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Abstract
Bipolar plates are one of the most important components of polymer membrane fuel cells. In this manuscript, the rub-
ber pad forming of aluminum bipolar plates with Archimedes’ screw-shaped channels and draft angle of 90◦ has been 
investigated. Hence, all possible combinations of the process parameters were determined and corresponding experi-
mentations performed in order to investigate the effects of the rubber hardness, punch speed and the hydraulic press 
force. In this regard, three rubber pads including polyurethane, silicone and natural rubber were used. Channel depth 
and thinning percentage in the corner of the channel are measured and the effect of each parameter is analyzed. Based 
on the results, the maximum channel depth was achieved using a silicone pad with a hardness of 60 Shore A. Using a 
rubber pad with a very high and low hardness number, both, reduces the depth of channel. Furthermore, as the punch 
speed increases, the channel depth increases and the thinning percentage, as well.
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1 Introduction

Proton-exchange membrane fuel cells are one of the 
devices to generate DC electric current without causing 
chemical contamination. The input material, which is sup-
plied to these cells is usually hydrogen and air (oxygen). 
As a result of a chemical reaction that takes place inside 
the cell, the electrons move. The by-product of water is 
also yielded within the fuel cell. One of the most impor-
tant components of these cells is bipolar plates, on which 
there are channels for passing reactive gases as well as the 
water. The longer the channel path length of the bipolar 
plates, the higher the probability of the chemical reaction. 
Therefore, the higher electrical current intensity could be 
produced. Different materials are used to make bipolar 
plates, most commonly graphite. But the graphite has a 
low machinability, impact and bending strengths [1]. Thus, 

the use of metals and composites for construction of bipo-
lar plates has been considered [2].

Metallic bipolar plates are manufactured using a vari-
ety of approaches, including hydroforming, electroform-
ing, casting, powder metallurgy, stamping and machining 
[3]. Nikam [4] et al. studied the bipolar plates with parallel 
hemispherical channels forming using a manual operat-
ing tube wringer (i.e. rollers and handle). Dundar et al. 
[5] compared the corrosion resistance of metallic bipolar 
plates as the products of stamping and hydroforming pro-
cesses. They determined a process window to achieve the 
highest corrosion resistance. As well, by comparing two 
processes of stamping and hydroforming in the fabrication 
of bipolar plates with different materials, Mahabunpha-
chai et al. [6] presented that the hydroforming products 
have higher surface quality. Turan et al. [7] examined the 
effect of punch speed in the stamping process, and the 
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pressure rate in the hydroforming of bipolar metal sheets. 
They showed that plates produced by stamping process 
have higher electrical contact resistance characteristics, 
compared to hydroforming products. Hu et al. [8] studied 
the stamping process of ss304 bipolar plates. They found 
that low punch speed causes a wrinkling in the products, 
while high speeds cause a crack initiation. Koo et al. [9] 
investigated the effect of applying pulsating force on the 
formability of the sheet in the stamping process of bipolar 
plates. According to the results of Park et al. [10], when a 
primary heat treatment is applied on the stainless steel 
sheets, a higher bipolar channel depth could be achieved 
during the stamping process. Also, the use of dynamic 
load, rather than static load, creates a greater channel 
depth. Xu et al. [11] conducted the hydroforming process 
of thin copper sheet metals to produce bipolar plates, after 
investigating the effect of grain sizes on the formability 
of the sheets. On the other hand, the rubber pad form-
ing is reported as a practical and a suitable method for 
producing metal bipolar plates [12]. In this process, the 
rubber pad replaces the punch in the stamping process 
and thus, the tool cost and production cost is reduced 
[13]. Due to the hyperelastic deformation of the rubber 
pad used, a uniform distribution of the pressure on all sur-
faces of the sheet is possible during the forming process 
[14]. The parts made with this process have high surface 
quality and dimensional accuracy [15]. So far, numerous 
research contributions focusing on this process have been 
published: Dirikolu et al. [16] investigated the influences of 
different parameters such as rubber hardness, coefficient 
of friction and geometrical characteristics of the die on the 
bipolar plates production through rubber pad forming. Liu 
et al. [17] studied the fabrication of bipolar plates chan-
nel with two different deformation styles, i.e. convex and 
concave, using rubber pad forming. Based on their results, 
the production of a bipolar plate with a channel width to 
the rib width ratios less than one in a convex state is quite 
appropriate. Peng et al. [18] numerically and experimen-
tally studied the effects of hardness number of the rub-
ber, and the friction coefficient on the rubber pad form-
ing of stainless steel bipolar plates. Lim et al. [19] studied 
the effect of various parameters, such as the initial sheet 
thickness, the thickness of the pad and the press force on 
the quality of the produced bipolar plates. Jeong et al. [14] 
showed that by increasing the rubber pad thickness and 
the punch speed, the channel depth of the bipolar plates 
increases. While, an increase in the hardness of the pad 
caused the final depth to be decreased. Kolahdooz et al. 
[20] performed a three-dimensional finite element simu-
lation of the rubber pad forming process, which showed 
that the maximum thinning occurs in the corners of the 
bipolar plates channel.

Although, numerous investigations have been perform 
to specify the effects of different process parameters on 
the rubber pad forming of bipolar plates, a lack of experi-
mental studies on the forming of bipolar plates with an 
Archimedes’ screw-shaped channel has been found. A 
schematic image of such a channel pattern is shown in 
Fig. 1. In this paper, the rubber pad forming of aluminum 
bipolar plates with the draft angle of 90◦ is carried out. 
It would be a big challenge to prepare such a high draft 
angle for the channel walls. In order to produce a bipolar 
plate with the maximum channel depth and limited thin-
ning percentage, three different types of rubber have been 
utilized in the rubber pad forming experimentations. The 
rubbers used in this study are: polyurethane, silicone and 
natural rubber. Hence, a full factorial design of experiment 
was conducted and the influences of effective process 
parameters including rubber type, press force and punch 
speed were evaluated. As a result, the channel depth of 
the formed samples and the maximum thinning percent-
age were measured, and the effect of each parameter on 
the products was investigated. Finally, an equation was 
derived in order to predict the channel depth and the thin-
ning percentage values as a function of above-mentioned 
parameters.

2  Experimental procedure

In this study, the metal sheets used to produce bipolar 
plates are of aluminum 1050 alloy with an initial thickness 
of 300 microns. For conducting the experimentations, the 
rubber pad is firstly located inside the supporting bed 
(Fig. 2a) and then, the aluminum sheet is placed on it. 
Note that the depth of the lower die and the thickness 
of the rubber pad are 60 mm and 40 mm, respectively. 

Fig. 1  A schema of bipolar plate with an Archimedes’ screw-shaped 
channels



Vol.:(0123456789)

SN Applied Sciences (2021) 3:418 | https://doi.org/10.1007/s42452-021-04428-4 Research Article

In the next step, a steel forming punch is pressed on the 
sheet with the application of a hydraulic press (Fig. 2b), 
and the sheet accepts the shape of the channels on the 
punch surface. The punch and lower die are made of steel 
DIN Ck45. Electric Discharge Machining (EDM) process has 
been used to produce the forming channels on the punch, 
and a lubricant is utilized during the forming process in 
order to reduce frictional forces between the sheet and 
the punch surface. The actual punch and arrangement 
of process setup is shown in Fig. 3. It’s worth mentioning 
that the punch speed is controllable by the press con-
trolling system. Three different rubber pads, i.e. polyure-
thane, silicone and natural rubber are used through the 
experiments. The hardness number of each pad is listed 
in Table 1 (for simplicity, the rounded numbers are shown 
in the Table, instead of measured hardness numbers of 
50.1, 60.2 and 89.9, respectively). Also, the compressive 
stress–strain curve of these three rubbers are illustrated in 
Fig. 4. Digital micrometers, of the point micrometer type, 
with an accuracy of 0.001 mm have been used to meas-
ure the channel depth and the thickness of the formed 
products. In order to determine the maximum thinning 
percentage, the sheet thickness was measured at 5 differ-
ent points in the channel corner region, and the minimum 
value was used to calculate the thinning.

3  Results and discussion

Because the geometrical characteristics of the forming 
punch are kept constant, three different process param-
eters, such as rubber pad hardness number, punch speed 
and force have been considered. In order to determine 
the effects of these parameters on the channel depth and 
thinning percentage, three different levels are defined for 
each, as shown in Table 2. It’s worth mentioning that the 
parameter range is specified in a way that all the possi-
ble combinations of the parameters lead to the products 
with an accepted forming value (i.e. channel depth), and 
without experiencing any defects (i.e. cracking, severe 
thinning, and etc.). In fact, the maximum press force is lim-
ited considering the formability of the aluminum sheet. In 
the case of excessive applied forces, the rupture occurs in 
the product (Fig. 5). It should be noted that the onset of 
rupture for all defected specimens was from the central 
channel; because of the existence of frictional forces as 
well as an insufficient material feed in this region. Also, the 
most thinning is observed in the central region due to the 
applied tensile stresses from both sides.

3.1  The process characterization

An example of bipolar plates, which formed with a natural 
rubber pad and the punch speed of 1.3 mm/s is shown in 
Fig. 6. It’s obvious if the press force is low, the plastic defor-
mation of the sheet is low. Thus, the springback reduces 
the depth of the formed channel. It is worth mentioning 
that the effect of springback on the formed channel depth 

Fig. 2  a Initiation of the pro-
cess; b end of the process
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Fig. 3  Forming Setup, and the 
corresponding punch shape

Table 1  Hardness number of 
the used rubber pads

Pad material Hardness 
(Shore A)

Natural rubber 50
Silicone 60
Polyurethane 90

Fig. 4  Compressive stress–strain curve for three used rubbers

Table 2  Process parameters and the defined levels

Parameters Unit 1st level Center point 3rd level

Press force (ton) 30 36 42
Punch speed (mm/s) 0.8 1.3 1.8

Fig. 5  A ruptured produced sample due to the applied excessive 
press forces; polyurethane pad, punch speed of 8 mm/s, press force 
of 50 ton
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is not measured, however the minimum considered force 
in this study (i.e., 30 ton) is selected in a way to create a 
minimum depth of 0.3 mm using all three rubber types.

After the forming process is accomplished, the depth of 
the central channel and the amount of thinning percent-
age at the corner of the channel were measured (Table 3). 
In fact, all nine possible combinations of the experiments 

are performed for each of the three polyurethane, silicone, 
and natural rubber pads (i.e. 27 total experiments). Note 
that the occurrence of the highest thinning values for all 
samples is the reason for the selection of the central chan-
nel as a criterion for the comparison. Figure 5 also confirm 
that the rupture is begun from the central channel. The 
cross-section of the bipolar plates central channel, and 
measuring the channel depth and the minimum thick-
ness is shown in Fig. 7. Based on the analysis of variance 
of the experimental data, two polynomial models were 
specified for the maximum channel depth and the thin-
ning percentage values, regarding three different rubber 
pads, as follows:

In the above equations, A is the constant value for the 
channel depth equation (i.e. − 0.21, − 0.20, and -0.22 for 
natural, silicone and polyurethane rubber pads, respec-
tively), B is the constant value for the thinning equation 
(i.e. − 14.25, − 13.88, and − 14.31 for natural, silicone and 
polyurethane rubber pads, respectively), F is press force 
[ton], and v is punch speed (mm/s). Referring Fig. 8a, b, 
there is an accurate accordance between the actual results 
and the predicted data using the above-mentioned mod-
els (Eqs. 1 and 2). Furthermore, the analysis of the variance 
data for both predictive models is listed in Table 4. Accord-
ing to the analysis of variance (ANOVA) of the results, the 
model with the maximum order is selected; so that all 
model terms have a significant effect on the result (P-value 
less than 0.05). It is worth mentioning that according to 
Fig. 4, the polyurethane pad requires much higher stress to 
have an elastic strain equal to other two pads (especially as 
the desired strain increases), but this difference is relatively 
small with respect to low elastic strain values. Similarly, 
as is specified in Table 3, the channel depth at low press 
forces is almost in the same order for different pad types, 

(1)
Depth = A + 0.01 × F + 0.13 × v + 0.0039 × F × v − 0.08 × v2

(2)
Thinning = B + 0.49 × F + 5.33 × v + 0.29 × F × v −5.09 × v2

Fig. 6  Bipolar plates formed with a natural rubber and the punch speed of 1.3 mm/s, and press forces of a 30 ton; b 36 ton; and c 42 ton

Table 3  Experimental results of the rubber-pad forming process

Exp. No Load (ton) Velocity 
(mm/s)

Hardness 
(Shore A)

Depth 
(mm)

Thinning 
(%)

1 30 0.8 50 0.3 9.9
2 30 1.3 0.31 10.05
3 30 1.8 0.32 10.1
4 36 0.8 0.35 11.9
5 36 1.3 0.41 14.75
6 36 1.8 0.43 15.5
7 42 0.8 0.47 17.6
8 42 1.3 0.55 22.4
9 42 1.8 0.52 20.5
10 30 0.8 60 0.3 8.9
11 30 1.3 0.32 9.8
12 30 1.8 0.31 9.2
13 36 0.8 0.38 13.1
14 36 1.3 0.43 15.2
15 36 1.8 0.45 16.9
16 42 0.8 0.48 18.1
17 42 1.3 0.55 23.4
18 42 1.8 0.54 21.5
19 30 0.8 90 0.3 9.7
20 30 1.3 0.31 10.1
21 30 1.8 0.32 10.8
22 36 0.8 0.34 12
23 36 1.3 0.4 14.9
24 36 1.8 0.41 15.1
25 42 0.8 0.45 16.5
26 42 1.3 0.51 20.7
27 42 1.8 0.53 22.4
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however, as the pad pressure increases the channel depth 
is more significant if the polyurethane pad is used rather 
than other two pads.

3.1.1  Depth of channel

The effect of input parameters on the channel depth of 
bipolar plates produced by the rubber pad forming is 
shown in Figs. 9, 10 and 11. Figure 9 represents the rela-
tion between press force and depth of channel for the 
silicone rubber pad. The same trend is also observed for 

two other pads. Results show that an increase in the press 
force increases the channel depth with a linear model. In 
fact, with a 40% increase in the press force, an almost 60% 
enhanced channel depth is observed. By increasing the 

Fig. 7  Measurement of chan-
nel depth and thinning in the 
central channel

Fig. 8  Predicted-actual curve 
for a depth of channel; b thin-
ning percentage

Table 4  Analysis of variance of the derived model

Channel depth Thinning 
percentage

SD 0.016 1.05
R-squared 0.98 0.96
Adj. R-squared 0.97 0.95
Predicted R-squared 0.96 0.93
Adeq. precision 34.34 25.58

Fig. 9  Effect of press force on the channel depth (for silicone rub-
ber pad)
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press force, the pressure on the rubber pad is significantly 
increased, which leads to a bending in places where the 
sheet is not in contact with the die, and thus the sheet is 
drawn into the die. According to Fig. 10, the depth of chan-
nel is increased with increasing the press speed. However, 
the effect of speed on the depth is nonlinear (i.e. a sec-
ond order equation), and the curve slope decreases with 
increasing speed. In the case of each used pad type in the 
forming process and under different press forces (includ-
ing 9 modes), the depth of the formed channel increases 
with increasing the punch speed. This phenomenon can 
be attributed to the increase in elastic energy stored in the 
rubber pad, and hence the increase in pressure applied to 

the sheets. In fact, as the punch speed increases the veloc-
ity of elastic deformation and consequently the applied 
pressure to the aluminum sheet increases, and the channel 
depth also increases. Figure 11 shows that there is an opti-
mum value for rubber pad hardness in order to achieve the 
maximum depth. As shown in the figure, with increasing 
the hardness number from 50 to 60 shore A (i.e. natural 
rubber to silicone), the channel depth is increased and 
then, the depth shows a decrease with increasing the hard-
ness number to 90 (polyurethane). This could be attributed 
to the differences of elastic deformation magnitude of the 
rubber pads when applying the press force. In fact, when 
the rubber pad hardness number decreases, applying the 
press force exerts high values of elastic deformation on 
the pad. Thus, due to the fact that the inner pressure of 
the pad is not raised enough, small forces are applied into 
the sheet, resulting in a lower channel depth. However, 
in this case the channel depth could be compensated by 
increasing the press force. On the other hand, if the hard-
ness of the rubber pad is too high, there would not be 
much deformation in it; hence, the pad doesn’t push itself 
into the sheet and the depth of channel decreases again.

The interactive effect of press force and punch speed 
on the channel depth is also shown in Fig. 12. Accordingly, 
choosing the high press forces leads to the higher depth 
of channel, even if lower speeds are selected. On the con-
trary, if the speed is high, high channel depths need higher 
press forces. Thus, press force is more effective parameter 
on the process output, compared to the punch speed, 
even though both have a direct relationship with the bipo-
lar plate channel depth.

3.1.2  Thinning percentage

Figures 13, 14 and 15 illustrates the effects of process 
parameters on the thinning percentage. As it’s obvious, 

Fig. 10  Effect of punch speed on the channel depth (for silicone 
rubber pad)

Fig. 11  Effect of rubber hardness on the channel depth

Fig. 12  Interactive effects of force and speed on the channel depth
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the press force is more effective on the thinning at the 
corners of the central channel, compared to other param-
eters. This corresponds to the effect of the same param-
eters on the depth of the central channel. Figure 13 shows 
that with a press force increasing from 30 to 42 tons, the 
thinning is nearly doubled. This is due to the friction forces 
of the sheet with the die surfaces and rubber pad as well. 
As shown in Fig. 16, in the area where the sheet is in con-
tact with the die, increasing in the press force increases 
the friction force, and the material flow into the channel 
is restricted. Furthermore, the friction between the sheet 
and the rubber pad will prevent the large deformation of 
the sheet and as a result, the channel corner (i.e. the point 

where the direction of the friction force is reversed) expe-
riences high values of thinning. Figure 14 shows that the 
thinning percentage is increased slightly with the increase 
in the punch speed, which is in accordance with a slight 
increase in the depth of channel. Finally, the highest value 
of thinning was obtained as the hardness of the rubber 
is equal to 60 Shore A (Fig. 16). By comparing Figs. 11 
and 15, it is shown that the effect of pad hardness on the 
channel depth and thinning is approximately the same. 
Multi-objective optimization results show that in order to 
achieve the highest depth of channel, and simultaneously 
maintain the thinning percentage in the safe range, the 
process parameters selection could be as follows: press 

Fig. 13  Effect of press force on the thinning (for silicone rubber 
pad)

Fig. 14  Effect of punch speed on the thinning (for silicone rubber 
pad)

Fig. 15  Effect of rubber hardness on the thinning

Fig. 16  Friction forces when applying the press force
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force of 40 tons, punch speed of 0.8 mm/s, and pad hard-
ness of 60 Shore A (i.e. silicone rubber pad). In this case, 
the channel depth is almost 0.45 mm, and the thinning is 
16.3%. It is worth mentioning that for the multi-objective 
optimization, a multiple response method entitled desir-
ability has been used using Design-Expert optimization 
package. Briefly, above-stated technique makes use of an 
objective function, called the desirability function, which 
reflects the desirable range for each response (the optimi-
zation technique is explained in extra info in [21]). Further-
more, the depth of all channels in the optimum sample 
was measured. As is observed, the depth of all channels 
is not equal and the highest value is related to the central 
channel. This indicates that there is more pressure exerted 
by the rubber pad at the center of the sheet. However, 
the difference in the channel heights (i.e., side channel vs. 
central channel) was about 5%. One of the main reasons 
for the pressure drop in the side regions is attributed to the 
frictional forces between the rubber pad and the die wall.

Figure 17 illustrates the interactive effect of the press 
force and punch speed on the thinning. As it’s obvious, the 
speed does not have much effect on the result, when small 
forces are selected to decrease the product thinning. How-
ever, in high press forces, the thinning could be restricted 
by decreasing speed.

4  Conclusions

In this manuscript, the forming of aluminum bipolar 
plates with Archimedes’ screw-shaped channels was 
investigated using different rubber pads. By choosing 
press force, punch speed and pad hardness as the main 
input factors a design of experiment has been conducted. 
Analysis of the experimental results leads to the predic-
tive models, which predict the depth of channel and the 
thinning of the formed bipolar plates. Results show that 

the press force is the most important factor on the depth 
of channel and thinning. The maximum channel depth 
was achieved using the maximum force and speed and 
the usage of silicone rubber pad. As the depth of channel 
increases, thinning is strongly increased, which is mainly 
due to the friction of the sheet with the die and the rubber 
pad, as well. Regarding the interaction of the parameters, 
the maximum press force and speed must be used in order 
to achieve the maximum depth of channel. The effect of 
the press force on the channel depth is linear, so that by 
increasing 73.3% of the press force for all three types of 
rubber pads, on average, has increased the channel depth 
by the factor of almost 80%. However, the limited form-
ability of the aluminum sheets at room temperature would 
not allow the press force to be further increased to achieve 
higher depths.

Due to the fact that a rubber with the desired hardness 
number are not available (i.e., each rubber has a unique 
hardness number, and it is difficult/impossible to imple-
ment a rubber based on an arbitrary hardness number.), 
thus it is not possible to optimize the process based on the 
hardness number of the rubber. Although the use of ele-
vated temperature enhances the formability of aluminum 
sheets, but it also softens the rubbers. However, using a 
suitable rubber with a high-temperature resistance leads 
to a higher quality bipolar plate products.
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