsist-
ent fit between upper and lower molds in stamping process 
is avoided. Assembly difficulty is reduced, and multiple pro-
cesses can be combined. Because of the low melting point 
of polyurethane rubber, this technology is suitable for the 
production of micro metal sheet at room temperature [6].

Many studies have been carried out to demonstrate that 
the forming of micro metal sheet can be influenced by the 
relevant process parameters. Lee et al. [7] optimized rub-
ber pad forming process to form aluminum plates. It is 
proposed that the size parameters can affect the forming 
results. Wang et al. [8] used rubber pad forming process 
to form pure nickel plate. They mentioned that the forming 
depth was related to the thickness of the plate. Gau et al. [9] 
indicated that specimens with lower thickness to depth ratio 
had better formability in rubber pad forming. Wang et al. 
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[10, 11] reported that the micro-channel could be formed on 
304 annealed stainless steel using rubber pad forming. They 
also suggested that forming results is determined by the size 
parameters of the micro-channel. Because the plate used in 
the stamping process is very thin, thin to 0.1 mm, there is a 
problem of irregular flatness due to deformation, after form-
ing is done. It will be crumpled and broken at the micro-
channel curvature. Jin et al. [12] found that these problems 
in stamping can be solved by using the rubber pad form-
ing. Hossein et al. [13] obtained the experimental results of 
the micro-channel of stainless steel 316 bipolar plates. It is 
shown that difference of forming results can be caused by 
the draft angles and the corner radius of the micro-channel. 
These studies, however, have only focused on simple straight 
channels. Therefore, in order to form products with compli-
cated shapes, more experimental data are needed.

With the development of micro-channel technology, it 
is found that micro-channels with unique structures have 

unique functions, for example, heat dissipation [14], drag 
reduction [15], super hydrophobic [16], etc. Micro-channels 
are often used in fuel cell bipolar plates because of their 
ability to direct gas flow [17]. Li et al. [18] designed a novel 
three-dimensional micro-channel. It is also known as two-
step micro-channel. Due to the periodic wavy structure of 
the micro-channel, the gas is forced to convection during 
the flow. Gas flow rate is reduced, allowing more time for 
the reaction and improving battery performance. However, 
the researches on this new micro-channel are more focused 
on the property, but the forming process is rarely stud-
ied. Teng et al. [19] used the slab method and FEM (finite 
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element modeling) to study the forming process of two-step 
micro-channels in rubber pad forming process. Through 
analysis, it is suggested that when polyurethane rubber is 
used as a punch, the plates tend to be less prone to stress 
concentration. The flatness of the plate is higher, and the 
surface scratches are less. However, at the same time, it is 
also proposed that the shape of the second-step structure has 
a decisive influence on the formability of the micro-channel. 
Therefore, as shown in Fig. 2, the two-step micro-channel 
structure which is easy to be formed is determined. This 
structure is also used in this study. However, the above stud-
ies are limited to the research of structure, and the forming 
of entire plate with two-step micro-channel is still rarely 
studied.

This study aims to determine the feasibility of forming 
this fresh micro-channel in rubber pad forming. As shown in 
Fig. 3, four different rubber pad forming models are estab-
lished in this paper. The forming process can be divided 
into active forming and passive forming according to the 
different force transfer medium. As shown in models (a) 
and (b), active forming is defined when pressure is applied 
directly to the plate through mold, while passive forming is 
defined when pressure is applied to the plate through rubber 
pad. And then, as shown in models (c) and (d), it is proposed 
that two metal sheets can be formed simultaneously in one 
deep drawing cycle. According to the different force transfer 
medium, the two models are named active and passive mixed 
forming and double passive forming, respectively. In addi-
tion, the plates manufactured by different models are named 
separately as shown in Table 1. In this paper, the finite 

element simulation and deep drawing experiment are used to 
analyze this process. The difference between active forming 
and passive forming is compared and studied. The feasibility 
of forming two plates at the same time is discussed. Four dif-
ferent models were evaluated comprehensively based on the 
analytical results of finite element simulation and forming 
experiment. The new method of rubber pad forming process 
proposed in this study will inform future work.

2 � Finite element model

In order to simulate this process, Abaqus CAE software is 
used in this study. As shown in Fig. 4, four different models 
are built. All finite element models consist of three com-
ponents: rubber pad, plate, and rigid mold. To simplify the 

Table 1   Plates manufactured by different models

Model Forming process Sample

Model (a) Active forming Plate (a)
Model (b) Passive forming Plate (b)
Model (c) Active and passive mixed 

forming
Plate (c) (formed by 

active forming)
Plate (d) (formed by 

passive forming)
Model (d) Dual-passive forming Plate (e) (formed by 

upper mold)
Plate (f) (formed by 

lower mold)

Fig. 4   Modeling and meshing 
as well as the assembling of 
rubber pad forming simulation
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model, the frame is omitted in the simulation. The displace-
ments of rubber pads are limited by applying proper bound-
ary conditions on its surfaces. The only free surfaces of the 
rubber pads are those in contact with plates. Rigid molds are 
defined as rigid parts, so no material properties are speci-
fied. Both plates and rubber pads are modeled as deform-
able elements. The plastic behavior of plate is assumed to 
be isotropic. Stainless steel 304 (SS304) was chosen as the 
original material of the plate with a thickness of 0.1 mm. 
The density, Young’s modulus, and Poisson’s ratio of SS304 
are 7.833 g/cm3, 162.5 GPa, and 0.3, respectively. [20, 21] 
The following formula can satisfy the plastic stress-strain 
relationship: � = 1421(0.047 + �)

0.561 . The unit of σ is Pa, 
and the unit of ε is mm. In this study, polyurethane rubber 
with a hardness of 70A (HD70) is used as rubber pad. The 
Mooney-Rivlin model is used to describe the incompressible 
and nonlinear hyper-elastic behavior of rubber material. In 
this model, only two parameters (C10 and C01) are consid-
ered. Their values are 0.736 and 0.184, respectively [22].

2.1 � Finite element mesh

In the finite element analysis of two-step micro-channel, 
the rigid molds are defined as analytical rigid body. At the 
same time, plates and rubber pads are modeled as deform-
able bodies. Their mesh types are C3D8RH and C3D8R, 
respectively. The hybrid element is incompressible and is 
suitable for rubber-like materials [23].

2.2 � Dynamic contact conditions

In the simulation of rubber pad forming process, there are  
two different contact pairs between plate, rubber pad, 
and rigid mold. One is the contact surface between 
rigid mold and plate, the other one is the contact sur-
face between plate and rubber pad. The penalty solution 
method is adopted for both contact pairs, and the friction 
behavior of each contact pair is assumed to follow Cou-
lomb’s model. By this method, the critical shear stress is  
eliminated by Coulomb’s friction model on the basis of con-
tact normal pressure [24]. The friction coefficient between 

the rigid mold and the plate is 0.1, and that between the plate  
or mold and the rubber pad is 0.2.

2.3 � Loading and boundary conditions

As shown in Fig. 3, the rubber pads are confined to the 
frame. To simplify the model, constraints were added to the 
rubber pads to simulate the role of the frame. In passive 
forming, molds are fixed in all directions. The rubber pad is 
set to move only in the vertical direction. In active forming, 
molds are fixed in the horizontal direction and are allowed 
to move only in the vertical direction. The displacement of 
the mold is controlled by displacement/rotation.

3 � Experimental setup and methodology

In order to further study the process of rubber pad forming 
two metal sheets in one pass, the deep drawing experiments 
were also carried out. The steel plate is annealed SS304 
with a thickness of 0.1 mm, and its chemical composition is 
shown in Table 2. The sheet metal is pretreated before form-
ing. The plates are cut to the same size of 60 mm × 60 mm. 
To get better formability, they were held for 3 or 5 min at 
1010–1120 ℃ and then cooled to room temperature in a 
box-type furnace.

During the forming experiment, the plates were formed 
under a load of 50 kN. The extrusion speed is 0.5 mm/s. 
The molds are made of Cr12MoV. After heat treatment, the 
hardness can reach 55 ~ 60 HRC. The chemical composition 
of mold is shown in Table 3.

As shown in Fig. 5, the experiment was carried out on 
a press machine with a clamp. The frame is assembled in 
the clamp. The whole device is composed of four parts: 
frame, metal mold, rubber pad, and metal plate. The rubber 
pad forming process is preserved in the frame. The func-
tion of the frame is to limit the deformation of the rubber 
pad in the horizontal direction. In this way, all deforma-
tion of the rubber pad will be limited to the vertical direc-
tion. The setting of the rubber pad in the experiment is 
the same as in the finite element simulation. The elastic 

Table 2   Chemical composition 
list of SS304 (wt%)

C Si Mn P S Cr Ni Fe

SS304  ≤ 0.08  ≤ 0.1  ≤ 0.2  ≤ 0.045  ≤ 0.03 18.00 ~ 20.00 8.00 ~ 10.50 Balance

Table 3   Chemical composition 
list of Cr12MoV (wt%)

C Si Mn Cr Mo V P Fe

Cr12MoV 1.49 0.27 0.26 11.65 0.48 0.22  ≤ 0.03 Balance
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deformation of the rubber pad along vertical direction could 
be used to take part in the forming process. The plate is 
placed between the mold and the rubber pad so that it can 
be extruded into designed shape under pressure. The total 
height of mold, plate, and rubber pad is slightly higher than 
that of the frame. When the punch of the press machine 
is moved down, the plate can be formed into the shape of 
mold. The size of the rubber pad is 60 mm × 60 mm. In 
order to ensure the consistency of each model, the total 
height of the rubber pad has been kept at 60 mm. The size 
of the plate is 60 mm × 60 mm × 0.1 mm. The size of the 
mold is 60 mm × 60 mm × 50 mm. The height of the two-
step micro-channel in the mold is 0.56 mm. The mold is 
precisely machined using a numerical control machine. The 
actual forming process is similar to the FEM process. The 
shapes of the molds are made according to the parameters 
in Fig. 2. In the process of rubber pad forming, one side of 
the mold is replaced by polyurethane rubber, and the other 

side is a convex metal mold. Macroscopic and microscopic 
photos of the micro-channels are shown below. The results 
of deep drawing experiments are discussed.

4 � Results and discussion

4.1 � Finite element analysis

According to the finite element results, the results of form-
ing a single plate using rubber pad forming process are 
discussed. The forming process can be divided into active 
forming and passive forming according to the different force 
transmission medium. The displacement nephogram and 
stress nephogram after active forming and passive forming 
are shown in Fig. 6. It can be clearly seen that the micro-
channels are clearly formed on the plate in both forms. The 
stress on the plate is described by contour. When active 
forming is used, the stress of plate is larger and more uni-
form, and the deformation is more sufficient. Micro-channels 
can be formed accurately and smoothly. If passive forming 
is used, the stress shown in the plate is reduced because the 
stress is not applied directly by the punch. As a result, the 
forming results of micro-channels become worse.

The process of forming two metal plates simultaneously 
by active and passive mixed forming is studied. As shown 
in Fig. 7, in the finite element simulation, both plates are 
accurately formed into the designed shape. The stress dis-
tribution of sheet metal in the forming process is shown. In 
the active and passive mixed forming process, the stress of 
the two plates is almost the same, and both are sufficient. 
Because both plates are subjected to sufficient stress, the 
micro-channels on them can be accurately and smoothly 
formed. This can be interpreted that when an external force 
is applied to polyurethane rubber, the stress generated by the 
elastic deformation can be evenly transmitted to its upper 
and lower surfaces, where the plates are tightly connected. 
Next, the plates are formed.

Mold

Rubber

Frame

Plate

Fig. 5   Forming experiment

Fig. 6   Finite element simulation 
results of plates (a) and (b) Plate (a) Plate (b)
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The process of forming two metal sheets simultaneously 
by double passive forming is studied. As shown in Fig. 8, 
the micro-channels on both plates are clearly formed. How-
ever, the depth and accuracy of the forming are somewhat 
lacking. According to the stress distribution in the forming 
process, it can be found that in the double passive forming 
process, the stress of the two plates is almost the same, but 
compared with the active and passive mixed forming, the 
stress of the plates is obviously reduced. The forming depth 
of the micro-channel is affected because there is not enough 
stress on either plate. This means that if the pressure of the 
punch cannot be applied directly to the plate, relying only on 
the elastic deformation of the rubber, the sheet metal will be 
difficult to form into the designed shape.

4.2 � Forming profile and forming depth

In order to verify the accuracy of finite element analysis, 
the two-step micro-channel metal sheet was formed by deep 
drawing experiment. As shown in Fig. 9, some samples of 
the plate after forming are shown. The plate is then cut in the 
vertical direction of the two-step micro-channel as observed 
in Fig. 10. The forming results of samples formed by each 
model are discussed separately.

As shown by the red-dotted line in Fig. 9, the forming 
plates were cut along the top of the second-step structure 
of the straight micro-channel, and their filling contour was 
studied. As shown in Fig. 10, the segmented sample was 
then installed. The surface is polished to accurately meas-
ure the profile of the sample under the microscope. First, 
a VMMVMS measuring device was used for observation 
at × 2 magnification. Subsequently, in order to obtain higher 
accuracy, × 4 magnification optical microscope was used. 
Using measurement software connected to the computer 
system and attached to the microscope, the filled profile of 
the channel is obtained.

The morphologies of the micro-channels were observed 
by magnifying them with an optical microscope. The depth 
and profile of the micro-channels are determined by the 
measuring software connected with the computer system 
and attached to the microscope.

The plate shown in Fig. 11a is manufactured by active 
forming method with a cross section perpendicular to 
the micro-channel. It can be found that the depth of each 
micro-channel is relatively uniform. The depth of the 
micro-channel is 0.502 mm (the design depth is 0.56 mm). 
As shown, the profile is clearly displayed. The red line is 
used to show the shape of the micro-channel, and the blue 

Fig. 7   Finite element simulation 
results of plates (c) and (d)
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Fig. 8   Finite element simulation 
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line is the shape of the designed. Through observation, it 
can be found that the sheet formed by active forming is 
basically consistent with the designed shape, and the depth 
and width have reached the designed size.

As shown in Fig.  11b, a plate produced by passive 
forming is shown in a cross section perpendicular to the 
micro-channel direction. The depth of each micro-channel 
is uniform. The depth of the micro-channel is 0.482 mm 
(the designed depth is 0.56 mm). As shown, the profile is 
clearly displayed. Through observation, it can be found that 
the plate formed by passive forming is basically consistent 
with the designed shape, but the forming depth and width 
are not up to the designed size.

The cross sections of two plates, perpendicular to 
the direction of the micro-channel, are shown in Fig. 12. 
Through observation, it can be found that the forming depths 
of each micro-channel of the two plates are relatively uni-
form. The actual depths of micro-channel reach 0.489 mm 
and 0.502 mm, respectively. As shown, the actual filling 
profile is clearly displayed. It can be found that the sheets 
formed by active forming and passive forming are both basi-
cally consistent with the designed depth and width. How-
ever, there is still an error between the formed shape and 
the designed shape, which may be caused by the springback 
after forming or the cutting method of the plate.

The cross sections of two plates, perpendicular to the 
direction of the micro-channel, are shown in Fig. 13. It can 
be found that the forming depths of each micro-channel of 
the two plates are small. The depths of micro-channels are 
only 0.414 mm and 0.393 mm, respectively. As shown, the 
actual filling profile is clearly displayed. Through observa-
tion, it can be found that although the two plates produced 

Fig. 9   Plates formed by different models

Fig. 10   Microscopy images of 
two-step micro-channel
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by the double passive forming method are formed into the 
designed shape, there is a large gap between the forming 
depth and the designed size.

4.3 � Thickness distribution

Because the thickness distribution of each micro-channel 
is symmetric, it is possible to consider analyzing half of 
the micro-channel in the formed plate. As shown in Fig. 14, 
variation in thickness can be divided into three areas based 
on previous studies [19]. The thickness reduction in area 
A is very small. This is mainly because the plate does not 
satisfy the condition of yield criterion in this area, so there 
is no plastic deformation that occurs. This area should have a 

thickness similar to the initial thickness. In area B, thickness 
is rapidly reduced, and the thickness of the micro-channel is 
minimal in this area. This is due to the considerable stretch-
ing of the sheet during the forming process in the corner 
area. At the same time, the depth of the micro-channel is 
also increased, resulting in a lack of material feed in the 
area. In the second-step micro-channel area (area C), the 
thickness distribution tends to increase due to the decrease 
of tensile stress. Based on the above analysis, the thickness 
distribution of the metal sheet manufactured by this method 
is uniform.

The minimum thickness of each plate is shown in Fig. 15. 
It can be found that in active forming, the minimum thick-
ness of the plate is 0.0847 mm, about 84.7% of the original 
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thickness. As a result of the larger stress, the thickness of the 
plate thinning degree is relatively larger. In passive forming, 
the minimum thickness of the plate is 0.0945 mm, approxi-
mately 94.5% of the original thickness. In active and pas-
sive mixed forming, the minimum thickness of the plates is 
0.088 mm and 0.091 mm, accounting for 88% and 91% of 
the initial thickness, respectively. Due to the larger stress, 
plastic deformation can be full and uniform, so the thickness 
of the plate is also uniform. In dual-passive forming, the 
minimum thickness is 0.0971 mm and 0.0974 mm, account-
ing for 97.1% and 97.4% of the initial thickness, respec-
tively. Because the plate is subjected to less stress, the plastic 
deformation is relatively less, so the plate is not very thin in 

double passive deformation. Overall, the remaining thick-
ness of all plates is above 85%. It is shown that the thickness 
distribution of sheet metal formed by rubber pad forming is 
relatively uniform. In industrial operations, there is a low 
probability of stress concentration.

4.4 � Metallographic experiment

In addition, as shown in Fig. 16, a metallographic microscope 
is used, and metallographic photographs of the 304 stainless 
steel sheet are displayed. Picric acid hydrochloride alcohol 
solution (1 g picric acid + 5 mL hydrochloric acid + 100 mL 
alcohol) is used as a corrosive agent. The microstructure of 
SS304 plate before forming is austenite coarse-grained struc-
ture with uniform distribution. The microstructure is uniform 
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equiaxed grain with a few annealing twins. The microscopic 
metallographic pictures of SS304 after forming are shown 
in figure. Two positions are selected for each formed plate, 
the ridge and the top. Compared with the structure before 
forming, there is a serious plastic deformation on the SS304 
sheet, thus presenting a different structure. The grain is elon-
gated along the stamping direction and becomes finer. There 
are defects at grain boundaries, and dislocation density is 
increased. The grain sizes of the sheets formed by the double 
passive forming method are slightly larger than that of other 
plates due to less stress.

5 � Conclusions

In this study, by means of finite element simulation and deep 
drawing experiment, rubber pad forming process was used 
to form metal sheet with two-step micro-channel, and the 
possibility of forming two plates at the same time was dis-
cussed. A new rubber pad forming method for multilayer thin 
plate is presented, which can obviously improve the forming 
efficiency. In this study, convex molds were used to produce 
plates, and the micro-channels were obtained according to the 
design shape. The shapes of micro-channels formed by differ-
ent models are compared with that of ideal micro-channels. 
It is shown that this method has high forming precision and 
can improve forming efficiency significantly.

Results:

1.	 The rubber pad forming process was studied by means of 
finite element simulation and deep drawing experiment, 
and the active forming process and passive forming process 
were proposed. It was found that both of them could be used 
to manufacture the two-step micro-channel metal sheet.

2.	 In this paper, a method of forming two metal sheets 
simultaneously by rubber pad forming process is put 
forward. Through contrast experiment, it is found that 
active and passive mixed forming method can be used to 
form two plates precisely at the same time, which greatly 
improves the forming efficiency.

3.	 Less stress is transferred to the plate by passive forming. 
So the more layers of the plate, the greater the required 
forming force, and forming is more difficult. The conclu-
sion of this paper will lay a solid theoretical foundation 
for further research on the simultaneous forming of 4 or 
more layers of metal sheets.
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