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Abstract: Most of the industrial machines use round-shaped drive belts for power transfer. They are often a few millimetres in diameter,
and made of thermoplastic elastomer, especially polyurethane. Their production process requires the bonding step, which is often
performed by butt welding, using the hot plate method. The authors have undertaken to design an automatic welding machine
for this purpose. Consequently, it is required to carry out a process analysis of hot plate welding, which entails describing the dependency
between technological parameters (temperature, pressure force, time) and the quality of the joint, especially the outer surface of the belt
around the weld. To analyse this process in a proper way, it is necessary to describe the physical phenomena that occur in the material,
during particular operations of the hot plate welding process. One of the most troublesome phenomena occurring during the welding
process is removing of the flash. These round rings, placed around the weld, which remains after the joining process, are unacceptable
in the finished component. The authors took an effort to design the necessary equipment for removing of the flash after welding,
using some simple parts that cut off excessive material. The paper shows the three possible solutions for flash removal. They were verified
experimentally, and afterwards, the best solution was chosen. Additionally, a number of analytical calculations were carried out in order to
determine the maximum force value required for this operation. Results of the analytical calculations were compared with experimental
results.
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1. INTRODUCTION
Industrial grade belts, both used in drives and conveyors, are
commonly utilized in machine building for transferring torque
between the connected workstations or for transporting products
on manufacturing lines. Both full cross-section and perforated
conveyor belts are utilized in transportation; the latter are utilized
in vacuum transportation of light objects (Wojtkowiak et al., 2018;
Wojtkowiak and Talaśka, 2019). On the other hand, the most
commonly used types of drive belts are flat, toothed and shaped
belts. Toothed belts are used both in simple transmissions as well
as non-classical solutions, for example, with variable ratios
(Domek and Dudziak, 2011; Domek et al., 2016; Krawiec et al.,
2018; Krawiec et al., 2019). Shaped belts, in particular V-shaped
and round belts are commonly employed in drives, that is, special
robotic arm joint mechanism, with two twisted small diameter belts
(Inoue et al., 2016), they can be made of rubber (Kukla et al.,
2015 and 2019) or polyester or polyurethane based elastomers
(Behabelt, 2015). Their common application in industrial machines
calls for an efficient manufacturing process, which usually takes
place in two stages (Sikora, 1993). First of all, a long belt is manufactured and cut down to the required size. Finally, the ends are
joined permanently to form a continuous loop (Wałęsa, 2018).
Due to the peculiar characteristics of the thermoplastic elastomers used in the manufacturing of such belts, it is possible to
join them by hot welding. A specific approach to this process is
butt-welding utilizing the hot plate method; it is popular due to its
simplicity and efficiency (Grewell and Benatar, 2007; Yousepour
et al., 2004). This method is commonly employed in the automotive industry and civil engineering, for example, in the process of

joining: tanks for utility fluids, lamp enclosures, engine instrumentation (Pietrzak et al., 2019; Grewell and Benatar, 2007) and pipes
(Rzasinski, 2017; Troughton, 1997; Cocard et al., 2009). Furthermore, studies were carried out on the hot welding of inflexible
polymer materials, for example, acrylonitrile butadiene styrene
copolymer (ABS) (Mokhtarzadeh and Benatar, 2012), polycarbon
(PC) (Krishnan and Benatar, 2004), as well as polypropylene (PP)
(Nieh and Lee, 1992). However, it needs to be pointed out that all
of them apply primarily to plastics.
The authors started design works on a device for automated
butt welding of drive belts utilizing the hot plate technique (Wałęsa
et al., 2018), which is to improve the efficiency of the manufacturing process of continuous belts. For the purpose of verification of
the design assumptions, the process was to be analysed together
with further study of the influence of heating parameters on weld
quality (Wałęsa et al., 2019a and 2019b). It was assumed that the
drive belt made of TPU C85A polyurethane, commonly marketed
by drive belt manufacturers (BASF, 2010) will be hot welded.
A review of the available subject literature has concluded that
information on this method of connecting thermoplastic elastomers is difficult to obtain.
The butt welding process utilizing the hot plate method can be
divided into 5 stages (Wałęsa et al., 2019; Klimpel, 1999 and
2000; Potente et al.; 2002, Jasiulek, 2006). One of the most important activities is the plasticization of the belt end, which enables the chemical reaction and physical interaction between the
macromolecules in the joining process (Amanat et al., 2010;
Amancio-Filho and dos Santos, 2009; Madej and Ozimina, 2010;
Puszka, 2006; Żuchowska, 2000). The welding temperature
choice is a very important issue. Exceeding some values causes
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destruction of the material volume in a few stages (Wanqing et al.,
2017). On the other hand, in case of some polymers, joint strength
increases with welding temperature (Evers et al., 2017). When the
heating and cooling process is considered, also it should be noted
some division in the three zones with different impact of temperature. This phenomenon can be observed in all of the semicrystalline thermoplastic polymers, so in butt welding of round
belts, it has some impact to the process (Casalino and Ghorbel,
2008). The plasticization of the belt material due to temperature
and compression forces activities, results in a flash forming in the
final stage of the process (Fig. 1).
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this fact in mind, experimental study to determine the behaviour of
belt material during the removal of the flash is called for.
In order to determine the force value necessary to carry out
this operation, analytic calculations and experimental studies were
performed on the process of cutting off the flash. As a consequence, the characteristics of the process of flash removal utilizing this method were determined, with particular emphasis on the
maximum force value utilized in the shearing process. Cutting
tests were carried out for three cases of designed instrumentation
assemblies, together with analytical calculations, which lead to
obtaining maximum cutting force, for one of them.
2. STUDY METHODOLOGY
The study utilized conical blades of the author’s own design
with different apex angle values: 10º, 20º, 30º and 40º, manufactured with steel hardened to 58 HRC (Fig. 2).

Dull

Dull

Fig. 1. Forming of the flash in the final stage of the drive belt hot welding:
1 – belt end, 2 – grips, 3 – flash; Fc – pressure force during the final stage of the hot welding, d – belt diameter, D – external flash
diameter

The flash constitutes excessive material in the form of a ring
with diameter D around the weld, caused by the pressing of the
plasticized belt end towards the hot plate with force Fc.
The removal of flash is a significant problem in the aspect of
automating the manufacturing process of these belts, as the belt
forms a continuous circuit as a result of this welding. Therefore,
this operation is often performed manually, using simple tools
such as shears. Striving to optimize the entire manufacturing
process of the belts, a method to remove the post-weld flash was
devised, which entails automatic shearing with use of profiled
cutting sleeves; furthermore, the necessary instrumentation was
also designed. In order to select the correct components of the
drive system, it is necessary to estimate the process forces during
this technical operation.
Subject literature provides formulas for calculating the necessary force for cutting various materials using dies for, for example,
sheet metal, leather and plastics (Groover, 2017; Marciniak, 1959)
as well as composite belts (Wilczyński et al., 2019; Wojtkowiak et
al., 2018). However, these approaches fail to account for the
peculiar construction features of dies used when the belt is continuous. For this reason, the developed construction solution must
be analysed and subject to empirical examination in order to verify
its correct operation.
Study of the technological process of hot welding and drive
belt processing after the weld was made are problematic as the
joined material exhibits non-classical thermomechanical characteristics (Broniewicz et al., 1970). This is shared by other materials, for example, crystallized carbon dioxide (Górecki et al. 2019),
fragmented natural materials (Talaśka, 2018), organic fibres
(Talaśka and Ferreira, 2017) or glues (Fierek et al., 2019), and
predicting their behaviour under mechanical and thermal load
conditions is problematic. One needs to consider that the influence of temperature on the characteristics of such polymers is
significant (Ciszewski and Radomski, 1989; Sikora, 1993). With
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Fig. 2. Executive drawings for the blades used in the study with apex
angle values: 10°, 20°, 30° and 40°
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For the assumed fixed blade geometry, three methods of flash
removal were assumed, which are possible in the proposed construction solution:
 two-sided cutting of the flash with cutting force FT vectors in
opposite directions, distributed evenly at the belt circumference, acting in contact with the round external surface of the
belt. This method is achieved by compressing the flash between two identical blades (Fig. 3), whereas both blades are
movable in relation to one another,

 one-sided flash cutting using forces FT, distributed evenly at
the belts circumference, acting in contact to the round external
surface of the belt, with additional plate supporting the flash
(Fig. 5). Its use causes a reaction force Fp, which prevents the
movement of the flash and increases the effectiveness of the
removal process. The implementation entails pressing the
flash by the blade towards the support plate made of PA6 aluminium, with bore diameter allowing to freely move out the
belt.

Fig. 3. Two-sided cutting of the flash with cutting forces in opposite
directions, together with an implementation example: A – belt
ends, B – flash, 1 and 2 – cutting sleeves; FT – forces cutting off
the flash

Fig. 5. One-sided cutting of the flash with support: A – belt end, B – flash,
1 – cutting sleeve, 2 – support plate; FT – forces cutting off the
flash, Fp – reaction force of the support plate

 one-sided cutting of the flash using FT cutting forces distributed evenly along the circumference of the belt, acting in contact to the round external surface of the belt, with additional
force Fc acting along the belt axis with opposite sense (Fig. 4).
This method is carried out by drawing the belt with flash towards the blade,

The tests were carried out for 4 different rake angles, for
welded belt sections with average diameter dc = 4,11 mm. Cutting
tests were performed on sixteen samples for each blade angle.
The testing utilized the MTS Insight 50 kN durometer with standard grips, flat supporting board with openings together with
a supporting plate (Fig. 6). The samples were hot welded belt
sections of random length (Fig. 7).

5

1
4
6

2
Fig. 4. One-sided cutting of the flash with force drawing the belt in the
opposite direction: A – belt end, B – flash; FT – forces cutting off
the flash, Fc – force drawing the belt through the sleeve, 1 – drawing sleeve, 2 – cutting sleeve

3
Fig. 6. The testing station during the examination of the flash removal
process utilizing the third method: 1 – durometer grip, 2 – supporting plate with holes, 3 – supporting plate, 4 – cutting sleeve,
5 – belt, 6 – flash
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inclination angle, p1 – flash bearing pressure on the blade surface,
As – conical surface constituting the blade side on which the deformed flash is present. It should be therefore noticed that the
flash surface in contact with the conical blade side can be calculated from the following formula:
𝐴𝑠 = 𝜋 ∙ 𝑔 ∙ (𝐷0 + 𝑔 ∙ 𝑠𝑖𝑛𝜑).

(3)

Fig. 7. Belt samples with flashes, prepared for the study

Additionally, for the third method of removal, analytical calculations were carried out to determine the force value necessary to
remove the flash, utilizing the balance of forces between the belt
and the blade. Based on the dimensions of the blade and the belt
(Fig. 8) as well as the distribution of forces between them (Fig. 9),
it is possible to derive a general formula to calculate the force
value required to remove the flash using this technique.

Fig. 9. The dependence between force vectors during flash removal: 1 –
blade, 2 – flash, 3 – belt; FT – flash removal process force, FTr –
cutting force component from the stretching of the flash on the
conical surface of the blade, FT1 – force component from flash friction on the blade conical surface, FT2 – force component from belt
friction inside the blade bore, Fr – singular force stretching the
flash, φ – blade side angle of inclination, p1 – flash bearing pressure on the blade surface, T1 – total frictional force on the blade
surface, between the flash and the conical blade surface, T2 – total frictional force between the belt surface and blade bore

Contact stress p1, can be calculated from Hooke’s law, assuming average deformation on the conical surface for calculation
(Osiński, 2007):
𝑝1 = 𝜀𝐴𝑉𝐺 ∙ 𝐸𝑝 ,

where: εAVG – mean flash deformation of the conical surface which
is identified in the radial direction, Ep – longitudinal flexural modulus of the belt material. Mean deformation can be determined from
the following formula:

Fig. 8. Dimensions assumed for the analytical calculations: φ – blade
inclination angle, Dz – internal diameter of the cutting sleeve,
D0 – bore diameter of the cutting sleeve, Dc – external belt
diameter, DM – support bore diameter, g – flash thickness,
FT – force necessary to remove the flash, l – length of contact
area between the belt and the blade

𝜀𝐴𝑉𝐺 =

The process force required to remove the flash FT can be expressed with the formula below:
𝐹𝑇 = 𝐹𝑇𝑟 + 𝐹𝑇1 + 𝐹𝑇2 ,

(1)

where: FT – flash removal process force, FTr – component of
cutting force from flash stretching on the conical surface of the
blade, FT1 – cutting force component from flash friction on the
conical surface of the blade, FT2 – force component from belt
friction inside the blade bore.
Considering FTr, according to the force distribution (Fig. 9),
may be expressed as follows:
𝐹𝑇𝑟 = 𝐹𝑟 ∙ 𝑠𝑖𝑛𝜑 = 𝑝1 ∙ 𝐴𝑠 ,

(2)

where: Fr – singular force stretching the flash, φ – blade side
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(4)

𝐷𝐴𝑉𝐺 −𝐷0
𝐷0

(5)

,

where DAVG mean diameter of the flash on the blade, and it is
determined from the formula:
𝐷𝐴𝑉𝐺 =

𝐷1 +𝐷0
2

(6)

.

The external diameter of the flash on the blade can be calculated as below:
𝐷1 = 𝐷0 + 2 ∙ 𝑔 ∙ 𝑠𝑖𝑛𝜑.

(7)

Considering the formulas 2-7, the component of cutting force
from flash stretching on the conical surface of the blade FTr, can
be determined from the formula as below:
𝐹𝑇𝑟 =

𝑔2 ∙𝑠𝑖𝑛2 𝜑∙𝐸𝑝 ∙𝜋
𝐷0

∙ (𝐷0 + 𝑔 ∙ 𝑠𝑖𝑛𝜑).

(8)
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Tab. 1. Major parameters assumed for calculating the process force for removal of flash after butt welding of drive belts
1
Blade side angle of inclination
Blade bore diameter
Average belt diameter during examination
Length of the cylindrical section of the
blade
Poisson’s coefficient of the belt
Young’s modulus of the belt
Poisson’s coefficient of the sleeve
Young’s modulus of the sleeve
Flash thickness

Designation:
φ [°]
D0 [mm]
Dc [mm]

5
4.1
4.11

10
4.1
4.11

15
4.08
4.11

20
4.09
4.11

Source:
Assumed – manufactured blades
Measured
Measured

l [mm]

20

20

20

20

Assumed

𝜗𝑝

0.5
50
0.33
210000
1.60

0.5
50
0.33
210000
1.73

0.5
50
0.33
210000
1.81

0.5
50
0.33
210000
1.96

Assumed
(Wałęsa et al., 2019)
Assumed
Assumed
Measured

Ep [MPa]
𝜗𝑡
Et [MPa]
g [mm]

Value:

The component FT1 of the FT is the process force from friction
of the flash on the conical surface of the blade can be derived
from the general dependence:
where T1 – is the total frictional force on the blade surface, between the blade surface, between the flash and the conical surface of the blade. The value can be calculated from the below
formula:
𝐹𝑟
𝑡𝑔𝜑

,

(10)

Force stretching the flash Fr, considering the formulas
2–7 is expressed as follows:
𝐹𝑟 =

𝐹𝑇𝑟
𝑠𝑖𝑛𝜑

=

𝑔2 ∙𝑠𝑖𝑛𝜑∙𝐸𝑝 ∙𝜋
𝐷0

∙ (𝐷0 + 𝑔 ∙ 𝑠𝑖𝑛𝜑).

(11)

Considering the formulas 9, 10 and 11, the force value FT1 is
ultimately derived from the formula:
𝐹𝑇1 =

𝑔2 ∙𝑐𝑜𝑠 2 𝜑∙𝐸𝑝 ∙𝜋
𝐷0

∙ (𝐷0 + 𝑔 ∙ 𝑠𝑖𝑛𝜑).

(12)

The component FT2 of the cutting force FT, from the friction of
the belt on the cylindrical surface of the blade bore can be derived
from the formula:
𝐹𝑇2 = 𝑝2 ∙ 𝜋 ∙ 𝐷0 ∙ 𝑙 ∙ 𝜇,

(13)

whereas: µ – coefficient of friction between the belt and the cutting sleeve, p2 – belt bearing pressure in the blade bore, which
can be determined from the formula (Osiński, 2007):
(14)

𝑝2 = 𝑐 ∙ 𝑤,

where, w – effective relative interference of belt and sleeve composition, which can be calculated with the formula as below:
𝑤=

𝐷𝑐 −𝐷0

,

𝐷0

(15)

as well as the strain coefficient of the coupled pair belt-sleeve c, is
calculated from the formula:
𝑐 = 𝛿𝑡+𝜗𝑡
𝐸𝑡

1
𝛿𝑝 +𝜗𝑝
𝐸𝑝

+

,

𝛿𝑡 =

(9)

𝐹𝑇1 = 𝑇1 ∙ 𝑐𝑜𝑠𝜑,

𝑇1 =

2

(16)

where, δt – is the characteristic coefficient of the coupling for the
sleeve, whereas δp – is the characteristic coefficient for the belt.
These coefficient are calculated using the formulas:

𝐷
1+ 0
2
𝐷𝑧
𝐷2
1− 0
𝐷2
𝑧

,

(17)

2

𝛿𝑝 =

𝐷
1+ 𝑤
2
𝐷𝑐
𝐷2
1− 𝑤
𝐷2
𝑐

.

(18)

The calculations following the presented methodology were
carried out for all rake angles. Major variable values used in the
calculations are provided in Table 1.
3. RESULT ANALYSIS
The study with the first proposed method of removing the
flash, that is, using two blades and compressing the flash between
them has failed. During the first test, the blades were damaged by
the sharp, brittle edges of the blades colliding in the final stage of
the operation. It was therefore decided to discontinue further
examination using this method as under industrial conditions, it is
unacceptable to damage the working components after each
processed belt.
The study of the second proposed method, that is, drawing
the belt with the flash between the blades were also unsatisfactory. The flash was not removed completely. This is caused by the
peculiar characteristics of the belt material, it is very flexible and
subject to significant flexible deformation. The belt would become
significantly elongated before the blade, reducing its diameter.
The flash was similarly deformed, which caused it to squeeze
through the bore in the cutting sleeve without being removed.
Consequently, further examination using this method was discontinued.
The study of the third method, that is, pressing the flash with
the blade to a flat support with an opening proved to be successful. The flash was removed in its entirety in every attempt. The
results of empirical study as well as analytical calculations are
juxtaposed in Table 2 and Fig. 10. For the considered processing
method, a relatively good approximation of actual examination
results were obtained with the analytical model. The difference in
the results, no more than approx. 8% was caused by the likely
occurrence of flexing reactions during the removal process. Furthermore, a good repeatability of empirical study results was
achieved.
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Tab. 2. Results of analytical calculations and empirical data of one-sided cutting of flash with support plate
Analytical calculations
Blade inclination 2φ [°]
10
Force constituent from stretching of the flash FTr [N]
3.80
Force constituent from friction between the flash and blade FT1 [N]
496.19
Force constituent from friction between the belt and sleeve bore FT2 [N]
12.56
Total calculated flash cutting force FT [N]
512.55
Empirical data
Average flash cutting force FT [N]
554.85
Standard deviation of population σ [N]
70.81
Percentage difference between empirical and analytical data [%]
8.25

20
18.23
586.40
12.56
617.19

30
46.01
640.87
37.69
724.57

40
98.19
741.20
25.12
864.50

643.10
51.43
4.20

740.45
67.65
2.19

897.74
128.84
3.84

1200

800
600
FT = 0,1726‧φ2 + 2,6298‧φ + 513,83
R² = 0,998

400

FT = 0,0882‧φ2 + 7,221‧φ + 433,01
R² = 0,9993

200

Flash cutting force FT [N]

1000

Empirical
data
Badania empiryczne
Analytical
Obliczenia calculations
analityczne

0
50

40

30

20

10

0

Rake angle φ [°]
Fig. 10. Results of empirical examination and analytical calculations of force required for removal of the flash depending on rake angle

4. CONCLUSIONS
The removal of flash after hot plate butt welding is a deceptively simple technical operation with easy to implement kinematics in an automated device. However, the peculiar characteristics
of the processed material (primarily, the high flexibility of the belt)
mean that not every processing method can be successfully
employed in this case. As indicated by the performed examinations, the removal of the flash utilizing the double blade method is
possible, but not suitable for application under industrial conditions. The method of one-sided cutting of the flash by drawing the
belt through the conical blade was also unsuccessful due to high
flexibility of the belt.
Therefore, the best approach to carry out this process is onesided cutting action utilizing a supporting plate. Analysing both the
calculated and empirical data, one can observe a significant increase of the cutting force on the flash with the increase of the
blade rake angle. As indicated in the analysis of force distribution
during flash removal, it is caused by a material increase of the
stretching force of the flash on the surface of the conical blade,
which subsequently causes a material increase in the frictional
force on the conical section of the blade together with the increase
in rake angle.
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