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Abstract. Modification of the punch geometry can greatly reduce the 
force necessary to perform the perforation of the belt. This paper presents 
research on axially non-symmetrical piercing punches – double sheared 
one and one with a cylindrical bowl. FEM analysis was performed for  
a variable tip angle β in the 60-150° range for a double sheared punch or 
a variable bowl radius R in the 5.25-10 mm range and for a constant punch 
diameter D = 10 mm and TFL10S belt. Based on the obtained results, the 
influence of the tip angle β (for the double sheared punch) and the bowl 
radius R (for a cylindrical bowl punch) on the perforation force FP and 
pneumatic cylinder stroke increase Δs was determined. FEM analysis was 
used to obtain the perforation force in function of punch displacement 
characteristics for various tool geometry. Based on the results, the 
characteristics of the perforation force in function of punch geometrical 
parameters were determined. Additionally, their application in the 
punching die design process, where the effective geometrical features of 
the tools are desired, is presented.  

1 Introduction 
Modification of the punch geometry can greatly reduce the force necessary to make  
a hole in the material [1-4]. One of the methods is to create an axially non-symmetrical tool 
by either performing the symmetrical shearing of the cylindrical punch (a double sheared 
punch – Fig. 1a) [5-8], or milling the cylindrical bowl in the punch front surface (a 
cylindrical bowl punch – Fig. 1b) [5-8]. Their positive effect was proved for metal 
punching [5], but for multilayer polymer composite belts (Fig. 2) their performance was not 
tested. 
Belt punching with using two cutting edges (the punch and the die) is rather a complex 
issue. Because of the orthotropic mechanical properties of the polymer multilayer 
composite belts, the classical theory used in punching is not always applicable in such 
cases. Some correlations can be discovered in the behavior of non-classical materials [9-11] 
or natural polymers [12, 13]. Not only the mechanical properties, but also the chemical 
compound [14] or thermomechanical properties [15-17] can affect the course of the 
machining process. 
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The objective of the presented research is to find the influence of the tip angle β on the 
perforation force FP and pneumatic cylinder stroke increase Δs. This information can be 
useful during the design process of punching dies for belt perforation. By applying the 
restrictions connected with the design assumptions, it is possible to perform the 
optimization of the tool geometry and, as a result, achieve the effective construction of the 
machine. These parameters have an impact on selecting proper drive [18, 19] and 
positioning method [20, 21], which also affects the efficiency of the process [22]. 

 
 

Fig. 1. Axially non-symmetrical punchescooperating witha die a) double sheared punch,  
b) cylindrical bowl punch: D –punch diameter, H – shearing/bowl height, L – punch-die clearance, β 

– tip angle, R – bowl radius. 

 
Fig. 2. Multilayer polymer composite belt [23]. 

2 Methodology of research 

The main part of the research was FEM analysis performed in ABAQUS. It is very often 
used to improve the design of the machines [24-26] as well as the manufacturing process 
[27-29].The clear advantage of using FEA is that there is no necessity to make a set of tools 
with various shapes [1-3, 30, 31]. However, to verify the correctness of the developed 
model at least one experimental result is required to compare it with the computer 
simulation results. The results of the experimental tests were obtained from [1]. 
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Fig. 3. FEM model construction. 

In the used ABAQUS Explicit model, the belt is modelled as a deformable part, while the 
rest of the components (punch, die and blank holder) are defined as rigid objects, which is 
justified since the stiffness of the belt is much smaller than the steel tools. The kinematic 
extortion of the punch was specified as the boundary condition with the velocity in the Z 
axis of 0.5 mm/s. Using low velocity provides a quasi-static characteristic of the analyzed 
process, which makes the influence of the strain rate negligible and enables using mass 
scaling without affecting the results. The obtained results are in the form of reaction force 
in the reference point of the punch (FP(t)). To adjust the moment of belt failure, the damage 
evolution has to be defined by using proper displacement at failure. Because variable punch 
geometry affects the mesh, which has an impact on this parameter, it has to be established 
for each single analysis. Based on the observation of the test punching process, the failure 
should occur when the inner edge in the side view meets the cutting edge of the die.   
The tests were conducted for the TFL10S belt, whose construction is very similar to the one 
presented in Fig. 2, but the top layer is also covered with NBR rubber. This type of belt is 
characterized with increased strength and high rigidity. This makes it is hard to perforate and 
a reasonable choice as the test material. Its thickness equals 
t = 2.65 mm, while the polyamide core inside its structure is 1 mm thick. The parameters 
used to model the belt properties and its damage in the FEM model are presented in Table 1 
and were determined based on the previous research [1, 2]. Although the belt should be 
considered an orthotropic material, during FEM analysis the isotropic substitute parameters 
and Johnson-Cook damage model were used. This simplification is explained and justified 
in [1, 2, 32].  

Table 1. Mechanical properties of the TFL10S belt used for FEM modelling. 

Density ρ  
[kg/m3] 

Young’s 
Moduli 
E[MPa] 

Poisson 
ratio ν[-] 

Johnson-Cook model parameters 

d1 d2 d3 d4 d5 

1140 235 0.2 -0.24 0.32 2.6 0 0 
To determine the test range of the variable tip angle, the correlation between the 
geometrical parameters of the punch and the tip angle β was specified (Fig. 1a): 

𝑡𝑡𝑡𝑡𝑡𝑡 (𝛽𝛽
2

) = 𝐷𝐷
2𝐻𝐻

 →  𝛽𝛽 = 2 ∙ 𝑡𝑡𝑡𝑡𝑡𝑡−1 ( 𝐷𝐷
2𝐻𝐻

) (1) 

 
In order to maintain the constant mechanical cutting work during the process and prevent 
the closed-contour punching to obtain the most effective force reduction, we can assume 
that the shearing height H should be greater or equal to the belt thickness t. For a punch 
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with diameter D = 10 mm, the maximum tip angle β should be lower than 124°. Based on 
that, in this research two tip angles over this value and a few lower than the estimated value 
are considered. Tests were performed for tip angles β = 60°, 90°, 105°, 120°, 135° and 
150°. 
The same methodology of determining the test range of bowl radius R was usedfor a 
cylindrical bowl punch. In this case, the correlation between the geometrical features, 
presented in Fig. 1, can be described with equations 2-4. Applying the H = t into the final 
equation provides information that the bowl radius should be at most 6.04 mm. Due to the 
technological reasons, the punch bowl radius R should equal the milling tool radius. 
Additionally, it is impossible to machine bowl with radius R lower or equal  
½D. All these facts were used to establish the following test values of bowl radius R for 
research: R = 5.25, 5.5, 6, 6.5, 7.25, 8 and 10 mm. 

𝑥𝑥2 + (𝐷𝐷
2
)
2
= 𝑅𝑅2 → 𝑥𝑥 = √𝑅𝑅2 − 𝐷𝐷2

4
 (2) 

𝐻𝐻 + 𝑥𝑥 = 𝑅𝑅 → 𝑥𝑥 = 𝑅𝑅 −𝐻𝐻 (3) 

𝑅𝑅 − 𝐻𝐻 = √𝑅𝑅2 − 𝐷𝐷2

4
→ 𝑅𝑅 = 𝐻𝐻

2
+ 𝐷𝐷2

8𝐻𝐻
               (4) 

3 Results and discussion 

The comparison of the FEM and experimental results for TFL10S belt perforation with a 
double shear punch with a tip angle β = 120° is presented in Fig. 4. As can be observed, the 
divergence of the characteristics is significant. The main difference is connected with the 
damage of the material, which is very soft in the experimental curve and sudden in the FEM 
one. It is caused by the isotropic approach and impossibility of modelling the hardening 
caused by the polyamide core. However, the peak value does not lie too far from the 
experimental one – for FEM FPMAX = 3429 N and for experimental tests FPMAX = 3507 N. 
This indicates that the proposed model is not appropriate for the force characteristic 
approximation and can be just used for the estimation of the peak force tendency for 
various tool geometry. The similar explanation can be used for the comparison of the FEM 
and experimental results for TFL10S belt perforation with a cylindrical punch with bowl 
radius R = 7.25 mm (Fig. 5). However, in this case the characteristics are much more 
similar to each other (experimental value FPMAX = 2568 N, FEM value FPMAX = 2123 N) due 
to the almost symmetrical characteristics of the force increase and decrease, but still the 
fracture of the belt is also rupture. 
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Fig. 4. Comparison of FEM and experimental results for TFL10S belt perforation with a double shear 

punch with a tip angle β = 120° along with sample stress distribution obtained from FEM analysis. 

 

 
Fig. 5. Comparison of FEM and experimental results for TFL10S belt perforation with a cylindrical 
bowl punch with bowl radius R = 7.25 mm along with sample stress distribution obtained from the 

FEM analysis. 

The results are presented in Tables 2 and 3. Based on these results, the characteristics show 
the influence of the main geometrical parameters (tip angle β and bowl radius R) on the 
perforation force FP, for both types of axially non-symmetrical piercing punches (Fig. 6).  
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Table 2. Results of FEM analysis of the double sheared punch during TFL10S belt perforation. 

Tip angle β [°] Perforation force FP [N] Stroke increase Δs [mm] 
60 985 8.66 
90 1981 5 
105 3380 3.83 
120 3429 2.89 
135 3828 2.07 
150 4201 1.34 

Table 3.Results of FEM analysis of the cylindrical bowl punch during TFL10S belt perforation. 

Bowl radius R [mm] Perforation force FP [N] Stroke increase Δs [mm] 
5.25 1452 3.64 
5.5 1503 3.21 
6 1533 2.68 

6.5 1599 2.35 
7.25 2123 2 

8 2348 1.76 
10 2523 1.34 

 

 
Fig. 6.The influence of the tip angle β (a) and bowl radius R (b) on the perforation force FP for axially 

non-symmetrical piercing punches. 
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As can be observed, there is a positive exponential correlation between the tip angle β or 
the bowl radius R and the perforation force FP. It indicates that we should use the highest 
possible values. However, it will greatly increase pneumatic cylinder stroke Δs necessary to 
perform the work. Additionally, sharpening the cutting edges of the axially non-
symmetrical piercing punch will decrease the tool life. In order to gain the effective 
solution, it is required to find a compromise between these parameters. Additionally, it is 
worth mentioning that the scrap and the hole (Fig. 5) are much more deformed than for the 
axially symmetrical punches, which means that the quality of the holes may be decreased. 

4 Summary 

Based on the obtained results, we can conclude that using axially non-symmetrical piercing 
punches can reduce the perforation force, without generating additional transverse force, 
which causes punch deflection. But compared to the axially symmetrical punches (e.g. 
spherical bowl punches), they still cause some issues (ovality of the hole, stroke increase 
etc.). In order to obtain the effective reduction of the perforation force FP, the tip angle 
should be lower than 124°or the bowl punch should have radius R lower than 6 mm in order 
to avoid closed-contour punching. Based on the presented characteristics, it is possible to 
find an effective solution which fulfills design criteria. It demonstrates that axially non-
symmetrical punches are appropriate for belt perforation, but in a limited range. 
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