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Abstract—Fine assembly tasks such as electrical connector
insertion have tight tolerances and sensitive components, lim-
iting the speed and robustness of robot assembly, even when
using vision, tactile, or force sensors. Connector insertion is a
common industrial task, requiring horizontal alignment errors to
be compensated with minimal force, then sufficient force to be
brought in the insertion direction. The ability to handle a variety
of objects, achieve high-speeds, and handle a wide range in object
position variation are also desired. Soft grippers can allow the
gripping of parts with variation in surface geometry, but often
focus on gripping alone and may not be able to bring the assembly
forces required. To achieve high-speed connector insertion, this
paper proposes monolithic fingers with structured compliance
and form-closure features. A finray-effect gripper is adapted
to realize structured (i.e. directional) stiffness that allows high-
speed mechanical search, self-alignment in insertion, and sufficient
assembly force. The design of the finray ribs and fingertips are
investigated, with a final design allowing plug insertion with a
tolerance window of up to 7.5 mm at high speed.

I. INTRODUCTION

Installation of cables and wire harnesses is increasingly
important, especially as electrification of automobiles and
household appliances increases. While the pre-production of
cable harnesses (cutting, mounting of wire seals and attachment
of cable heads) can be achieved with specialized machinery [1],
installation is still largely manual work [2].

Cable installation is challenging to automate due to the high
variety in connectors [2] which can lead to small batch sizes
[1]. The handling of cables also introduces technical challenges.
Cable routing requires methods for deformable linear objects
(DLOs) [1], [3]. Many of the installation steps, e.g. connector
mating, are fine assembly tasks which require coordinated
vision and touch when done by humans [3].

The mating of connectors can be divided into three steps:
gripping, search, and insertion. By the end of the insertion, a
certain relative pose between gripped part and target must be
achieved. To be practical, this must be achieved over certain
variation in target pose. An unknown or uncertain pose of the
grasped plug inside the gripper is also a major contribution
to the complexity [4]. Complexity of search and insertion
increases due to the tolerances between plug and socket, small
parts, variation in plug geometry, limited grasping and contact
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Fig. 1: Working principle of finray-effect gripper is demonstrated with varying
types of plugs, (a) shows the first movement of the search strategy and
the coordinate system, (b) and (c) visualize the final search and assembly
movements

area on the plug, limited free space near sockets, and the
necessity of a high assembly force. Angular displacements can
be tolerated to a certain degree, exceeding this results in a failed
assembly [5].

These challenges can be partly handled by compliance. In
gripping, compliance can allow good contact area over some
variation in the plug geometry. In the search and insertion pro-
cess, compliance can compensate misalignment in the relative
pose between gripped part and socket.

Compliance can be divided into two parts: active and passive
compliance [6], where passive compliance is the intrinsic
mechanical compliance of the physical structure, and active
compliance is achieved by feedback controller design. A rele-
vant example for compliance is the remote center of compliance
(RCO) [7], [8], which allows self-alignment in insertion tasks.
Active compliance, such as impedance or admittance control
can adapt the relative pose between the mating parts automat-
ically depending on position and forces during contact [9].

The major advantage of active compliance is the possibility
to digitally change compliance, e.g. adjusting the RCC location
to improve performance [6]. The disadvantages of active com-
pliance are the relatively high costs and the limited bandwidth
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[6], which typically leads to higher collision forces. In contrast,
passive compliance has no bandwidth limits and can signif-
icantly reduce collision forces. However, passive compliance
is harder to design and is usually determined iteratively, since
analytical models are not common, resulting in a higher effort
in the design work, experiments and parameter identification.
Additionally, passive compliance is usually specified to a
certain task or part, which limits the generalizability [10].

Here, passive compliance is used to allow stable high-
speed contact transitions. By using prototype-friendly fused
deposition modeling, low-cost monolithic solutions can be
provided which realize compliance through elastic deformation.
Additionally, this allows quick and easy testing, accelerating
the process of finding a suitable passive compliance.

This work’s contribution is a novel structured compliance fin-
ger design for gripping and assembly of electrical components.
These fingers improve the speed and robustness of position-
controlled robots in such tasks. Compared with sensorized
fingers for plug insertion [11], [12], the proposed compliance
allows a larger tolerance window and higher speed. Compared
with existing work on cable harnesses [13], [5], [1], which
provide a general overview of wire harness design and pro-
duction, we provide a taxonomy and detailed requirements of
electrical plug assembly and an analysis of design require-
ments. Compared with existing plug insertion approaches using
active compliance, which take up to =~ 6 — 16s [14], the passive
compliance allows a successful assembly of the connectors in
~ 1.2 s from first contact.

The rest of the paper is organized as follows. Section II
categorizes the parameters of the plugs used in this work,
the parameters occurring in the assembly task and describes
the steps of the assembly process. Section III introduces the
final gripper design, derived from the finray-effect, where the
design parameters, the design and manufacturing process and
problems are described. A range of applications to verify the
gripper’s abilities are presented in section IV, consisting of
repeatability and robustness experiments to determine design
parameters which achieve the widest tolerable scale of mis-
alignment. Finally, the conclusion and future work is given in
section V.

II. ELECTRICAL CONNECTOR PROBLEM DESCRIPTION

This section analyzes the problem of connector assembly,
providing a taxonomy of electrical connectors and the assembly
process itself.

A. Taxonomy of connectors

While there is large variation in connector design, several
parameters have a substantial influence on the robotic solution,
summarized in Table I. These parameters can have an influence
on the allowed finger design, as well as the strategy for
grasping, searching, or insertion.

Some parameters are shown in Figure 2, left, which shows
an inserted plug. The amount that the cable head sticks out
of the socket determines how the cable has to be gripped.
Some plugs are also flush, so after insertion no part of the
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Fig. 2: Left, inserted connector in socket with key features, right, finger
grasping the connector

plug remains exposed. The cable gland can have different
orientations, either straight out or in a right angle into the
plug, which changes what space must be left free by the finger
design. The cable type can be categorized as either a ribbon
cable, or single-/multi-cable. Further, the pin height inside the
plug and/or socket heavily influences the search pattern, as this
could result in collision and jamming. However, the number of
pins don’t heavily influence the assembly process. Additional
safety features, such as levers or clips, may require additional
assembly force or post-processing to secure. The tolerances
between the plug and socket influence the search strategy and
required assembly force.

B. Categorization of assembly task

There are additional parameters in typical connector assem-
bly tasks which affect the design. How the plug is supplied
affects the uncertainty in grip pose, as the plug could either be
fixed rigidly, e.g. in a magazine, lying freely on the table or
placed in a cluttered environment. Similarly, the socket could
be either be in a fixed position, integrated in a workpiece or
also in a magazine. Further, space limits from the environment
have to be regarded due to the finger dimensions and the
space requirements from the robot during the search strategy.
During the assembly additional cable and wire handling has
to be considered, meaning if intermediate clips are necessary,
a cable straightening is required etc. After successfully mating
the components additional testing could be necessary, e.g. push-
pull-push of the cable.

C. Grip, search, and insert strategies

The complete assembly process is considered in three stages:
grip, search, and insert.

From an initial position, the plug is gripped. Without a
magazine or jig providing a constant and known pose of the
plug, a known pose or at least the orientation of the plug inside
the grip should be established to certain tolerances in order to
achieve a successful alignment between plug and socket.

The grasping strategy includes these aspects of the finger
design, which are summarized in the right of Fig. 2: (i) what
contact area between the plug and finger can be used, (ii)
what space around the connector must be kept free, (iii) are
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TABLE I: Identified important properties of connectors and the assembly task, what parts of the robotic solution they influence, and possible values that the

property can take

Property | Effects

Possible values

Fit and tolerances

Plug exposed after insert
Cable gland orientation
Pin height

Securing feature

Search strategy
Insertion, validation

Search strategy, req’d assembly force
Grip location in insertion
Grip location and free space

Press, running, transition
Flush, > 0 mm

Straight, right angle
Flush, < 0 mm

Clip, lever

Plug availability
Socket availability
Space requirements
Cable handling
Validation

Task |Connector

Additional tasks
Insert strategy

Grasp strategy, finger design
Tolerances, search strategy
Finger dimensions, robot strategy

magazine, on table, cluttered

fixed position, in workpiece, free space

free space dimensions

need insert clips, need to pull cable

Is a validation (e.g. push-pull-push) required?

locating features needed to provide either repeatable position
or sufficient assembly force? In addition to the fingertip design,
the grasping strategy may include (i) a magazine for providing
the plug in a semi-repeatable way and (ii) an adjustment
strategy to ensure the connector is in a repeatable position in
the fingers.

The search strategy should achieve alignment of the plug
and socket. When using mechanical search, the search strategy
should be designed considering: (i) the variation in pose that
needs to be covered with the strategy, (ii) the initial contact
between plug and socket, which can be a point, line or planar
contact depending on how the plug is presented, (iii) the height
of the pins, which could be bent if contacted by the tip of the
plug, (iv) validating that the plug has successfully slipped into
the socket after the alignment.

The mechanical search strategy here is shown in Fig. 1.
Initial contact is made with a tilted plug, such that the corner
of the plug lightly presses on the edge of the connector, Fig.
la. A motion in the x-direction allows the plug to slip into
the socket when aligned. Next, contact is established with the
sides of plug and socket, realized by a motion in the y-direction,
Fig. 1b. At this point, the leading corner of the plug should be
slightly inserted and resting on the edge of the socket.

For the insertion phase following aspects should be consid-
ered: (i) the finger design should be able to avoid jamming of
the connectors. For this, compliance, either active or passive,
could be suitable, where the plug is able to rotate inside the
socket due to the contact. (ii) The assembly force should not
exceed a certain threshold, to avoid damaging the parts, which
can be realized by the finger compliance.

III. DESIGN OF COMPLIANT FINRAY-EFFECT GRIPPERS

In this section, we describe the modification and parame-
terization of a finray-effect gripper [15] to realize structured
passive compliance. Where classical finray-effect grippers al-
low deformation to adapt to variation in surface geometry
of grasped parts, we would like to find a design where the
rendered compliance on a gripped part can be adjusted.

Regarding the requirements and constraints in Sec. II, a
monolithic compliant gripper can be built to successfully
work in narrow environments. The finray design is used, and
the flexibility of 3D printing is used to make the following
modifications, seen in Figure 3a, to make it better suited to the
problem:

o Fingertip design: Necessary to achieve form fit and in-
crease range of motion at fingertip

o Rib angle/ Infill direction

o Rib density/ Infill density

« Finger mounting angle

A. Revised finray Design

The finray-effect gripper mimics the deformation of fish fins,
which are composed by two outer walls forming a V shape.
Between the bones crossbeams are placed which determine
the mechanical properties of the finray-effect gripper. The side
walls of the standard finray-effect gripper bend by applying
force, usually from contact when grasping parts, which results
in a deformation of the base and tip towards the applied force
[15]. However, the standard V-shaped finray design is not ideal
to compensate misalignment for parts grasped at the fingertip,
as most movement would be in the middle of the finger.
Additionally, using the V-shaped finger with tilted crossbeams
results in a stiff fingertip. Applying a force along the finger
results in a rotation of the fingertip and therefore a rotation
of the contact plane, which could result in contact loss of the
gripped part. Instead, a translational deflection at the fingertip
and bending of the ribs are desired to compensate misalignment
while maintaining contact with the grasped part.

Finally, a V-shaped fingertip does not allow form-closure
features or notches introducing a mechanical stop for the
gripped cable to positive lock it inside the gripper. The form-
closure combined with a high stiffness value in the assembly
direction are necessary to realize high assembly forces.

While a high stiffness is desired in the assembly direction,
significantly lower stiffness is desired laterally, to compensate
misalignment and reduce resulting contact forces. To achieve
this, the V-shape finger profile is changed. Instead of the outer
walls approaching another towards the tip, the distance remains
the same overall, with variations in the form of the fingertips,
which is discussed in the following section III-B.

B. Design Parameters

Two important parameters of the finger design are optimized
to improve performance.

1) Infill Options: The most important design parameters are
the infill options to adjust the density and orientation of the ribs
in the finger, i.e. the infill direction, given in degrees, and the
infill density options, given in percentage, as proposed by [16]
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and visualized in Fig. 3a. This affects the bulk stiffness realized
by the finger on a gripped part as well as the maximum force
that the finger can apply.

2) Fingertip Options: An additional parameter is the form
of the fingers which can either be with a rounded top, flat top,
notched rounded top, flat angled or notched top with a contact
plane, visualized in Fig. 3a. A notched fingertip is necessary
to both allow a form-fit connection between gripper and part
and to achieve an optimal deflection motion. The notch can
be rotated by a certain degree, corresponding to the mounting
angle of the finger, used to achieve a parallel contact plane with
the grasped part. The size of the notch depends on the cable
to be handled, which could limit the target in developing a
gripper able to handle a broad variety of cables with a form-fit
connection. However, introducing a notch limits the range of
cables to be handled. The main reason for this is that a too large
notch results in a line contact with the cable wires instead of a
robust planar contact with the plug’s outer surface. This results
in an unstable grip and therefore possible slip. Additionally,
if the notch is too big, thus nearly enveloping the cable head,
there might not be enough space to insert the connector into
the plug. However, if the notch is too small, the contact plane
could be too small to achieve a form-fit contact, where almost
only point contact is realized at the contact area, resulting in
an unstable grip.

The friction of PLA+ and PETG, proves to be insufficient
for a stable grasp, which is why additionally an adhesive layer
could be considered on the contact plane of the fingertip.
Multiple grasping modes are possible here, either aspiring a
pinch contact of the wires or the cable head, or a parallel grasp
of either. The pinch contact could be varied to either achieve a
point or line contact with the corresponding part, or to achieve
a planar contact.

To compensate misalignment parallel to the moving direction
of the gripper’s jaws, structured compliance in the base-y-
direction is desired. However, unintentional DoFs, as a rotation
about the base-y-axis or the base-x-axis resulting in a change
of pose of the grasped part resulting from contact forces, are
possible. The coordinate system is visualized in Fig. la.

C. Manufacturing Process

To allow for an easy adaptation of infill density and line
directions, the parameters are set directly in the slicer program
instead of CAD. Here Ultimaker Cura is used, applying a
method similar to the method used in [16]. The materials
used in this work are orange PLA+ and black PETG. Other
materials, such as TPU and ABS weren’t considered for this
work, as early tests have indicated TPU to be unfeasible, as the
effects of the materials’ inherent compliance would interfere
with the effects of structured compliance, e.g. the material
would be too compliant to provide the necessary stiffness in
assembly direction. ABS has a tendency to warp, which proved
to be a major issue during the manufacturing process. Due to
this warping, the prototypes created using ABS were ultimately
useless and did not meet the necessary requirements.

To achieve an easy adjustment, first, the finger has to be
designed as a solid in CAD as proposed by [16]. The part
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Fig. 3: (a) demonstrates the design parameters and the assembly directions,
(b) and (c) show the design process of the finray-effect gripper: (b) support
blockers are demonstrated to allow for varying slicing settings, and (c) sliced
gripper with compliant structures at the top and a rigid base

is exported as an .stl - file and loaded into Cura. Here the
parameters for the gripper can be set. Inspired by [16], the
infill type is set to lines in Cura, to achieve the desired rib-
structure, the option to connect infill lines is turned off. To
allow compliance of the skin of the finger, the wall line count
has to be set to one, with a line width close to the nozzle
diameter of 0.4 mm, slightly deviating from the recommended
2x nozzle diameter from [16]. However, the line width of the
infill is also set to 0.4 mm, hence applying the recommendation
of [16], where a line width close to the nozzle diameter is
suggested. The top and bottom layers are removed to fully
achieve compliance through the ribs.

However, with these settings the connection between finger
and mount to the gripper would also be manufactured the same
way, with a high level of compliance and flexibility which is
suboptimal for a connection withstanding the applied contact
forces of the fingers. For the lower connecting section of the
finger different slicing settings have to be used where Cura’s
”support blocker” feature is applied, as visualized in Fig 3b.
The support blocker allows dividing the two sections of the
finger to change selected slicing parameters. For example, other
than for the section of the fingers with the ribs, top and bottom
layers are needed here. With the option "Per Model Settings”
and “Modify Settings for overlaps” the wall/top/bottom thick-
ness, wall line count and top/bottom layers can be changed
individually for the section within the support blocker. This
allows the part to be manufactured with individual settings, as
seen in Fig. 3c. The in this paper used .stl/.stp/.ipt files are
available at https://github.com/richardhartisch/compliantfinray.

IV. VALIDATION

This section gives an overview of the process used to
iteratively test and validate the fingers for the assembly of a
plug into socket. The goal is to successfully pick the plug from
a magazine and assemble into a socket with and without various
misalignment values. The programs used are programmed via
the teach panel of the Universal Robots UR5. The program
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is intended for high-speed assembly, with tool speed values
of 250, up to 700 mm/s and a tool acceleration of 1200, up
to 2000 mm/ s2, using the MoveL command of the UR to
approach the waypoints.

The assembly and grasping process is summarized as fol-
lows. First, the cable is grabbed from the magazine. The contact
force of the fingers overcome the contact force of the spring
when moving the gripper in a linear movement upwards, with
which the cable is removed from the magazine. To compensate
slippage during the first phase, afterwards the gripper could
push the cable head slightly on the table with a linear movement
downwards to ensure a contact with the upper contact surface
of the finger. Now, in the second phase, assembly takes place,
using the search strategy described earlier in II-C. A video is
available at https://youtu.be/J7TEGXtE540Y.

A. Repeatability Experiments

To test for repeatability, the assembly process is repeated 84
times with a fixed socket position, using the aforementioned
UR program and manually resetting the plug in the magazine,
out of which the assembly failed twice. The first failure
occurred at attempt 30 and the second failure at attempt 84
which ultimately lead to a component failure of the fingers.
This concludes a roughly 97,6 % success rate. Assumed causes
are either slight slippage in the grip coming from the adhesive
tape, or the kinematics of the robot. Additionally, the table on
which the robot is mounted is not fixed but on wheels, which
could add another level of instability, impairing the robustness.

B. Robustness Experiments

In the next experiments, the robustness over variation in
socket position is tested, to clarify the impact of the design
parameters on the robustness and tolerable range. For the initial
test, the boundaries of compensable misalignment of the plug
to the socket are determined in x- and y-direction in 0.5mm
steps. To control the misalignment, instead of a fixed waypoint
for the socket position, a variable waypoint is programmed
which can be changed in each iteration. A finger with 0° infill
direction, 10% infill and a 10° mount are used. A successful
assembly is repeated five times to assure repeatability. If five
assemblies in a row are successful, another 0.5 mm is added
to the misalignment and the sequence of five trials starts again.
This is repeated until the maximum compensable misalignment
is met and the assembly fails for the first time. This is done to
test the limits both in the x- and y-direction. With this setup,
it can be shown that with a 100% speed value of the program
and the used search algorithm this compliant finger design is
capable of tolerating a misalignment in a range of 7.5 mm in y-
direction and 7 mm in the x- direction. To further compare the
tolerance windows with varying designs, the limits of the first
run are tested with varying infill densities and infill directions.
The results are listed in Table II.

It is important to note that regarding the compensable range
in x-direction, the compensation is attributable to the free
rotation of the cable head inside the grip about the base-y-
axis, corresponding to the coordinate system visualized in Fig.

TABLE II: Results Robustness Experiment, m denotes mount, meaning which
mount configuration is used (either 10° and 20°), ¢ denotes the infill density
in percentage and id is an abbreviation for the infill direction in deg.

X y x y y y y y y
10° m 10°m | 20° m 20° m 10° m 10°m | 10°m 10°m | 10°m 10° m
Variant 10%i | 10%i | 10%i | 10%i | 20%i | 30%i | 10%i | 20% i | 30% i | 10% i
0°id 0°id 0°id 0°id 0°id 0°id 0°id 0°id 0°id 10° id
PLA+ | PLA+ | PLA+ | PLA+ | PLA+ | PLA+ | PETG | PETG | PETG | PLA+
[range[mm] [ 7 [ 55 [ 45 [ 55 | 5 [ 45 [ 75 [ 6 [ 55 | 55 |
Y Y y y y Y y y y y y
10° m 10° m 10° m 10° m 10° m 10° m 10° m 10° m 10° m 10° m 10° m
Variant 10%i | 10%i | 15%i | 20%i | 25%i [ 30%i | 10%i | 15%i | 20%i | 25%i | 30%i
20° id 30° id 30° id 30° id 30° id 30° id 407 id 40° id 40° id 40° id 40° id
PLA+ PLA+ PLA+ PLA+ PLA+ PLA+ PLA+ PLA+ PLA+ PLA+ PLA+

[rangemm] [ T | T | 55 | 55 | 55 | 6 [ f [ t [ T | 2 [ 55 |

la, and should be treated as a positive side-effect of the finger’s
design, which can be described as an unforeseen DoF. The main
focus of the finger’s design is to allow a compliance in the y-
direction due to the ribs, which is why the experiment only
shows general feasibility of a compensation in the x-direction
for the 10° and 20° mounts but does not compare the tolerance
in x-direction for every finger, as seen in Tab. II.

C. Discussion

As Tab. II shows, with a 10° mount the tolerable
misalignment-range is slightly bigger than with a 20° mount.
During the tests for 20° infill direction and 10 % infill density at
a misalignment of 5mm early signs of buckling are noticed. At
the next increment of the infill direction, this is noticed already
at 4mm and plastic deformations at the connections of the ribs
to the outer wall appear at 4.5mm. 30° infill direction with 10
% infill initially stands out due to a comparably large compens-
able range of ~ 5.5—6.5mm. However, beginning with +4mm
misalignment, some slight buckling can be observed building
up to slight plastic deformation at the connection of the ribs to
the outer wall with the next misalignment increments, which is
why this variant is not considered ideal. The extreme value of
40° direction shows to be difficult to test. At a comparably low
misalignment value of 2mm, component failure already occurs
for 10% infill density resulting in a non-feasible combination
for any assembly tasks. This is also noticeable for 15% infill
density where buckling and component failure occurred at
3mm and 3.5mm. Because the initial start-value is set too high,
the part is already permanently damaged, resulting in a failed
assembly at —1.5mm and —2mm. At 20 % infill there is strong
bulging noticeable at 2mm and buckling at 2.5mm. —2mm
proves to be compensable, however, bulging is noticeable here,
too. With 25 % infill strong deformation is noticed at 3.5mm.
4mm is also successful, however, some plastic deformation
occurs, which is why the experiment is stopped here to prevent
any further damage. The last increment for the infill density at
40° infill direction proves to be the most stable one. Some
strong deformation is observed at 3mm but without plastic
deformation. At —3mm the cable head strongly clips into the
plug, which is why no further tests are done for this variant to
prevent any further damage. This is attributable to an excessive
vertical stiffness of the finger, where compliance is still present,
with a potentially too high contact force profile which could
damage the electrical components. Thus, this variant should not
be used to assemble delicate parts.

Regarding the PETG fingers, 10° infill direction and 10%
infill density proves to achieve the biggest tolerance range of
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all combinations, tolerating ~ 7.5mm misalignment. However,
this combination is not suitable for any assembly tasks because
the cable head slips easily inside the grip. This is traced to a
very low gripping force from the fingers due to low stiffness in
grip direction. For other fingers, slip was not a problem due to
the low assembly forces. Increasing the infill density by 10 %
already results in a better grip, while achieving a tolerance
range of ~ 6mm. Another 10 % show similar results, the
compensation of 43.5mm misalignment cannot be repeated
robustly. Using PETG comes with the benefit of a higher
flexibility compared to PLA+, which results in a lower risk of
plastic deformation during handling. The tolerable range can
be defined as ~ 5.5mm while providing a stable grasp on the
gripped cable head.

V. CONCLUSION AND FUTURE WORK

To the authors’ best knowledge, this work has proposed a
first use of a finray-effect gripper for structured compliance.
Other than previous works using the finray-principle, which
focus on a stable grasp on objects with varying surface geome-
try, this design is here realizes directionally-dependent stiffness
on the gripped part. This used to robustly and repeatedly
compensate misalignment in the range of up to 7.5 mm in high-
speed assembly tasks. Additionally, the objective, as defined
before in Sec. I, of achieving a comparable success time as in
[14] is reached and exceeded, as the assembly time from first
contact is ~ 1.2s. Hence, feasibility of the passive compliant
fingers to compensate misalignment in high-speed tasks without
additional sensing is proven.

For an optimal finger design, the finger stiffness, the max-
imum tolerable force, the maximum deflection, the gripping
stability and the compensable range have to be taken into
consideration. A variant with a too high stiffness, e.g. variants
with a 30% infill density, especially with an increasing infill
direction could damage the assembly parts. A too low stiffness,
e.g. PETG with 10 % infill density would not be able to lift
and transport the cable robustly and maintain a stable grip when
external forces occur. Choosing a 40° infill direction results in
component failure due to plastic deformation for almost every
variant. Most of the variants listed in Tab. II achieve a tolerable
range of =~ 5.5mm, 30 % infill density and 0° infill direction
achieves the lowest, with ~ 4.5mm. PETG shows the best
results here, with a maximum range of ~ 7.5mm for the non-
applicable 10 % infill variant. Thus, the higher rib angle PETG
variants are recommended in this case.

Future work will focus on determining the mechanical at-
tributes regarding the stiffness, max tolerable force and hys-
teresis experimentally. With this, additional attempts can be
given to design the fingers by using FEA or by analytically
determining the mechanical properties and to achieve a better
intuition of how the design parameters influence the final
stiffness of the structure.

Using fused deposition modeling as an additive manufactur-
ing process comes with its own limitations, as the direction
in which the part is built up has to be considered. Certain

structures need an optimal orientation to the print bed to be suc-
cessfully manufactured, as overhangs or otherwise unsupported
structures could fail without support. Using alternative manu-
facturing processes could allow one to create ribs in varying
directions which could introduce multi-directional structured
compliance into the finger. Additionally, other material could
be used which could achieve higher contact forces and would
be less sensitive to wear and fatigue.
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