friried applied
b sciences

Article

Structural Optimization Method of a FinRay Finger for the Best
Wrapping of Object

Jifi Suder *©), Zdenko Bobovsky

check for

updates
Citation: Suder, J.; Bobovsky, Z.;
Mlotek, J.; Vocetka, M.; Os¢adal, P.;
Zeman, Z. Structural Optimization
Method of a FinRay Finger for the
Best Wrapping of Object. Appl. Sci.
2021, 11, 3858. https://doi.org/
10.3390/app11093858

Academic Editor: Manuel Armada
Received: 5 March 2021

Accepted: 22 April 2021
Published: 24 April 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

, Jakub Mlotek =, Michal Vocetka ‘, Petr O3¢adal © and Zdenék Zeman

Department of Robotics, Faculty of Mechanical Engineering, VSB—Technical University of Ostrava,
17. Listopadu 2172/15, 708 00 Ostrava, Czech Republic; zdenko.bobovsky@vsb.cz (Z.B.);
jakub.mlotek@vsb.cz (J.M.); michal.vocetka@vsb.cz (M.V.); petr.oscadal@vsb.cz (P.O.);
zdenek.zeman@vsb.cz (Z.Z.)

* Correspondence: jiri.suder@vsb.cz; Tel.: +420-59-732-1209

Abstract: Soft gripping, in which the gripper adapts to differently shaped objects, is in great demand
for use in unknown or dynamically changing environments and is one of the main research subjects
in soft robotics. Several systems have already been created, one of which is a passive shape-adaptable
finger based on the FinRay effect. The geometric shape of this finger ensures that the finger wraps
around the object it grips. FinRay fingers have been studied in several studies, which have changed
the internal structure and examined how gripping force’s dependence on finger deformation changes.
So far, however, no specific way has been determined to evaluate the proposed finger regarding its
ability to wrap around the object. This work comes up with a new and simple method to evaluate
the finger’s wrapping around the object mathematically. Based on this evaluation method, several
different patterns of the internal structure of FinRay fingers were tested. The fingers were first tested
in a simulation program, which simulated a steel roller indentation with a diameter of 20 mm in the
middle of the finger’s contact surface. Based on the simulation results, selected types of structure
were made by the Fused Filament Fabrication method from a flexible filament and tested on a real
test rig to verify the results of the simulation and compare it with the real behaviour. According to
the methodology used, the results show that the most suitable structure of the selected tested fingers
from the point of view of wrapping the finger around the object is a structure without internal filling.
Designers can simply use the new evaluation method to compare their designed finger variants and
select the most suitable one according to the ability to wrap around the gripped object. They can also
use graphs from this work’s results and determine the finger’s dimensions without internal filling
according to the required forces and deflection.

Keywords: FinRay finger; soft robotics; soft gripper; wrapping of object

1. Introduction

Adaptive gripping is one of the main areas of soft robotics applications [1]. Soft
gripping, in which the gripper adapts to differently shaped objects, is in great demand in
unknown or dynamically changing environments [2]. Their properties enable the gripping
and manipulation of objects of various shapes, while their softness and flexibility allow
them to manipulate even fragile objects. As a result, they find their application not only in
industrial robotics, such as the automotive industry [3], but especially in service robotics,
where they can be used, for example, in the food industry to collect fragile crops whose
shapes and sizes vary [1,4], or in the home environment for handling objects of various
shapes (such as keys, pens, mugs, etc.) [5,6].

There are several possible principles for solving such grippers. For example, pneu-
matic 3D printed soft grippers that change shape according to internal pressure [7], vacuum
soft grippers [8], soft and shape adaptive electroadhesive grippers [9,10], shape adaptive
and reversible magnetorheological elastomer-based grippers [11], and electrically con-
trolled soft 3D printed hand shearing auxetics grippers [12].
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This work is focused on gripers with passively adaptive structures using the Fin Ray
effect [4]. This effect is based on the biomechanical principles of fish fins [13]. After pressing
the object on the FinRay finger, the finger flexibly wraps around it [1]. This effect is used
not only for gripping objects [14,15] but can also be used, for example, for locomotion of a
robot in water [16]. Due to their shape and necessary mechanical properties, 3D printing
from flexible materials is mainly used for their production [4]. Since 2016, company Festo
has been offering three differently sized types of these fingers [17]. Several studies have
already been conducted on Fin Ray structures. Some of them dealt with the dependence of
the gripping force on the deformation of the finger when changing the internal geometry
and filling [4,13,18], or deal with mathematical models [1] or simulation [1,19]. Some
works evaluate the suitability of given fingers only for deformation at the point of contact
according to the load [4,13]. Other work [15] evaluate the suitability only for the maximum
deformation at the endpoint of the finger. However, the measurement at a single point is
insufficient to describe the wrapping of the finger around the object. So far, however, no
specific way has been determined to evaluate the proposed finger regarding its ability to
wrap around the object.

This work comes up with a new and simple way to mathematically evaluate the
finger’s wrapping around the object by measuring two dimensions. This work aim is not to
find the overall most optimal finger structure that can exist but to describe a new method
by which it will be possible to easily compare variants of different structures and find the
optimal one between them. Several internal structures were created for testing, in which
their specific parameters were changing. Basic testing takes place in a simulation program
for creating nonlinear analyzes. Based on the simulations results and the evaluation
method, the most suitable finger structures were printed by the Fused Filament Fabrication
method, and their mechanical properties verified on a real test device. The results of this
work are intended to make it easier for designers to assess their designed fingers from the
point of view of wrapping their finger around the object. They also can use graphs from
the results of this work and determine the finger’s dimensions without the inner filling
according to the required force and deflection.

2. Materials and Methods
2.1. Finger Evaluation Methodology

The evaluation of individual finger variants is based on their behaviour under load.
The finger is constrained by a fixture on one side, and the gripped object is then pressed into
the finger. To find out if the finger has wrapped around the gripped object, it is necessary
to know the positions of at least three points. The first point is a contact point between the
gripper and the gripped object. The second one is positioned before the first one in the
direction towards finger’s fixed base, and the third one in the opposite direction towards
finger’s tip. Positions of these three points on the finger can be easily measured. The
position at the beginning of the finger does not change under load due to a fixed fixture.
The maximum deflection appears at the point of contact. These three positions are on
the finger’s contact edge, and they are sufficient to describe the wrapping of the finger
around the gripped object. Since the position at the beginning (fixed point) of the finger
does not change, it is unnecessary to measure it. The positions of the remaining two points
change under load and are defined by the distance by which the points move perpendicular
to the contact surface in the unloaded state. Figure 1 shows these measured distances,
where Ymax is the maximum deflection value and Yend is the value of the deflection at
the fingertip.

Yend and Ymax values were determined at each millimeter of compression. The
millimeter step is chosen because of the different internal structures; the ratio of these
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values may differ depending on the magnitude of the deformation. From these values, the
total finger deflection coefficient ¥ is calculated according to the following formula:

n Yend,-
i=1 Ymuxi

=T )

n

where 1 is the deflection coefficient, Y,,,4, is the distance of the endpoint in the i-th millime-
ter of compression, Yy, is the maximum deflection of the finger in the i-th millimeter of
compression, which is equal to the depth of compression of the steel roller into the finger
in millimeters, n is the maximum depth of compression, which is 8 mm. The value of the
maximum deflection of the finger 8 mm was determined based on the previous simulations
of these sizes of fingers, in which there were failures of the simulations because of buckling
in some tested structures at a greater value of deflection. There could be a different value
of maximum deflection for another size, shape, or inner structure of the fingers.

X Gripped object
Fixed point

y Fixture

Yend

Figure 1. Measured distances on finger.

The smaller the deflection coefficient, the more finger’s shape wraps around the
manipulated object. Therefore, the most suitable type of finger is the one whose deflection
coefficient ¥ is the smallest.

2.2. Tested Filling Patterns Structures

The patterns testing was based on the shape of an existing Festo finger [17], on a study
of works already performed, and expert judgment. Various finger parameters were tested,
such as the thickness of selected walls, the number of ribs, and the change in the geometry
of the internal structure in which branching occurs, which is based on real fish fins [20].
According to aim of this paper, selected testing structures and parameters are not chosen
to find the overall most optimal structure that can even exist but to compare the different
structures and find the optimal by applying the new methodology. Figure 2 shows the
basic test structures of the fingers.

The thickness of all fingers is 15 mm, with a side length of 61 mm. The radius of the
fingertip curvature is 2.5 mm, and the opening angle is 20° (as shown in structure A). In
structure A, four parameters are changing. The wall thicknesses TF and TB, the thickness
of the inner ribs TR, and the number of ribs. The default values of these thicknesses is
1.6 mm, with only one selected thickness always changing and the rest remaining at the
default value. The structure B has no internal filling, and values of thicknesses TF and TB
are changing. These values are always equal, and, thus, both change simultaneously (the
finger is always symmetrical). Structure C is an example of a branched structure where
the inner rib in the middle of the jaw branches into two at an angle of 30°. The thickness
TR1 and TR2 changes. The structure D is also branched, but its branching is shifted to
the left side (side to the contact surface concerning the object of manipulation) by 2 mm.
The structure E is similar, but its branching is shifted by 2 mm to the opposite side. The
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parameters of the structures D and E change in the same way as for the structure C, and
all branched structures were loaded both to the contact side and to the opposite side. All
combinations of test fingers are shown in the Table 1, with some parameters listed referring
to the figure above. The values of the different thicknesses of the parameters are graduated
in 0.4 mm increments, based on the printer nozzle diameter on which the selected fingers

is printed.
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Figure 2. Filling patterns structure: (A) Straight ribs; (B) No internal filling; (C) Branched ribs with
branching in the middle; (D) Branched ribs with branching shifted to the left side; (E) Branched ribs

with branching shifted to the right side.

Table 1. Parameters of tested fingers.

Parameter Structure Dimension Value
Contact side thickness A TF 1.6-4 mm
Opposite side thickness A TB 1.6-4 mm
Rib thickness A TR 0.8-2 mm
Number of ribs A - 1-9
Without inner fill B TF =TB 1.6-4 mm
Branching, direction to the contact edge C TR1, TR2 1.6; 2 mm
Branching, direction from the contact edge C TR1,TR2 1.6; 2 mm
Branching, shifted from the center cD TR1, TR2 1.6;2 mm
towards the contact surface
Branching, shifted from the center away CE TR1,TR2 1.6;2 mm

from the contact surface

A total of 46 different fingers variants were tested.
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2.3. Loading of the Testing Finger

A steel roller with a diameter of 20 mm and a length of 25 mm was pressed into
the finger. It acts perpendicular to the contact surface in the middle of the finger, which,
according to Festo [17], is the most suitable area for gripping handling objects. In the
testing of the finger, this grip area is located 25 mm from its tip, as shown in the Figure 3.

25

Figure 3. Loading of the testing finger.

Three ways of loading the finger were simulated. In the first method, the roller was
pressed into the finger to a depth of 8§ mm. At each millimeter of compression, the maximal
deflection values (point of contact of the finger with the cylinder) and deflection of the
fingertip were measured. These values were used to calculate the deflection coefficient
according to which the most suitable structure was selected from all tested.

In the second test, the steel roller was pressed this time not to the required distance
but by force of 5 N, while the deformation of the entire contact surface of the finger was
measured. This force value was chosen with respect to the structures used to minimize
the number of variations of the fingers, which would reach irreversible deformation. This
case occurred with a single variation of the finger, namely the structure B for the thickness
TF = TB 1.6 mm, where the simulation stopped with the message that the solution may be
in the buckling or at the limit point, i.e., the displacements increase at constant forces. This
test is done only to prove that the simulations at a constant load of 5 N are not suitable for
the selection of the finger shape based on its suitability from the point of view of wrapping
the fingers around the object, as examined by some previously performed works [4,13].

The third method is only valid for selected types of fingers when compared with real
tests. With this method, the roller load force is gradually increased until the finger bends at
the point of contact by 8 mm. The deflection of the point of contact is measured to display
a graph of the dependence of this deflection on the applied forces.

2.4. Basic Simulation Settings

All finger simulations were performed as nonlinear simulations in SOLIDWORKS
2019 [21] software. Due to the finger’s constant cross-section across its entire width,
2D Simplification was used to simplify the computational model and thus shorten the
computational time. The finger material was set as hyperelastic Mooney Rivlin model,
and the values from the tensile curve were used to set its parameters, as described in the
following chapter. The Roller material is steel. The finger is rigidly attached to the edges
on one side. A No Penetration contact bond is set between the edges of the Steel Roller
and the Finger. Automatic Solver Selection is set for the analysis. Figure 4 shows the finger
attachment and the points for the measurement.
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Figure 4. Simulated assembly.

For the simulation to determine the deflection coefficient, the Stell roller is set to
move in the positive Y-axis direction by a distance of 8 mm. X-axis movement is prohib-
ited. The deflections of the points Ymax and Yend are measured at each mm of the steel
roller movement.

For the simulation applied a force of 5 N is applied to the Steel roller in the positive
Y-axis direction, where the Steel roller is allowed to move. In the X-axis, the movement
of the roller is again prohibited. In this simulation, the entire contact edge deflection is
measured, which is further shown in the graphs.

When simulating selected types of internal finger structures for comparison with real
measurements, the force is gradually increased (for each finger separately) until the Ymax
is deflected by approximately 8 mm.

2.5. Finger Material

Fingers and samples are printed from Fiberflex TPU 30D [22]. It is a flexible material
whose hardness value is according to the Shore 30D scale and is currently one of the softest
materials for FFF printers on the market [23]. Printing took place on the Original Prusa
i3 MKS3S printer [24] with a modified Flexion extruder [25] for printing flexible materials.
The G-code for the printer was generated using PrusaSlicer v2.3 software [26]. The basic
printing parameters are shown in the Table 2.

Table 2. Basic parameters of printer settings.

Parameter Value
Filament diameter 1.75 mm
Nozzle diameter 0.4 mm

Layer height 0.2 mm
Infill 100%
Number of perimeters 10
Nozzle temperature 210 °C
Bed temperature 60 °C
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

2.6. Material Settings for Simulation

Due to the fact that the tested material TPU 30D is not in the standard offer of materials
for simulation, the possibility of software to set the properties of this material by uploading
the Stress—stretch ratio curve from a tensile test to the simulation software was used.
Samples, according to ISO 527, were printed for the tensile test [27]. The dimensions of the
sample are shown in Figure 5.
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Figure 5. Sample dimensions for tensile test.

The samples were tested for tensile test on a Testometric M500/50 CT machine [28].
The test specimens failed to break even at the maximum unloading of the machine. Ac-
cording to the filament manufacturer catalogue [22], the material can stretch by up to 900%.
Figure 6 shows its extension. On the left is the sample before the test, and on the right
during the test.

Figure 6. Test sample. Left: before loading, right: during the test.

For the required purpose, the sample did not need to break, because the elastic
deformation took place to a strain of about 25%, and then plastic deformations began to
appear. For the simulation, it was necessary to obtain the stress dependence on the stretch
ratio from the tensile curve, which is calculated according to the following formula:

A=— 2

L/ ( )
where A is the stretch ratio, [ is the final length, and L is the initial length. The Figure 7
shows the stress dependence of the stretch ratio for the TPU 30D material.

2.7. Real Testing

Since real fingers are most often made using 3D printing [4,13,16,18], a test is per-
formed to compare simulated material behaviour concerning real printed fingers. Accord-
ing to the simulations results, the most suitable types of fingers were printed and tested on
a test device. An industrial robot ABB IRB 1600 [29] with ABB Small force sensor [30] was
used for testing. This assembly makes it possible to measure the force magnitude up to
495 N with an accuracy of 0.11 N, while the positioning accuracy is 0.02 mm [29,30]. The
setup of the real experiment is shown in the Figure 8.
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Figure 7. Stress dependence on the stretch ratio for material TPU 30D.

[

Figure 8. Testing device. Left: entire device, right: detail under load.

The test finger is firmly attached to a stand that is screwed to the worktop. The robot
moves the roller to the required position 2 mm above the contact surface. It is then moved
at a speed of 0.1 mm/s perpendicular to the contact surface to a depth of 10 mm (the finger
deflection is thus 8 mm). This testing measures the dependence of the deformation on
the loading force. In the same way, a simulation is created for selected fingers for mutual
comparison. The results of this test assess the difference between the simulated and real
behaviour of the fingers. On the other hand, the results can help designers design selected
fingers according to the required force and deflection.

2.8. Demonstration of Grasping Various Objects

Several selected variants of fingers (based on simulations) were used to grip selected
objects to prove the fingers suitability for gripping objects of various shapes. Selected items
are a lighter, a cube (which will be gripped first by its side and then by one edge) with a
side size of 20 mm, an egg (which will be gripped first of its longest sides, the second time
around its circumference) and a car bulb, which will be grasped by its metal sleeve. The
items are shown in Figure 9.
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Figure 9. Items for grasping.

3. Results

This chapter describes the results obtained during the simulations of individual
variants of structures to determine the deflection coefficient and thus evaluate the most
suitable structure from the point of view of wrapping around the object. Furthermore, the
simulation results of individual variations of structures under load with a constant force
of 5 N are presented. Some selected types of fingers are also printed and tested on a real
device while also compared with simulations to verify the simulated finger behaviour to
the real one. Finally, a demonstration of grasping various objects with selected fingers
is showed.

3.1. Simulations

In the first set of simulations, all finger variations were tested for deflection coefficient.
Out of all the tested structures, the smallest deflection coefficients were measured for
structure B, i.e., a finger without an internal structure. The best result was obtained on the
variation of this structure with a wall thickness of 2.8 mm, whose deflection coefficient is
equal to 0.27. The second best result was achieved on structure A with the number of ribs
6, namely, the value 0.42. Of the branched structures, structures E performed best when
loaded towards the contact side with the same thicknesses TR1 = TR2 = 0.8 mm, for which
the value of the deflection coefficient is 0.44. The load towards the opposite side at the
same wall thicknesses TR1 = TR2 = 0.8 mm, for which the value of the deflection coefficient
is 0.46. Based on these results, for which printing and comparison with real testing were
selected, fingers from the structure B at wall thicknesses of 1.6 mm, 2.8 mm, and 4 mm,
fingers from the structure A with the number of ribs six, and the two branched structures E,
which achieved the best deflection values coefficients. Table 3 lists all the tested fingers and
their calculated deflection coefficients. The table also contains the ranking, representing the
order of the most advantageous fingers in terms of deflection coefficient. If more than one
tested finger has the same deflection coefficient value, they have the same ranking value.

When simulating structures for which their parameters changed, i.e., structures A and
B, the deformation was dependent on the changed parameter. The lower the value of this
parameter, the greater the deformation, as shown in the Figure 10, where the deformation’s
dependence on the distance of the contact surface from the fixed region for structure B
under load 5 N is shown.

Due to the deformation’s dependence on the given parameters’ size, only graphs of
the largest and lowest deformations for each structure and its changed parameter are used
to compare all structures in Figure 11. Of the branched structures, only the structures are
shown that achieved the greatest and the smallest deformation.
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Table 3. Deflection coefficient for testing structures.

Additional Marking for Deflection .
Structure Information Changed Parameter Graph Coefficient ¥ (-) Ranking
TF =1.6 mm A TF 1.6 mm 0.46 11
TF =2 mm 0.48 13
TF = 2.4 mm 0.52 17
Contact side
thickness TF TF =2.8 mm 0.55 19
TF = 3.2 mm 0.59 22
TF = 3.6 mm 0.61 23
TF =4 mm A TF 4 mm 0.62 24
TB =1.6 mm A TB 1.6 mm 0.46 11
TB =2 mm 0.47 12
TB =24 mm 0.49 14
Opposite side TB = 2.8 mm 0.51 16
thickness TB T ’
TB =3.2 mm 0.53 18
TB =3.6 mm 0.56 20
A TB =4 mm A TB 4 mm 0.59 22
TR = 0.8 mm A TR 0.8 mm 0.44 9
TR =12 mm 0.45 10
Rib thickness TR
TR = 1.6 mm 0.5 15
TR =2 mm A TR 2 mm 0.59 22
1 A lrib 0.45 10
2 0.43 8
3 0.44
4 0.43 8
Number of ribs 5 0.45 10
6 A 6 ribs 0.42 7
7 0.46 11
8 0.44 9
9 A 9ribs 0.46 11
TF=TB=1.6 mm BTF=TB 1.6 mm 0.31 5
TF=TB=2mm B TF = TB 2 mm 0.30 4
Thickness of TF=TB=24mm B TF =TB 2.4 mm 0.28 2
B contact and TF=TB =28 mm BTF = TB 2.8 mm 0.27 1
opposite side
TF = TB TF=TB=32mm B TF = TB 3.2 mm 0.28 2
TF=TB = 3.6 mm B TF = TB 3.6 mm 0.29 3
TF=TB=4mm B TF =TB 4 mm 0.32 6
Load towards the TR1 =TR2 = 0.8 mm CC0808 0.47 12
contact side TR1 =0.8 mm; TR2 =1.2 mm CCo0812 0.52 17
C
Load towards the TR1 =TR2 = 0.8 mm CO0808 0.5 15
opposite side TR1 = 0.8 mm; TR2 = 1.2 mm CO0812 0.57 21
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Table 3. Cont.

Additional Marking for Deflection .
Structure Information Changed Parameter Graph Coefficient ¥ () Ranking
Load towards the TR1 =TR2 = 0.8 mm DC0808 0.51 16
contact side TR1 = 0.8 mm; TR2 =1.2 mm DC0812 0.57 21
D
Load towards the TR1 =TR2 = 0.8 mm DO0803 0.51 16
opposite side TR1 = 0.8 mm; TR2 = 1.2 mm DO0812 0.5 15
Load towards the TR1 = TR2 = 0.8 mm EC0808 0.44 9
contact side TR1 = 0.8 mm; TR2 = 1.2 mm EO0812 0.48 13
E
Load towards the TR1 =TR2 = 0.8 mm EO0808 0.46 11
opposite side TR1 = 0.8 mm; TR2 =1.2 mm EO0812 0.59 22
9
8
T
E
% ° *BTF=TB 2 mm
Ss +BTF=TB 2.4 mm
£ 4 -BTF=TB2.8mm
g, B TF=TB 3.2 mm
e «BTF=TB3.6 mm
E +BTF=TB4mm
3
1]
[+] 10 20 30 40 50 60

A distance of the contact surface from the fixed region (mm)

Figure 10. Fingers’ contact side deformation of the variants of structures B under load 5 N.

10

®ATF1L.6mm
ATF4 mm
* ATB 1.6 mm
®ATB4mm
* ATRO0.8 mm
ATR2mm
e Alrib

L)

Deformation (mm)
w

A 9 ribs
B TF=TB 2 mm
BTF=TB4 mm
e DCO812
DO0808

B

o _
0 10 20 30 40 50 60
A distance of the contact surface from the fixed region (mm)

Figure 11. Comparison of all structures according to deformation under load 5 N.
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From the figure, it is evident that the finger with one rib reached the greatest defor-
mation. Nevertheless, from the deflection coefficient point of view, this finger is only in
the 10th place. The finger of structure B with a wall thickness of 4 mm has reached three,
the smallest deformations, yet according to the deflection coefficient 6, it is the best of all.
From these results, it is clear that the amount of deflection at constant load is not a suitable
parameter for assessing the fingers from the point of view of their wrapping around the
gripped object.

Due to the fact that for branched structures, not only one parameter changed, but also
their shape, the individual results are shown separately in Figure 12.

a5
= CC0808

+CCo812
-DC0808

-DCO812

EC0808

EC0812

P 00808

3 -CO0812
DO0808
-D00812
-EO0808
-E01212

Deformation (mm)

- ~ w

n N «n w «n Iy
\

-

o
n

0
o 10 20 30 40 50 60

A distance of the contact surface from the fixed region (mm)

Figure 12. Deformation of the contact side for structures C, D, and E under load 5 N.

3.2. Real Testing

For real testing, fingers were selected from the group with the lowest deflection
coefficient, i.e., fingers without internal structure (structure B). A total of three fingers were
tested, with a minimum wall thickness of 1.6 mm, a maximum wall thickness of 4 mm and
a mean value of 2.8 mm. Furthermore, a sample with six ribs, branched structure E at the
same thickness was tested, both under load from the contact surface and under load to the
opposite side.

During real testing, the dependence of the deformation at the point of contact on the
applied force was determined. Figure 13 shows this dependence of all selected structures
when measured, while the values measured on a real device are compared with simulations.

ooc‘?

_ h:o:c ® Simulation A 6 ribs
_E. R4 #= © Real testing A 6 ribs
§ : GF"CO ‘ ® Simulation B TF=TB 1.6 mm
P = ° Real testing B TF=TB 1.6 mm
T . oooo" ® Simulation B TF=TB 2.8 mm
% o0 0©? o Real testing B TF=TB 2.8 mm
£ Jod® ® Simulation B TF=TB 4 mm
g © Real testing B TF=TB 4 mm
® @ Simulation EC0808
g o Real testing ECO808
g ® Simulation EO0808

+ Real testing EO0808

15 20 25 30 35 a0

Loading force (N)

Figure 13. Dependence of loading force on deformation for finger without filling for simulated and
real tests.
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Figure 13 shows that the simulations are very close to the results of real testing. The
simulated behaviour of the material can therefore be considered to correspond to the real
behaviour. When the wall thickness of structure B (parameters TF and TB) increases, so do
the force required for the given deflection.

Figure 14 shows the deformed finger in the simulation compared to the real testing
with the structure B and the wall thickness of 1.6, 2.8, and 4 mm.

Figure 14. Comparison of the simulation with the printed tested finger of structure B, left: simulation,
right: real test, top: wall thickness 1.6 mm, middle: wall thickness 2.8 mm, bottom: wall thickness
4 mm.

Figure 15 shows the deformed finger in the simulation in comparison with the real
testing with the structure E mark 5 and 11, and the structure A with the number of ribs six.

Figure 15. Comparison of the simulation with the printed tested finger, left: simulation, right: real
test; top: structure E mark EO0808, middle: structure E mark EC0808, bottom: structure A with the
number of ribs 6.

For possible application, it is appropriate to point out the hysteresis of flexible materi-
als. For the printed finger, the hysteresis gave a different dependence of deformations on
the applied force depending on whether the object was pushed towards the finger (loaded)
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Deformation at the load region (mm)

or was moved away from the finger (unloading). This hysteresis also varies according to
the number of load cycles. A total of 500 load cycles were used for this testing. Figure 16
shows the cyclic hysteresis with different loading and unloading values and for different
cycles for a finger with structure B with a wall thickness of 2.8 mm.

® First cycle - loading

® First cycle - unloading

® Last cycle - loading

® Last cycle - unloading
2 - 499 cycles

Deformation at the load region (mm)

0 2 4 6 8 10 12 14
Loading force (N)

Figure 16. Hysteresis for structure B with a wall thickness of 2.8 mm.

The results show the deformation dependence at the place of loading on the loaded
force according to the number of load cycles. As the number of cycles increases, the amount
of force required to induce a certain amount of deformation decreases.

Figure 17 shows the results from real testing of structures B and structure A with six
ribs. The number of load cycles of each finger tested is 500.

# BTF=TB 1.6 mm 2 - 499 cycles
@ B TF=TB 1.6 mm first cycle

@ B TF=TB 1.6 mm last cycle

¢ BTF=TB 2.8 mm 2 - 499 cycles
© B TF=TB 2.8 mm first cycle

© B TF=TB 2.8 mm last cycle

@ BTF=TB 4 mm 2 - 499 cycles
@ B TF=TB 4 mm first cycle

@ B TF=TB 4 last cycle

* A6ribs 2 - 499 cycles

@ A 6 ribs first cycle

® A 6ribs last cycle

10 15 20 25 30 35 40
Loading force [N)

Figure 17. Cyclic hysteresis for tested structures B and structure A with 6 ribs.

3.3. Demonstration of Grasping Various Objects

For grasping demonstration, fingers were selected from the group with the lowest
deflection coefficient, i.e., fingers without internal structure (Structure B with a wall thick-
ness of 1.6 mm and 4 mm) and for comparison the structure A with six ribs. The Figure 18
demonstrates their grip with selected objects.
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Figure 18. Demonstration of grasping various objects. Structures: left column—Structure B with a
wall thickness of 1.6 mm; middle column—structure A with the number of ribs 6; right column—
Structure B with a wall thickness of 4 mm.
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4. Discussion

This work comes up with a new and simple method of evaluating the finger wrapping
around the object mathematically. Several types of internal structures have been designed,
in which their parameters, such as the thickness of the selected walls or the number of
internal ribs have changed. To evaluate the wrapping of the finger around the object, a
method was determined that measures the ratio between the deflection of the endpoint
and the maximum deflection of the finger. Tensile test data was used to set up the material
for simulation analysis properly. The tested material is TPU 30D. It is a flexible filament
designed for printing on Fused Filament Fabrication printers. The pressed object is a steel
roller with a diameter of 20 mm.

Three tasks were chosen for the simulation. In the first simulation, the roller is pressed
into the finger 8 mm to the depth. Based on the results of this simulation, the deflection
coefficients are calculated. In the second simulation, the roller is pressed into the finger
with a force of 5 N. The simulation illustrates and points out that from the point of view
of wrapping the finger around the object, the magnitude of deformation after loading
with a certain force is not very appropriate, as examined by some previously performed
works [4,13]. The third method is done only for few selected types of fingers to compare
them with real tests. With this method, the roller load force is gradually increased until
the finger bends at the point of contact by 8 mm. The deflection of the point of contact is
measured to display a graph of this deflection’s dependence on the applied forces. Graphs
showing the hysteresis of the printed fingers of structures B and structure A with six ribs
were also measured and shown for designers possible needs. Selected finger variations
were chosen to demonstrate their ability to grasp various objects. All the selected structures
were able to grasp all the selected objects and their contact sides wrapped around their
shape appropriately.

From the analyses results, it is evident that the greatest wrapping of the fingers around
the object occurs in the types of fingers without an internal structure (structure B). For
all structures, the dependence between individual parameters (for example, the thickness
of selected walls or the number of inner ribs) on the deflection at a constant force was
observed. The simulations were verified on selected types of fingers printed on a 3D printer
and tested on a real test device.

A comparison of the calculated deflection coefficients from the first set of simulations
and deformation caused by constant force of 5 N from the second set of tests revealed that
the amount of deflection at constant load is not a suitable parameter for judging fingers
view of their wrapping around the object.

The work aimed not to find the most suitable structure that can exist or include all
possible structure variants. The aim was to find a methodology for comparing different
structures with each other according to their ability to wrap around a wrapped object. This
methodology can be used to test other variants of fingers, changes in their other parameters,
sizes, and shapes, etc.

This work aims to serve the designers in comparing the FinRay finger structures to
find the maximum finger wrap around the gripped objects. For the selected structures in
this paper, the work shows graphs of deformation dependence on the gripping force for
individual parameters of structures (for example, wall thickness), which could be useful
for the designers of the fingers.
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