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3D printing technology plays a key role in the production of 
prototypes and final functional parts. The ability to produce 
almost any shape using this technology in combination with 
lightweight materials is often used to minimise the weight of the 
designed components. However, for some applications, such as 
robot gripper jaws, conventional most commonly used 
materials, such as PLA, may be unsuitable due to their low 
coefficient of friction on the material of the manipulated object, 
which in some cases may cause the object to slip in the robot 
jaws. This article describes a technical problem from practice, 
where a manipulated object made of steel material slipped in the 
printed PLA jaws of the robot during its working cycle. This work 
is devoted to increasing the friction force of the robot jaws by 
adding 3D printed soft inserts. Two insert surface shapes made 
of two flexible materials TPU 30D and TPE 88 are tested. The 
increase in friction force is measured on a measuring device with 
an industrial robot and a force measuring sensor. The most 
suitable type of inserts and material is then tested on a 
collaborative robot at its required working cycle. The results of 
this experiment are intended to help designers as a source of 
information or inspiration in designing similar applications. 
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1 INTRODUCTION  

3D printing technology plays a key role in the production of 
prototypes and final functional parts [Suder 2021]. It allows to 
create shapes that would not be possible to produce with other 
known technologies, or their production would be too expensive 
or time-consuming [Beniak 2020]. The possibility of producing 
almost any shape in combination with light materials is often 
used in robotics, such as cover for a snake robot [Virgala 2021], 
robotics vehicle [Pastor 2017], topology optimized robotic arms 
[Paska 2020], flexible wheels of mobile robots [Pastor 2020], end 
effectors for calibration [Huczala 2020], or for printing robotic 
jaws [Suder 2018]. 

Robot jaws can be made of either classic hard material (in some 
cases it may be desirable to measure the gripping force to avoid 
damage to the manipulation object [Suder 2018][Kot 2017], or 
soft materials for adaptive gripping [Suder J. 2021], or a 
combination thereof. In robotics, it is suitable to design the jaws 
so that they are soft enough at the area of contact with the 
object of manipulation so as not to damage the surface of the 
gripped object. At the same time, it is advantageous to increase 
the coefficient of friction as much as possible. By increasing the 

coefficient of friction, smaller gripping force is sufficient to 
derive the required frictional force, which may eventually mean 
using a less powerful and lighter drive, which can reduce the 
overall weight of the structure and energy requirements for the 
system operation [Zeman 2021]. 

This article deals with research based on practical requirements 
[Vocetka 2020], where it was necessary to ensure a minimum 
weight of the jaws on the YuMi collaborative robot [ABB 2021]. 
This robot has a load capacity of 500 g [ABBGripper 2021], which 
includes the object of manipulation and the end effector. The 
object of handling is a DC motor weighing 273 g. However, due 
to the weight of the used pneumatic gripper (203 g), the weight 
available for two jaws is only 24 g, i.e. 12 g per one jaw. The 
requirement for this low jaw weight led to the use of 3D printing, 
and its shape was generated by topological optimisation 
[Vocetka 2020]. The material of the original jaw is PLA 
[Prusament 2021]. This material has a relatively good tensile 
strength, which is approximately 46 MPa [Suder 2020], but it is 
limited by the relatively low glass transition temperature, which 
is approximately 60 °C [Suder 2021]. During the required 
movements of the robot in real testing, the object of 
manipulation (motor) slipped out of the jaw. The trajectories of 
the robot movements have been optimised according to two 
requirements, namely to minimise energy consumption 
[Vysocky 2020] and to minimise robot wear [Kot 2021]. For this 
reason, it was no longer appropriate to change this trajectory. 
This experiment aimed to prevent the motor from slipping out 
of the jaw, which was ensured by inserting flexible inserts into 
the jaw. The jaw has been modified so that 3 printed inserts of 
soft material are inserted into it. The designed shape of the jaws 
and inserts is suitably adapted so that the inserts can be easily 
and quickly replaced in case of wear. The inserts should adapt 
more to the shape of the motor after gripping the motor, and its 
material should increase the friction coefficient. The original jaw 
weighs 10.15 g, and the modified jaw with inserted flexible 
inserts weighs 10.5 g. The requirement for maximum weight is 
therefore reached. Figure 1 shows the original jaw and the 
modified jaw. 

 

 

Figure 1. Left: original design, right: modified jaw with inserted flexible 
inserts 

A measuring device with an industrial robot and a force 
measuring sensor was used to measure the increase in friction 
force. Two types of insert shapes and two types of materials, TPU 
30D [Fiberlogy 2021] and TPE 88 [RubberJet 2021], were tested.  

The work was performed on a measuring device that measures 
the increase in friction force for two types of materials and 
shapes of flexible inserts. After evaluating the most suitable 
shape and material, the jaws with flexible inserts were tested on 
a real collaborative robot during its required movement.  

The results of this work can help designers as inspiration or a 
source of information in designing similar applications. 
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2 METHODOLOGY 

For experimental analyses of the increase in friction force, 
inserts of flexible filaments and jaws were printed. The 
measuring device measured the force required to pull the 
manipulation object out of the jaws.  

2.1 Printed soft inserts 

Two variants of the shape of the inserts were chosen for testing, 
namely smooth inserts, and knurled inserts. Figure 2 shows the 
shapes of these inserts.  

 

 

Figure 2. Left: smooth insert, right: knurled insert 

Two soft materials were tested. The first material is TPU 30D 
[Fiberlogy 2021] and the second material is TPE 88 [RubberJet 
2021]. The coefficient of friction of these materials is higher than 
the coefficient of PLA, but the exact value to the material of the 
motor cover is not specified by the manufacturer [Fiberlogy 
2021] [RubberJet 2021]. 

The jaws were printed on the Original Prusa i3 MK3S 3D printer 
[Prusa 2021]. All inserts were printed on the Original Prusa i3 
MK3S 3D printer with the Flexion extruder [Flexion 2021], 
installed, specially designed for printing from flexible filaments. 
The jaws themselves were printed on a printer with an original 
extruder. For the data conversion from 3D models to G-codes for 
the printer, the program PrusaSlicer 2.3.0 [PrusaSlicer 2021] was 
used. 
The selection of the most important printing parameters is 
shown in Table 1. 

Parameter Value 

Filament diameter 1.75 mm 

Nozzle diameter 0.4 mm 

Layer height 0.2 mm 

Infill 100 % 

Nozzle temperature for material PLA 215 °C 

Nozzle temperature for flexible materials 210 °C 

Bed temperature 60 °C 

Number of perimeters 2 

Perimeter speed 45 mm/s 

Speed for infill 80 mm/s 

Speed for first layer 20 mm/s 

Speed for top layer 40 mm/s 

Table 1. The used basic printing parameters  

2.2 Measuring of friction force 

An ABB IRB 1600 industrial robot [IRB1600 2021] with an ABB 
Small force sensor [Robotics 2021] was used for measurement. 
This assembly measures the magnitude of the force up to 495 N 
with an accuracy of 0.11 N and a positioning accuracy of 0.02 mm 
[IRB1600 2021] [Robotics 2021]. Before the measurement itself, 
the industrial robot performed its work cycle for 2 hours to warm 
it up to the operating temperature and thus maximise the 

repeatable positioning accuracy of the robot [Vocetka M. 2020]. 
The measurement system is shown in Figure 3. 

 

 

Figure 3. Measurement system, top: the whole system, bottom: 
detailed view of the jaw 

The motor is rigidly attached to the flange of the robot, on which 
the ABB Small force sensor for measuring the force is mounted. 
The jaws are screwed to the pneumatic gripper [Festo 2021]. At 
the starting position for the measurement, the DC motor is 
located in the middle of the open jaws. The gripper is fully open, 
and the axis of the DC motor is in the middle of the gripper. After 
setting the required gripper pressure, the jaws grip the DC 
motor. The measuring is performed for 3 gripper pressures 0.3, 
0.6 and 0.8 MPa, which according to the catalogue of the gripper 
manufacturer [Festo 2021] corresponds to the magnitude of the 
gripping force 15, 35 and 50 N per jaw. Subsequently, the robot 
moves only in the direction of the motor axis at a constant speed 
of 10 mm/s. The force sensor records the amount of force 
required to pull the motor out of the jaw grip. The whole 
procedure is repeated for the jaws with the inserts.  
The force distribution diagram is shown in Figure 4. 
 

 

Figure 4. The force distribution diagram 

According to Figure 4, the coefficient of shear friction is 
calculated according to the following formula. 
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𝐹𝑓 = 2 ∙ 𝐹𝐺𝑅 ∙ 𝜇 →  𝜇 =
𝐹𝑓

2∙𝐹𝐺𝑅
                                                           (1) 

Where 𝐹𝑡 is the friction force, 𝐹𝐺𝑅 is the gripping force, and 𝜇 is 
the coefficient of shear friction. 

3 RESULTS 

The results consist of measured values and testing performed on 
a real device.  

3.1 Measured data 

Figure 5 shows the selected diagrams of measured friction forces 
for individual gripping forces depending on the jaws used.  

 

 

Figure 5. Measured force diagram. Top: for gripping force 15 N, middle: 

for gripping force 30 N, bottom: for gripping force 50 N  

The measurement confirmed the increase in the friction force 
required to pull the motor after using the flexible inserts, this 
force increased depending on the type of inserts used, their 
material, and the magnitude of the gripping force. Table 2 shows 
the maximum measured values of friction forces for individual 
jaws and gripping forces.  
 
 
 
 
 

Jaws 

𝐅𝐟 (N) 

𝐅𝐆𝐑 (N) 𝐅𝐆𝐑 (N) 𝐅𝐆𝐑 (N) 

15  35  50  

Original jaws 
6.40 ± 
0.28 

11.71± 
0.51 

15.36 ± 
0.50 

Knurled inserts, 
TPU 30D 

21.48 ± 
0.45 

48.10 ± 
0.53 

78.56 ± 
0.54 

Smooth inserts, 
TPU 30D 

18.37 ± 
0.33 

32.26 ± 
0.48 

60.44 ± 
0.46 

Knurled inserts, 
TPE 88 

15.38 ± 
0.42 

24.42 ± 
0.50 

31.44 ± 
0.71 

Smooth inserts, 
TPE 88 

11.67 ± 
0.49 

23.52 ± 
0.41 

25.30 ± 
0.61 

Table 2. Measured values of friction forces for tested samples 

Figure 6 shows a statistical evaluation of the measured friction 
forces for the individual gripping forces, the tested jaws and the 
materials. 
 

 

Figure 6. Box plot of friction force - gripping force dependence for test 
specimens 

From Figure 6, it can be seen that a higher frictional force was 
measured for all inserts compared to the original jaws. The most 
significant increase in friction force is in the jaws with inserts 
made of the TPU 30D material. In terms of the surface of these 
inserts, higher values of frictional forces were measured for 
knurled inserts than for smooth inserts.  

The percentage increase in frictional force when using inserts 
compared to the original magnitude of the measured force is 
shown in Table 3. 
 

Jaws 

Percentage increase in 𝑭𝒇 (%) 

𝐅𝐆𝐑 (N) 𝐅𝐆𝐑 (N) 𝐅𝐆𝐑 (N) 

15  35  50  

Knurled inserts, 
TPU 30D 

235.63 310.62 411.46 

Smooth inserts, 
TPU 30D 

187.09 175.40 293.49 

Knurled inserts, 
TPE 88 

140.34 108.47 104.69 

Smooth inserts, 
TPE 88 

82.28 100.79 64.71 

Table 3. Percentage increase in force compared to the original jaws  

According to Table 3, it is clear that the most significant 
percentage increase was achieved by the knurled inserts made 
of the TPU 30D material. This percentage increase depends on 
the magnitude of the gripping force.  

From the measured values, the coefficients of shear friction 
were calculated according to formula (1). The coefficients of 
shear friction are shown in Table 4. 
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Jaws 

Coefficient of shear friction 𝛍 (-) 

𝐅𝐆𝐑 (N) 𝐅𝐆𝐑 (N) 𝐅𝐆𝐑 (N) 

15  35  50  

Original jaws 
0.21 ± 
0.01 

0.17 ± 
0.01 

0.15 ± 
0.01 

Knurled inserts, 
TPU 30D 

0.72 ± 
0.02 

0.69 ± 
0.01 

0.79 ± 
0.01 

Smooth inserts, 
TPU 30D 

0.61 ± 
0.01 

0.46 ± 
0.01 

0.60 ± 
0.01 

Knurled inserts, 
TPE 88 

0.51 ± 
0.01 

0.35 ± 
0.01 

0.31 ± 
0.01 

Smooth inserts, 
TPE 88 

0.39 ± 
0.05 

0.34 ± 
0.01 

0.25 ± 
0.01 

Table 4. Coefficients of shear friction 

The results in Table 4 show that the coefficient of shear friction 
increases to a value around 0.69 to 0.79 when the knurled inserts 
from the TPU 30D material were used. The magnitude of the 
coefficient of friction depends not only on the type of used 
inserts but also on the magnitude of the gripping force.  

3.2 Real testing on the collaborative robot YuMi 

Experiments have shown that using knurled inserts made of TPU 
30D increases the frictional force (up to approximately 411%, 
depending on the magnitude of the gripping force). 
Subsequently, tests were performed on the YuMi robot at its 
required working cycle. Figure 7 shows a YuMi robot with jaws 
with knurled inserts from TPU 30D mounted on its "left" effector. 
 

 

Figure 7. YuMi collaborative robot with a jaw with knurled inserts from 

TPU 30D 

Even after 500 test cycles, there was not a single slip of the motor 
in the jaws. The designed inserts can thus be considered as a 
suitable solution for increasing the friction force and in this case 
also for ensuring contact between the jaws and the object of 
manipulation. 

4 CONCLUSIONS 

3D printing technology is used not only for rapid prototyping but 
also for final functional products. The advantages of this 
technology are commonly used with topological optimisation, 
which can rapidly reduce the weight of the manufactured part. 
A wide range of different materials, both hard and soft, is often 
used in robotics. 

This work was based on practical requirements. Due to the low 
coefficient of shear friction, the object of manipulation slipped 
out of the jaws of the collaborative robot during its required 
movement. The work experimentally tested the effect of 
increasing the friction force, and thus the coefficient of shear 
friction after modification of the jaw, into which printed inserts 
made of soft materials were inserted. Two materials TPU 30D 
and TPE 88, and two types of inserts, were tested. The designed 
shape of the jaws and inserts is suitably adapted so that the 
inserts can be easily and quickly replaced in case of wear. The 
experiment was performed on a measuring system, which 
consisted of an industrial robot and a force sensor. The object of 
manipulation was gripped with a specified force into the jaws, 
which were firmly connected to the ground. The industrial robot 
pulled this manipulation object from the jaws, measuring the 
frictional force required to pull the object. 

The experiments show that the use of flexible inserts made of 
TPU 30D material with a knurled surface increases the frictional 
force by up to approximately 411%. However, the magnitude of 
this increase depends on the magnitude of the gripping force. 
The smallest increase occurs with the material TPE 88. While the 
coefficient of shear friction of the original jaws reached values 
around 0.15 to 0.21 (depending on the magnitude of the gripping 
force), the knurled inserts made of TPU 30D increased this 
coefficient by around 0.69 to 0.79. It is clear from the 
measurements that the magnitude of the coefficient of shear 
friction depends not only on the inserts used but also on the 
magnitude of the gripping force. According to the test results, 
the most suitable inserts were selected, which were tested on a 
collaborative robot during its required work cycle. Even after 500 
cycles, there was no slip in any case, which verified the 
correctness of the solution. 

The results of this work can help designers as inspiration or a 
source of information in designing similar applications. 
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