




Executive summary

This thesis contains the design process of a com-
pliant shape adaptive chicory gripper for robotic
sorting processes. The robotic sorting line consists
of an input and output conveyor-belt. The input line
contains unsorted chicories which are scanned by a
robotic vision system. Overhead FlexPicker robots,
equipped with chicory grippers, sort the chicories
size by size onto the output line. The output line
can contain a transportation crate or flowpack in
which the chicories will be packed and shipped af-
ter sorting. Chicories are vulnerable for internal
and external damages when touching the outer skin
which makes robotic sorting difficult. The accelera-
tion forces performed by the robot requires a strong
but gentle grip on the chicory without any damag-
ing marks. By designing a specific compliant shape
adaptive gripper, sorting can be done faster, cheaper
and more accurate than manual sorting. Current
patents, academic literature or business applications
had no solution for this chicory gripping problem.
The design process for a suitable gripper started with

an analysis of current patents and literature within
compliant gripping in general. This provided in-
sights in the the possibilities of compliant gripping.
Based on the design requirements for the robot sort-
ing setup, several concepts are obtained and se-
lected. The concepts have been translated into four
working gripper prototype layouts which are evalu-
ated on force and damage requirements. Based on
the results of these experiments, a first iteration pro-
totype was made. Three additional optimizing iter-
ations were needed to result in a prototype which
reached the damage and force requirements. Fur-
ther evaluation of this prototype proved a sufficient
performance on robustness, endurance, operational
speed and food grade requirements. The iteration 4
prototype reached therefore 17 of the total 19 grip-
per design requirements. To be able to accomplish
the two remaining requirements, several recommen-
dations are provided for a final gripper end product
which is ready for industrial application.
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1
Introduction

1.1 Background
Adaptive shape gripping is a principle of object
grasping without essential presents of friction forces.
The gripper adaptively encloses the outer contours
of the object to create a normal force which supports
the object. Demands for adaptive shape grippers in
agricultural industries are growing according to ap-
pendix A were different mechanisms within adaptive
gripping literature have been analysed. Among these
mechanisms, elastic-compliant linkage-based grip-
pers are promising in terms of shape adaptation with
increasing demands over time (appendix A). Agri-
cultural application shows a dominant appearance
of these linkage-based adaptive shape grippers (ap-
pendix A). Therefore, development of a compliant
agricultural gripper is relevant at this moment.

Agricultural grippers are used for robotic sort-
ing and harvesting processes of fruits and vegeta-
bles. The sorting process is based on estimated
weight and dimensions by visual data interpretation.
Scanned products receive a digital size label at the
input conveyor belt. The unsorted input crates with
fruits or vegetables are moved through the machine
and are picked by overhead picking robots, know
as FlexPicker robots. These robots grasp each indi-
vidual object and sort them size by size into output
crates or belts as shown in figure 1.1.

Within gripping, three principles are known:
grasping, suction and adhesion based gripping.
Suction based gripping of vegetables with leaves
(chicory, corn, cabbage or lettuce for example) is
hard because the outside leaves attach to the suction
actuator but can not hold the load of the entire ob-
ject taking acceleration forces applied by the sorting
robot into account. Adhesion based grippers in gen-
eral complicate food handling regulations because
of adhesion additives or micro structures in which
product residues remain. Therefore, grasping princi-
ple solutions remain promising in agricultural sort-

ing processes as described in appendix A.

Chicory is one of the vegetables with leaves on
the outside which are not graspable by conven-
tional vacuum techniques. In addition, chicory is
extremely vulnerable for internal and external dam-
age and creates therefore a mechanical gripper de-
sign challenge for robotic gripping. Until now, no
academic or industrial solution for this chicory grip-
ping problem has been invented. Looking at existing
grippers for agricultural industries showed an exten-
sive amount of soft grippers. In general, soft grip-
pers refer to balloon-based grippers which are in-
flated by compressed air causing a hollow chambers
to expand. This expansion results in the actuation
(bending) of the soft finger. Due to the elastic mate-
rials used in these soft grippers, actuation pressures
are low and gripper output forces are limited. This
results in relatively low operational actuation speeds
and holding forces. To put this in perspective, the
sorting robots are able to accelerate the objects with
an acceleration up to 9 G. Dependent on the object
weight, high reaction forces, of the accelerating ob-
ject onto the gripper, are created. Conventional soft
grippers are not (yet) able withstand the forces cre-
ated by these accelerations.

Controversially, linkage-based compliant mech-
anisms can be as elastic as balloon-based grippers
but are not covered by the soft grippers terminol-
ogy. However, because compliant mechanisms can
be designed with stronger material types combined
with infinite form freedom, they are able to outper-
form the shortcomings of soft grippers. Nowadays,
several industrial compliant grippers are on the mar-
ket. Inspecting these closely showed a majority of
compliant grippers which are shape adaptive due to
normal contact forces. This causes the gripper to
deform according to the outer shape of the object.
However, a minority of the grippers is able to deform
prior to the contacting phase by a prescribed form
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2 1. Introduction

Figure 1.1: Beef tomatoes sorting line as illustration for a similar chicory sorting line. The input conveyor belt on the right contain un-
sorted products and the output conveyor belts on the left side contain sorted products based on estimated weight. The weight estima-
tion and object localisation is computed by automated visual data interpretation at the beginning of the input line. Overhead FlexPicker
robots grasp the objects piece by piece and places them in the correct output crates. Figure reference: [78]

deformation to mimic the shape of the object. This is
the type of conditions where compliant mechanism
are able to excel with the right design.

1.2 Problem statement and goal
Sorting chicory with a fast sorting robot requires a
fast actuating, food safe and strong but gentle grip-
per which is able to withstand acceleration forces
without damaging the chicory. The goal of this grad-
uation project is to design and test a working compli-
ant shape adaptive gripper for robotic sorting pro-
cesses of chicories. The fundamental gripper ele-
ments of the final prototype resulting from this de-
sign driven theses, need to be implementable in in-
dustry.

1.3 Contents of this report
After this introduction, a state of the art of current
compliant grippers is presented in chapter 2. This
analysis takes current literature and patents into ac-

count. Based on the results from this state of the
art, several conclusions are formulated. To start the
design process, a list of design requirements is set
in chapter 3. This contains all requirement for the
gripper to be implementable in industry. With the
requirements taken into account, a concept design
phase was created and documented in chapter 4.
This chapter contains idea generation with drawings
and basic FEM analysis. The concept design ends
with an improved concept design. Elaborating on
the concept design, a prototyping phase is described
in chapter 5: prototyping. A first proof of concept
has been build followed by four working prototypes
which are evaluated on force and damage require-
ments. Based on the performance of these working
prototypes, a prototype optimization is done in four
iterative steps in chapter 6. The results obtained dur-
ing the evaluation of the gripper prototypes is pre-
sented in chapter 7: results. A discussion is formu-
lated based on the results as described in chapter 8.



2
State of the art

2.1 Literature

To investigate compliant grippers within available
literature, scopus search engine was used. By search-
ing for "compliant gripper" within title, abstract and
key-words, 653 articles were found. These articles
have been accessed and visually scanned quickly
to collect interesting compliant adaptive grippers
for the shape adaptive chicory gripper. The inclu-
sion criteria for the literature refers to the ability to
be shape adaptive and applicable on macro scale
(chicory size). Within the results of the search query,
a large number of micro compliant grippers were
found. Although the mechanisms used are very in-
teresting, the majority of the micro scale grippers
were not relevant for a potential chicory gripper due
to the lag of adaptability. The remaining adaptive
compliant grippers consisted of significant redun-
dant publications of the same grippers. Therefore,
I was able to collect and compose a relatively small
group of relevant articles consisting of 30 adaptive
compliant gripper designs (figure 2.1). Five grip-
pers within the selected literature make use of a so
called classical fin gripper structure: A-I, B-I, A-II,
C-II and E-II in figure 2.1 ([3, 7, 14, 18, 20], respec-
tively). These fins generate shape adaptation due to
contact forces. In [14] (A-II in figure 2.1), this fin is
used to create a deformation of the fin by specific in-
put forces. Contact force with the object is not essen-
tial for this deformation but supplementary. The lag
of contact force adaptation in this gripper could be
an opportunity for avoiding damage on the chicory.
A different aspect of the fin grippers is the shape and
orientation of the cross bars inside the fin contours.
In [7] (B-I in figure 2.1), the effect of the angle and
curvature of these crossbars is studied. The ability to
reach underneath the object increases with the tilt of
the cross bars. In [20] (E-II in figure 2.1) the effect of
flexible 3D printable material variations applied on
the fins are studied and can be a source of inspiration

in the prototyping phase of the design process. To be
able to withstand thousands of gripping repetition, a
tough but flexible material is probably essential.

Looking at mechanisms to create a specific tip
movement of the gripper, articles [8, 12, 19, 31, 33, 49,
79] (C-I, E-I, D-II, D-III, E-III, E-IV and D-VI in figure
2.1) are very interesting. The finger tips of these grip-
pers are able to reach underneath the object to create
a supporting normal force on the object instead of
a friction force. Therefore, they are potentially able
to grip the object with less contact pressure which
reduces the potential damage on the object. Flexi-
ble hinges within these mechanisms have to last for
thousands of gripping repetitions. Depending on the
materials used, the majority of these plastic hinges
is probably not able to last duty sufficiently. There-
fore, mechanisms in [33, 49] (E-III and E-IV in figure
2.1) are specifically interesting. The hinges in these
grippers look solid enough for industrial application.
The materials used in these grippers in combination
with the design layout could potentially contribute
to the chicory gripper design. Unfortunately, the en-
durance performance of both of these grippers is not
specified. Looking at the hinge mechanisms, a flex-
ible or rigid hinge can be used. Rigid hinges are
not real compliant mechanism (appendix A), but are
used in combination with compliant parts. Flexible
hinges are created by reducing the amount of mate-
rial at the point where the mechanism needs to flex
or by bending the entire beam structure of the grip-
per as an elastic structure (appendix A). A different
method is to implement a more compliant material
at the hinge point, resulting in similar effects. Using
flexible hinges consisting of the same material as the
rigid body parts has the advantage of part integra-
tion. Therefore, assembly is less costly and produc-
tion is easier.

A different aspect of compliant grippers is the
implementation of topology optimized structures as
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shown in [33, 34, 49, 50] (E-II, A-IV, E-IV and A-V in
figure 2.1). These optimization algorithms are used
as first design suggestion and are manually detailed
afterwards, or vice versa. So, manual design process-
ing is still present and essential with the use of topol-
ogy optimization. Therefore, using an optimisation
algorithm to optimize the structure of the gripper
can be useful for isolated parts of the gripper, think-
ing of hinges or tip designs. Simulation and testing
the gripper designs is done using ANSYS finite ele-
ment software within the majority of the studied lit-
erature. This software program will therefore be used
from the concept design phase until the result phase
of this project to simulate and evolve the concepts
towards working gripper prototypes.

The majority of the grippers within the found lit-
erature consists of 2D sketches which are extruded
into a 3D structure. Only [86] (D-VI in figure 2.1)
makes use of a 3D varying internal structure of the
gripper finger. Looking at the chicory damage resis-
tance problem, the objects withstands a varying con-
tact pressure over the length of the chicory. There-
fore a 3D varying internal gripper structure along the
length of the chicory gripper provides an opportu-
nity. In addition, extending the contact surface along
the length of the chicory will decrease or even re-
move the effect of damaging the chicory surface the-
oretically.

Looking at the input types within the found liter-
ature, rotation or displacement values are applied on
the compliant mechanisms to actuate the gripper. in
[45] (C-IV in figure 2.1) rotation and displacement
input are combined with vacuum techniques. The
vacuum causes the compliant mechanism to adapt
to the shape of the object. Due to the volume of the
balloon which covers the compliant mechanism, ac-
tuation takes several seconds. Improving the actu-
ation time with a larger vacuum flow or higher un-
der pressurization will result in material failure of the
balloon or the internal compliant mechanism, as de-
scribed in [45]. Although this combination of inputs
looked very promising on damage resistant perfor-
mance, endurance becomes an issue (as described
in [45]).

Looking further into actuation types of the com-
pliant grippers, apart from simple displacement and
rotation inputs, showed shape morphing compliant
systems activated by heat ([58] shown in B-V of fig-
ure 2.1). Although this is an interesting mechanism,
implementation in agricultural industry requires fu-
ture research beyond the scope of this graduation
project. Current research shows an actuation time of
these morphing compliant systems in terms of sec-
onds to minutes. These mechanisms are therefore
simply to slow for the application of this project.

2.2 Patents
To make an analysis of the compliant grippers
within patents, European patent office’s (EPO) es-
pacenet database has been accessed. The patents
are organized by a classification structure. Grip-
pers in general are located at: B25J15/00: gripping
heads. Within the B25J15/00 classification, a sub-
classification for flexible finger members is present
(table 2). The compliant mechanism grippers which
are interesting for this project are located in this sub-
classification. This flexible finger member class con-
sisted of 560 gripper patents. 55 of them have been
selected based on the same selection criteria as the
previously discussed academic literature. The com-
pliant grippers within patent literature are depicted
in figure 2.2.

An important annotation prior to the analysis of
the patents is the lag of information about the per-
formance of the patented designs. A gripper does not
have to function at all for a patent request. There-
fore, a critical view on the selected patents is essen-
tial to evaluate whether the design contributes as a
useful inspiration source.

In contrast with the grippers found in literature,
the patented grippers consist of several spring steel
gripper designs (grippers A-1, A-6, A-8, C-1, C-7, D-4,
D-5 and E-7 in figure 2.2). Although these are very in-
teresting gripper mechanisms, problems in terms of
shape adaptation and object damage avoidance are
foreseen. The majority of these spring metal grip-
pers are used in industrial applications where object
damage is less critical. The advantage of these grip-
pers is however the operation speed. Due to the use
of metal hinges and rigid body parts, higher oper-
ation forces can be used, resulting in faster closing
and opening cycles. Working principles among these
spring metal grippers which can potentially be con-
verted in softer materials are taken into considera-
tion in the design phase.

In terms of shape adaptation, grippers A-4, A-6,
A-7, A-8, B-5 , B-6, C-2, C-3, C-6, C-11, D-1, D-7, D-9,
D-10, D-11, E-2, E-3, E-5, E-8, E-9 and E-11 in figure
2.2 are very interesting. The majority of these shape
adaptive grippers consist of a fin gripper structure
(A-7, A-8, B-5, C-2, C-3, C-11, D-7, E-2, E-3, E-5, E-
9 and E-11). The working principle of these fins have
been explained within the academic literature anal-
ysis paragraph. All these patented adaptive fin grip-
pers consist of contact force shape adaptation. Com-
pared to literature, non of the patents consists of fins
with force or displacement input to pre-curve the fin
structure and therefore reach underneath the object.

A different contact force shape adaptive mecha-
nism is shown at C-6. The special internal cross links
created a shape adaptive structure which forces the
tips of the gripper to reach underneath the object. To
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this extent, several uniform membrane shape adap-
tation mechanisms can be noticed: B-6, D-9 and D-
10. The membrane uniformly deforms around the
outer contours due to the normal contact forces of
the object onto the membrane. This could be useful
for a potential chicory gripper design for which large
contact areas reduce surface pressure on the object,
resulting in non-damaged chicories.

Looking at actuation mechanisms, A-5, A-10 A-
11, B-2, B-3, B-7, B-8, B-9, B-11, C-9, D-1 and D-6
are interesting. These mechanisms translate input
rotation or translation into grasping motion. The
same limitation for these mechanisms holds as for
the grippers found in literature: sufficient life time
of the hinges is essential. To this extent, the hinges
in grippers A-11, B-11 and D-1 look sufficient ro-
bust. Patent descriptions do not elaborate on the

performance of the gripper unfortunately. During
the detailing and prototyping phase, robustness will
be evaluated on the gripper designs.

Gripping based on friction forces only is not pre-
ferred. To this extent, gripper mechanisms D-1 and
D-3 are promising due to the movement of the finger
tips. In both designs, the tips of the grippers follow
a trajectory which first touches the object from un-
derneath. This would be beneficial to avoid normal
forces on the chicory.

Because the grippers in this paragraph are
patented, limitations of implementing certain
mechanisms in a chicory gripper mechanism are
present. Sales related actions with these specific
gripper components are not allowed. Using them as
inspiration to boost creativity in a design process is
permitted though.

Table 2.1: EPO compliant gripper classification structure. The first column represents the classification symbol and number (provided
by EPO) for easy access and search within the compliant gripper database. The second column presents the description of the corre-
sponding classification symbol.

Classification symbol: Title and description:
B Performing operations; transporting,
B25 Hand tools; portable power-driven tools; manipulators
B25J Manipulators; chambers provided with manipulation devices
B25J15/00 Gripping heads
B25J15/12 With flexible finger members
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Figure 2.1: Literature overview of interesting compliant grippers, form left to right, top to bottom [3, 7, 8, 10, 12, 14, 17–20, 24, 26, 30, 31,
33, 34, 41, 45, 46, 49, 50, 58, 62–65, 76, 79, 86, 87]. The roman numerals represent the y axis of this figure grid and the letters represent the
x axis of the figure grid. A combination of x and y coordinates refers to a single gripper picture within the figure (for example: A-I refers
to the left top gripper picture of [3]). The coordinate system is used to refer to a specific gripper picture within this chapter. This figure
represents academic literature only and is indicated by roman numerals on the y axis.
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Figure 2.2: Patents overview of interesting compliant grippers from left to right, top to bottom: [59], [77], [80], [84], [83], [52], [47], [25],
[15], [51], [6], [32], [85], [82], [67], [68], [37], [38], [61], [48], [23], [27], [28], [39], [57], [73], [5], [36], [53], [21], [81], [55], [56], [29], [22], [40],
[2], [4], [75], [54], [60], [75], [16], [74], [13], [43], [72], [1], [11], [42], [69], [70], [44], [35] and [71] within B25J15/12/ patent classification. The
numbers represent the y axis of this figure grid and the letters represent the x axis of the figure grid. A combination of x and y coordinates
refers to a single gripper picture within the figure (for example: A-1 refers to the left top gripper picture of [59]). The coordinate system
is used to refer to a specific gripper picture within this chapter. This figure represents patent literature only and is indicated by regular
numbers on the y axis to deviate form the academic literature of figure 2.1
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2.3 Conclusions
Among the grippers extracted from current aca-
demic literature and patents, several core working
principles are noticed. Compliant grippers deform
due to rotation input, displacement input and/or
contact forces of the object onto the finger mech-
anism (disregarding exotic mechanisms as mag-
netism and shape memory alloy grippers). Rotation
and displacement inputs are also combined with
contact force deformation as visualised in figure 2.3.
Looking at rotation and displacement inputs, move-
ment conversion form rotation into translation or
vice versa is caused by the compliant mechanism.

The contact deformation can be subdivided in
uniform shape adaptation and hinged shape adapta-
tion. Uniform bending structures can be seen as one
part without specific hinging locations which bend
entirely. Hinged structures do have clear hinges,
usually indicated by material thickness reduction or
classical rigid hinges (figure 2.3). Uniform shape
adaptation can be separated in membrane shape
adaptive grippers and fin adaptive gripper. The dif-
ference between these is the presents of crossbars in
the fin structure. Membrane structures are only sup-
ported at the begin and end of the membrane.

Investigating the stain energy (U) stored in a
hinge or uniformly bending beam shows a clear dif-

ference.

U = M 2L

2E I
= 6M 2L

Ebh3 (2.1)

with I = bh3

12 for rectangular cross-sectional
beams. Hinges are typically thinner (h) and smaller
(L) compared to the surrounding rigid bodies.
Therefore, strain energy (U) stored in a hinge is gen-
erally less compared to a uniformly bended beam
due to the larger length (L) and larger cross-sectional
height (h). Therefore, uniform beam bending is
probably more suitable to withstand relatively high
acceleration forces of the object onto the gripper.

Important considerations are the robustness of
hinges within the design. The hinges are typical
weak spots for compliant mechanisms. Using tough
and ductile materials within the entire design and
especially within the hinges is essential for decent
lifetime expectations. Speaking about materials, [20]
uses extremely flexible and tough material for the fin
structure. This material is called Ninjaflex and can
be 3D printed. Due to the use of a 3D printer, signif-
icant form freedom is created. In addition, stiffness
variations of this material are available. This mate-
rial needs to be taken in serious consideration for the
design process.

Figure 2.3: Adaptive compliant gripper deformation mechanisms principles scheme as a systematic categorisation of compliant grippers.
Grippers can consist of rotation input or displacement input. Both can be combined with contact force deformation. The contact
deformed grippers can be subdivided in uniform bending shape adaptation grippers or hinged shape adaptation grippers. These two
sub groups can be subdivided in membrane deformation or fin deformation and elastic hinged or rigid hinged respectively. The arrows
in red indicate the motion of the input, blue indicates the contact forces and yellow indicates the fixation point. Image references:
[24],[11],[29],[33],[27],[7],[8] and [74]
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Design requirements

3.1 Object
The length of the chicory is varying from 90 mm – 200
mm. According to the length variation, a diameter
variation of 30 mm – 60 mm is present. The gripper
needs to be able to grip and hold the chicory of all
size variation combinations. The weight depends on
the size obviously. Therefore, the gripper needs to be
able to grip and hold chicory of 40 gram – 300 gram,
excluding the acceleration forces. The orientation of
the chicory refers to figure 3.1.

Figure 3.1: Coordinate system of the chicory. X axis corresponds
to length or depth, y axis corresponds to width and z axis corre-
sponds to height of the chicory.

3.2 Robot handling
The FlexPicker robot (ABB IRB 360-6/1600) is gen-
erally used in industry to perform pick and place
actions of a variety of objects. This robot type is
the industrial standard for fruit and vegetable sort-
ing as well. This specific robot variant can be loaded
up to 6 kg, but is preferably loaded as light as pos-
sible to increase the translation speed of the robot
head. The linear acceleration of the robot reaches up

to 9 times gravitational acceleration. This accelera-
tion depends on the loading due to the weight of the
object and the gripper. A heavy robot head moves
slower than a light weight robot head due to inertia.
The working range of the robot is defined in figure
3.2.

A fast sorting process is needed to make the sort-
ing machine profitable. This affects the pick and
place cycle time. A maximum cycle time of 1.3 sec-
onds on average, including: picking, placing and re-
turning to the home position is required depending
on the pick and place location. Longer travel dis-
tances require longer cycle times obviously. The cy-
cle times are achieved by loading the robot up to
a maximum of 2 kg containing gripper and object.
These requirements result in an estimated gripping
and release time of 0.3 seconds each.

Figure 3.2: FlexPicker Robot work space according to [9]. The
robot head can move max. 1600 mm in horizontal direction with
a corresponding max. vertical movement of 300 mm. The max.
gripper height is therefore 300 mm to reach within the full hori-
zontal work space of the robot.

The working space defines the maximum height
of the gripper. To ensure that the gripper is able to
reach within the full working space of the robot, a
maximum height of 300 mm, including an attached

9
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chicory, is required. Not only the working space re-
quires a gripper height limitation, also the transport-
ing crates in which the chicories are placed are in-
volved in this height restriction. Due to the working
space limits, the robot head, including the gripper,
needs to be able pass over the edge of the transport-
ing crate without collision. With a maximum gripper
height of 300 mm, collision can be avoided.

To be able to mount the gripper onto the robot,
two M6 bolts separated 40 mm (centre to centre)
need to be present. The bolts are screwed into the
robot mounting head. Speaking of actuation facili-
ties at the robot head, compressed air, vacuum and
electricity are present.

3.3 Design space

The first phase of the gripping cycle requires picking
the widely separated chicory from the flat-belt con-
veyor (figure 3.3). The second phase of holding the
object during translation provides no additional re-
quirements for the design space. The third phase of
placing the object requires the gripper-robot combi-
nation to be able to place the chicory side by side
without damage, with a maximum spacing of 10 mm
(figure 3.4). A small drop of the chicory during place-
ment on the supporting drop surface is preferably
avoided. An additional task contains releasing the
chicory into a transportation crate, side by side and
on top of each other with the same side by side spac-
ing of 10 mm (figure 3.5). No further explicit dimen-
sional restrictions are present, disregarding the pre-
viously discussed gripper height.

Figure 3.3: Flat surface pick and place locations. On the right: pick
up configuration were chicory is separated over 10 cm from each
other. The place location is on the left were the chicory is placed
side by side on a flowpack containing three chicories separated 10
mm max.

Figure 3.4: Side by side placing of chicories in close up with a max.
separation distance of 10 mm after placement.

Figure 3.5: Side by side positioned and stacked chicory in a trans-
portation crate. This crate is carried by the output conveyor belt
of figure 1.1.

3.4 Food grade
Because the gripper is in direct contact with the
chicory during handling, food grade product regu-
lations are obtained. Therefore, non-food additives
for lubrication or friction are prohibited. To avoid
poisoning chicory consumers with gripper mate-
rial transferred onto the chicory surface, a migra-
tion limit of 60 mg /kg food or 10 mg /dm2 food is
required (according to [66]). This requirement in-
cludes a food grade contact material of the gripper.
In addition, the gripper design needs to be thor-
oughly cleanable and maintainable to avoid cross
contact contamination of different product batches.

3.5 Performance metrics
To account for acceleration forces of the chicory onto
the gripper, several force performance experiments
can be done. The acceleration acts in three direc-
tions x,y and z, or a combination. Z-directional ac-
celeration corresponds with the vertical direction, x-
direction along the length of the chicory, and y- di-
rection corresponds to the width direction (figure
3.1). The 9G acceleration applied onto the chicory
results in a maximum of Fr es = 0.3kg ∗9∗G = 26.5N .
To check for this requirement, an easy experiment
with a 2.7 kg gravitational payload in x,y and z direc-
tion on the object can be performed. Loading in z
direction is essential to be able to hold the chicory
during lift off. To translocate the chicory, the grip-
per needs to be able to withstand the 2.7 kg load in
ether x or y direction. Because the robot is able to ro-
tate the gripper around the z axis, x directional dis-
placements can be converted in y direction and vice
versa. So, ether x or y directional loading in combi-
nation with z directional loading is sufficient for the
force requirement of the gripper. Ideally, the gripper
can hold the load in x,y and z direction. In addition,
the gripper needs to hold the loading conditions for
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a cycle time of 1.3 seconds minimal.
To test for robustness of gripping variable ori-

entated objects of varying weights and dimensions,
a series of picking and release actions needs to be
performed. Because the gripper is not always po-
sitioned ideally, small position perturbations of the
chicory need to be compensated by the gripper as
well. These position perturbations can be in terms
of object rotations (around z axis) and translations in
xy plane, or in gripper positioning height in z direc-
tion. An allowable gripping failure rate is therefore
set to 1:1000.

To be able to make the gripper implementable
for industrial purposes, an endurance test needs to
be done. The endurance is a tradeoff between retail
price and life time of the gripper. Expensive indus-
trial grippers (thousands of euros) are admissible but
have to survive duty for years. In contrast to cheap
suction cup replacements of several euros which are
allowed to withstand duty in terms of days. A metric
for the endurance is therefore expressed in cost per
sorting action. Manual sorting can be done with 30
chicories every minute maximum, resulting in 1800
chicories per hour, divided by a €30/hour employee
salary cost, results in approximately €0.016 cost per
manual sorting action. The harvesting period of
chicory reaches from the beginning of October to the
end of November. These two months contains 320
working hours. Within these 320 working hours, al-

most 1 million sorting actions can be performed by
the robot based on a 1.2 second cycle time. In terms
of salary costs, sorting 1 million chicories manually
would cost around €16.660. To be able to return in-
vestment costs of the entire robotic sorting machine
by the farmer, an estimated gripper purchase price
is set to 10% of the employee costs. Therefore, an al-
lowable price for a gripper which is able to perform
1 million gripping actions is estimated on 1666 euro.
Because acceptable gripper price depends on the life
time, every gripping action (pick up and drop off) re-
quires a maximum depreciation of 0.001666 euro on
the gripper purchase price. So for example, by suc-
cessfully performing an endurance test of 500,000
gripping repetitions, a gripper retail price of 833 euro
is viable.

3.6 Checklist

Table 3.1 provides an overview of all requirements
discussed in this chapter. The requirements are
grouped to be able to evaluate the requirements sys-
tematically. A potential gripper is not ready for in-
dustrial application if one of the requirements is not
reached. A prototype version of the gripper leaves
margin for improvement on the requirements if the
limitations of the prototype are certainly resolved by
the final gripper end product. In this case, additional
argumentation will be required.

Table 3.1: Measurable gripper requirements numbered and subdivided in categories.

Requirement: No. Description
Object 1 Gripper is able to grip chicories with length variation 90 mm - 200 mm.

2 Gripper is able to grip chicories with diameter variation 30 mm - 60 mm.
Forces 3 Gripper is able to grip chicory weight variations 40 gram - 300 gram.

4 Gripper withstands 26.5N of acceleration force in x or y and z direction for 1.3 seconds.
Damage 5 Gripper is able to grip the chicory without contact surface pressure damage.

6 Gripper is able to grip the chicory without cutting edges.
Robustness 7 Gripper as a pick up or release failure less than or equal to 0.1%.

8 Gripper withstand a maximum depreciation of 0.001666 euro per gripping cycle on the gripper retail price.
Speed 9 Gripper has a pick up and release time less or equal to 0.3 seconds each.
Pick up and drop off 10 Gripper is able to pick up chicories on flat surfaces.

11 Gripper is able to place chicory side by side on a flat surface.
12 Gripper is able to place chicory side by side in crates.

Design space 13 Gripper is mountable on the robot head.
14 Gripper has a weight equal to or less than 1.7 kg.
15 Gripper has a height equal to or less than 300 mm.

Food grade 16 Gripper is able to perform without non-food additives
17 Gripper has a migration limit less than 60 mg /kg or 10 mg /dm2

18 Gripper is thoroughly cleanable
19 Gripper is thoroughly maintainable





4
Concept design

4.1 Idea generation
4.1.1 Morphological chart
The ideation phase started with generating ideas.
During this phase wrong or bad ideas do not ex-
ist. A useful tool to generate principal solutions for
the gripping problem is the morphological chart.
With this chart, an analytical and systematic over-
all function sub deviation is provided. This function
sub deviation serves as starting point for the con-
cept drawings. Figure 4.1 shows the morphological
chart which is used to gather ideas. On the vertical
direction, all relevant sub-functions for the gripper
problem are specified. Horizontal direction shows
all possible solutions for that specific sub problem
suggested by (patent) literature. The first important
function is to be able to reach underneath the object
to avoid unnecessary normal forces on the side of the
object. This can be done by regular fin curvatures,
tilted crossbar fin curvature, flexible hinging tips,
rigid tips or sliding tips according to existing litera-
ture. The next important aspect of the gripper prob-
lem is the force and shape adaptation behaviour. Ac-
cording to current literature, this can be solved by
six possible solutions: contact deforming fins, 3D
varying contact deformation structures, prescribed
form deformation, complex energy absorption, nor-
mal force membranes and guided membranes. The
actuation mechanism for a compliant gripper con-
sists of uniform beam bending, hinge bending or a
combination of both. To this extent, the actuation
input can be varied among these actuation mecha-
nisms. Therefore, actuation input can be specified as
linear displacement input, rotational input, pressure
input, magnetism input or heat input. By connecting
principle solutions for the essential sub problems,
a general solution for the gripping problem can be
formed.

General remarks according to this morpholog-
ical chart: the heat actuation input is not suit-

able for a compliant mechanism in this applica-
tion. Operational speed of the heat actuation is to
slow currently. Therefore, the heat actuation symbol
has been crossed. A different remark refers to the
striped circles which indicate three additional fea-
tures which can be included in all concepts to im-
prove the gripping behaviour. The 3D varying con-
tact structure for example can be extended along the
length (x direction) of the chicory to adapt the grip-
ing force to the specific local damage resistance re-
quirements of the chicory. To this extent, the energy
absorbing structure can also be used in all potential
concepts to influence contact forces or gripper stiff-
ness. Slightly different, but probable still applicable
to some of the concepts, pressure input into an in-
ternal hollow structure can be used to create a cer-
tain motion. This pressure input type can for exam-
ple be substituted with the conventional linear dis-
placement input.

The blue principal solution (figure 4.1) contains
a regular fin curvature with fin contact deforma-
tion, uniform bending and linear input displace-
ment. This combination is not very innovative and
is already widely used in industry by companies as
Festo for example. Creating concepts based on a reg-
ular fin gripping working principle creates better un-
derstanding of current gripping solutions. Gripper
concept 1 will be based on this blue principal solu-
tion.

The bright green principal solution consists of
a fin with tilted crossbars to reach underneath the
product, combined with a prescribed form defor-
mation, uniform beam bending and linear displace-
ment. Gripper concepts 2 and 3 will make use of
these principle solutions combinations.

The Dark green combination is similar to the
bright green principal solution but deviates in prin-
ciple to position the tip underneath the object. This
dark green principle solution uses flexible hinging
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tips instead of tilted crossbar fins. Gripper concepts
4,5 and 6 are based on this combination of sub solu-
tions.

The orange idea cluster combines flexible hing-
ing tips with a prescribed form deformation via
hinge bending actuated by linear displacement.
Gripper concept 7 is based on this combination.

The red concept creation consists of rigid tips
combined with a guided membrane and uniform
beam bending mechanism, actuated by linear dis-
placement. Gripper concept 8 is based on this com-
bination.

Finally, the pink solution combination consists of
flexible hinging tips with a prescribed motion and a
hing bending structure which is activated by mag-
netism. This is similar to the orange idea combi-
nation except for the magnetism part. Concept 9 is
based on this pink idea combination.

The next step was to design a gripper mecha-
nism on paper and evaluate the performance of the
concepts by a FEM analysis using the ANSYS APDL
19.2 software. With this software a combination of
points in space can be linked together with an ele-
ment. These elements form the gripper mechanism.
By fixing specific nodes and applying forces on oth-

ers, a gripping motion can by simulated. The ele-
ments of the gripper bend according to the speci-
fied material properties. To be able to compare grip-
per concepts, material properties are equal. The E-
modules for all concepts has been set to 3 Gpa, as av-
erage plastic. Similarly, poisson’s ratio has been set to
0.3 for all concepts. Actuating the gripper concepts
in the simulation is done by a force or moment in-
put up until the gripper was closed entirely if this was
possible. The first task was to create a decent motion
of the tip to reach underneath the object. This ob-
jective can be measured by evaluating the angle be-
tween the the inside of the gripper tips and the hor-
izontal x-axis (for example, element 6-9 of concept
1 in the left top image of figure 4.2 after actuation
as shown in the top right image of figure 4.2). The
second task was to handle the object gentle without
damage. This part will be addressed as soon as the
tip movement mechanism is selected. This order of
design priority within the compliant gripper was de-
liberately chosen. Simply because damage and form
adaptation are useless when the gripper is unable to
pick the object properly. Nevertheless, handling and
picking mechanisms are equally important for the fi-
nal gripper design.

Figure 4.1: Morphological chart for compliant gripper idea generation based on current (patent) literature. The first column represents
the sub functions of the gripper problem. The other columns represent possible solutions for the sub functions. The colored dots
and lines represent a combination of sub solutions to potentially solve the entire gripping problem. Blue represents concepts 1, bright
green represents concepts 2 and 3, dark green represents concepts 4,5 and 6, orange represents concept 7, red represents concept 8 and
pink represents concept 9 of the concept drawings. The sub solution of heat input is crossed because the actuation speed is to slow. The
circled solutions of pressure, complex energy absorption and 3D contact deformation can be applied to all individual concept afterwards
to improve gripping performance.
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4.1.2 Concept drawings
The first concept drawing consist of a diamond
shaped compliant actuation mechanism (node 1 to
4 in figure 4.2). The node 4 of the diamond is fixed
and node 1 is displaced by an input force in nega-
tive z direction (corresponding to figure 3.1), as indi-
cated in figure 4.2. The fingers of the gripper are reg-
ular fin grippers with slightly precurved edges. The
cross bars within the fins are only for contact force
shape adaptation and do not contribute to the move-
ment of the tips. Therefore, the simulation is per-
formed without the crossbars. This reduced the pro-
gramming and computation effort. Due to the bend-
ing of the diamond shape, the two fingers rotate in-
ward. The precurved inside of the fingers generate
an empty space to hold the object. In terms of tip
movement (nodes 5 and 6) of the fingers, this con-
cept design is probably not reaching under the ob-

ject sufficiently according to the animated FEM sim-
ulation. The tips of the fingers are thicker than pre-
ferred and will cause a local contact pressure peak
on the object sides which results in damage. This
concept uses uniform beam bending to complete the
gripping motion. Compared to hinge bending, uni-
form beam bending requires more input energy to
deform. However, the advantage of uniform beam
bending refers to the holding strength of the gripper.
When the object is locked in the gripper, and an ac-
celeration force on the object is applied, a uniform
beam bended gripper is able to withstand higher
forces due to the higher strain energy stored. Thin
hinges require less force to oppose the obtained grip-
per closing direction. Therefore, it is assumable that
uniform beam bending is more suitable for this spe-
cific gripper problem due to the presents of high ac-
celeration forces generated by the sorting robot.

Figure 4.2: Gripper concept 1, design drawing (left) and FEM displacement estimation (right). The numbers in the drawing represent
nodes on which elements between the nodes are connected. Node 4 is fixed and node 1 is vertical displaced as indicated by the arrow.
The color gradient in the FEM model represents the relative displacements of the finite elements reaching from blue to red were blue
indicates small relative displacement and red large relative displacement.
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The second design drawing (figure 4.3) consists
of a fin structure as well. In this case, the cross-
bars in the fins are tilted and precurved. As expected
in the first design drawing, crossbars do not influ-
ence the tip movement without the presents of ob-
ject contact force. The shape of the actuation mech-
anism (nodes 1 to 8) is different as well. The relative
thicker and "undeformable" bridge (nodes 1 to 5) on
which the force is applied consists of five elements.
The two outermost elements (element 2-4 and 3-5)
of the bridge contain a bump which presses into the
fin structure on the top side. This force should im-
prove the precurved behaviour of the fins. The bump
in the design drawing has been modeled as a link

which presses on top of the fins, as shown in the top
right image of figure 4.3.

To validate the impact of this bump/extra link,
the exact same gripper without this extra link has
been simulated (left bottom of figure 4.3). When we
overlay the deformed results of the gripper with and
without extra link/bump (bottom right of figure 4.3),
the effect of reaching under the object is unexpect-
edly worse for the gripper with the extra link. This
insight indicates that the obtained principle of press-
ing on top of the fin structure is not contributing to
the aimed motion of the gripper tips to reach under-
neath the object.

Figure 4.3: Gripper concept 2 drawing (left top) with vertical input displacement indicated by the arrow and fixation at node 7. The to
right image shows a FEM analysis of concept 2 with additional links to replace the thickenings between node 2 and 4 and nodes 3 and
5 to be able to push on the middle of the element between nodes 4 and 6 and nodes 5 and 8 to enforce an extra curvature movement
of the tip. The image bottom left shows the same FEM analysis of the gripper without these additional links. The image bottom right
shows an overlay of the FEM models with and without extra link. The green FEM model represents the concept with additional link and
the gray FEM analysis represents the concept without additional link. The model without additional link reaches more underneath the
object than the model with additional link. The additional link is therefore not beneficial for the gripper performance. Again, colors of
the elements indicate relative displacement reaching from blue (small displacement) to red (large displacement).
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The third gripper concept differs fundamentally
from the first two concepts. The "undeformable"
bridge consists of three elements (node 1 to 4 in fig-
ure 4.4). In this case, the input force is applied on
top of the bridge in between node 1 and 2, and the
compliant mechanism is fixed at the center of the
gripper (node 5). This fixation and force applica-
tion location can be interchanged if this is prefer-
able. The relative displacement between node 6 and
nodes 1 and 2 matters for the actuation. Looking
beyond the actuation mechanism, each finger con-
sists of two sections: a compliant section (node 5 to
11) and a stiff tip section (node 8 to 13). The com-
plex linkage system of this compliant section gener-
ates the best performance so far in terms of reach-
ing underneath the object (right image of figure 4.4).

This compliant section uses two bar elements (node
6 to 9 and 6 to 10) which connect the fixation point
(node 6) and the rigid tip structure on the inside of
the gripper mouth (node 9 and 10). These two ele-
ments cause the rigid tips to rotate inwards during
actuation. This increases the performance of reach-
ing under the object. The elements between node
3-8 and 4-11 push the outside of the rigid tip down-
wards under the object. To be able to hold the ob-
ject without damage, both fingers enclose an empty
space in actuated state. Similar to concept 2, this
concept uses uniform beam bending for the actua-
tion mechanism. Therefore the holding force is ex-
pected to be higher compared to hinge bending as
previously explained.

Figure 4.4: Gripper concept 3 with the design drawing on the left with vertical input indicated by the arrow and fixation at node 6. The
FEM analysis on the right required a refined mesh to be able to compute the displacement of this concept. Colors of relative displacement
are therefore hardly visible. This concept reaches more under the object compared to concept 1 and 2. This is beneficial to the potential
gripper performance.
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Gripper concept 4, 5 and 6 have similar princi-
ples. Concept 4 consists of an three element bridge
(Nodes 1 to 3 in figure 4.5). The bridge is pushed
down in node 1 and the mechanism is fixed in node
7. The compliant mechanism consisting of elements
2-6, 4-9,7-10, 6-9-10 on the left side, and 3-8, 5-12,
7-11, 8-12-11 on the right side, deform according
to this force. Although the design drawing is not
only consisting of uniform beam bending, the cor-
responding FEM analysis is. The tips of this grip-
per are based on tilted crossbar fins as previously
described. The internal fin structure does not con-
tribute to the movement of the tip significantly. In
theory, this mechanism should push the tips under-

neath the object due to negative y directional force
on nodes 6, 8, 9, 12 and positive y directional pulling
forces on nodes 10 an 11. However, the FEM analy-
sis shows just small deformations. Even with relative
large forces, the mechanism is not rotating the tips
inwards. Due to the shape of the mechanism, clos-
ing the gripper entirely was not possible. Therefore,
the performance of this gripper is not expected to be
good enough for a prototype. Changing the design
parameters of the thicknesses of the beams did not
improve the performance of this design. Improve-
ments were made by adding a link between node 4-
7 and 5-7. This improved the performance slightly
(right image of figure 4.5).

Figure 4.5: Gripper concept 4 with the design drawing on the left were the arrow indicates vertical input displacement. The model is
fixed at node 7. The links between nodes 5 and 12 and nodes 4 and 9 should pull the tips of the gripper inwards. The FEM model on the
right shows the max. displacement possible without running into element degree of freedom (DOF) runaway errors. Potential gripper
performance is estimated to be limit for this model. Therefore, no further modeling effort is devoted to this model. Colors in the FEM
model represent relative displacement reaching from blue (small displacement) to red (large displacement).
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Concept 5 (figure 4.6) is similar to concept 4
but elements 4-9 and 5-12 of concept 4 have been
changed to elements 2-4 and 3-4 of concept 5 respec-
tively. The force location and fixation nodes are sim-
ilar to concept 4. After applying force on the mech-
anism, the gripper closed entirely. The deformation
of linkages 2-4 and 3-4 contributed mainly to the tip
movement of concept 5 (right image of figure 4.6).
Comparing this to the performance of gripper con-
cept 3, gripper 5 does not reach under the object suf-
ficiently.

By modifying the orientation of linkages 5-7 and
6-8 in gripper 5 to linkages 7-8 and 9-10 in concept
6, using thinner beams for elements 2-5 and 3-6 and
adding new elements 4-5 and 4-6, concept 6 was cre-

ated. Due to the changes, concept 6 has a larger
empty space to hold the object compared to con-
cept 5. Even the ability to reach under the object im-
proved slightly as determined by comparing the an-
gels between element 7-9 in concept 5 and element
8-11 in concept 6 with corresponding x-axis at closed
state. To this extent, horizontal orientation (in pas-
sive state) of elements 7-8 and 9-10 in gripper 6 and
elements 8-9 and 10-11 in gripper 3 contributes pos-
itively to the performance of reaching under the ob-
ject. In this concept phase, a qualitative evaluation
of this performance insight is not relevant yet. The
effect of individual elements will be focused on in the
improved concept design section.

Figure 4.6: Gripper concept 5 with design drawing on the left with a fixation at node 4 and a vertical input at node 1. The FEM model on
the right shows the displacement of the elements with the relative displacement of the elements indicated by the color scale reaching
from blue (small displacement) to red (large displacement)

Figure 4.7: Gripper concept 6 which is similar to concept 5 with a different input compliant mechanism. Concept 5 contains a diamond
shaped input mechanism and this model of concept 6 shows a variation on the mechanism. Node 4 is fixed and node 1 is vertically
displaced as indicated by the arrow. The FEM model on the right shows the gripper deformation and the color scale indicates the relative
displacement of the elements reaching from blue (small displacement) to red (large displacement).
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Concept 7 uses the same diamond shaped actu-
ation mechanism as gripper 6, but is elaborated with
several additional elements in the top section of the
compliant finger mechanism. The fingers consist of
two parts, a top part (nodes 2-6-9-12 and 3-7-10-
13 of figure 4.8) and a bottom part (nodes 8-9-12-14
and 10-11-13-16). The bottom part acts as a regu-
lar fin and the top part extents the working principle
of the compliant diamond shaped actuation mech-
anism (nodes 1 to 3 and 6 to 7). The main focus of
this concept is gaining insight in the influence of the
crossing elements 4-12, 6-9, 5-13 and 7-10. These
crossed elements are not linked together on the in-
tersection. In practice, this should be designed as
two linkages behind each other. In fist instance, the
FEM model was identical to the concept drawing. Af-

ter the first simulation run, the essential presents of
linkages 2-8 and 3-11 was discovered. These have
been added to the FEM analysis gripper design of
concept 7 (right image of figure 4.8).

In theory, elements 4-12 and 5-13 should rotate
the tips of the fingers inward by pulling the inside
of the tips upwards. In combination with the force
of elements 7-10 and 6-9 applied on the outside of
the tips should result in a rotation of the tips under-
neath the object. In practice, this appears to be par-
tially true according to the right image of figure 4.8.
Comparing the performance of gripper 7 to gripper 6
and/or gripper 3 shows an insufficient tip rotation of
concept 7. In addition, the impracticality of the over-
lapping linkages resulted in low performance expec-
tation of this concept.

Figure 4.8: Gripper concept 7 with concept drawing on the left were nodes 4,5,6 and 7 are fixed on displacement but not on rotation.
Node 1 is vertically displaced as indicated by the arrow. The links between nodes 5 and 13, nodes 7 and 10, nodes 4 and 12 and nodes 6
and 9 are designed to turn the tips of the gripper inward during actuation. The FEM analysis shows the displacement of the gripper with
a colorized relative displacement indication scale from blue (small displacement) to red (large displacement).
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Gripper concept 8 (figure 4.9) made use of the
membrane concept. By enclosing the object with
a relative "undeformable" structure (elements 5-10
and 9-11) and the deformation of the membranes
(elements 7-10 and 8-11) according to the shape of
the object, a shape adaptive normal force grip is
formed. This concept used flexible hinges (elements
3-7, 3-8, 4-6 and 5-9) to establish the rotation of the
fingers. These hinges need to be tuned to be able to
hold the object in all required conditions. Thicker
hinges require more input force, but are able to with-
stand higher acceleration forces.

Looking at the movement of the finger tips is less
relevant for this gripper concept because the grip is

based on a normal force grip on the sides of the ob-
ject instead of load carrying normal forces from un-
derneath the object. By applying force on node 3 and
fixing element 1-2, the fingers start to rotate inwards.
The fixation and force input location can be inter-
changed. Due to the normal contact forces on the
sides of the object, the membranes start to deform.
This deformation is adaptive to the outer contours
of the object. By tuning the thickness and the pre-
tension of the membranes, a contact force threshold
can be set. In addition, a thickness variation over the
length of the membrane can be created to suit dam-
age criteria for all sizes of objects.

Figure 4.9: Gripper concept 8 with a contact deforming membrane to maximize contact surface to reduce object damage. The arrow
indicates the vertical displacement input of node 3. Nodes 1 and 2 are fixed. The right image shows the FEM model of the gripper
deformation. The color scale indicates the relative displacement of the elements reaching from blue (small displacement) to red (large
displacement).
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In gripper concept 9 (figure 4.10), tip rotation dif-
fers fundamentally form the other concepts. This
concepts uses magnetic forces to rotate the tips. The
fixation and force input locations are similar to the
previous concepts. Therefore, the actuation mech-
anism reduces the relative distance between the fix-
ation and force input location. This input force re-
sulted in a pinching motion of the finger tips. The
next step was to rotate the finger tips inwards by ex-
erting a magnetic repulsive force from the top sec-
tion of the fingers (element 3-6-8-9 and 5-7-10-11)
onto the lower tip section (elements 8-9-12 and 10-
11-13). In the FEM simulation of figure 4.10, this
is modeled as a moment input at nodes 9 and 10.
The moments enforced the tips to rotate inwards.
The magnetic force is illustrated with dashed lines
around nodes 8, 9, 19 and 11. The timing between
the displacement and magnetic input actuations is
essential to ovoid collision of the fingers. Integra-
tion of the magnetic mechanism involves complex
electrical wire guidance to the tips to power the elec-
tric magnets. Due to recent innovations among con-
ductive 3D printable filaments, the power supply to

the magnets can be facilitated by the structure itself.
In addition, introducing magnetism into the gripper
contributes to the complexity of assembling the grip-
per. To this extent, tuning the magnetic repulsive
force will be a challenge.

4.1.3 Concept selection

Concepts 3 and 8 are most promising in terms of
tip movement and shape adaptation respectively.
Therefore, these two concepts will be analysed in de-
tail on stiffness and shape adaptation. Concept 3
provides sufficient tip movement and concept 8 pro-
vides decent membrane shape adaptation. The force
requirement of 26.5N in x,y and z direction is chal-
lenging for concept 8 due to the thin hinges which
cause the tip motion. Combining the movement of
the tip of concept 3 with the membranes of concept
8, creates a combination which potentially holds the
force requirements and reduces normal forces on the
object due to reaching under the object in the pick
up phase and distributing the surface pressure dur-
ing the holding phase.

Figure 4.10: Gripper concept 9 with the concept drawing on the left and the FEM model on the right. The model is fixed in nodes 1
and 2 and displaced in node 4 as indicated by the arrow. To rotate the finger tips inward, repelling magnets are placed in nodes 8, 9,
10 and 11. The color scale of the FEM model illustrates relative displacements of the elements indicated by a gradient from blue (small
displacement) to red (large displacement).
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4.2 Improved concept design

4.2.1 Stiffness analysis
To create a better understanding of the working prin-
ciple of gripper concept 3, a first prototype has been
3D-printed (figure 4.12). The material used for this
first print is called semi-flex TPU, which is elastic
and ductile. The specific brand name of the material
used is "NinjaTek Cheetah". The material properties
of this TPU are presented in table 4.2.1.

Table 4.1: TPU material properties

Material property: Value:
Yield strength 9 Mpa
Yield strain 0.55
E modules 16.4 Mpa

A similar 3d printable material was used in [20].
By applying forces on the prototype (right picture of
figure 4.12), linkages 10-19, 19-24, 4-12 and 12-17
(see figure 4.11) had to be made stronger to increase
the chance of holding the required loading of 26,5 N.

This force requirement holds for a roughly estimated
linkages thickness of 3 mm for linkages 10-19, 19-
24, 4-12 and 12-17 with a total gripper depth of 110
mm (figure 4.14). The acceleration force of the object
is modeled on the tips distributed along the depth
of the gripper as visualised in figure 4.14. With the
roughly estimated stiffness adjustments, the small-
est object (30 mm in diameter) and larges object (60
mm in diameter) will be capt inside the gripper (fig-
ure 4.13 and 4.13). In this case, the smallest ob-
ject is loaded with the highest acceleration forces re-
quired for the gripper, even though these maximum
forces correspond to the largest objects with larger
mass. This principle of maximum loading in combi-
nation with the smallest object diameter represents
the most extreme theoretical loading situation possi-
ble (figure 4.13). Current gripper design which holds
the force requirement is set as initial reference for the
performance of this gripper concept on which opti-
mizations need to be done.

Figure 4.11: Nodes of gripper concept 3 with corresponding connecting links used to model the gripper in ANSYS.
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The next step was to investigate the contribution
of each link within the gripper. To this extend, link-
ages 1-2-3-4-10, 10-19 and 4-12 (figure 4.11) will be
kept constant because these links are the main load
carrying elements. Adjusting these essential links
will inevitably result in failure on the force require-
ments. Meanwhile, the linkages presented in table
4.2 can potentially be removed, made stiffer or more
compliant. These effects will be compared to the
current gripper performance by a visual overlay in
actuated state with and without object acceleration
forces. The stiffening effect will be gained by increas-
ing the element height to 5 mm. The compliance ef-
fect will be modeled by reducing the element height
to 1 mm to be able to see the effect on the displace-
ment of the gripper (figure 4.15).

The stiffness adjustment variations investigated
in figure 4.15 have been visually evaluated by com-
paring the adjusted configuration with the reference
(background blend in). The contribution of the ad-
justments of the actuation state (first column of fig-
ure 4.15) is evaluated on tip movement only. Posi-
tive effects on the ability to reach under the object

have been indicated by a + sign, negative effects by a
- sign and neutral effects by a 0 sign. The vertical and
horizontal loading is evaluated based on finger dis-
placement by comparing the adjusted configuration
with the reference. A less deformed or bended fin-
ger is evaluated as positive contribution and a larger
deformation as negative. Again, 0 indicates a neutral
effect on the displacement. An overall positive effect
of the proposed adjustment is reached when no neg-
ative counter effects are present. For example, the
removal of element 9-18 and 5-11 results in a posi-
tive contribution only. Also stiffening element 9-10
and 4-5 serves a positive contribution on the grip-
per performance only. In contrast to the compliance
of line 8-9 and 5-6, which result in positive effects
in vertical loading but a negative counter effect on
the horizontal loading. Therefore, this adjustment is
not preferable. The proposed positive contributing
adjustments have been updated to the design model
and the overall configuration have been stiffened un-
til horizontal en vertical loading requirements were
reached. This overview of the effect of each link can
be used in the iterative design process as well.

Figure 4.12: 3D printed 5 mm thick slice concept 3, in rest state (left), actuated state (middle) and deformed state by horizontal and
vertical acceleration forces (right).

Figure 4.13: Gripper concept 3 holding large object in static conditions (left), holding small object in static conditions (middle), holding
small object with max. acceleration forces in vertical direction (right). The color range indicates the displacement of the elements in
meters.



4.2. Improved concept design 25

Figure 4.14: 3D view of gripper modeling in ANSYS with 110 mm gripper depth (left) and acceleration force of the object onto the gripper
tips (red arrows) at the right image. After actuation of the gripper, the acceleration forces will be applied to simulate the acceleration of
the robot head and translation of the chicory.

Table 4.2: Overview of linkage to be analyses on affecting the grip-
per performance by removing, stiffening or making the individual
link more compliant.

Linkage removal: Linkage stiffness: Linkage compliance:
10-18 & 4-11 8-9 & 5-6 8-9 & 5-6
9-18 & 5-11 9-10 & 5-4 9-10 & 5-4
8-18 & 6-11
19-18 & 11-12
19-20 & 12-13
19-21 & 12-14
19-22 & 12-15

4.2.2 Shape adaptation
By investigating the shape adaptation of concept 3, a
lag of performance for small objects is visible (figure
4.13). When the robot translates a small chicory, with
current gripper design, the chicory is able to move
freely within the gripper claw. This is an unwanted
effect regarding damage avoidance. However, the
gripper does perform shape adaptation on larger ob-
jects, figure 4.13. To extend this shape adaptation ef-
fect towards the smaller objects several membrane
layouts have been investigated. Starting with grip-
per concept 3.2 (figure 4.16) which has a membrane
(elements 7-36-35-34-33-32-31-24 and elements 7-
56-55-54-53-52-51-17 in figure B.1) with supporting
cross-bars. After 3d printing this concept as 5 mm
thick slice, a manual actuation have been performed
by fixing elements 6-7-8 and displacing elements
1-2-3 towards element 7. This resulted in a grip-
per motion as predicted by previous similar grip-
per simulations. However, both membranes touched
each other and resulted in asymmetry of the grip-
per displacement. This is unwanted for pinpointed
place action of the chicory by the robot. In addition,
the cross-bar connecting nodes of the membranes

(nodes 31 to 36 and 51 to 56 of figure B.1) result in
high local contact pressures on the object. This will
result in damaging the chicory. Therefore, this mem-
brane configuration is not further developed.

The next shape adaptive membrane variation is
visualised in figure 4.17. This concept is called grip-
per concept 3.3 and features two curved membranes.
The gripper configuration has been evaluated sim-
ilarly to to gripper 3.2. Actually, the same limita-
tions occur in this design: membrane interference
and high local pressure on the object at nodes 16
and 23 of gripper 3.3 (see figure 4.11 respectively).
This membrane is therefore also not suitable for the
chicory gripper.

The next setup is called gripper 3.4 (figure 4.18).
The straight membranes are similar to the mem-
branes of gripper concept 8 (figure 4.9). The over-
all performance of this gripper configuration looks
promising. A 5 mm thick slice of this configuration
has been 3d printed as well and is evaluated similar
to the other membrane setups. This membrane con-
figuration does not interfere and does not have any
high local pressure points. However, the membrane
is not completely tensioned in actuated state. This
could result in free movement of small objects within
the gripper. To tension the membranes in actuated
state, linkage 19-24 and 12-17 have been made more
compliant. Therefore, the membranes will be ten-
sioned due to the contact force of the tips, touching
each other. The contact force results in a bending
movement of elements 19-24 and 12-17. The bend-
ing direction increases the relative distance between
node 7 and both finger tips, nodes 17 and 24 (figure
4.19). With this new working membrane configura-
tion, a first prove of concept can be build.



26 4. Concept design

Figure 4.15: Contribution of each individual linkages of gripper concept 3. The first column contains the obtained analysis, the second
column shows the actuated state of this obtained analysis action. Column three and four show the actuated state with vertical loading
the gripper tips and the actuated state with horizontal loading conditions respectively. The first row of simulations is the reference.
No changes are applied to the model in this reference. By a visual overlay over the reference model, the clear deformation effect of
each change in the design can be seen. Changes with positive contribution to the gripper design are indicated by a + sign. Negative
contributions are indicated by - sign and neutral contributions by a 0 sign.
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Figure 4.16: Gripper concept 3.2 with shape adaptation mem-
branes containing interconnecting links which resulted in local
pressure peaks at the object contact surface.

Figure 4.17: Gripper concept 3.3 with preformed arc shaped mem-
branes. After actuation, membrane interference of both sides
of the gripper resulted in inconsistent gripper actuation which
causes inaccurate object placement.

Figure 4.18: Gripper concept 3.4 with line membranes. These
membranes are working without complains and will be further
developed.

Figure 4.19: 3d printed slice of gripper concept 3.4, top: rest state,
center: actuated state with non-tensioned membranes, bottom:
actuated state with tensioned membranes.
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5.1 Proof of concept

With the use of the 3d printed slices, the impor-
tance of the fixation point of the compliant mecha-
nism was discovered. To this extent, the relative dis-
tance between node 2 and 7 is crucial for the grip-
ping movement. When node 2 is fixed and node 7
is moved upwards, the compliant mechanism is ac-
tuated correctly but the tips do not reach under the
object. Instead, the tips are touching the chicory
approximately half way of the height of the chicory.
Therefore, it is essential that node 7 (and 6 and 8)
are fixed, and node 2 is moved downwards (figure
4.11). These last mentioned initial conditions are vi-
sualised in figure 4.19.

The linear displacement input for the compliant
mechanism can be realized with several mechan-
ical components. For example, an electric motor
with lead screw, or linear pneumatic cylinder. A
lead screw is probably not fast enough and is rela-
tively heavy compared to an aluminium pneumatic
cylinder. Therefore, a pneumatic cylinder is used.
In first instance, the positioning of a single cylin-
der on the center line of the gripper was planned.
This setup would be similar to the manual actuated
3d printed slices and could be implemented accord-
ing to the design sketch in figure 5.1. The square
block represents the pneumatic cylinder in this case.
This setup would be easy to design and prototype.
However, when using a single cylinder, the fingers
on both sides of the gripper are actuated simultane-
ously. This is fine for the pick up phase, but leads to
problems in the drop off phase. When the chicories
have to be positioned side by side (figure 3.4), in-
dependent actuation of the gripper fingers is prefer-
able. In the drop off phase, one side of the grip-
per remains actuated, and the other side is released.
With this setup, chicories can be placed side by side,
without touching neighboring chicories. This de-

sign decision involves at least two pneumatic cylin-
ders for the actuation. A design sketch of one side
of this mechanism is shown in figure 5.2. The di-
amond shaped actuation mechanism is replaces by
the pneumatic cylinder. A stiff connection is de-
signed to attach the cylinder to the gripper mecha-
nism. It is not preferred that the the actuation mech-
anism bends due to the input force of the cylinder at
the connection point of the cylinder with the compli-
ant gripper. All energy should be transferred towards
the fingers of the gripper to establish the prescribed
deformation behaviour.

Figure 5.1: Schematic gripper drawing for a working prototype
with two sided actuation by a pressure cylinder (square block).
The mechanism is actuated by pushing the a piston down.

Figure 5.2: Front view drawing of gripper concept 3. This draw-
ing shows a potential setup for a working prototype. The gripper
is actuated by pressure cylinders (square blocks) and is fixed by a
screw in the middle. The gripper is actuated by pushing the pis-
tons of the cylinders down.

29
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According to the design sketch in figure 5.1 and
5.2, a SolidWorks assembly has been made, figure
5.3 and 5.4. This proof of concept prototype con-
sist of the gripper mechanism depicted in figure 4.19.
The compliant mechanism is mounted (fixed) on key
nodes 6,7 and 8 (figure 4.11). A bolt and pressure
plate combination keeps key nodes 6,7 and 8 fixed
in x, y and z direction. Both the gripper and the
solid gripper base (gray in figure 5.3) have been 3d
printed. To be able to screw the gripper on the base,
an insert for a M6 nut has been designed. By using
a metal nut, both parts can be assembled decently.
The pressure cylinders used in this proof of concept
are lightweight FESTO DSNUP-16-50-P-A cylinders.

Figure 5.3: 2D schematic view of proof of concept. The cylinder
housings are bolted to a base plate and the compliant gripper is
connected to the ends of the cylinder pistons. The compliant grip-
per part is fixed at the middle of the base plate by a screw. The
gripper is actuated by pushing the cylinders down.

Figure 5.4: 3D schematic view of the SolidWorks model of the
proof of concept.

The cylinders have a diameter of 16 mm and
produce 120 N in advancing direction and 104 N in
returning direction. This force difference for both
working directions can be traced back to the prin-
ciple of Pr essur e = For ce/Ar ea for which the re-
turning direction has less piston surface area due to
the presents of the sliding actuation pin. The AN-
SYS FEM model predicted a required actuation force
of just 10 N and a stroke length of 38 mm. This
small actuation force is calculated for a gripper with-
out object an without tensioned membranes (figure
4.19). For this proof of concept, complicated contact
force analysis for the force between the gripper tips
to tension the membrane is not necessary. The re-
quired force is strongly dependent on the object di-
ameter, resulting in different input forces to tension
the membranes. Therefore, it is important to have
over capacity on the cylinder output force. The Festo
DSNUP-16-50-P-A cylinders are sufficiently capable
for this actuation. Both cylinders have been screwed
onto the top of the base of the gripper by an M16
nut (figure 5.3). The piston end of the cylinders have
been screwed onto the actuation mechanism of the
compliant gripper to transfer the output force of the
cylinders into the actuation mechanism of the grip-
per. After 3d printing and assembling the parts, the
first real proof of concept prototype was created (fig-
ure 5.5).

Figure 5.5: Proof of concept finished build. After 3D printing the
solid and compliant parts, the model is assembled including the
pressure cylinders.
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Figure 5.6: Proof of concept gripper with video motion capture. The picture sequence has a chronological order from left to right, top
to bottom. Image 1 shows the starting position. Image 2 shows a half closed gripper. Image 3,4 and 5 show a fully closed gripper with
further tensioning membranes. Image 6,7 and 8 show the sliding behaviour of the object into the gripper mouth.

To test this proof of concept, both cylinders have
been connected to an air compressor and a manual
valve via tubes. The manual valve reverses the air-
flow into the cylinders by flipping the switch. There-
fore, a basic test of the pick up and drop of phase
could be performed. Both actions look sufficient as
visualized in figure 5.6. During the pick up phase,
both fingers reached under the object and lifted the
object. When the tips of the fingers were closing,
the membranes tensioned which caused the object
to slide upwards into the gripper. This can be a pos-
itive or negative side effect for the damage aversion.
This have to be investigated with a full size proto-
type, which is able to grip a reach chicory. The ob-
ject used in this proof of concept test is a wooden
cylindrical beam of 30 mm diameter. This represents
the smallest chicory diameter. Testing with a real
chicory will be done with a full size prototype. This
proof of concept looked promising enough to build
a next version of this concept.

5.2 Full scale prototype
To be able to hold the force requirements, current
gripper design with corresponding stiffness is ex-
truded to a gripper depth of 110 mm (figure 4.14).
This depth dimension covers the majority of the
chicory length sizes. The objects are varying in
length up to 200 mm. A gripper depth of 110 mm
should be sufficient to cover the belly (middle sec-
tion) of the chicory. The ends of the chicory are ex-
tra fragile and therefore not preferred to grip. By not

touching the ends during gripping, the chances of
damaging the chicory are further reduced. A first de-
sign drawing of the 110 mm extruded gripper con-
cept is shown in figure 5.7. The setup is similar to the
proof of concept prototype. The main differences
are the depth extrusion and pressure cylinders used.
For the extruded prototype, approximately 100 N is
needed to actuate the gripper. Using stronger cylin-
ders (FESTO DSN 20-50-PPV) provides over capacity
to tweak the correct membrane tension. A 3d Solid-
Works model of the 110 mm extruded gripper was
created (figure 5.8, 5.9, B.2 and B.3).

Figure 5.7: A 3D drawing of gripper concept 3 for a working pro-
totype with a rectangular pressure cylinder to actuate the gripper.
The cylindrical robot mounting head is shown at the top of the
image and a covering membrane over the cylinder could be used
protect the cylinders from water or dust.
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Figure 5.8: Schematic view of prototype 1 in SolidWorks with
closed ends to prevent dirt form accumulation between the links.

Figure 5.9: Schematic section view of prototype 1 showing the in-
ternal structure of the gripper, the cylinders and mounting nuts
and bolts.

Table 5.1: E modules of PP and TPU for comparison.

Material: E modules:
Formfutura polypropylene 320 Mpa
Ninjatek Cheetah TPU 16 Mpa

The base principle of this extruded gripper is
similar to the working principle of the proof of
concept. The base plate on which the cylinders
and compliant gripper are assembled is extruded
in depth up to 110 mm and 3D printed M22 screw
threads have been integrated to attach the cylinders.
The full extruded concept makes use of a mount-
ing plate to keep nodes 6,7 and 8 of the compliant
gripper fixed to the base. Similarly, two pressure
plates are used to distribute the force of the cylinders
over the depth of the actuation mechanism. Without
these pressure plates, the gripper would only close
in the middle of the gripper (at the cross section of
the cylinders). The sides of the gripper should not
completely close in that case. The last modification
is an aluminium CNC milled robot connector plate
at the top of the cylinders. This connector plate has
two M6 holes, to be able to attach the gripper to the
robot head and two 23 mm holes to attach the pres-
sure cylinders. The end sides of the gripper is closed
with a convex surface. This is to prevent the grip-
per mechanism from catching dirt and grease which
could lead to contamination. Unfortunately, the 3D
printer failed at 95% during this 3 day printing pro-
cess. Therefore, one side of the gripper is not closed
(figure 5.10). This will effect the measurements in the
evaluation phase, if necessary a reprint of this part
will be performed. The failed print is expected to be
useful nevertheless, because the closed convex sur-
face is contributing minimally to the stiffness of the
compliant gripper.

The NinjaTek Cheetah material used for the print
is not food safe. This is fine for testing but a prob-
lem for real implementation. To solve this poten-
tial problem, a food safe, flexible and 3D printable
material was found. This polypropylene (PP) plas-
tic is commonly used in food industries. To be spe-
cific, the brand name of this material is: Centaur
PP - Natural from company Formfutura in Nijmegen
(the Netherlands). They have an explicit FDA proof
certificate for this 3D printable material. The ob-
jects which are printed with this material are how-
ever not directly food safe. The material does mostly
cover the requirement among the migration limit.
In combination with a cleaver food safe design for
the gripper, a real implementation could be possi-
ble regulation wise. The PP material is stiffer (ta-
ble 5) compared to the NinjaTek TPU. Therefore, the
infill destiny of the 3D printed compliant gripper
mechanism was reduced to match the stiffness of
the NinjaTek Cheetah TPU material by estimation. A
reprinted 110 mm extruded gripper with this PP ma-
terial on 20% infill is shown in (figure 5.10). Still, the
reprinted gripper of the polypropylene feels stiffer
than the original TPU material. Nevertheless, this
second prototype will be tested and compered.
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Figure 5.10: Prototype 1 (left) printed with TPU and prototype 2 (right) printed with clear food safe PP material. Both grippers have the
same internal linkage structure. Prototype 1 is printed with one closed end due to a print failure and prototype 2 is printed with 20%
density infill to reduce the stiffness of the gripper.
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5.3 Prototype variants
Two sided actuation to reach under the chicory is not
necessarily to grip and hold the object. Inspired by
the human hand, which uses the thumb as static fin-
ger and the other fingers as curving fingers to reach
under the object, an asymmetric gripper (figure 5.11)
have been designed. The compliant mechanism of
the curving finger (right side of the gripper) is sim-
ilar to previous prototypes. The thin left side of the
gripper creates the possibility to place the chicories
side by side without a drop (figure 3.4). This thin fin-
ger uses a similar membrane shape adaptive princi-
ple as the compliant curving finger. Obviously, the
actuated finger is stiffer than the thin finger. To be
able to match the load criteria on the thin finger as
well, a metal back plate on the outside of this flat fin-
ger (figure 5.15) was designed. Similar to previous
prototype variants, the membrane of this asymmet-
ric gripper is not tensioned at closed actuation state
(figure 5.12). Depending on the object in the gripper,
an extra input force is required to tension the mem-
brane on the actuated finger. The static thin fin-
ger membrane is initially tensioned by default (fig-
ure 5.12). This is not possible at the compliant fin-
ger due to tension reduction caused by the actuation
movement of the tip of the finger. This asymmetric
gripper is designed in two variants. The first vari-
ant (figure 5.13) consist of a 110 mm gripper depth
for the actuated and static fingers. With this variant,
the chicories can be placed side by side with a sep-
aration distance equal to the thickness of the thin
static finger (figure B.4). The second variant of this
asymmetric gripper consist of two actuated fingers
and two static thin fingers (figure 5.14). In this setup,
the 40 mm space between the static thin fingers (fig-
ure B.7) can be used to place the chicories really side
to side, almost touching each other as visualized in
figure 3.4. By inspecting figure 5.15 the clear differ-
ences between the two asymmetric gripper variants
is shown.

Figure 5.11: Drawing of an asymmetric gripper layout for better
side by side drop off of the chicories. The flat finger (left) makes it
possible to place the chicory side by side.

Figure 5.12: Asymmetric gripper modeled in ANSYS to perform
a FEM analysis. Left image shows the initial shape, right image
shows the deformed shape with stress concentrations indicated
in red.

Figure 5.13: Prototype 3 (asymmetric) in 3D SolidWorks view with
flat side on the left and compliant side on the right. The gripper is
actuated by pressure cylinders.

Figure 5.14: Prototype 4 (asymmetric) in 3D SolidWorks view with
a four finger design. The two flat fingers (on the back) create the
possibility to drop the chicory side by side by positioning the two
flat fingers next to the belly of the chicory.
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Figure 5.15: Prototype 3 (top) and 4 (bottom) 3D printed and assembled. The first column shows the first side view of the gripper: flat
finger side. The second column shows the front view of both gripers and the third column show the other side view. Prototype view
consists of four fingers and prototype 3 of two fingers.
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5.4 Prototype evaluation

5.4.1 Force experiment

The force experiment setup consists of a mounting
frame to hold the gripper steady, a 3 cm diameter
cylindrical wooden beam with a 2.7 kg weight at-
tached and an air compressor with compatible tubes
(figure 5.16). To start the experiment, the gripper is
mounted to the frame by two M6 bolts, similar to
the final ABB FlexPicker delta robot. To be able to
perform this experiment accurately, the grippers are
leveled before testing (figure B.8).The tubes are con-
nected to a manual valve to reverse the actuation
direction of the cylinders. The valve is connected
to the cylinders with tubes on one side, and to the
compressor on the other side. Within this setup, the
largest compatible tubes (8 mm inner diameter) are
used to provide maximum air flow to reduce actua-
tion times. The wooden cylinder is attached to the
2.7 kg load by a steel cable. This load represents the
maximum acceleration force of the object onto the
gripper.

When the setup is ready, the pressure into the

cylinders is increased until the gripper closes. With
this pressure, the load test is performed by gripping
the object first, and applying the load subsequently.
If necessary, the pressure is increased up until the
load criteria is reached with a maximum of 6 bars.
Most industrial compressors have a maximum pres-
sure of 6 bars due operation cost savings. The grip-
pers pass the force test when they are able to hold
the 2.7 kg load for at least 1.3 seconds in z direction
(figure 5.16), x direction (figure 5.17) and negative x
direction. Grippers 1 and 2 are symmetric, so the x
direction force test is similar to the negative x direc-
tion force test. Controversially, grippers 3 and 4 are
asymmetric and have been tested in x direction on
both sides of the gripper (figure B.9 and B.10).

Finally, all four grippers passed the force experi-
ments. Due to the different diameter cylinders used
across the prototypes, different operating pressures
for the four prototypes were used (table 5). The op-
erating pressures needed to hold the force require-
ments are used similarly in the damage test to ver-
ify whether the required closing force causes damage
on the chicory.

Figure 5.16: Gripper 1 tested in z direction. The gripper is fixed
to the frame and a 2.7 kg load is applied on the gripper. Gripper
prototypes 1, 2, 3 and 4 are evaluated similarly.

Figure 5.17: Gripper 1 tested in x direction. The gripper is fixed
to the frame and a 2.7 kg load is applied on the gripper. Gripper
prototypes 1, 2, 3 and 4 are evaluated similarly.

Table 5.2: Pressures and force input per prototype to hold the 2.7 kg load in z direction.

Prototype No.: Cylinder type: Pressure input: Total force input:
1 2x FESTO DSN-20-50-PPV 5 bar 314 N
2 FESTO DSEU-40-40(and 25)-P-A 4 bar 1006 N
3 2x FESTO DSN-20-50-PPV 5 bar 314 N
4 2x FESTO DSNUP-16-50-P-A 4 bar 160 N
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5.4.2 Damage experiment

To determine the potential damage caused by the
gripper during the gripping movement, four chicory
test samples are gripped by each individual gripper
concept. The test setup is similar to the force experi-
ment, with a different gripper positioning height rel-
ative to the table, figure 5.18. The first three chicories
are gripped by the gripper with the corresponding
required actuation pressure (table 5). The fourth
chicory servers as control sample to be able to sep-
arate environmental influences from gripping dam-
age. This is done for all four gripper concepts, figure
5.19, B.11, B.12 and B.13. The chicories are covered
with aluminium foil after testing to block incoming
light which causes the chicory to colorize green and
influence the comparable results. All samples have
been photographed all around before the test which
is used as reference. After 24 hours and 48 hours,
the samples are inspected and photographed again.
When the chicory shows damage at 24 hours already,
the 48 hour result will be even worse en therefore
not relevant. In this case, the 48 hour check will be
skipped to speed up the evaluation process. The ulti-
mate goal is to prevent the chicory from any damage
for at least 48 hours after sorting. This is the aver-
age time form harvesting and sorting towards selling.
The results of the damage comparison is inserted in
an excel data sheet.

The results of the damage experiment, in which
three chicories have been gripped for each gripper
concept, are clear (figure 5.20). Gripper concept 1
performed best on the damage test. This is due to the
more compliant material used in this prototype. The
transparent PP material used in prototype 2,3 and
4 behaved stiffer than expected beforehand. Even
after reducing the infill density of the 3D prints of
prototype 2,3 and 4, the stiffness remained signif-
icantly high, resulting in damaging 88% of the test
samples. The stiffness of the grippers require a large
input force which translates in a large contact pres-
sure onto the chicory. This results in damaging the
chicories. During the upcoming iteration steps, a
proper stiffness reduction is required to reach the
obtained damage criteria.

Investigating the gripper prototypes with the cor-
responding test samples individually shows differ-
ence in damage onto the chicories. prototype 1 did
not show any damage, but seems not sufficiently
able to pick up the chicory. This requires a different
experimental setup in which the chicory is lifted af-
ter gripping. This new setup will be taken into con-
sideration during the evaluation of the iterated grip-
per concepts.

Looking at the sample results of prototype 2, a
large crack in the chicory skin is visible on sample 1,
figure 5.21. This is caused by the squeezing force on

the sides of the chicory, resulting in high stress con-
centration at the top side of the chicory, which cracks
the skin open. This indicates the demand for a more
compliant gripper design which generates less nor-
mal force onto the sides of the chicory. In addition,
also the third prototype has similar damaged sample
results (figure 5.22). Difference in damage due to the
thin asymmetric finger of concept 3 was not found.

Prototype 4 shows different damage marks in
combination with the cracked skins damage or pro-
totype 2 and 3. Due to the four finger design, the
middle section of the chicory (the belly) is not cov-
ered by the gripper contact surface. The two actu-
ated fingers cause therefore a cutting edge into the
skin of the chicory at the location where the contact
surface ends, figure 5.23. This could be solved by a
more compliant design, or by a continuous mem-
brane design similar to prototype 3. Which of these
two possible solutions works best will be investi-
gated in the iteration phase. Before testing on other
requirements as pick up robustness and endurance,
the two main criteria on force and damage have to
be met prematurely.

Figure 5.18: Damage experiment setup overview in which the
gripper is fixed to the frame and grasps the chicory from the ta-
ble. The chicory samples are placed in aluminum containers to
be able to trace which samples belong to which prototype.

Figure 5.19: Damage experiment performed with gripper proto-
type 1. This experiment is done with prototype 2, 3 and 4 similarly.
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Figure 5.20: Results of damage experiment for prototype 1, 2, 3
and 4. On the x axis the prototype number and on the y axis the
amount of chicories damaged.

Figure 5.21: Untouched sample (left) versus damaged chicory
sample with crack in the skin (right) caused by prototype 2. The
red ovals indicate the damage location before and after gripping.

Figure 5.22: Damaged chicory samples with cracks in the skins
caused by prototype 3. The red ovals indicate the damage loca-
tion before and after gripping.

Figure 5.23: Damaged chicory sample with crack (red) and cutting
edges (blue) caused by prototype 4.
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Prototype optimization

6.1 Iteration 1 - stiffness reduction

6.1.1 Design

Looking at the drop off locations of the chicories in
side by side configuration, a clear problem occurs
with gripper prototypes 1 and 2 (figure 6.1). Due
to the double sided actuation, a side by side place-
ment is not possible. The best performance for pro-
totypes 1 and 2 in terms spacing at drop off is ranging
into several centimeters. This spacing is required to
be maximum 10 mm. Even with tilted gripper con-
figuration (figure 6.1), the chance of touching and
damaging the previously placed chicory is assum-
able. Therefore, these double sided actuation grip-
per configurations are out of consideration for the
gripper design process.

Figure 6.1: Drop off distance for gripper prototype 1 and 2 in nor-
mal position (left) and in tilted position (right). Due to the sym-
metric configuration of these prototypes, dropping of chicories
side by side is not possible within 1 cm spacing.

As discussed during the evaluation of prototypes
1, 2, 3 and 4, the stiffness of prototype 1 does not re-
sult in any damage. However, the material is not food
graded. The material used in prototypes 2,3 and 4 are

food graded and 3D printable. To be able to combine
the stiffness properties of prototype 1 with the food
grade benefits of the PP material, a more compliant
design is required. The asymmetric gripper layout
results in closer side by side drop off. Looking at
these two asymmetric prototypes, concept 4 is easier
to prototype due to shorter printing times. Prototype
4 can be printed within 12 hours, whereas prototype
3 takes around two days to complete. Therefore, pro-
totype 4 is optimized in terms of gripping perfor-
mance as tested in the evaluation phase. When pro-
totype 4 keeps failing on cutting edges after several
iterations, the gripper layout will be extruded into a
larger contact gripper similar to the setup of concept
3. The design decisions are visualised in figure

To match the stiffness of prototype 1 with the ma-
terial of prototype 2, the material of both E mod-
ules has been inspected (table 5). The PP is 20 times
stiffer than the TPU based on E modules compari-
son. This E modules stiffness increase can be com-
pensated by reducing the heights of the beams in the
gripper design. By compensating the area moment
of inertia, similar stiffness properties for the gripper
can be reached with different materials. The inertia
of a rectangular cross-sectional beam is calculated
using: Ix x = b ∗h3/12. In general, the displacement
of a beam is inversely proportional to the moment of
inertia and the E modules. Therefore, the height of
the beams (h) for the first design iteration need to be

factorized by: f actor = 3
√

ET PU
EPP

= 0.368. After multi-

plying all beam heights with this factor, gripper stiff-
ness of prototype 1 is translated into iteration 1 with
PP material. For simplicity, no compensation for the
base width of the beams (b) is calculated. The effects
of the beam width (b) on the stiffness is limited com-
pared to the effect of the beam heights. Neglecting
the stiffness contribution of the base (b) makes ex-
trusion of the design of iteration 1 into a 110 mm
depth configuration (similar to prototype 3) easy if

39
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cutting edges remain present in the rapid prototype-
able four finger gripper design.

To check the stiffness compensating factor calcu-
lation, a new gripper design for iteration 1 is mod-
eled in ANSYS APDL. The contact membrane for it-
eration 1 remains 1 mm in thickness. With the ob-
tained stiffness reduction factor, a membrane thick-
ness of 0.36 mm would be reached. This is to thin
to print on a 3D printer with a 0.4 mm nuzzle di-
ameter and is also fragile in terms of layer adhesion.
A thin membrane is therefore not beneficial for en-
durance performance. 1 mm is estimated as suf-
ficient, but this will be investigated with an exten-
sive duration test. By comparing the deformation
behaviour (in ANSYS APDL) of iteration 1 with the
old design configuration of prototype 1, a sufficient
check for the stiffness reduction is performed. Fig-
ure 6.2 shows the comparisons in deformation be-
haviour with equal input force (6N) and equal grip-
per depth (20 mm for fast computation). The Nin-
jatek Cheetah material compliant gripper design is
similar to the layout of gripper prototype 1, with an
asymmetric thin finger substituted instead. So, the
overall stiffness of the gripper remains equal with
different materials.

After the stiffness reduction, the pick up prob-
lem notified during the evaluation of prototype 1
had to be solved. Due to the elastic material be-
haviour of the Ninjatek Cheetah, prototype 1 seems
to lag in performing a gripping motion underneath
the chicory. Due to the contact of the chicory with
the membrane, a more or less normal force based
friction grip was performed (figure 6.3). Although
this did not result in damaging the chicory as stud-
ied in the evaluation phase, it is not beneficial for
the pickup motion of the gripper. To resolve this
problem, a repositioning of the connection points of
the membrane was performed to create an extended
gripper tip which acts like a shovel (figure 6.4).

6.1.2 Evaluation

The new iteration 1 design have been 3D printed and
assembled (figure 6.5). To compare iteration 1 with
previous prototypes, identical force and damage ex-
periments have been performed as described in the
prototype evaluation section. In terms of force per-
formance, this iteration 1 design reaches both force
direction requirements. This is as expected due to
similar gripper stiffness as prototype 1. The pickup
movement is also significantly better in reaching un-
der the object (figure 6.5). Despite, looking at the
sample damage results, a new type of damage oc-
curred. Due to the new membrane fixation points
of iteration 1, a local pressure point was created at
the beginning of the membrane (figure 6.6). This re-
sulted in local dents which are unwanted. In addi-

tion, similar to prototype 4 (four finger design grip-
per before iteration), cutting edges by the mem-
branes are present on the chicory.

Figure 6.2: Asymmetric design with TPU material (top left) and
actuation (top right) versus asymmetric design with PP material
(bottom left) and actuation (bottom right) in which colors in-
dicate relative element displacement. Both configurations have
similar input forces and result in similar output deformation. The
stiffness of these two grippers with different materials is therefore
similar.

Figure 6.3: Lag of performing a gripping motion underneath the
chicory by prototype 1 indicated by the red rectangles.
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Figure 6.4: Final gripper design for iteration 1 with repositioned
membrane, extended gripper tip and implementation of the stiff-
ness reduction factor for the PP material.

Figure 6.5: Iteration 1 actuated during damage test. The mem-
branes of the compliant finger and the flat finger adapt to the
outer shape of the chicory and the extended tip reaches under-
neath the chicory.

Figure 6.6: Local contact pressure concentration at membrane fix-
ation point of iteration 1 indicated by the red circle. The pressure
concentration resulted in damaging the chicory.
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6.2 Iteration 2 - tip design
6.2.1 Design
To resolve the problems occurring with iteration 1,
a new design has been created: iteration 2 (figure
6.7). The new design consists of a similar membrane
which is merged with the tip of the gripper. The con-
vex tip of the gripper with the integrated membrane
should pick up the chicory similar to iteration 1. Due
to the removal of the membrane fixation point, lo-
cal contact pressure damage should be avoided. The
pre-curvature of the membrane is designed to stimu-
late the deformation to reach under the object. Also,
the links on the outside of the gripper have been re-
placed with precurved arc form beams to stimulate
bending motion under the object. The last modifi-
cation in iteration 2 is hidden in the compliance of
linkage 12-17 (see figure 4.11 respectively). Due to
the deformation of this link, extra membrane tension
is created when the membrane touches the chicory.
This principle is also used in the first proof of con-
cept prototype (figure 4.19).

Figure 6.7: Gripper design of iteration 2 with re-designed tip by
integrating the membrane with the tip of the gripper.

6.2.2 Evaluation
Again, iteration 2 have been evaluated similar to the
previous prototypes as described during the evalu-
ation section of previous prototypes (figure 6.8 and
B.15). As depicted in figure 6.8, force requirements
have been reached without any problems. Looking
at the damage test results, an unexpected distinction
in damage occurred among different chicory diame-
ter samples. Large diameter samples had no dam-
age beside some minor cutting edges (not visible on
photo). However, small diameter chicories samples
exhibited dents due to the larger tip of the gripper.
The tip is relatively large compared to the diame-
ter of the small chicories. With large chicories, this
tip is sliding underneath the object, but with small
chicories, the tip hits the object almost at the cen-
ter. The damaging behaviour is clarified by compar-
ing figure 6.9 and figure 6.10.

Figure 6.8: Iteration 2 in force experiment. Iteration 2 is able to
hold the required 2.7 kg load.

Figure 6.9: Iteration 2 gripping a large diameter chicory. The tip is
reaching underneath the large chicory and does not damage the
sample.

Figure 6.10: Iteration 2 gripping a small diameter chicory. The tip
is reaching underneath the small chicory sample but does damage
the sample.
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6.3 Iteration 3 - membrane design
6.3.1 Design
For iteration 3, just a small change is made compared
to iteration 2. A less precurved membrane should
solve the problem of hitting the smaller chicories
with the tip of the gripper (figure 6.11). To opti-
mize the gripping motion to reach under the object,
the underside of the gripper slide over the ground
(figure 6.12). Therefore the gripper is positioned
slightly lower relatively to the ground. This position-
ing height can be optimized by trail and error for bet-
ter tip positioning due to the sliding. The stiffness of
this gripper is similar to iteration 2.

Figure 6.11: Design of iteration 3 with less precurved membrane
to slide underneath the chicories and avoid hitting smaller diam-
eter chicories.

Figure 6.12: Underside of the gripper tip of iteration 3 sliding over
the ground to reach under the small size chicories. This con-
tributes positively to the pick up performance.

6.3.2 Evaluation
Similar to previous prototypes, iteration 3 have been
tested on force and damage requirements. At this
point, the importance of gripping the chicory and
performing the force experiment simultaneously
was discovered. To accomplish this, the experimen-
tal procedure of the force experiment was changed.
To be able to grip the chicory and apply force on
the gripped chicory, the gripper was lifted after grip-
ping and and loaded with 2.7 kg subsequently (figure
6.14). The force application is done by using a mod-
ified chicory on which weights were attached (figure
B.14). Iteration 3 was able to hold the 2.7 kg loading
requirement, similar to previous prototypes with an
operation pressure of 2 bars.

Also the damage experiments gained positive re-
sults. No damage was present, except for some cut-
ting edges created by the membranes. This is a major
breakthrough! Iteration 3 manages to perform an ex-
cellent gripping motion for small and large chicories
without damage (figure B.16). In addition, a side by
side drop off test has been performed (figure 6.13),
which is a design requirement for the chicory grip-
per as well. With this layout, chicories can be placed
within 10 mm of spacing. Therefore the drop of re-
quirement is reached.

Figure 6.13: Iteration 3 dropping off chicories side by side on a
flowpack which are used for packaging the chicories.

Figure 6.14: New force experiment procedure: 1. Default setup, 2. Gripper moving down, 3. Gripper actuated and gripping the chicory,
4. Moving gripper and chicory up, 5. Apply full load (2.7 kg) on chicory to test the gripper holding force.
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6.4 Iteration 4 - scaling
6.4.1 Design
For iteration 4, four design changes are required.
First, the compliant gripper needs to be extended to
cover the length of the chicory. Secondly, the thin
finger side of the gripper needs to be extended along
the chicory length as well. In addition, the height
of the thin finger needs to be extended downwards
as well. In iteration 3, a gab between the tip of the
thin finger and the ground was present. This gab
is not providing support to the chicory and could
potentially result in damaging the chicory. By ex-
tending this thin finger downwards, even the small-
est chicory will be supported. Finally, the presents of
chicories with a diameter up to 9 cm for sale at the
supermarket were noticed. Intentionally, the grip-
per was designed for chicories up to 6 cm in diam-
eter. Because compliant mechanism in general are
scalable, a gripper size increase should be possible.
However, due to the scaling, a stiffness compensa-
tion will be required.

Scaling iteration 3 into iteration 4 and therefore
being able to grip the 9 cm diameter chicories, re-
quires a scaling factor in x and y direction (front
view) of 1.25×. Scaling the 3D model in SolidWorks
can be done using the scale tool. By scaling the
model dimensions, not only the grippable object size
increases. The height, and width of the beams are
scaling proportionally as well. Therefore, stiffness
increases unwanted. To illustrate, up-scaling the
model with 25% in x and y direction results almost
in a gripper stiffness doubling, according to inertia
rules:

Ipr e−scale =
b ∗h3

12
(6.1)

compared to

Ipost−scale =
b ∗ (1.25∗h)3

12
(6.2)

resulting in
Ipost−scale

Ipr e−scale
= 1.953 (6.3)

To be able to keep the stiffness of the gripper
identical to the stiffness of iteration 3, all heights
of the scaled gripper beams need to be reduced.
This can be done before or after scaling the model.
Compensating the heights before scaling was eas-
ier to implement in SolidWorks. So, to calculate the
pre-scaling stiffness compensating factor, two things
need to be taken into account. First, a pre-scaling
factor for all beam heights needs to be calculated.
Secondly, a cross-sectional base compensating fac-
tor needs to be calculated since the gripper is ex-
truded up to full gripper length similar to the pre-
iteration design of prototype 3 (5.13). As previously

argued, this extrusion along the length of the chicory
avoids cutting edges which were present in all four
finger layout iteration prototypes. This full size grip-
per is extruded up to 110 mm. The two compliant
fingers in iteration 3 are both 20 mm in depth result-
ing in a 40 mm wide membrane contact surface. To
extend this contact surface along the length of the
chicory, a depth increase of

F actorcont act sur f ace =
110mm

20mm +20mm
= 2.75

(6.4)
is required. This factor can be added to the inertia
calculation of the scaled model:

Iscaled = 2.75∗b ∗ (1.25∗h)3

12
(6.5)

Comparing the default inertia (Ide f aul t = b∗h3

12 ) with
the scaled inertia shows a stiffness increase of 5.371
times compared to the default stiffness:

Iscaled

Ide f aul t
=

2.75∗b∗(1.25∗h)3

12
b∗h3

12

= 5.371 (6.6)

To reduce this significant stiffness increase, all
heights of the beams need to be multiplied with:

F actorpr e−scl ae = 3

√
1

5.371
= 0.571 (6.7)

before scaling the model. This compensating factor
was inserted in the scaled inertia equation:

Iscaled = 2.75∗b ∗ (0.571∗1.25∗h)3

12
≈ b ∗h3

12
(6.8)

resulting in approximately similar stiffness com-
pared to iteration 3. Applying the scaling factor to
all beam heights should result in a membrane thick-
ness of 0.713 mm. This is manually increased up to 1
mm to maintain durability of the membrane, which
is the most important chicory contact surface of the
gripper.

Iteration 4 has been model using ANSYS APDL
to predict the movement of the compliant finger tip
toward the thin finger (figure 6.15) and to check for
stress concentrations. Stress concentrations are re-
solved by smoothing the edges at the location of the
concentrations. To be able to fully close the gripper,
an input force of 25 N is required according to the
model. The deformation of this model looks suffi-
cient and was therefore ready to be 3d printed.

Because of the scaling, not only the compliant
mechanism is increased in size, also the blue mount-
ing part needed to be changed. For this iteration
4, two Festo DSN-20-50-PPV pressure cylinders were
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used. The previously iteration used DSNUP-16-50-
P-A cylinders, which are capable to actuate the grip-
per of iteration 4 as well. However, by using different
cylinders, iteration 3 remained intact to be able to
perform a side by side comparison with iteration 4.

Figure 6.15: Iteration 4 including scaling and stiffness compen-
sating factors. Left image shows the passive state and the right
image shows the actuated state of the gripper. The input force is
equal to the input force of iteration 3, resulting in similar defor-
mation. Therefore, stiffness of the scales iteration 4 is similar to
the iteration 3 design. The color scale represents relative element
displacement from blue (small) to red (large displacement).

Figure 6.16: Iteration 4 SolidWorks assembly with robot mount
plate (top), base plate (blue part), flat finger (left finger) and com-
pliant finger (right finger)

6.4.2 Evaluation

The iteration 4 prototype (figure 6.16), was tested on
force and damage similar to the previous prototypes.
Iteration 4 is able to grip and hold the 2.7 kg load (2
bars input), and did not damage any of the chicory
samples during the damage experiment. Not even a
single cutting edge was present. As obtained, itera-
tion 4 is indeed capable of gripping large (up to 9 cm
diameter) and small (3 cm diameter) chicories, fig-
ure 6.17.

Figure 6.17: Iteration 4 prototype gripping large and small
chicories without damage. The left image shows a large chicory
and right image shows a small chicory gripped by iteration 4.

For the first time during the iteration process,
this prototype was performing as required on the
force test and the damage test. Therefore, the next
major step in evaluating this gripper prototype can
be taken: an endurance test. To be able determine
how long the gripper should last in duty, an cost
estimation and retail price of the compliant parts
of the gripper was made. The non-compliant parts
(cylinders, mounting brackets, nuts and bolts), are
assumed to last significantly longer than the compli-
ant parts (compliant finger and thin flat finger). Ma-
terial and production cost taken into account, this
gripper to costs 20 euro to produce. Looking at de-
velopment costs, potential patent fee and other mar-
gins, a 200 euro retail price for the compliant parts is
estimated. With this retail price, the gripper should
last for at least 120.000 gripping repetitions accord-
ing to the set depreciation requirements of 0.001666
euro per gripping action. Of course, a longer life time
should be preferable to increase financial margins
on the gripper.

To perform the endurance test, a new test setup
was needed. Because an endurance test requires se-
rious air compressor capacities, and the TU Delft
was not able to provide this compressor (due to
Covid-19 governmental safety precautions TU Delft
was closed), the test needed to be performed in a
business environment. An offer was received to per-
form the endurance test at a company named Brokx-
schalken BV. By connecting the endurance test setup
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to the compressor capacities and electronic valves of
a metal wire bending machine, the experiment was
performed. This machine was producing metal wire
products simultaneously with the endurance test. By
adding additional commands to operate the elec-
tronic valves simultaneously with the production
process of the wire bending machine, both processes
are controlled by the same machine without interfer-
ence. Due to the limited product production batch of
the machine, an endurance test of 106.000 gripping
repetitions could be performed. This should pro-
vided a clear indication about the endurance perfor-
mance of the gripper based on the minimal required
life time calculation of 120.000 gripping repetitions.

The setup for this endurance test consists of a
frame on which the gripper is mounted (figure B.17).
To mimic the chicory, a 40 mm diameter steel cylin-
drical tube was used. A real chicory would not last
during the endurance test obviously. To prevent the
metal tube from potentially sliding or rolling out of
the gripper pick up range, a wooden box around the
cylindrical tube which prevented the tube from ro-
tating and sliding (figure 6.18) was added. The in-
put pressure to the gripper pressure cylinders was
regulated by an adjustable air gauge. This gauge is
set to 2 bar output pressure, which is corresponding
with the required closing force to complete the force
experiment. After every 10.000 gripping repetitions,
the state of the gripper is checked on potential cracks
and busts which indicates failure of the gripper.

During and after the 106.000 gripping repeti-
tions, no cracks or bursts have been found on the
compliant gripper parts. The only thing which was
slightly worn out, was the metal tube which mim-
icked the chicory. Some metal dust of the tube was
visible on the gripper, but after a clean in the dish-
washer, non of there marks where visible on the grip-
per.

To determine whether the gripper was still capa-
ble of holding a 2.7 kg load, four force experiments
have been redone similar to the previous force ex-
periments. This time in all possible relevant force

directions: negative z direction, x direction, y di-
rection and negative y direction (figure 6.19). The
gripper was still able to hold the load, but the in-
put pressure into the cylinders was increased from
2 bar up to 3 bar. This indicates a compliance in-
crease of the gripper over time. This is an expected
behaviour of all flexible materials. The compliance
increase is however no failure criterion as long as the
gripper is able to hold the load with a corresponding
pressure increase. The limit of increasing the pres-
sure is reached when the chicories are damaged or
when the maximum input pressure of the cylinders
is reached. Neither of both cases were present with
the 1 bar pressure increase.

In line with the force experiments, all drop off
configurations have been mimicked and are dis-
played in figure 6.20. Due to the flat side of the grip-
per, chicory can be placed side by side within 10 mm
spacing. Looking at the placing of the last chicory
in line in the crate, a limitation occurs. Due to the
opening space required for the gripper, a small gab
occurs between the side of the crate and the last
placed chicory.

Figure 6.18: Iteration 4 endurance experiment setup close up,
including steel cylinder as chicory replacement and a wooden
limiting movement frame to keep the cylinder inside the gripper
mouth.

Figure 6.19: Force experiments after the endurance test, from left to right: negative z direction, y direction, negative y direction and x
direction. All directions reached the force requirement with 3 bar input pressure.
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Related to the endurance testing, a robustness
test has been performed. 10,000 gripping cy-
cles of the the endurance test are performed us-
ing a real chicory instead of a metal tube (figure
B.18). During these 10,000 gripping actions, several
chicory samples have been replaced. Within these
chicory replacements, several diameter sizes have
been placed. Not even a single gripping failure oc-
curred during this 10,000 real chicory gripping ac-
tions. Therefore, at least a gripping failure rate of
1/10,000 (0.01%) is reached. This transcends the ob-
tained failure rate noted in the list of gripper design
requirements by a factor 10. Therefore, the pickup
failure requirements have been met. To extent the
robustness test, rotational perturbations have been
applied to the real chicory sample during the fi-
nal gripper repetitions of the endurance test (figure
B.19). 100 rotational perturbations have been per-
formed on a large and on a small chicory sample, re-
sulting in not a single gripping failure.

To investigate the closing and opening speed of
the gripper, a time series has been made (figure B.20
and B.21). The gripping action has been filmed with
a standard 60 frames per second (fps) image rate
which is sufficiently fast enough to determine the
closing and opening speeds. For the closing move-
ment, the starting frame refers to one frame before
the gripper starts closing. The last frame of the se-
ries is one frame after the gripper stops closing and
the pressure cylinders are completely extended. By
analysing the closing speed (figure B.20), the time in-
dicated on the frames starts at 0:00:00:03 (3). This in-
dicates hours:minutes:seconds:milliseconds (frame
number of original film), respectively. The time dif-
ference between the first and last frame in this time
series is 23 milliseconds (ms). The same is done
for the opening gripper motion (figure B.21). Which
results in a similar speed compared to the closing
speed: 23 ms. The required max. pick and place time
is 30 ms each. So, both the opening and closing ac-

tuation are within the time requirements.
The next step in the evaluation process of itera-

tion 4 refers to food safety. As specified in the de-
sign requirement list, a maximum allowable mate-
rial transfer from gripper to chicory is prescribed.
The transfer limit is 60mg /kg food according to FDA
(and EU) regulations. This limit is specified for po-
tential PP plastic transferring from the gripper into
the chicory. To determine the migration rate of
gripper iteration 4, 14 chicory samples have been
weighted prior testing as reference. Each individual
chicory is gripped for 2 seconds and re-weighted af-
terwards by using the experimental setup of figure
6.21. By subtracting the two weight measures, the
transfer rate is calculated. Due to the precision of
the scale (0.0001 gram is equal to 0.1 mg), each indi-
vidual chicory up to a maximum weight of 200 grams
can be tested on material migration. To minimize re-
peatability uncertainties of the scale, every chicory is
weighted three times before and after gripping. Ac-
cording to the measurements, transfer rates are cal-
culated. The diameter of the chicory can be depen-
dent on the transfer rate for example. Therefore, de-
pending on the repeatability of the measurements,
the highest transfer rate calculated is leading for the
final resultant material migration rate.

Ideally, to check whether the material transfer
from gripper to chicory is 100%, a weight measure of
the gripper is needed as well. Unfortunately, no scale
was available with the required maximum load in
combination with the required precision to be able
to weigh the gripper prototype accurately. Even the
compliant parts of the gripper were heavier than 200
grams. By taking the compliant parts of the gripper,
a potential material loss during the dissembling pro-
cess can occur, therefore weighing the full gripper
prototype would be preferable. However, because
only the chicory weight can be measured, the as-
sumption of 100% material transfer from gripper to
chicory had to be made.

Figure 6.20: Drop off configurations: side by side on flat plane (left), flowpack (middle) and in a crate (right).
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So far the theory. By applying the first sample
on the scale, strange behaviour of the mass of the
chicory was noticed: it continuously decreased in
mass! To verify whether the scale had a stabilization
issue, a reference mass of 200 gram was applied on
the scale. This reference mass was measured accu-
rately (with 0.1 mg precision) within seconds. This
reference mass check confirmed that the chicory
sample is losing weight continuously. This causes
a serious problem for the migration limit measure-
ments. In first instance the plan was to perform
three measurements before and after gripping the
chicory sample. Due to the instant weight loss of
the chicory, this is not an accurate approach. There-
fore, the chicory was weighted until it sort of stabi-
lized, followed by a gripping action and a reweighing
of the sample rapidly without delays. By performing
this measurement on 14 samples, the least measured
material transfer after gripping was -92 mg/kg. This
shows that the chicory has lost 92 mg/kg sample dur-
ing the gripping process instead of gained mass by
material transfer from the gripper onto the chicory.

To declare this weight loss phenomena, the
chicory was assumed to act like a sponge. The
chicory is losing water continuously. When pres-

sure is applied on the surface of the chicory, even
more water is squeezed out of the chicory. Therefore
a significant weight loss is present. Unfortunately,
due to this negative material transfer coefficient, no
conclusions on the material transfer from gripper to
chicory can be made regarding FDA limits. There-
fore, the exact same experiment needs to be redone
with a analytical scale which is capable of handling a
maximum mass up to 2 kg. In this new experiment,
not only the chicory samples are weighted after ev-
ery gripping action, also the entire gripper proto-
type itself needs to be measured. However, even with
this new experimental setup, squeezed water from
the chicory onto the gripper can compensate poten-
tial plastic particle transfer form the gripper onto the
chicory. So even with a new experimental setup, ma-
terial transfer limits could potentially not be proven.

Due to the unprovability of the transfer rate, the
food grade certificate obtained by the material sup-
plier needs to be trusted. This is tricky however. Due
to the 3D printing process a texture on the contact
membrane is formed. This texture can potentially
wear out and result in plastic particles in the food.
Therefore, further research of the migration rate is
needed.

Figure 6.21: Migration limit experimental setup, with a laptop to note the weights measured by the analytical precision scale and gripper
iteration 4 in a small test frame to grip the chicory samples individually.
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Results

7.1 Prototype designs
The analysis phase of this graduation project re-
sulted in a list of nineteen design requirements.
Based on these design requirements, nine concept
drawings have been made and simulated using AN-
SYS FEM software. From these drawings and simu-
lations, two concepts have been merged into a proof
of concept prototype. The proof of concept has been
3D printed and tested on basic working principles.
According to this proof of concept prototype, four
full size prototypes have been made taking the de-
sign requirements into account. The first four pro-

totypes have been evaluated on force and damage
criterion. Force requirements have been reached by
all prototypes. However, damage requirements were
not reached by three of these four prototypes. Four
iteration steps on the gripper design were needed
to reach damage and force requirements combined
with required pick up performance. An overview of
this design process is illustrated in figure 7.1. Iter-
ation 4 was the first iterative prototype which man-
aged to grip without damage and perform a decent
pick up of the chicory. With iteration 4, all remaining
requirements were evaluated.

Figure 7.1: Design process from concept drawing to iteration phase. Concepts 3 and 8 have been merged into a proof of concept. The
proof of concept is expanded with four working prototypes. Based on the performance of the prototypes, 4 iteration steps have been
accomplished.
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7.2 Damage avoidance
A damaged chicory can consist of crushing marks,
local dents and/or cutting edges. Figure 7.2 illus-
trates the process of minimizing damage among the
prototypes and iterations originating from the first
concept drawings. Prototype 1 in figure 7.2 shows 0%
damage. This due to the compliance of the ninjatek
cheetah material used in this gripper. The PP mate-
rial was used in prototypes 2, 3 and 4. However, the
stiffness of these prototypes was to high, resulting in
almost 100% damage. During the iteration steps, a
method for stiffness reduction was performed and
resulted in a significant stiffness decrease with the
PP material. This resulted in removing the crush-
ing damage on the chicories completely (figure 7.2).
However, in iteration 1, new damage occurred due
to the connection point of the membrane, resulting
in local dents (as shown in figure 7.2). Iteration 2 re-
solved these local dents but created a new type of lo-
cal damage at smaller sized chicories. Iteration 3 was
able to grip the chicories without damage apart from
cutting edges. Iteration 4 is a scaled and extruded
version of iteration 3. Due to the extruded shape,
no cutting edges were present in iteration 4 and no
other damages were introduced. No damage on any
sample occurred after 24 hours and 48 hours.

7.3 Force efficiency
Iteration 4 is able to pick up small light weight
chicories of 40 gram and large chicories up to 300
gram. Related to the weight of the chicory is the abil-
ity to hold the chicory while an acceleration force up
to 26.5 N is applied on the chicory in (negative) z,
(negative and positive) y and (positive) x direction.
Iteration 4 is able to withstand these acceleration

forces in all obtained directions similar to previous
prototypes. To be able to compare all gripper proto-
types across this thesis, efficiency is plotted against
sample damage in figure 7.3. The efficiency is calcu-
lated by

E f f i ci enc y = Fhol di ng

Fi nput
(7.1)

in which the holding force corresponds to the 2.7
kg load applied on the grippers during actuation.
The input force varies across the prototypes. A clear
trend is visible in the transition form the prototype
phase to the iteration phase. Due to the stiffness re-
duction in iteration 1, less energy is occupied by the
compliant mechanism which results in an efficiency
increase. In iteration 2, efficiency remains equal but
sample damage decreases. This is due to removal of
local pressure spots in iteration 1 (as illustrated in
figure 7.2). Iteration 3 results in similar sample dam-
age and similar efficiency. However, the type of dam-
age is changed (figure 7.2). In iteration 4, all dam-
age is prevented due to the extrusion of the contact
membrane. Because of the extrusion of the gripper,
more energy is required to actuate the gripper. This
energy increase results in a lower efficiency but re-
sults also in zero sample damage. Even after 106,000
gripping repetitions was iteration 4 still able to hold
the 2.7 kg loading. The compliance of the gripper in-
creased during the extensive testing but the holding
force has been compensated by increasing the input
pressure into the pressure cylinders. An input pres-
sure of 3 bar after 106,000 gripping repetitions still
results in a holding force of 26.5 N (2.7 kg). Due to
the required force increase, the efficiency decreases
from 21% to 14%.

Figure 7.2: Decrease of sample damage with evolving prototypes up to iteration 4. On the x axis all prototypes and on the y axis the
amount of damaged chicories.
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Figure 7.3: Input force compared to efficiency and damage resistance for all prototypes in this report.

7.4 Object variation
The membrane of iteration 4 has a width of 110 mm.
Therefore, chicories up to 110 mm are completely
covered by the membrane. Larger chicories are not
completely covered by the membrane but the mem-
brane covers the majority of the length. These large
chicories have a maximum belly length of approxi-
mately 80 mm. The membrane is therefore able to
cover the belly entirely. The fragile top and bottom
of the largest chicories are not covered necessarily
to perform a sufficient grip. Therefore, iteration 4 is
able to grip all length variations according to the first
design requirement. In first instance, the gripper de-
sign was specified for chicories with varying diame-
ters form 30 mm up to 60 mm. During the evalua-
tion phase, a significant amount of chicories for sale
in the supermarket were noticed which consisted of
a diameter up to 90 mm. Therefore, the diameter re-
quirement was increased up to a diameter variation
range of 30 mm to 90 mm. To be able to grip this
new required diameter, a scaling factor was applied
on the compliant gripper during the design process
of iteration 4. Due to this scaling, the mouth opening
of the gripper was extended to 95 mm. Therefore, it-
eration 4 is able to grip large chicories up to 90 mm
in diameter. Also the smaller size chicories could still
be gripped without damage with this scaled model.
The 50 mm stroke length of the pressure cylinders
cause the gripper to close with a 15 mm gap between
the thin finger and the compliant actuated finger.
This is the case when the gripper is empty. When
a chicory of any diameter size within the required
range is gripped, the gripper does not close entirely.
The shape adaptive behaviour of the gripper is acti-
vated by pushing against the membrane, the tip of
the compliant gripper turns inwards which enforces
the gripper to curve underneath the chicory. A com-
plete closure of the gripper is not required to hold the
chicories, even with the required acceleration forces.

7.5 Endurance and operational speed
During the endurance experiment with iteration 4,
the gripper has been actuated 106,000 times. Dur-
ing the last 10,000 gripping cycles, a chicory sample
have been placed to test the pick up failure rate. After
inserting several chicory sizes without a single pick
up failure, the failure rate resulted in 0.01%. This is
a factor ten better than intentionally required. The
endurance test itself was designed to check whether
prototype 4 was profitable in terms of life time ex-
pectation. To be profitable, the gripper is allowed to
have a maximum depreciation of 0.001666 euro on
the retail price per gripping cycle. With the comple-
tion of the endurance test of 106,000 gripping rep-
etitions, a retail price of approximately 200 euro is
proven to be fair according to the validated life time.

Based on the absence of any wear on iteration
4 after 106,000 gripping repetitions it is plausible
that the gripper is able to reach 1 million gripping
repetitions without failure. Although, the pressure
input needs to be increased according to the in-
creased compliance of the gripper over time. The
pressure input with current cylinders is limited to
6 bars. When the gripper compliance increase re-
quires actuation pressures outside the range of the
operational pressure of the cylinder to hold the load
without damage, the endurance failure criterion is
reached. Without a longer endurance test, the ex-
pectation can not be proven. Due to planning limi-
tations of this thesis, it was not possible to perform a
duration test of 1 million repetitions. Which is unfor-
tunately, because an increased life time of the com-
pliant gripper should result in a higher allowable re-
tail price containing larger profit margins.

Besides endurance, operation speed is an impor-
tant factor to make this gripper profitable. To be able
to return investments of the robot sorting machine,
an average pick and place cycle time of 1.2 seconds
is required. To be able to translate the chicory within
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this time frame, a maximum allowable pick and re-
lease time is calculated to be 0.3 second each. To
verify this pick and release time, a 60 frames per sec-
ond video was recorded and analysed using video
capture software. Both closing and opening times
are similar and within limits with 23 ms each (figures
B.20 and B.21).

7.6 Pick up and release performance
The surface from which the chicory needs to be
picked is a flat conveyor belt. The pick up test proves
this requirement to be reachable. Requirements re-
garding drop off contains three side by side (10 mm
spacing max.) configurations: on a flat conveyor
belt, on a flowpack and in a transportation crate on
top of each other. All three conditions have been
tested during the iterative prototype phase and have
been accomplished as shown in figure 6.20. A re-
mark about the placement of the final chicory in a
side by side placement into a transport crate: due
to the volume of the compliant finger, a spacing be-
tween the side of the crate and the last chicory in line
will occur. This gap can not be filled with a chicory,
although it potentially fits the open space, simply be-
cause the gripper has no space to open without hit-
ting the side of the crate. The open gap is dependent
on the size of the chicories placed and can reach up
to a gab of Gap =W i d thg r i pper −Di ameterchi cor y .
With a minimal diameter of 30 mm for the small-
est chicory present within the design scope, this re-
sults in a maximum gap of Gap = 130mm−30mm =
100mm between the last placed chicory and the side
of the crate. The potential gap does decrease the ef-
ficiency of the sorting robot.

Due to the mount plate at the top of the pres-
sure cylinders, two M6 bolts can be fitted to be able
to mount the gripper to the robot head. In addi-
tion, iteration 4 weighs just 1.3 kg and does not ex-
ceed the maximum allowable load of 1.7 kg on the
robot. To reach within the full operation space of
the robot head, a maximum height of 300 mm is re-
quired. Iteration 4 has a height of 350 mm and does
therefore not accomplish requirement 15. Although,
with small design changes of for example the mount-
ing plate, pressure cylinders or mounting base plate,
the height requirement will be within reach for a real
production model. In the discussion, several design
suggestions will be provided.

7.7 Food safety
Requirement 16 to 19 concern food safety require-
ments. Gripping the chicory without the use of non-
food additives is accomplished. The compliant grip-
per does not need any additives (except compressed

air for actuation) to be able to grip the chicory. To
clean the gripper, the PP compliant parts can be
placed in a dishwasher without performance de-
crease. In addition, due to the layout of the assem-
bly, all parts can be removed and replaced or main-
tained. The materials used within a final product
contain stainless steel for all mounting parts and
cylinders and PP material for the compliant parts.
Stainless steel and PP are both food safe materials.
Also the PP manufacturer managed to accomplish
FDA food safe requirements for the 3D printing fila-
ment. To verify the FDA requirements of the PP ma-
terial in combination with the obtained design of it-
eration 4, a migration limit experiment is performed.
By weighting the chicories before and after gripping,
a potential material transfer from gripper to chicory
can be examined. The migration limit of PP material
into the chicory is 60 mg/kg food. In this experiment,
14 samples have been weighted and gripped. The
weight difference before and after gripping is con-
verted to a transfer rate expressed in mg/kg. The re-
sults of the migration experiments are presented in
figure 7.4.

Figure 7.4: Negative material transfer from gripper to chicory. This
indicates that the material loss of the chicory due to gripping is
larger than the material transfer from gripper to chicory.

Unfortunately, this experiment resulted in use-
ful measurements due to the instant weight reduc-
tion of the chicory. During the gripping procedure,
even more water is squeezed out the of chicory.
This weight loss is larger than the potential mate-
rial transfer form gripper to chicory. It is even pos-
sible that measurement of the material transfer ex-
ceeds the migration limit and gets compensated by
the amount of water squeezed out of the chicory.
This also the result which is visual in figure 7.4 were
the material loss causes a negative particle migra-
tion. Therefore, no conclusion can be formulated
about a migration limit with these measurements.
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Discussion

8.1 Required improvements
8.1.1 Food safety
According to the results, 17 of the 19 deign require-
ments for industrial application of the chicory grip-
per have been reached. After the iterative design
process, two design requirements are not explicitly
reached by the prototypes. The gripper height needs
to be reduced to be able to reach within the full work-
ing space of the robot and the migration limit needs
additional research.

For the migration limit experiment, an analyti-
cal scale with an allowable input load of minimal 1
kg is needed. This scale can be used to determine
the weight of the gripper and the chicory individu-
ally before and after gripping. A similar experimen-
tal setup will be needed. The only difference is the
weighting process of the gripper. By comparing the
weight variation of the gripper and chicory, more in-
sight in the particle transfer can be gained. However,
also with this new setup, material transfer compen-
sation is still possible. When the material transfer
(water probably) form the chicory onto the gripper is
larger than the migration of PP plastic to the chicory,
transfer rates are compensated again. An additional
improvement would be to collect and concentrate
the water which is squeezed out of the chicory. By
evaluating the weight of this lost water, measure-
ments can be compensated. An advanced measure-
ment setup will be required to catch the squeezed
water from the chicory.

Elaborating on the food safe requirements, if cur-
rent 3D printed gripper exceeds the migration limit,
a different production technique is needed. The PP
material is food safe but the surface texture of the
gripper caused by the production technique can be
a limiting factor. Therefore, injection moulding can
be a suitable option for mass producing the compli-
ant parts of the gripper. Injection moulding results
is a smooth contact surface that reduces the parti-

cle migration. Similar to current food grade grippers
used in industry, injection moulded PP parts are suit-
able for food handling processes. A different advan-
tage of injection moulding is the dimensional accu-
racy of the parts and the production speed. Although
the compliant parts need extensive cooling within
the injection mould, it is nevertheless faster than 3D
printing. Due to the extensive cooling, less parts can
be moulded per hour and are therefore more expen-
sive. A disadvantage of injection moulding the com-
pliant parts are the investment costs for making the
moulds. Due to the complex gripper structure, a
complex mould is needed. An injection mould this
complex could cost up to 30,000 euro easily. The in-
vestment can only be returned when the gripper is
produced and sold over 1000 times. A different dis-
advantage of injection moulding over 3D printing is
the loss of form freedom. When a customer wants
a slightly different gripper, a 3D printed part can be
edited and printed easily. This is not possible with an
injection moulded part.

8.1.2 Design improvements

The design of the rigid parts of the gripper need to be
manufactured from stainless steel. Stainless steel is a
food grade material and is strong enough to handle
the load and the actuation forces of the gripper. To
reduce weight, two sheet metal parts need to be laser
cut and edged to replace the mounting parts of iter-
ation 4. A recommended design for a mass procured
gripper is shown in figure 8.1. The previously rigid
parts which were 3d printed are replaced by stainless
steel parts. Five stainless steel sheet metal parts are
present in this design. Starting with the 4 mm thick
robot mounting bracket at the top of the gripper, a 4
mm thick base plate to replace the blue 3D printed
part, a 2 mm thick pressure plate to distribute the
input load on the compliant gripper, a 2 mm thick
fixation strip to fix the compliant part and a 3 mm
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thick back plate to support the thin compliant finger.
The thickness of back plate of the thin finger in the
iteration 4 prototype was just 2 mm. This resulted
in a slightly bended back plate after 100,000 grip-
ping cycles. This new 3 mm thick stainless steel back
plate should resolve this problem. However the back
plate was slightly bended, this did not significantly
reduce the gripper performance. All additional nuts
and bolts have to be made from stainless steel as
well. The total weight of the this recommended pro-
duction design is calculated slightly under 1.5 kg and
therefore within weight limits. The final design as-
pect are the pressure cylinders. Regular pressure
cylinders make use of oil to lubricate the piston. For
food grade applications, a food grade pressure cylin-
der is required. The performances are similar to the
regular cylinder but the materials used are different.
The overall material used for these cylinders is stain-
less steel and they have a special seal to prevent lu-
bricant oil from leaking out the cylinder. All parts
combined result in a food grade gripper, ready for

mass production.
To reduce the total height of the gripper, all rigid

parts have been reduced in height compared to iter-
ation 4 as shown in figure 8.1. Also the new pressure
cylinders are smaller and contribute to the height re-
duction. The final step in reducing the height of the
gripper is hidden in the robot mount plate (No. 2
of figure 8.1). This plate lowers the mounting posi-
tion of the gripper on to the robot head. Therefore,
the distance between the robot head and the bot-
tom of the gripper is 292 mm. The spacing between
the cylinders facilitates a free rotational movement
of the robot head without collision. Also, to position
on the mounting holes on the robot mounting plate
are aligned with the middle of the opening mouth
of the gripper. Therefore, easy programming for the
robotic pick and place program is facilitated. When
the mounting holes are not aligned with the mid-
dle of the gripper mouth, an offset within the pick
and place software is required to position the chicory
centered in the gripper mouth, this is not preferable.

Figure 8.1: Recommended design for mass production, left image front view with part numbers, middle image shows the 3D SolidWorks
model and right picture shows a 3D printed model of the recommended design. No. 1. M16 nut, 2. robot mount plate, 3. pressure
cylinders, 4. base plate, 5. M16 nut, 6. M6 nut, 7. pressure plate, 8. M6x10 bolt, 9. M6x10 bolt, 10. fixation plate, 11. compliant finger, 12.
thin finger, 13. back plate in the left image
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8.2 State of the art comparison
By comparing the recommended design of the grip-
per with current literature, several aspects can be
noticed. Gripper B-1 in figure 2.1 (refers to [7])
shows similar crossbars as used in the chicory grip-
per. In [7], this crossbars are used for shape adap-
tive behaviour by contact force. The crossbars in the
chicory gripper have a stiffening effect to increase
the holding force. During the concept phase of this
project, similar crossbar shape adaptive structures
have been 3D printed and evaluated. The connec-
tion points of the crossbars with the outer mem-
branes of the finger result in local pressure damage
on the chicory. Inspecting gripper A-II in figure 2.1
([14]) shows similar performance of a rotating tip
with a vertical input displacements on the compli-
ant mechanism. Although the gripper structure dif-
fers completely from the chicory gripper, a similar
tip displacement can be noticed. In E-II of figure 2.1
([20] respectively) shows the use of 3D printed elastic
material in combination with contact shape adap-
tive behaviour. This article served as inspiration to
use 3D printable material for the prototypes of the
chicory gripper. Comparing the actuation mecha-
nism of [33] (E-III of figure 2.1) shows a similar dis-
placement input structure. By reducing the relative
distance of the diamond shaped actuation mecha-
nism of the gripper presented in [33], a specific finger
displacement was gained. The bar structure of the
chicory gripper has some similarities. However, the
gripper in [33] used hinge points between the beams
and has no shape adaptive membrane. The gripper
in [49] (E-IV of figure 2.1) used uniform beam bend-
ing similar to the chicory gripper. The bar mecha-
nism of [49] has similarities with the chicory gripper.
However, the bars of the chicory gripper are signifi-
cantly thinner and the gripper of [49] has no mem-
brane to perform a shape adaptive behaviour. Grip-
per D-VI in figure 2.1 ([86] respectively) does have a
membrane structure. The relative large contact sur-
face acts as a membrane on three centered fingers.

The patent literature studied in the state of the
art (figure 2.2) shows comparable gripper aspects as
well. Gripper D-1 ([84]) for example used uniform
beam bending in the gripper structure to create a
specific tip motion. Although the three fingered cen-
tered design is not suitable for chicory gripping, a de-
sign variant of this gripper can potentially be a useful
chicory gripper. The most important factor missing
in [84] is the ability to create a large contact surface
to reduce object damage. Gripper D-10 of figure 2.2
([11]) shows a membrane to be able increase the con-
tact surface. The chicory gripper uses similar prin-
ciple with a completely different design to be able
to achieve other design requirements for the robotic
sorting process as well. Gripper A-11 ([42]) is used

for precise finger tip gripping but uses a compara-
ble bar mechanism to prescribe the displacement of
the tips. Similar principle is used in the chicory grip-
per with completely different design criteria. Finally,
gripper E-10 of figure 2.2 ([42]) uses rotating tips to
pick up the object. This effect is created by beam de-
formation in the chicory gripper in stead of rotating
hinges as used in [42].

Overall, compliant grippers in academic liter-
ature show similarities in different aspects of the
chicory gripper. However, no specific application
for chicory gripping existed. The design of a mem-
brane to be able to adapt to the shape of the object
is not innovative on itself. But the application on
chicories with an asymmetric gripper layout and a
110 mm extended object contact surface, acting as a
membrane, was not yet present in the state of the art
overview of the literature and patents. The combina-
tion of all design aspects makes the overall design of
the chicory gripper an innovative contribution to the
academic research on compliant fruit and vegetable
gripping.

8.3 Patent request
In order to make the gripper profitable with mass
production, a decent amount of gripper sells is re-
quired. Investigating the number of chicory farmers
in the Netherlands results in approximately 10 reg-
istrations. A large chicory farmer produces up to 9
million chicories per year. Assuming that just two
of the total chicory farmers in Holland are willing
to invest in a robotic sorting line, results in 18 mil-
lion sorting actions. When a compliant 3D printed
finger survives duty for 500,000 sorting actions, ap-
proximately 36 grippers have to be produced every
year. Assuming that the static parts and the cylin-
ders of the gripper are lasting for years, only the
compliant parts need to be replaced. With an op-
erational life time of 500,000 gripping cycles, a re-
tail price of approximately 800-1000 euros is allow-
able. This retail prices leaves margin for financing
a patent request to protect the design of the grip-
per. Investigating the patents of compliant grippers
in figure 2.2 shows no clear similar design as dis-
cussed in the state of the art comparison. However,
further research by the European Patent Office will
be required. Due to the retail margins, a patent in-
vestment could be returned within approximately 2
to 3 years (with retail in Holland only). The disad-
vantage of a patent request is the longer time to mar-
ket. Due to the research and patent registration time
by the EPO, the time to market is approximately 2
years. Currently, chicory farmers are looking for an
automation option and several agriculture automa-
tion companies are researching the possibilities of
chicory gripping. With a time to market of 2 years, it
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is assumable that different unpatented gripping so-
lutions are introduced on the market prematurely.
Furthermore, the power of compliant gripping is not
specified in the specific design of the chicory grip-
per presented in this thesis. Compliant mechanisms
can be adapted easily to new required design crite-
ria. This is the real benefit of compliant gripping.
By changing links, hinges or material, a completely
different performance can be gained. Therefore, the
sense of patenting this specific design is question-
able.

8.4 Reflection
Reflecting on the design process of this shape adap-
tive compliant chicory gripper, several aspects could
have been done in more detail. During the eval-
uation of the concept drawings and decision mak-
ing process, a more measurable performance metric
could have been used. The main aspects for the de-
cision making of the concepts referred to tip move-
ment to reach underneath the object and damage
avoidance. By exporting data from the FEM model
about the tip movement and the ability of reaching
under the object, a more statistical decision could
be made. The same holds for the shape adapta-
tion and damage avoidance performance of the grip-
per. By performing an automated contact analysis in
ANSYS, more quantitative insights could have been
gained. These results could have been taken into ac-
count in the decision making process.

During the prototyping phase, the PP material
was introduced. To transfer the stiffness of the previ-
ously used TPU material into the PP material, a 20%
infill density of the 3D prints was introduced. This
did not work out as expected. Instead stiffness re-
duction factors on the heights of the beams should

have been introduced. This was however done dur-
ing the iteration phase and worked out as calculated.
A FEM calculation with a 20% infill structure is very
computational, and therefore probably not very ac-
curate with short run times. With the stiffness re-
duction due to the reduced heights of the beams, the
modeling was easier and more accurate. A final re-
mark about this project is the ability to test the grip-
per is a real robot setup. According to the covid-19
safety precautions of the dutch government, no test-
ing in industry or academic environment was possi-
ble. Nevertheless, the theoretical force and handling
requirements have been simulated by experiments.
A real test with visual feedback on the robotic sort-
ing system needs to be performed before the gripper
can be classified as reliable.

8.5 Conclusions

With this thesis, the opportunities for compliant
grippers in agricultural industries has been demon-
strated. The application for robotic sorting of
chicories is just one of the possibilities. A compara-
ble compliant gripper can be used for different types
of fruits and vegetables, for example: lettuce, cab-
bage or corn. Specially vegetables with leaves on the
outside are suited for mechanical compliant grip-
pers. Due to the unlimited form freedom of com-
pliant mechanisms, grippers can be designed with
a large variety of requirements for a large variety of
applications. In this specific application on chicory
gripping, 19 design requirements were set and 17 of
the requirements have been reached by the created
prototypes. Two remaining requirements on mate-
rial transfer limits and overall gripper height can be
reached with additional research.
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Figure B.1: Gripper concept 3.2 nodes
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Figure B.2: schematic front view of working prototype 1 of gripper
concept 3.

Figure B.3: schematic side view of prototype 1 of gripper concept
3

Figure B.4: Prototype 3 front view

Figure B.5: Prototype 3 side view
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Figure B.6: Prototype 4 front view

Figure B.7: Prototype 4 side view

Figure B.8: Gripper prototype 1 leveled before testing

Figure B.9: Gripper 3 tested in x direction on the compliant side of
the gripper
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Figure B.10: Gripper 3 tested in x direction on the thin finger side
of the gripper

Figure B.11: Damage experiment gripper 2

Figure B.12: Damage experiment gripper 3

Figure B.13: Damage experiment gripper 4

Figure B.14: Modified chicory with a drilled through aluminium
tube to carry the gravitational load applied on the cable and pre-
venting the cable from cutting through the chicory.
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Figure B.15: Iteration 2 in damage experiment.

Figure B.16: Iteration 3 gripping small and large chicories without
damage.

Figure B.17: Iteration 4 endurance experiment setup overview.

Figure B.18: Pick up endurance test with real chicory samples for
a duration of 10000 gripping repetitions.

Figure B.19: Rotated (around z axis) chicory sample in gripper it-
eration 4. This rotation has been performed 100× for a small and
large chicory sample.



86 B. Appendix B

Figure B.20: Time series of closing gripper (prototype iteration 4), closing time is 23 ms.

Figure B.21: Time series of opening gripper (prototype iteration 4), opening time is 23 ms
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