Department of Precision and Microsystems Engineering

Indirect sensing method for contact location and force
in a compliant finger

Rens de Rooij

TUDelft

Challenge the future




Preface

This thesis concludes my master Mechanical Engineering and thereby my time as a student at
the faculty 3mE of the Delft University of Technology. The final project was a great way to
combine the theoretical knowledge gained during the studies with a practical application.

I would like to thank my supervisors Ad Huisjes and Just Herder for their guidance and valuable
feedback during this graduation project. I want to thank my fellow students from the gripper
research group as well for their feedback during the weekly meetings. Furthermore, I would like
to thank the people from the 3mE meetshop and the PME lab for their help with installing
sensors, constructing an experimental set-up, and performing the measurements. I would like to
thank my friends for providing me with the necessary distractions in the form of coffee breaks,
bike rides, and countless drinks and lastly, I would like to thank my family for their support.

Rens de Rooij
Delft, January 2023



Contents

Introduction
1.1 Research objectives . . . . . . . . . . . . e
1.2 Thesis outline . . . . . . . . . . e e

Literature study

2.1 Introduction . . . . . . . . . L e
2.2 Gripper principles . . . . . ...
2.3 Sensors in Grippers . . . . . . . . . ..
2.4 Challenges for applying sensors in grippers. . . . . . . . . . . .. .. .. ... ..
2.5 Literature conclusions . . . . . . . ... Lo o
2.6 Project proposal . . . .. ... L

Research Paper

Alternative method for determining contact forces: calibration
4.1 Experimental measurements . . . . . . .. ... L oL
4.2 Calculating contact forces . . . . . . . .. oL

Discussion
5.1 Embedded strain gauges . . . . . . .. ... Lo
5.2 Plastic deformation in the compliant finger . . . . . . . ... .. .. ... ...

Conclusion

Experimental set-up

A1 Compliant finger . . . . . . . . .
A2 Strain gauges . . . . .. ..
A.3 Actuation mechanism . . . . .. ... L
A.4 Force sensor, disc and linear stage . . . . . . . . . . ... ... ... ...

Finite Element Analysis in COMSOL Multiphysics
B.1 Model set-up . . . . . . . . e e
B.2 Simulation and results . . . . .. ... oL L

T

26

36
36
37

40
40
41

42

43
44
45
46
47



Chapter 1

Introduction

In order to deal with a growing worldwide food demand and increasing labor shortages, automa-
tion in the agri-food industry is required. An important aspect of this automation is developing
robotic grippers that are capable of handling food products. Due to the fragile and deformable
nature of these products, and the high demands on quality in the food industry, grippers should
handle the products with great care to prevent damage. Compliant and underactuated grip-
pers passively conform to the shape of the grasped object due to the design of their structure,
thereby improving the gripper performance for this application. At the same time, the passive
structure induces uncertainty about the stance of the compliant fingers. For this reason, the
addition of sensing to robotic grippers can present new possibilities to take away this uncer-
tainty and improve the grasping of natural products. This thesis focuses on embedding sensors
onto robotic grippers, whereby a sensing method is developed that is able to indirectly measure
contact position and contact forces in a compliant finger.

1.1 Research objectives

To investigate how the addition of sensing can help improve robotic grippers, it is relevant to
first identify which gripper principles can be combined with which sensing methods to provide
useful measurements. Furthermore, the challenges for embedding sensors in grippers need to be
analyzed, with the application in the agri-food industry in mind. The first part of the research
consists of a literature study that aims to address these objectives.

The analysis of grippers and sensing methods results in two measurable quantities of interest:
contact location and contact force. The contact location provides insight into the gripper-object
interaction, whereas the contact force is an important quantity for grasping, as it determines
the stability of the grasp and the impact of the gripper on the object. In addition, compliant
grippers are identified as suitable grippers, due to their predictable force-deformation behavior
and promise in the agri-food application. This leads to the main research question of this
thesis: can we estimate the contact location and contact force between a compliant finger and
an object indirectly by measuring the strain inside the structure? Hereby, the contact location
estimate should be able to distinguish between contacting phalanges of the compliant finger, and
the contact force should be accurate in order of magnitude of several newtons. In addition, the
indirect sensing method will aim to minimize the impact of the sensors on the gripper performance
in terms of mobility of the gripper and required actuation force.



1.2 Thesis outline

Chapter 2 presents the literature study into the combination of gripper principles and sensing
methods. It also describes the main challenges for embedding sensors in robotic grippers. In
chapter 3 the main research of this thesis is presented in the form of a scientific paper, addressing
the development of an indirect sensing method for a compliant finger, whereby contact location
and contact forces are estimated using strain measurement. Chapter 4 describes an alternative
method for determining the contact forces. In contrast to chapter 3, where the forces are derived
using the results of a Finite Element Analysis (FEA), in this chapter the forces are determined
through calibration. Chapter 5 provides a critical discussion of practical insights that are gained
throughout the project, elaborating on the discussion part of the research paper. Finally, chapter
6 presents the conclusions of the thesis. The appendices provide a more detailed overview of the
experimental set-up (appendix A) and the Finite Element Analysis in COMSOL Multiphysics
(appendix B).



Chapter 2

Literature study



2.1 Introduction

One of the problems that humankind is encountering currently, is providing all people with
enough food. The worldwide population is rapidly growing and is expected to keep on growing
for the foreseeable future. This results in a growing demand for food [1]. At the same time,
there is an increasing labor shortage in agriculture [2]. To keep up with the growing food
demand and overcome labor shortages, automation of certain processes in agriculture is needed.
The number of robots in agriculture is growing, for example in the harvesting of fruits and
vegetables [2][3][4], and the processing of food products [5]. However, the amount of automation
in agriculture and food processing is lagging behind other industries, where automation is widely
used. One of the most important challenges for robots handling food products is the fact that
these products are deformable and should be handled with care to prevent damage. To overcome
these challenges, new robotic grippers should be developed that can handle deformable and
fragile natural products. For example, compliant and underactuated grippers passively conform
to the shape of the grasped object due to the design of their structure, thereby improving the
gripper performance for this application. The addition of sensing to robotic grippers can present
new possibilities to obtain information during the grasping process and to further improve the
grasping of natural products.

The natural inspiration for the robotic grippers is the human hand. The human hand is an
amagzingly versatile instrument, capable of handling very small and fragile objects up to large
and heavy objects. The dexterity of the human hand is partly due to the 20 degrees of freedom in
movement of the hand. Secondly, the dexterity can be attributed to the sense of touch in human
hands: more than 17000 mechanoreceptors [6] provide the human hand with the possibility to
accurately perceive the size, shape, and characteristics of an object that is grasped. Similarly,
the application of sensors in robotic hands might increase the capabilities of these hands in the
handling of objects like food products.

This leads to the research question for this literature review: which gripper principles can be
combined with which sensing methods to provide useful measurements? To answer this research
question, first, the gripper principles available in literature are evaluated in Section 2.2. Next
up in Section 2.3, the sensors that are used in robotic grippers are investigated. To conclude the
literature research, the combinations of certain gripper principles with certain sensing methods
are evaluated. In addition, some of the challenges for applying sensors in robotic grippers are
identified. The answer to the research question and the conclusions of the literature review lead
to a project proposal for follow-up research.

2.2 Gripper principles

Over the course of the last 30 years, a wide variety of robotic grippers has been developed. These
grippers show various designs, ranging from dexterous, human-like hands to vacuum suction cups.
To provide a complete overview of the grippers described in literature, in this review a classi-
fication of the grippers will be presented. The grippers can be distinguished based on various
characteristics like compliancy (rigid, compliant or soft), driving force (pneumatic, electric, mag-
netic) or gripper principle (actuated movement, controlled stiffness, controlled adhesion). The
grippers will be subdivided, mainly based on gripper principles. Figure 2.1 shows an overview
of this gripper classification, which is partly based on the classification of soft robotic grippers
in [7].

The first and most important distinguishing feature shown in figure 2.1 is the gripper princi-
ple: grippers use either actuated movement, controlled stiffness or controlled adhesion to grasp
objects.
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Figure 2.1: Gripper classification overview

Gripping by actuated movement

The grippers based on actuated movement to grasp objects, use the movement of fingers or other
elements for grasping. Two types of grasps can be obtained using this movement: a power grasp
or a precision grasp [6]. Either the fingers envelop the object to form a power grasp, or the fin-
gertips contact the object to form a precision grasp. A power grasp is characterized as a stable
grasp, with a wide contact surface between the gripper and the object and capable of handling
heavy objects. A precision grasp is less stable, as the contact surface is limited to the fingertips.
This grasp is better suited for fragile objects, as the contact forces are usually low.

When considering the classification in figure 2.1, the first branch of the gripping by actuated
movement grippers is the most extensively researched and most used type of gripper. These
grippers consist of a passive structure that is actuated by an external force. The passive struc-
ture often resembles a hand, with a varying number of fingers and finger structures. The rigid
grippers consist of rigid elements, linked together through rotational joints. The grippers are
mostly actuated using electric motors in the joints, tendons running through the fingers, or mo-
tors with a gearbox transmission to allow finger movement. A wide range of examples of this
type of grippers can be found in [6].

In contrast to the rigid links and rotational joints used in rigid grippers, compliant grippers use
flexible joints to achieve finger movement and are often constructed using deformable materials.
One of the most commonly used compliant fingers is the so-called fin-ray gripper, as shown in
figure 2.2a. The fin-ray gripper is already applied in some agricultural robots [8].

Besides the fin-ray structured finger, there is a whole range of compliant fingers that are used
for grasping, varying from rigid links connected with flexible joints to completely deformable
finger structures. These compliant fingers also differ in the motion path followed by the fingers.
Widely used design techniques for compliant structures include topology optimization, whereas
for fabrication 3D printing is a common technique. An example of such a gripper is shown in



(a) Fin-ray gripper designed by Festo [9] (b) 3D printed compliant gripper structure [10]

Figure 2.2: Compliant grippers

figure 2.2b. Other examples can be found in [11], [12], [13] and [14].

A relatively new branch of robotics that is rapidly developing is soft robotics [15][16]. In soft
robotics, robots are constructed using soft and stretchable materials like rubber, to create func-
tionalities that rigid grippers cannot obtain and to resemble natural tissues. Soft robotics is in-
creasingly applied in grippers, and one of the most important techniques uses Fluidic Elastomer
Actuators (FEAs). FEAs are constructed of rubbery materials and are actuated by pumping a
fluid into the actuator. Due to the incoming fluid and the structure of the FEA, a prescribed
movement is followed. These actuators can be used to perform finger movements, and thereby
compose a gripper. An example of such a soft gripper is presented in [17], and the finger used in
this gripper is shown in figure 2.3. Due to the structure, the finger will bend over the lower part
when fluid is pumped in. Through this bending, the finger can form around an object. Further
references for the use of FEAs for grasping are: [18] and [19].

Figure 2.3: Fluid Elastomer Actuator finger [17]

Another type of actuated movement gripper uses electroactive polymers to achieve gripping
movements. These grippers utilize the properties of electroactive polymers, which show defor-
mation under the application of an electric voltage. By proper design, this deformation can
be converted into a gripping movement. For dielectric elastomer actuators, this is achieved by
placing an elastic material in between two compliant electrodes. When a voltage is applied over
the electrodes, the electrostatic attraction between the two electrodes, resulting from the volt-
age, causes a deformation of the compliant electrodes and the elastomer in between. An ionic
polymer-metal composite also has a layered structure, comprised of two thin metal plates with



an ionic polymer in between. An applied voltage over the metal plates results in ion movement
within the ionic polymer, which in turn causes a deformation of the entire structure. The defor-
mation can be utilized for a gripping movement.

Gripping by actuated movement can be achieved by shape memory materials as well. These
materials can be deformed from their original shape, and return to this original shape when the
material is heated. This principle can be achieved by certain alloys and some polymers, due to
the internal structure of the material. [20] and [21] show examples of robotic grippers where the
shape change of shape memory materials is used to actuate the design.

Gripping using controlled stiffness

The next main branch in the gripper classification in figure 2.1 is gripping using controlled
stiffness. This type of gripper uses the material properties of certain elements: these materials
can undergo a large change in stiffness under the right circumstances. This change in stiffness
is utilized in the grasping of objects. When the material stiffness of a gripper is low, it can be
easily conformed to the shape of an object. Retaining the current gripper shape, the stiffness is
increased such that the gripper is almost rigid. The rigid gripper is able to hold the object to
which shape it conforms.

One of the grippers that use this principle to grasp objects is presented in [22] and shown in
figure 2.4. This gripper consists of an elastic bag filled with granular material. Under normal
conditions, this elastic bag can be pressed on an object, whereby it conforms to the shape of the
object. When a vacuum is applied to the elastic bag, the granular material is pressed together,
which results in a high rigidity while remaining conformed to the object’s shape. As shown in
the figure, the object can be picked up.

Figure 2.4: Gripper based on the jamming of granular material [22]

Other types of materials that can be utilized for the purpose of gripping using controlled stiffness
are low melting point alloys. As is in the name, these alloys can change from solid to liquid state
at a relatively low temperature. The large difference in stiffness between the solid and liquid
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state is exploited. Electro/magnetorheological fluids show a large change in viscosity of the fluid
upon application of either an electric or a magnetic field. Shape memory materials not only
change their shape, as explained in the previous section, but also change their stiffness under
the right circumstances. Especially shape memory polymers display this characteristic. The
aforementioned materials are incorporated in complex finger and gripper designs in order to use
the change in stiffness for gripping behavior.

Gripping using controlled adhesion

The last main branch of gripping principles from figure 2.1, comprises the grippers that use
controlled adhesion to pick up objects. This type of gripper exploits the high surface forces that
can be accomplished between a gripper and an object under certain circumstances. The main
methods to obtain controlled adhesion are by using electro-adhesion, dry adhesion, or a vacuum
gripper.

Electro-adhesion is the surface force between two objects due to electrostatic forces. Electrostatic
or Coulomb forces are the forces between electric charges. When the surface of the gripper has
an opposite electric charge to the surface of the object, electro-adhesion can be used to pick up
the object. This difference in charge between the surfaces is induced by applying an electric field.
Dry adhesion grippers use Van Der Waals forces to achieve a high surface force. Van Der Waals
forces are the mutual forces between molecules or atoms. Normally these microscopic forces are
far from sufficient to pick up macroscopic objects, but high surface forces can be achieved for
specifically structured surfaces. Geckos are able to climb and hang on to surfaces using their
specific foot structure. On a microscale, the foot structure consists of millions of hair-like fibers,
which in turn branch out into even smaller structures. When the feet touch a surface, a very large
number of these nanostructures come into contact with the surface. Thereby the surface area is
vastly increased, allowing for higher Van Der Waals forces sufficient to support the Gecko’s body
weight. Gecko feet serve as inspiration for several dry adhesion grippers. An example is shown
in figure 2.5 and described extensively in [23]. The gripper in this article exists of a flexible,
inflatable membrane. The membrane surface is equipped with a large number of microfibers,
as displayed on the right in figure 2.5. Similar to the Gecko feet, the microfibers increase the
contact surface, and thereby the adhesion forces between gripper and object. When picking up
an object, the membrane is not inflated and conforms to the shape of the object with a large
contact area. To release the object again, the membrane is inflated, decreasing the contact area
and the number of fibers in contact with the object. When the number of microfibers in contact
is sufficiently low such that the Van Der Waals forces are lower than the object weight, the object
is released.

Figure 2.5: Gecko inspired dry adhesion gripper [23]
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One of the most widely used methods for gripping in industry is using a vacuum. A vacuum
suction cup, depicted in figure 2.6, is brought into contact with the object’s surface. A vacuum
is generated in the cup by sucking out the air within the cup. The result is that the pressure
outside the cup is higher than within. The outside pressure provides the force to keep the object
and cup in contact.

Figure 2.6: Vacuum suction cup by Festo [24]

2.3 Sensors in Grippers

Similar to the classification of grippers presented in the previous section, the sensors and sens-
ing methods that can be used in robotic grippers are also ordered in an overview with different
branches: figure 2.7. In this overview, the main sensing methods are distinguished equivalently
to how we as humans perceive while grasping an object: namely based on vision, proprioception
and tactile feedback. When grasping an object, we look at the object and our hand. We esti-
mate distances based on visual feedback and move our hand accordingly toward the object. The
second important aspect when grasping an object is the knowledge we have of the position of
our hands and the forces in our muscles, called proprioception. Even without visual feedback,
we know the position of our fingers, whether we are making an open hand or a fist. The last
important sensing method we use while grasping an object is our sense of touch: based on the
feedback from the tactile sensors in our skin we know when we touch an object, how much force
we need to exert on the object to hold it, and when it starts to slip out of our hand.

For each of these natural sensing methods, equivalent artificial sensors exist that can be applied
in robotics. In the upcoming section, these artificial sensors are discussed with an application in
robotic grippers for food products in mind. For every possible sensor, the possible measurements
and the placement when used in combination with a robotic gripper are discussed. The sensors
that are introduced are deemed to provide some added value for usage in gripping food prod-
ucts. Besides introducing and explaining these sensors, they are also evaluated separately, with
general advantages and disadvantages per sensor. Secondly, the possibilities and impossibilities
of combining the sensor with certain grippers and gripper principles are discussed.

This review of the sensors is focused on the sensors that are applied within the robotic gripper:
the end-effector. More sensors exist that can be placed on the base of the robot, on the robotic
arm, or externally from the robot. These types of sensors are not considered in this review.
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Figure 2.7: Sensor overview

Vision-based sensing
Camera

A camera is used for visual inspection of the gripper or object. As this is an evaluation of sensors
on the end-effector, the camera in this case is mounted on the wrist of the gripper, a so-called eye-
in-hand camera. Possible measurements performed using a camera are detection of the presence
of an object, the color of an object, the deformation of either the gripper or the object, and slip
detection. The color of the object can be an indication of the ripeness when considering fruits or
vegetables. In [8], a camera is installed above the gripper in a pepper harvesting robot, shown
in figure 2.8.

An advantage of a camera is the wide functionality it provides: it can be used for multiple
measurements. Besides, it does not only perceive the object and the gripper, but also the
environment, allowing for obstacle detection. However, these environmental factors like leaves
or stems when considering a greenhouse environment, can also occlude the camera and thereby
block the vision. A camera can be useful for every type of gripper in determining the presence
of an object or object properties like color. When placement on the wrist is assumed though, for
gripper principles like granular jamming and dry adhesion it is difficult to detect deformations
and slip, as these grippers partially envelop objects.

Time-of-flight sensor

A time-of-flight(ToF) sensor is used to measure the distance of the sensor to an object. This
measurement is based on the time between the emission of a signal and the return to the sensor
after it is reflected by the object. This principle is depicted in figure 2.9. The ToF sensor can
either be a simple sensor or a more advanced camera that can measure multiple distances in 3D.
Similar to the normal camera, this sensor could be mounted on the wrist, above (or below) the
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Figure 2.8: Pepper harvesting robot, including a camera and time-of-flight sensor mounted above
the gripper [8]

end-effector. In the pepper harvesting robot in [8](figure 2.8), a time-of-flight camera is used in
combination with a normal camera.
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Figure 2.9: Time-of-flight sensor principle [25]

The most important advantage of a time-of-flight sensor is the fact that it provides a direct
measurement of the distance between for example gripper and objects. Similar to a camera,
occlusions can block vision. The time-of-flight sensor is especially useful for fingered grippers
(rigid, compliant, and soft), where the placement of the object within the hand is crucial in
obtaining a stable grasp. For principles like granular jamming, vacuum suction cups, or inflatable
pockets the exact placement of the object in the gripper is less important, so a time-of-flight
sensor will contribute less to increased gripper performance.

14



Proprioceptive sensing
Resistive strain sensor

A resistive strain sensor is used to measure the strain in flexible fingers or joints, whereby the
resistance of the sensor changes upon bending (see figure 2.10). For entirely compliant and soft
robotic hands or hands with flexible joints, this strain measure can be used to deduce the finger
position, stance, and deformation. In turn, this stance and deformation could be a measure of
the forces on the object. Examples of strain sensors used in grippers are provided in [18] and
[19].

Figure 2.10: Simple resistive strain sensor

A resistive strain sensor can be internal, which is a great advantage in an environment that can
disturb the measurements. In addition, calibration can be used to map the strain measure to
other quantities such as force. A strain sensor can be combined with compliant or soft-fingered
grippers, where the deformation of the fingers determines the hand position. For rigid fingers
with flexible joints, it might be useful as well, but entirely rigid fingers hardly show strain.
For principles like granular jamming and dry adhesion, the deformations are local and highly
dependent on the object’s shape and position with respect to the gripper, which makes it harder
to extract useful data from a strain measurement.

Optical fibres

Optical fibers embedded in flexible fingers can be used to measure the curvature of these fingers.
Optical fibers are used to guide light signals, whereby the fiber has a transmitting and a receiving
end. A light signal is transmitted through the fibers and perceived at the receiving end. The
received signal depends on the length and shape of the optical fiber. When embedded into
a flexible finger, the perceived light signal changes based on the curvature of the finger, and
is thereby a measure for this curvature. In a similar manner to the strain measurement of
the resistive strain sensor, the curvature can be used to deduce other gripper information and
quantities. [26] and [27] provide examples where the measurements of optical fibers in flexible
fingers are linked to force and torque data, as well as shape, surface roughness and softness
detection of objects. This is achieved by using techniques like calibration and machine learning.
Figure 2.11 shows a detailed overview of how the researchers in [27] have integrated the optical
fibers into a flexible finger.

Like the resistive strain sensor, the advantages of optical fibers include that they can be internal
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Figure 2.11: Detailed overview of optical fibers integrated into a soft robotic finger [27]

and that calibration allows for extracting more information based on curvature measurement.
The application space for optical fibers is the same as for the resistive strain sensors: namely
compliant and soft-fingered grippers, and possibly rigid fingers with flexible joints.

Angle sensor

An angle sensor, for example an encoder(figure 2.12) or potentiometer, is used to measure the
angle of a joint of the gripper. For rigid or partially flexible grippers containing joints, the joint
angle measure is a way to determine the gripper posture. As with the optical fibers and resistive
strain sensor, further quantities can be derived from the gripper posture.

Figure 2.12: Rotary encoder [28]

Encoders are often built-in within robotic joints, so no separate sensor has to be acquired and
installed. A challenge for the application of angle sensors is that for multi-phalanx fingers, every
joint angle needs to be measured to determine hand posture. In contrast to the resistive strain
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sensor and optical fibers, an encoder or potentiometer is not applicable for compliant or soft
grippers, but only for grippers with rotational joints.

Force/Torque sensor

As is in the name, a force/torque sensor is used to measure forces and torques on the robotic
hand, equivalent to how human perceive the forces and torques exerted by muscles. The sensor
can be implemented in the wrist at the connection of the arm with the end-effector, as depicted
in figure 2.13. Possible measurements with a force/torque sensor are the forces between the
end-effector and environment, the object’s weight, and in-hand displacements of the object.

Hand\(Gripper)

Figure 2.13: Implementation of a Force/Torque sensor in the wrist of a robot arm [29]

The most important added value of a force/torque sensor is in high-precision tasks like pick
and place and insertion of objects, as it provides accurate measurements of the interactions
with object and environment. A force/torque sensor is generally very expensive though. The
implementation in-between the arm and end-effector can also pose problems, as both should be
suitable to make this connection. A force/torque sensor is applicable to almost every gripper
type, as measuring several aspects of the contact with the environment and objects can help in
controlling the robot. However, for deformable or soft grippers, the deformations are not taken
into account for the force/torque measurement. Therefore, the sensor is easier implemented on
rigid grippers.

Tactile sensing
Tactile sensors

Tactile sensors are sensors at the finger or palm surface that measure contact with an object,
comparable to the sensing elements in human fingers. There are several different principles to
perform these measurements [30]. The most widely applied method uses an array of small contact
sensors called tactels. Upon contact with an object, only the tactels that touch the object will see
an increase in the measured value. When the whole array is visualized, the tactels in contact will
show where the sensor is touching the object, mapping the contact surface. This is visualized in
figure 2.14. In addition, most tactile arrays provide up to some point a relative measurement of
the contact force. More advanced tactile sensors using vision are under development, whereby the
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reflections of light signals are interpreted to deduce the contact area and force [31][32]. Besides
placement on the finger and palm surface, tactile sensors could also be placed on the exterior of
the gripper or arm to measure contact with the environment [33]. Other examples where tactile
sensors are used in combination with gripping can be found in [34] and [35].

Adaptive tactile array  cqqcitive good PowerOn Gripper
incl. electronics | finger adapter

Gripper driver

(sourced from supplier)

Pressure map Pressure map
Figure 2.14: Tactile sensor showing a pressure map of the contact with an object [36]

An important advantage of tactile sensing is the fact that it can provide both a mapping of the
contact surface as well as a contact force measurement. In addition, it is possible to perform
slip detection using tactile sensors. Another advantage is the ability to improve the grasping of
delicate objects by providing contact feedback. Disadvantages are that tactile sensors need to
be placed at the gripper surface, which makes it not suitable for certain gripper types, and is
sensitive to disturbances from the environment. Tactile sensors are mainly interesting for fingered
grippers, as they can be implemented on the finger or palm surface. Especially for compliant
grippers, tactile feedback of the contact with an object could provide added value, because due
to the deformability, the exact contact location and forces are harder to model than with a rigid
gripper. Further development in the field of flexible sensors is required to apply tactile sensing
to soft or inflatable grippers. For dry adhesion grippers and suction cups, there is no application
for tactile sensors on the end-effector, as the contact surface should not be covered with sensors
for these principles to work.

Accelerometer

On a human finger, the fingerprint gives a little roughness to the finger surface. When an object
slips over this surface, this causes vibrations, which are perceived by mechanoreceptors in the
skin. Similarly, an accelerometer can perceive vibrations caused by slipping of an object over
a robot finger surface and thereby detect slip. An accelerometer measures accelerations, often
from the movement of a small, suspended mass, as shown in figure 2.15.

Using an accelerometer, slip can be detected in a very simple and straightforward manner. Also,
the sensor can be implemented internally; it does not have to be placed directly at the surface. In
contrast, external vibrations and disturbances are perceived as well, and filtering these out might
prove challenging. The use of this sensor also induces a design requirement on the finger surface,
as this should be somewhat rough in order to provide vibrations due to slip. The accelerometer
can be combined with fingered grippers, either rigid or compliant, where it can be implemented
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Figure 2.15: Accelerometer working principle: mass-spring-damper system, the deflection of the
mass is a measure for the acceleration [37]

within the fingers. It will be challenging to implement it there, with limited space. However, for
soft grippers and special principle grippers like granular jamming and dry adhesion, it will be
even more difficult, as the implementation space is even more limited.

Input measurement

Besides the sensing methods and sensors in figure 2.7 and the previous sections, there is one
other important measurement to take into account for gripping by actuated movement. When
gripping by movement, the actuation input determines the behavior of the gripper. The input can
therefore be a measure for the output force, output displacement, and hand position. Whether
this input is a force, a displacement, or a pneumatic pressure, it provides important information
on the gripper, certainly when combined with other sensor measurements.

2.4 Challenges for applying sensors in grippers

During this literature study, not only the robotic grippers in academic research were taken into
account. Current robotics used in agricultural applications were also assessed to get a complete
overview of the state of the art of agricultural robotics. The number of robots in industry is
growing, and large agritech companies such as Priva and Ridder are investing in the development
of robots used in harvesting and de-leafing. However, one of the things that stands out in the
robots in industry is the lack of sensors within the end-effectors. To understand why there
are no sensors applied within the end-effector, and thereby identify the challenges involved in
this application, several companies and people involved in the agricultural robot development
were contacted. The most important challenges following from these interviews, complemented
with findings from literature [31], are presented in this section. These challenges are definitely
applicable to this project as well, and therefore should be kept in mind in the follow-up research.

e Environmental factors lead to breakdown of the sensors: sensors are often relatively fragile
electronic components, that can break down due to moisture, dirt, or chemicals. In the
food industry, robots operate in environments where these factors are often present. In a
greenhouse, there can be moisture in the air or coming from the plants, or dirt particles
from the plants. The vegetables can be wet from condensation. In processing chicken parts,
the gripper will be in contact with dirt and moisture from the chicken parts. Furthermore,
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due to the high demands on hygiene in the food industry, the robots frequently need to get
a thorough cleaning, often with corrosive cleaning chemicals.

e The sensors are difficult to install: the space for installation of sensors on the end-effector
is often limited. The gripper surface is designed such that it is optimal for grasping ob-
jects, not for implementing sensors. Besides, many gripper designs are not suitable for the
installation of sensors.

e The sensors are unnecessary to achieve the desired performance: often external cameras
and controlled movements provide the robot with sufficient dexterity for the required func-
tionality, without the need for sensors. In addition, robots in industry are often designed
for one specific use case. The end-effector is designed and fine-tuned to make it suitable for
this specific use case, whereby sensors are not necessary to achieve the desired performance.

e Protection from breakdown often goes at the expense of accuracy of measurements: when
the sensors need to be protected from the factors mentioned above, this often comes with
a decrease in accuracy. When adding a protective cover or installing the sensor within the
gripper parts, the measurement is no longer directly on the gripper/object surface. These
indirect measurements are either less accurate, need to take into account a transmission,
or need calibration.

e Wiring, power supply, and circuitry make the end-effector design more complex.

e Costs: sensors, especially high-performance, are generally quite expensive.

2.5 Literature conclusions

Now that the most important gripper principles and sensing methods for those grippers are
identified, and the most important challenges for applying sensors within the end-effector of a
robot have been addressed, this knowledge has to be combined to answer the research question:
which gripper principles can be combined with which sensing methods to provide useful measure-
ments? To answer this research question, a table showing the combinations of gripper principles
and sensors is provided, where the combinations are evaluated as well.

Combining gripper principles and sensors

To summarize the literature review and enable the comparison of different combinations of grip-
per principles with sensors, a table was created showing the most important gripper principles
on the horizontal and the most important sensing methods on the vertical: figure 2.16. Not all
gripper principles from the classification are taken into account, as some are still underdeveloped
or not interesting for applications in agri-food. The accelerometer is left out of the table and
replaced with slip sensing, as the accelerometer can only be used for slip sensing, but slip sensing
can also be achieved by other sensors such as tactile sensors.

The black crosses in the table indicate that this combination of gripper and sensor has been
researched before, whereas the red crosses indicate that a certain combination is either not fea-
sible or not useful. The green crosses show a gap in the literature: judging from the literature
these combinations are hardly researched before, but in my opinion, they might be interesting to
investigate in further research. Lastly, the white spots in the table show the combinations that
are not necessarily infeasible or not useful, but lay outside the scope of interest for this project.
The table is created using the evaluation of the sensors in section 2.3. Furthermore, the appli-
cation in agri-food is kept in mind.
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The table shows that multiple sensors have already been applied for rigid grippers. Gripping
using controlled adhesion proves much less suitable for the application of sensors, as the surface
of the grippers does not allow the addition of sensors, and most sensor measurements do not
provide added value for these gripper principles.

What further stands out from the table is that especially in the addition of sensors to compliant
grippers there has not been much research in literature, whereas this might prove a very interest-
ing application. In contrast to rigid grippers, where a lot of information on the finger positions
and hand stance is known in advance from actuation input, there is uncertainty in the stance
and position of compliant grippers due to the deformable nature of these grippers. The addition
of sensors could provide valuable information to take away this uncertainty and help make the
grippers more controllable. Furthermore, the force-deformation behavior of compliant grippers
is predictable and can be modeled using a Finite Element Analysis.
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2.6 Project proposal

After extensively investigating the gripper principles and sensing methods that are available in
literature, and evaluating the combinations of gripper principles with certain sensing methods,
the proposal for the research project following this literature study can be presented. The
following project goal is proposed:

e To design a gripper with integrated sensors that can measure the grasping forces

Following the literature conclusions, the project aims to design a compliant gripper combined
with either tactile sensors or curvature sensors (resistive strain sensors or optical fibers). The
most important aspect of this project goal is to design with the integration of sensors in mind.
Concerning the application in agri-food, a measurement of the grasping forces aims to cope
with the deformable nature of the food products and the variation in size and shape. With a
measurement of the force, it is desired to apply a force sufficiently high to grasp and hold the
object, but sufficiently low such that it does not damage the object. Furthermore, a measurement
of the force can help to deal with deviations in the world model of the object, which is often
obtained by external cameras.

The envisioned functionality for a compliant gripper design with integrated sensors is as follows:

e Grasp objects of different shapes and sizes
e Measure the grasping forces, either directly or indirectly
Furthermore, there are some requirements to take into account when designing such a gripper:
e The sensors should not constrain the gripper performance
e The sensors and electronics should be shielded from the environment

e The sensor measurements should be sufficiently accurate
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Indirect sensing method for contact location and force in a compliant
finger

Rens de Rooij*

Abstract— This paper presents a measurement method for a
compliant gripper finger, whereby the location of the contact
with an object and the exerted grasp force are measured
indirectly, instead of directly on the contacting surface. For
this purpose, the deformation is measured using strain gauges
at two locations on the inside structure of the finger, where
high deformations occur. The finger is modeled using a Finite
Element Analysis, whereby strain data at the two sensor
locations is gathered for a set of different contact locations.
Now, by matching the measured data to a modeled scenario,
both the actual contact location in this scenario and the
accompanying contact force can be determined. For the
experimental validation, the compliant finger embedded with
the two strain gauges is manufactured and an experimental
setup has been built. The results show that the contact location
can be inferred from strain measurement and contact force
is determined accurately up to order of magnitude of 107!
newton. Comparing the force-deformation behavior of the
original and the embedded finger, a maximum difference
of 6% in actuation force was observed. Hence, the sensing
method is useful to indirectly measure contact location and
force for a compliant finger in contact with an object, while
having a minor influence on the grasping performance of the
original design.

Keywords: Compliant gripper, interactive grasping, contact
sensing, strain gauge, underactuation

I. INTRODUCTION

One of the challenges that humankind is currently
encountering, is to provide all people with enough food
[1]. The growing food demand, in combination with
increasing labor shortages in agriculture [2], calls for
automation in the agri-food industry. The number of robots
in agriculture is growing, for example in the harvesting of
fruits and vegetables [2] [3] [4] [5], and the processing
of food products [6]. However, the amount of automation
in agriculture and food processing is lagging behind other
industries, where automation is widely used. An important
challenge for robots handling food products is to prevent
damage since these products are often deformable and
fragile.

To overcome these challenges, new robotic grippers are
developed that can handle natural products. For instance,
compliant grippers are presented in [7], [8], [9], [10] and
[11]. These grippers require only one actuator to grasp and
are able to passively adapt to the shape of the grasped object
due to the elastic deformation of their structure around the
object. Besides being shape adaptable, they also provide
soft and gentle contacts, and good force transferability due

* Authors are with the Faculty of 3mE, Delft University of Technology,
The Netherlands.

to predictable force-deflection behavior. At the same time,
the undetermined compliant structure induces uncertainty
about the stance of the compliant fingers and the exerted
grasp forces. The addition of sensing to compliant grippers
can present new possibilities to reduce this uncertainty and
improve the grasping of natural products.

Embedding sensors in robotic grippers, so-called interactive
grasping, provides feedback on the grasping process. The
retrieved sensor data can be used to improve this grasping
process, eliminate faulty grasps and obtain information
about the grasped object. For example, tactile sensors placed
on the contact surface of the gripper provide information
about the interaction between gripper and object by
directly measuring contact forces or contact locations
[12] [13] [14]. A more indirect type of measurement
is vision-based sensing, which comprises the placement
of cameras or time-of-flight sensors on the end-effector,
as in [5], to give visual feedback. Although sensors offer
enhanced information about the grasping process, hardly any
sensors are currently used in the end-effectors of industrial
agricultural robotics for three main reasons. Firstly, the
sensors will influence the grasping performance [12],
especially when placed on the contact surface like tactile
sensors. Secondly, environmental factors, like moisture and
dirt, can easily influence the measurement, making the
information unreliable. In the worst case, this can cause
a breakdown of the fragile electronic components of the
system. Thirdly, the operational space for integration of
sensors in current robotic grippers is limited, and therefore
installation is difficult.

Those problems can be solved by placing the sensors inside
the finger’s structure, instead of on the contact surface,
implying indirect measurement of the interaction. Here is
more space for installation and proper sensor placement.
In addition, sensors are not in direct contact with the
environment, and can therefore be more easily shielded
from any outside disturbance. Instead of measuring directly
on the contact surface, information about the number of
interaction points, their locations, and the magnitude of
the contact forces need to be established from measurable
changes inside the structure of the finger. Proprioceptive
sensing for example provides information on the positions
and deformations of gripper fingers, by using rotational
encoders, resistive strain sensors [15] [16] or optical fibers
within the gripper [17] [18]. Compliant fingers are very
suitable for this indirect sensing, due to their predictable
force-deformation behavior. In contrast to rigid grippers, the
deformation of a compliant finger strongly depends on the



external load on the finger and the location where this load
is applied. The deformation or strain can be measured at any
point on the structure of the finger, as the entire structure
deforms under force, for example in the compliant finger
in [9]. Consequently, this offers the possibility to determine
the applied force and contact location by measuring strains
at certain locations on the finger structure. The contact
location provides insight into the gripper-object interaction,
whereas the contact force is an important quantity for
grasping, as it determines the stability of the grasp and the
impact of the gripper on the object.

In this paper, we propose a method to estimate the contact
location and force between a compliant finger and a rigid
object based on strain measurement at discrete locations
on the interior of the finger structure. The contact location
estimate should be accurate enough to distinguish on which
phalanges the contact takes place, while the contact force
estimate should be accurate in order of magnitude of several
newtons. In addition, the indirect sensing method will
aim to minimize the impact of the sensors on the gripper
performance in terms of mobility of the gripper and required
actuation force.

The structure of the paper is as follows. In Section II, the
compliant finger design and the indirect sensing method
are presented, together with the Finite Element Analysis of
the compliant finger where the force-strain behavior of the
finger is established, and a description of the experimental
set-up. In Section III the results of the experiments are
shown, comprising the strain development in different load
cases and the estimation of the contact forces. In Section IV
the results are evaluated in detail to show the performance
of the indirect sensing method, coupled with a discussion of
the design choices and suggestions for future work. Section
V presents the conclusions of the research.

II. METHOD

For the indirect sensing of the forces and contact location,
a compliant gripper finger is combined with two strain
gauges located on the internal structure of the finger. The
strain development is expected to vary with the location
where the finger is loaded, which is verified by constructing
a Finite Element Analysis (FEA). The measured strains will
be used to deduce the contact location, mainly distinguishing
which phalanx contacts the object, and the contact forces, by
matching the strain development to a simulated scenario.
An experimental set-up is then built containing a 3D-printed
compliant finger with embedded strain gauges (Section II-
C.1). To demonstrate the difference in strain development
with varying contact phalanges, the finger is brought into
contact with a disc. Hereby, the disc position with respect to
the finger can be altered. At the same time, contact forces
between the finger and a disc are measured.

A. Design of the finger with embedded strain gauges

1) Compliant finger: The specific compliant finger that
is selected is based on the monolithic finger presented in

[9]. The proposed underactuated finger is shown in Fig.
1, whereby linear movement in direction of the red arrow
is used to actuate the finger. Similar to human fingers,
the compliant finger has three phalanxes that can be in
contact with an object, counting from the base: 1 Proximal
phalanx, 2 Middle phalanx, and 3 Distal phalanx. The finger
is relatively simple due to the use of underactuation, with
only one actuator required to perform the desired movement.
Moreover, the open design of the finger leaves enough space
for the placement of sensors in various locations on the
internal structure.

Fig. 1: Compliant finger

2) Strain gauges: Two strain gauges are placed on the
internal structure of the compliant finger to measure the
deformation upon actuation and loading, and deduce the
contact location and contact forces. The strain gauges are
indicated in Fig. 1 in blue (strain £1)and orange (strain £2).
These sensors are easily available, have a high resolution, and
can be installed easily. The strain gauges could be placed at
various locations on the finger, but the locations indicated
in Fig. 1 are selected for the high expected strains at these
locations under different loading circumstances. As the strain
development for just one sensor could be similar under
different loading locations, two sensors are installed to be
able to clearly distinguish between the contacting phalanges.

3) Finite Element Analysis: To simulate the deformations
of the compliant finger under certain loads, a finite element
model was created using COMSOL Multiphysics. The finger
from Fig. 1 and the grasped object, modeled as a rigid disc,
are analyzed with a 2-dimensional model. The position of the
disc is varied in vertical and horizontal position to resemble
different contact positions with the object. The deformations,
stresses, and strains in the finger are evaluated, as well as
the contact forces between finger and disc. Fig. 2 shows the
distribution of Von Mises stresses in the finger, where in this
case the middle phalanx of the finger contacts the rigid disc
with an actuation displacement of 30 mm.

The simulation results were used to identify the two
strain gauge locations, with relatively high strain under
different loading circumstances. The strain development at
these points was clearly distinct for varying contact posi-
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Fig. 2: Von Mises stresses in the compliant finger when
actuated in contact with a rigid disc. FEA simulation using
COMSOL Multiphysics

tions and therefore served as the location for gluing the
strain gauges when building the experimental set-up. The
simulation results were also used to establish the expected
relation between the strain in the finger and the contact forces
between finger and disc, which will be the basis for deducing
the contact forces from strain data.

B. Determination of contact location and contact force

To determine the contact location and the contact force
between finger and disc in the horizontal direction, the
FEA simulation is used. The FEA provides an estimate
for the strain development and the contact forces for a
known contact position. By varying the contact position,
a large data set containing this strain and contact force
development for different load cases is retrieved from the
FEA. When the strain is measured in the finger, the strain
development can be compared to the data set and thereby be
matched to a simulated scenario. The accompanying contact
position and contact forces in the horizontal direction for
this simulated scenario can then be read out from the data
set. The accuracy of this estimate is evaluated by comparing
it to experimentally measured strain and contact forces for
several contact positions.

C. Experimental validation

1) Experimental set-up: To evaluate the sensing method
of measuring strain, and deducing the contact location and
force accordingly, an experimental set-up was built. This set-
up consists of one compliant finger with two strain gauges,
a linear actuation mechanism, and a force sensor attached to
a disc. Fig. 3 shows a schematic representation of the set-up.
The experiments comprise the actuation of the finger against
the disc, whereby the strain is measured on the locations
indicated in red in Fig. 3, as well as the force on the disc
in horizontal direction. A picture of the assembled set-up is
shown in Fig. 4.

The details of the components in the experimental set-up:

Finger: The compliant finger is fabricated using 3D
printing with TPC Flex 45 [19] flexible 3D printer filament.

Strain
gauges J

L 3

Force sensor

displacement

Fig. 3: Schematic representation of the experimental set-up

This material allows for large elastic deformations in the
finger.

Strain gauges: The strain gauges used are standard linear
strain gauges with a resistance of 120 €2, produced specifi-
cally for use on deformable plastics (HBM, type 6/120 LY 18
[20]). Two strain gauges are glued onto the compliant finger,
on the locations indicated in Fig. 3. To correctly read out
the sensors, the strain gauges are connected to three other
strain gauges each, to form a Wheatstone bridge. These three
reference strain gauges are placed on a block of the same
material as the finger, in order to prevent thermal expansion
of the material to influence strain measurements.

Actuation mechanism: The compliant finger is actuated
using a linear input displacement. To achieve this input, the
actuation end of the finger is placed on a linear guide and is
actuated using a leadscrew connected to a stepper motor. This
mechanism ensures strictly linear displacement with easily
controllable speed and stroke.

Force sensor and disc: The final component of the
experimental set-up exists of the force sensor attached to
the disc. The force sensor is a FUTEK load cell with a
measuring scope of up to 45 newtons. The sensor is limited
to sensing force in one direction, and therefore loading in
other directions is undesired. To the end that movement is
only allowed in the force sensing direction, the disc is placed
on a linear guide, perpendicular to the contact surface of the
finger. Besides, the disc is allowed to rotate freely around its
axis, to simulate frictionless contact with the finger.

Fig. 4: Experimental set-up



2) Performed experiments: The performed experiments

are aimed to relate the measured strain in the compliant fin-
ger to the location of contact and accompanying contact force
between finger and disc in horizontal direction. Hereby, four
main load cases are identified, varying in contact location of
the finger with the disc: unloaded movement (no contact with
disc), distal phalanx (highest phalanx in contact with disc),
middle phalanx (as in Fig. 3) and proximal phalanx. Based
on the FEA results it is expected that both the strain and
the contact force in the horizontal direction increase linearly
with increasing input displacement. The slopes of this linear
increase differ per load case, for both the strain and contact
force. Therefore, experiments are performed for all four load
cases.
The disc is also placed at a distance from the finger, such
that upon actuation the finger first deforms unloaded, then
contacts the disc and is deformed around the disc. Hereby, the
distinction between unloaded and loaded movement should
be clearly visible in the strain development. This constitutes
seven loading cases in total, shown in Table I.

TABLE I: Loading cases

Load case
Unloaded movement
Distal phalanx contact
Middle phalanx contact
Proximal phalanx contact
Initially no contact, then distal phalanx contact
Initially no contact, then middle phalanx contact
Initially no contact, then proximal phalanx contact

3) Impact of the sensors on gripper performance: Besides
indirectly measuring contact information with sufficient ac-
curacy, an important goal in this research is to minimize the
impact of the sensors on the gripper performance. The main
properties that constitute the performance of the compliant
gripper finger are finger mobility and the actuation force.
With this in mind, the addition of sensors should not lead to
a restriction of the movement and deformation of the finger,
or a significant increase in the force required to actuate the
finger. To measure these properties, the compliant finger is
manufactured twice in exactly the same manner, but for one
finger, no strain gauges are attached. A visual inspection is
performed on actuating both fingers to compare the mobility
of the finger with and without sensors. Furthermore, the
actuation force for both fingers is measured by slightly
adjusting the experimental set-up.

III. RESULTS

The upcoming section shows the results of the experiments
introduced in Section II. First, the strain development for the
loading scenarios in Table I, is presented as measured with
the strain gauges installed on the compliant finger, to demon-
strate how different contact locations are distinguished. Then
the performance of the contact force sensing is shown by
comparing the contact force as acquired by the sensing
method to the contact force measured in the experimental
set-up. In addition, the performance of the finger with and

without strain gauges is observed and lastly, the occurrence
of hysteresis is shown.

A. Different load cases

Fig. 5-8 display the strain development for the four main
load cases: unloaded movement, distal phalanx contact, mid-
dle phalanx contact and proximal phalanx contact. The strain
is measured upon an input actuation of up to 30 millimeters.
Strain 1 (1, blue line) belongs to the lower strain gauge
on the finger, whereas strain 2 (¢2, orange line) belongs to
the upper strain gauge. The strain slopes differ per loading
location. Consequently, by observing the slope, the phalanx
in contact with the object can be determined. Fig. 9 and
10 display the variation in average strain slope per loaded
phalanx, expressed in the change in strain per measuring time
step. This variation is observed over multiple measurements,
whereby the disc position is also varied over the length of
the phalanx.
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€ [mm/m]

05 e

0 5 10 15 20 25 30
x [mm]

Fig. 6: Distal phalanx strain development

Fig. 11-13 show the strain development in case the disc
is placed at a distance of 5 mm for the distal and middle
phalanx and 3 mm for the proximal phalanx. In these cases,
the finger initially deforms unloaded, with the strain slope
comparable to the slope observed in Fig. 5. Then it contacts
the disc at the indicated phalanx to continue deforming in a
loaded manner, whereby the strain slope corresponds to the
expected slope according to figures 9 and 10.
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Fig. 8: Proximal phalanx strain development

B. Accuracy of contact force determination

To evaluate the performance of the sensing method, the
general load cases from the previous section are tested
multiple times with a force sensor attached to the disc, to
measure the forces exerted by the finger on the disc. The
contact forces in horizontal direction, as determined from
the FEA model, are compared to these measured forces. Fig.
14 shows the force development for both cases, whereby the
force at 30 mm input actuation is compared. The average
error between the sensing method force and measured force
is expressed in a percentage with respect to the total force
and presented in Table II. The average error in determining
the contact force for all load cases is 9 % (order of magnitude
10~! newton), for total forces between 0.5 and 2.5 newton.
The relative error is higher for small forces, while the
absolute error is higher for larger forces, with a maximum
error of 0.22 newton.

TABLE II: Error between modeled and measured contact
force
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Load case Average error in force
Distal phalanx 11 %
Middle phalanx 10 %
Proximal phalanx 6 %
Distal phalanx, initially no contact 15 %
Middle phalanx, initially no contact 11 %
Proximal phalanx, initially no contact 0.5 %

Fig. 9: Box plot showing the variation in average strain slope
per load case for strain gauge 1
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Fig. 10: Box plot showing the variation in average strain
slope per load case for strain gauge 2

C. Impact of sensors on finger performance

As described in Section II-C.3, the impact of the sensors
on the finger performance is measured in terms of mobility
of the finger and required actuation force. The performance
of the compliant finger with sensors is compared to a copy
of the finger without sensors. Fig. 15 shows both fingers
when fully actuated with a proximal phalanx load. A similar
comparison is executed for the other load cases. Hereby, no
significant difference is observed between the fingers when
comparing the mobility through visual inspection.

The force required to actuate the finger in different load cases
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for the finger with sensors and the finger without sensors is
compared. The force is slightly higher for the finger with
strain gauges on the structure, as presented in Table III,
whereby the highest difference in force with respect to the
original force is 6%.

TABLE III: Actuation force with/without sensors

Load case Actuation force difference
Unloaded 0.05 N
Distal phalanx 0.07 N
Middle phalanx 0.07 N
Proximal phalanx 0.02 N

D. Hysteresis

During the experiments, some hysteresis is observed when
looking at the full cycle of loading and unloading the finger.
Both the strain and the contact force measurements display
some hysteresis, as displayed in Fig. 16 and 17.

IV. DISCUSSION

A. Interpretation of the results

1) Contact location: Fig. 9 and 10 clearly indicate that
by investigating the average strain slope, we can infer which
phalanx is in contact with the disc, regardless of the exact
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Fig. 13: Proximal phalanx strain development, initially no
contact with disc
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location of contact on the phalanx. Moreover, we can also
distinguish unloaded deformation from loaded deformation.
These conclusions are supported by Fig. 11-13, where the
strain in the unloaded part of the graphs complies with the
expected strain slope for unloaded movement, whereas the
strain in the second part complies to their respective contact
phalanx.

However, the contact location distinction is limited to contact
on one phalanx. When multiple phalanges are in contact with
the object, the distinction based on strain slope no longer
holds. When a load is applied on other parts of the finger
than the phalanges, for example exerted by the environment
of the object, then the present method can not determine the
location of contact.

2) Contact force: Concluding from the results, the
sensing method for indirectly measuring the contact forces
has an average error of 9 % when compared to the force
measurement in the experimental set-up, indicating the
force measurement is accurate up to order of magnitude of
10~! newton. The error is mainly caused by discrepancies
between the FEA model and the set-up. Whereas the FEA
model assumes an isotropic material for the compliant
finger, the 3D-printed finger used in the experimental set-up
is not isotropic. The fused deposition modeling technique



Fig. 15: Compliant finger with sensor (left) and without
sensors (right), actuated with proximal phalanx load
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Fig. 16: Hysteresis in proximal phalanx strain measurement

used in manufacturing the finger deposits the material layer
by layer to build up the finger, leading to an anisotropic
structure. The quality of the 3D print strongly depends on
the settings of the printer. The material properties of the
3D printed finger will therefore differ from the FEA model.
Besides the differences in material properties, the procedure
for measuring the force differs as well. In the simulation,
the contact force is modeled at the contact location. On the
other hand, in the experimental set-up, the force sensor is
attached to the linear guide upon which the disc is placed.

A limitation to this method is the fact that only contact
forces in the horizontal direction are considered. Although
the horizontal force is dominant, forces in the vertical
direction arise as well. Especially in cases with more than
one phalanx in contact with the object, the vertical forces
are significant. The FEA model is suitable to include these
forces. However, the experimental set-up has to be adjusted
to enable measurement of the vertical forces, in order to
evaluate the FEA model.

B. Discussion of the design choices

The main design choices in this research are the selection
of this specific compliant finger, the use of strain gauges as
sensors and the location of the strain gauges. The combi-
nation of this compliant finger with strain gauges has both
advantages and disadvantages. The behavior of the finger
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Fig. 17: Hysteresis in proximal phalanx contact force mea-
surement

was predictable, with both strain development and contact
forces similar in simulation and experiments. The indirect
sensing method ensures that the impact of the sensors on
the performance is minimal, but there is a trade-off between
sensing method accuracy and impact on finger performance.
When comparing to literature, the indirect sensing method
is less accurate in measuring contact location and forces
than for example advanced tactile sensors. Similar accuracy
might be achieved when measuring the actuation force and
deducing the contact forces from this force, with minor
impact on the finger performance as well. Nevertheless, force
sensors and tactile sensors are more complex, harder to
install, and less easily available than strain gauges.

The number of strain gauges was set on two to ensure that
different loading scenarios can be distinguished. For the load-
ing cases elaborated in this research, one strain gauge would
have been sufficient to distinguish the loading scenarios, as
can be concluded from the strain slope distinction in Fig.
9 and 10. However, when an increasing amount of loading
scenarios is added, for example with multiple contact points
between finger and disc, there might arise some overlap
between scenarios when only using one strain gauge. In
contrast, the use of one strain gauge instead of two will
further reduce the impact on the finger performance.

The locations of the strain gauges are selected because of
the large amount of strain expected at these locations under
different loading cases. The strain gauges can be used to
accurately measure smaller strains than observed in this
research though, so several other locations on the finger can
be considered. In further research, the strain gauge locations
might be selected based on minimal influence on the gripper
performance or ease of installation, instead of high expected
strain.

As described in Section IV-A, the anisotropy of the mate-
rial, as well as the quality of the 3D print will influence
the performance of the sensing method. The material and
manufacturing technique are selected for their availability
and the possibility of rapid prototyping, but the success of
the sensing method could greatly improve if the material
properties are more accurately known and simulated in the



finite element model. The use of metals, in combination
with more accurate manufacturing processes like Electrical
Discharge Machining, can make a significant difference.

C. Impact of the sensors on finger performance

The results in Section III-C show that the influence of the
sensors on the gripper performance is minimal. The force
required to actuate the finger with sensors is up to 0.07
newton higher than the force for a finger without sensors,
with a maximal relative increase of 6%. When comparing
the stance of the fingers in the maximally actuated state,
no significant differences are observed, indicating that the
mobility and deformability of the finger are not influenced
by the addition of the strain gauges. The force difference can
be contributed to the fact that a strain gauge and soldering
terminal for the wire connections are glued to the finger
structure. This slightly increases the stiffness of the finger,
resulting in an increased actuation force.

D. Hpysteresis

When looking at the full cycle of loading and unloading
the compliant finger in Fig. 16 and 17, both the strain and
force graphs display some hysteresis. This hysteresis can
have two causes: backlash in the mechanical components as
the leadscrew and linear guide, and elastic hysteresis. Elastic
hysteresis mainly occurs for elastomers and is caused by in-
ternal friction in the material. In the current experiments, the
forces are evaluated during loading of the finger. When it is
desired to evaluate the intermediate forces during unloading
as well, the effects of hysteresis should be taken into account.

E. Future work

An obvious next step in this research would be to increase
the number of measured scenarios. Varying the disc position
in small steps over the entire length of the compliant finger
and matching these load cases to simulated scenarios will
provide further insight into the performance of this sensing
method with respect to other sensing methods. Improving the
FEA model such that it is more similar to the experimental
set-up, for example by including the strain gauges in the
simulation, will also benefit future research.

The method of using strain gauges and a simulation to
determine contact location and force is not limited to this
specific compliant gripper. In general, it could be applied to
any comparable compliant gripper. Future work can verify
that the method works accurately for different grippers as
well, thereby demonstrating the general applicability of the
sensing method. Moreover, combining the insights of the use
on different grippers will help to improve the method.

The success of the current method for determining the force
is dependent on the quality of the FEA model. Another
method to deduce contact forces, that will eliminate this
dependency, is calibration. Based on previous measurements,
contact forces can be matched to the accompanying strain
measurements by the use of algorithms. An example where
force measurements are performed by calibration is presented
in [17], for which optical fibers are used instead of strain

gauges. The use of machine learning algorithms can help
distinguish the different loading scenarios and further im-
prove accuracy.

In this research, a single finger with sensors is evaluated.
If several of these fingers were to be implemented into a
gripper design, the measurements of the interaction between
finger and object might improve the grasping process. For
implementation in agri-food applications, it is important to
shield the sensors though, to prevent breakdown due to
environmental factors.

V. CONCLUSION

A sensing method is developed to distinguish different
contact positions and indirectly measure contact forces in
a compliant gripper finger by measuring the strain inside the
finger structure. The method is implemented by manufactur-
ing a compliant finger with two embedded strain gauges, and
an experimental set-up was built to evaluate the method using
experiments. The strain development for seven general con-
tact scenarios is measured, whereby the strain slope is used
to differentiate loaded and unloaded movement, and which
phalanx is in contact with the object. The strain development
is then matched to a modeled scenario in the FEA simulation.
This model is used to determine the exact contact location
and accompanying contact forces for the different scenarios.
The experimental set-up is also used to measure the forces
exerted by the finger on a disc, which are compared to the
force values according to the sensing method. The sensed
forces are reasonably accurate up to order of magnitude of
10! newton, whereby the limitation in accuracy is mainly
caused by discrepancies between the FEA model and the
manufactured finger. Furthermore, the impact of the sensors
on the gripper performance is evaluated by comparing the
mobility and actuation force for a finger with sensors and a
finger without sensors, for different loading scenarios. When
visually comparing, there is no difference observed in the
mobility of the compliant finger. Only a marginal increase
in actuation force of up to 0.07 newton (6%) is measured for
the finger equipped with strain gauges, with respect to the
same finger without sensors. Future research might study an
increased number of load cases, as the current method only
considers load on one phalanx. The use of a different material
and fabrication technique could be investigated. Moreover,
the indirect sensing method using strain gauges might be
applied to other compliant fingers.

REFERENCES

[1] David Richards, Timothy Sulser, and Keith Wiebe. World population
day 2017: Ifpri models impact of population growth on demand for
food, Jul 2017.

[2] Gert Kootstra, Xin Wang, Pieter M Blok, Jochen Hemming, and Eldert
Van Henten. Selective harvesting robotics: current research, trends, and
future directions. Current Robotics Reports, pages 1-10, 2021.

[3] C Wouter Bac, Eldert J van Henten, Jochen Hemming, and Yael Edan.

Harvesting robots for high-value crops: State-of-the-art review and

challenges ahead. Journal of Field Robotics, 31(6):888-911, 2014.

Zhao De-An, Lv Jidong, Ji Wei, Zhang Ying, and Chen Yu. Design

and control of an apple harvesting robot. Biosystems engineering,

110(2):112-122, 2011.

[4



[5]

(6]

[7]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Jochen Hemming, C Wouter Bac, Bart AJ van Tuijl, Ruud Barth, Jan
Bontsema, EJ Pekkeriet, and Eldert Van Henten. A robot for harvesting
sweet-pepper in greenhouses. 2014.

Wageningen University and Research. Picknpack - flexible robotic
systems for automated adaptive packaging of fresh and processed food
products.

Dalibor Petkovié, Nenad D Pavlovié¢, Shahaboddin Shamshirband, and
Nor Badrul Anuar. Development of a new type of passively adaptive
compliant gripper. Industrial Robot: An International Journal, 2013.
Chih-Hsing Liu, Chen-Hua Chiu, Ta-Lun Chen, Tzu-Yang Pai, Yang
Chen, and Mao-Cheng Hsu. A soft robotic gripper module with 3d
printed compliant fingers for grasping fruits. In 2018 IEEE/ASME
International Conference on Advanced Intelligent Mechatronics (AIM),
pages 736-741. IEEE, 2018.

Peter Steutel, Gert A Kragten, and Just L Herder. Design of an
underactuated finger with a monolithic structure and largely distributed
compliance. In International Design Engineering Technical Confer-
ences and Computers and Information in Engineering Conference,
volume 44106, pages 355-363, 2010.

Lael U Odhner, Leif P Jentoft, Mark R Claffee, Nicholas Corson,
Yaroslav Tenzer, Raymond R Ma, Martin Buehler, Robert Kohout,
Robert D Howe, and Aaron M Dollar. A compliant, underactuated
hand for robust manipulation. The International Journal of Robotics
Research, 33(5):736-752, 2014.

Raphael Deimel and Oliver Brock. A novel type of compliant and
underactuated robotic hand for dexterous grasping. The International
Journal of Robotics Research, 35(1-3):161-185, 2016.

Akihiko Yamaguchi and Christopher G Atkeson. Recent progress in
tactile sensing and sensors for robotic manipulation: can we turn tactile
sensing into vision? Advanced Robotics, 33(14):661-673, 2019.
Siyuan Dong et al. High-resolution tactile sensing for reactive robotic
manipulation. PhD thesis, Massachusetts Institute of Technology,
2021.

Sachin Chitta, Jiirgen Sturm, Matthew Piccoli, and Wolfram Burgard.
Tactile sensing for mobile manipulation. [EEE Transactions on
Robotics, 27(3):558-568, 2011.

Bianca S Homberg, Robert K Katzschmann, Mehmet R Dogar, and
Daniela Rus. Robust proprioceptive grasping with a soft robot hand.
Autonomous Robots, 43(3):681-696, 2019.

Nicholas Farrow and Nikolaus Correll. A soft pneumatic actuator
that can sense grasp and touch. In 2015 IEEE/RSJ International
Conference on Intelligent Robots and Systems (IROS), pages 2317—
2323. 1IEEE, 2015.

Linhan Yang, Xudong Han, Weijie Guo, Fang Wan, Jia Pan, and
Chaoyang Song. Learning-based optoelectronically innervated tactile
finger for rigid-soft interactive grasping. IEEE Robotics and Automa-
tion Letters, 6(2):3817-3824, 2021.

Huichan Zhao, Kevin O’Brien, Shuo Li, and Robert F Shepherd. Op-
toelectronically innervated soft prosthetic hand via stretchable optical
waveguides. Science robotics, 1(1):eaai7529, 2016.

RS PRO. Rs pro 1.75mm natural flex 45 3d printer filament. Website,
2023.

HBM. Hbm strain gauges for experimental stress analysis. Website,
2023.



Chapter 4

Alternative method for
determining contact forces:
calibration

In the research paper in the previous chapter, the method for determining the contact forces
comprises matching the experimentally measured strain development to a simulated scenario
and reading out the accompanying contact force. An alternative method that was also imple-
mented during the project is the use of calibration. In the upcoming sections, the method for
performing a calibration of the strain to contact force in the compliant finger is described, based
on experimental measurements.

4.1 Experimental measurements

As is established in the research paper, both strain and contact force in the compliant finger
show an approximately linear increase upon increasing input displacement. The slope of the
measured strain differs for the varying contact positions between finger and object. Therefore we
can distinguish between contact on each of the three phalanges of the finger, based on the strain
development. If these insights on the contact position are combined with the force measurements
that are conducted using the experimental set-up, we can infer the expected force development
for every contact position.

The experiments provide the strain and contact force development for a known contact position.
The force development over increasing input displacement is approximately linear, so for a known
contact position, the accompanying force slope can be read out from the measurements. This
is visualized in figure 4.1, where the force development for proximal, middle, and distal phalanx
contact is shown as measured in the experiments. The average force slope (AF') over time for a
linear approximation, calculated using multiple measurements, is indicated in the figure.
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Figure 4.1: Force development for different contact locations as measured in the experimental
set-up

4.2 Calculating contact forces

Now that the average force slope over time is established, based on experiments, and linearity is
assumed, determining the loading time ¢ is the last step towards calculating the contact forces
accordingly using equation 4.1.

F=AFxt (4.1)

Granted that it is possible to distinguish the different contact locations from strain measurement,
the loading time ¢ can be inferred from the strain development over time. This is visualized in
figure 4.2, where the strain development over time is plotted for the case that the disc is placed at
a small distance from the finger. The first vertical red line in the figure indicates when actuation
starts, followed by a period of unloaded deformation. The second red line indicates when the
finger contacts the disc and loaded deformation starts. Consequently, the loading time ¢ can be
determined, indicated in the figure as well, and the force can be calculated using equation 4.1.

This method for calculating the expected contact force is implemented into an algorithm and ap-
plied to the strains measured during the experiments. The calculated force can then be compared
to the force measured in the experimental set-up, to evaluate the accuracy of the calibration.
These results are summarized in table 4.1, where the average error between calculated and mea-
sured force at full actuation is shown for the varying load cases, as a percentage of the total force.
Figure 4.3 shows the comparison of a linear approximation of the force development according
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to the calibration calculations, and the measured force development during an experiment. In
this figure, the main cause of the errors in table 4.1 is visible, namely the fact that the linear
approximation is not entirely accurate. Furthermore, the slopes in figure 4.1 are solely based on
the average of previous experiments, so every experiment on its own will slightly diverge from
this average.
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Figure 4.2: Proximal phalanx strain development, initially no contact with disc

Table 4.1: Error in contact force determination using calibration

Load case Average error in force
Distal phalanx 5 %
Middle phalanx 4%
Proximal phalanx 8 %
Distal phalanx, initially no contact 1%
Middle phalanx, initially no contact 6 %
Proximal phalanx, initially no contact 16 %
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Chapter 5

Discussion

This chapter will elaborate on the discussion part of the paper in chapter 3 and discuss the
findings outside the scope of the paper. These are mainly some practical insights obtained
throughout the project and more suggestions for future work.

5.1 Embedded strain gauges

The sensing method that was presented in the paper uses strain gauges as sensors for the defor-
mation in the finger. To this end, the strain gauges are glued onto the backside of the structure
of the finger, together with a soldering terminal where the wires of the sensor are connected.
The gluing is done manually and is a careful and precise process, as the strain gauges need to
be placed at the right location and straight aligned with the finger structure to ensure accurate
measurements. In addition, the glue should not be spilled on other parts of the structure, for
it could cause undesired restrictions to the deformation of the finger. The soldering should be
performed carefully as well, to make sure the wires are well connected, while at the same time
making sure the structure is not heated excessively.

In further research, some of these operations might be altered to take away the challenges and
inaccuracy involved in the manual actions. For example, the shape of the strain gauges can be
integrated into the finger design, such that they can be fitted in exactly one way. This will ensure
straight placement at the right location. An even more accurate process would be to fully embed
the sensors in the finger during manufacturing. An example of such a process can be found in
[2], where a sensor is fully embedded inside a soft robotic finger during a casting process.

For the prototype that was used in this research, the strain gauges and connected wires were
placed on the outside, without any shielding or integration into the structure. When future re-
search would consider implementing several of these fingers into a complete gripper design, it is
imperative to properly integrate the sensors and wiring into the finger structure, for they should
not restrict gripper performance in any way. Moreover, when the application into agri-food pro-
cesses is studied, the sensors and wiring should not be exposed to dirt or humidity coming from
the environment, to prevent breakdown.
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5.2 Plastic deformation in the compliant finger

The experimental measurements described in the paper were conducted for multiple prototype
fingers, with only the results for the final prototype presented in the paper. During measure-
ment with one of the early prototypes, the significant influence of small plastic deformations on
the measurements was observed. Some spilled glue from the strain gauges and a small plastic
deformation affected the finger’s structure and deformability. As a consequence, the measured
strain diverged from the expected strain development according to the FEA. This is visualized
in figure 5.1, where strain €0 is higher than €1 for the prototype, while in simulation the strain
development is clearly different with €1 higher than 0. Besides the strain, the contact forces
measured in the experiments also diverged due to the increased stiffness of the finger as a result
of the plastic deformation, with higher forces required to deform the finger. In addition, for
similar measurements, the forces increased over time, probably due to strain hardening.

To prevent such disturbances in future research, careful handling of the compliant fingers in
order not to induce plastic deformations is critical. Alternatively, materials could be used that
are more resilient to plastic deformation.
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Figure 5.1: Strain development comparison between deformed early prototype finger and simu-
lation
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Chapter 6

Conclusion

In this thesis, the addition of sensing to robotic grippers is investigated. Through a literature
study existing gripper principles are analyzed, as well as sensing methods that can be utilized
for grasping purposes. This study results in an overview of the possibilities of combining gripper
principles with certain sensing methods, as well as an analysis of the challenges of embedding
sensors in grippers. The results and insights from the literature study lead to the main research
question: can we estimate the contact location and contact force between a compliant finger and
an object indirectly by measuring the strain inside the structure?

As described in chapter 3, a sensing method is developed to distinguish different contact po-
sitions and indirectly measure contact forces in a compliant gripper finger by measuring the
strain inside the finger structure. The method is implemented by manufacturing a compliant
finger with two embedded strain gauges, and an experimental set-up was built to evaluate the
method using experiments. The strain development for seven general contact scenarios is mea-
sured, whereby the strain slope is used to differentiate loaded and unloaded movement, and which
phalanx is in contact with the object. The strain development is then matched to a modeled
scenario in the FEA simulation. This model is used to determine the exact contact location and
the accompanying contact forces for the different scenarios. The experimental set-up is also used
to measure the forces exerted by the finger on a disc, which are compared to the force values ac-
cording to the sensing method, whereby the sensed forces are reasonably accurate up to order of
magnitude of 10”1 newton. Furthermore, the impact of the sensors on the gripper performance,
as evaluated by comparing the mobility and actuation force for a finger with sensors and a finger
without sensors, is minimal.

These results show that the addition of sensors to robotic gripper fingers can provide accu-
rate measurements of quantities that are critical in grasping, without having a significant impact
on the gripper performance. Future research has to determine whether the sensing method can
be implemented into other compliant finger designs, and whether the measured quantities may
help to improve grasping processes when multiple fingers are integrated into a complete gripper
design.
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Appendix A

Experimental set-up

The experimental set-up was built to verify the sensing method of measuring strain and deducing
the contact location and force. This section contains an extensive description of the components
of the set-up. The set-up consists of one compliant finger with two strain gauges, a linear
actuation mechanism and a force sensor attached to a disc, placed on a linear stage. Figure A.1
shows a schematic representation of the set-up. The experiments comprise the actuation of the
finger against the disc, whereby the strain is measured on the locations indicated in red in figure
A.1, as well as the force on the disc in horizontal direction. The entire set-up is installed on a
platform to ensure all components are firmly set and distances between components are fixed.

Strain
gauges

Force sensor

displacement

Figure A.1: Schematic representation of the experimental set-up
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A.1 Compliant finger

The compliant finger that is selected as a prototype is based on the monolithic finger presented
in [1]. The design is altered to make it more suitable for manufacturing by 3D printing. The
dimensions of the Computer-Aided Design (CAD) model are shown in figure A.2 and table A.1,
whereby the out-of-plane thickness of the finger will be 10 mm. The CAD model is then fabricated
using a standard fused deposition modeling 3D printing technique with TPC Flex 45[3] flexible
3D printer filament. This material allows for large elastic deformations in the finger.

Figure A.2: Finger segments

Table A.1: Finger dimensions

Segment 1 2 3 4 5 6 7 8 1910 |11 |12 |13 |14 | 15 | 16
Length (mm) 10 | 30 | 10 | 20 | 10 | 15 14| 71]21 |10 | 58 | 10 | 15
Thickness (mm) | 2 5 2 5 2 5 2 312 3 2 3 2 2 1212
Angle « (rad) /12
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A.2 Strain gauges

Two strain gauges are installed on the compliant finger to measure the deformation. The strain
gauges used are standard linear strain gauges with a resistance of 120 €2, produced specifically for
use on deformable plastics (HBM, type 6/120 LY18[4]). The sensors require some circuitry and
calibration to function properly. This circuitry and the calibration calculations are presented in
this section.

Strain gauge circuit

Strain ¢ is a measure for the deformation of a material, usually represented as the change in
length Al relative to the original length [o.

A

=% (A1)

€
In a strain gauge, this change in length is perceived as a change in electrical resistance. This AR
is related to the strain through equation A.2, whereby k is the gauge factor as provided by the
strain gauge producer.

AR

Ry
The strain gauge is implemented in an electrical circuit, such that the change in resistance can
be read out. Changes in resistance are commonly read out using a Wheatstone bridge circuit, as
shown in figure A.3. The change in resistance results in a voltage difference in the bridge, which
is measured using a voltage meter. In this case, all four resistances indicate strain gauges. The
upper right strain gauge is placed on the compliant finger, the other three are placed on a block
of the material that the finger is made of. The reason for this is to prevent thermal expansion of
the material to influence the strain measurement. Although thermal expansion can still deform
the material, the deformation is equal for the reference strain gauges in the Wheatstone bridge
as these are placed on the same material. As two strain gauges will be installed on the compliant
finger, two complete Wheatstone bridge circuits are required.

ke (A.2)

Rsg Rsg

e (v)
T P

Rsg Rse

Figure A.3: Wheatstone bridge circuit

Calibration calculations

Using the Wheatstone bridge circuit, a voltage difference AV is measured upon application of
strain to the strain gauge on the compliant finger. Calibration is required to investigate the
amount of strain that leads to a certain voltage difference. To achieve this calibration, a shunt
resistor of known resistance is placed in parallel with the strain gauge on the finger, as shown in
the circuit in figure A.4. This leads to a voltage difference. The calculations in A.3 show how the
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strain - voltage difference relationship is established, while table A.2 contains the variables used
in the calculations. This calculation is performed twice, for both strain gauges that are placed
on the compliant finger. The outcome of the calculation is then used to convert the measured

voltage signal into a strain.
Shunt

Rs AN
R

1+ (V)

T N

Rsc Rse

Figure A.4: Wheatstone bridge circuit with shunt resistor for calibration

Table A.2: Variables in the calculations

Symbol Name Units
AV Voltage difference A%
Rsa Strain gauge resistance Q

Rsnunt Shunt resistance Q
R, Resistance of strain gauge and shunt in parallel Q
k Gauge factor -
€ Strain m/m
CF Conversion factor voltage to strain m/m/V
1 1 1

= —

Rv RSG Rshunt
_ RSG * Rshunt

v RSG + Rshunt

AR = Rsc — R, (A.3)
AR
-
RSG * k
CF = _°_
T AV

A.3 Actuation mechanism

The compliant finger is actuated using a linear input displacement. To achieve this input, the
actuation end of the finger is placed on a small linear guide and is actuated using a leadscrew
connected to a stepper motor. This mechanism ensures strictly linear displacement with easily
controllable speed and stroke. Figure A.5 shows the actuation mechanism including the finger
as it was designed using CAD.

The stepper motor is a standard NEMA17 stepper motor, that is connected to the leadscrew
through a flexible motor coupling. The leadscrew and leadscrew nut have a lead of 2 mm, so upon
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Figure A.5: Actuation mechanism as in the CAD model

a 360° motor rotation, the finger is actuated with a 2 mm input displacement. The leadscrew
is supported by a ball bearing, shown in blue in figure A.5, whereas the red parts in the figure
are all custom-designed parts that are 3D printed in polylactic acid (PLA). The stepper motor
is controlled using an Arduino Uno and L298N motor driver module. Hereby, the motor speed is
set at 45 rpm and the motor output at 15 full rotations. With the 2 mm lead of the leadscrew,
this results in a linear displacement of 30 mm for the actuation side of the finger with a constant
speed of 1.5 mm per second.

A.4 Force sensor, disc and linear stage

The last component of the experimental set-up exists of the force sensor attached to the disc.
The force sensor is a FUTEK load cell with a measuring scope of up to 45 newtons. The sensor
is limited to sensing force in one direction, and therefore loading in other directions is undesired.
The disc is placed on a linear guide to only allow movement in the force-sensing direction,
perpendicular to the contact surface of the finger. The linear guide exists of a rail connected
to the set-up platform and a cart on the rail. The force sensor can be connected to this cart.
The disc axis is placed in a ball bearing, such that the disc is allowed to rotate freely around its
axis. The ball bearing is in turn installed on the linear cart. The free rotation of the disc when
in contact with the compliant finger is realized to simulate frictionless contact between disc and
finger. Figure A.6a shows the CAD model of the disc installed on the linear cart, with the red
parts again custom-designed parts that are 3D printed in PLA. Figure A.6b shows how the force
sensor is connected to the cart on the linear rail.

(b) Picture of the force sensor(right) connected to
(a) CAD model of the disc on the linear rail  the linear cart

Figure A.6: Linear stage and force sensor
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Appendix B

Finite Element Analysis in
COMSOL Multiphysics

For the finite element analysis, COMSOL Multiphysics was used. A 2-dimensional model of the
compliant finger in contact with a rigid disc is simulated using the solid mechanics physics in
COMSOL.

B.1 Model set-up

Solid mechanics is selected as the physics, in combination with a stationary study. A 3-dimensional
CAD model of the compliant finger is loaded into COMSOL as geometry, for which a cross sec-
tion is taken to obtain the desired 2D representation. A circle is added to represent the disc.
The entire 2D geometry is given an out-of-plane thickness of 10 mm, the same thickness as the
3D-printed prototype compliant finger. The geometry is shown in figure B.1. As the exact ma-
terial that is used to manufacture the prototype is not available in COMSOL, a thermoplastic
polyurethane is selected and the material properties are altered such that they are equal to the
properties as provided by the 3D-print material producer [3]. The disc material is arbitrarily
chosen to have a relatively much higher resistance to deformation than the finger. A contact
pair is established between the disc geometry and the surface of the phalanges of the compliant
finger. Within the solid mechanics tab, the disc is defined as a fixed domain, whereas the base
of the finger is fixed and on the actuation side a strictly linear input displacement is defined. An
extra fine mesh is selected to be able to accurately simulate the contact mechanics.

B.2 Simulation and results

For the stationary study, an auxiliary sweep is defined for the input displacement parameter,
so that the input is incrementally increased from 0 to 30 millimeters. For different simulations,
the disc position with respect to the finger is varied, both in height and in initial distance from
the finger. The results that are obtained for these simulations are mainly focused on stress and
deformation in the finger, and contact forces between finger and disc. 2-dimensional images
are retrieved showing the stress distribution in the finger for every input displacement step, as
well as the contact force and location of contact between finger and disc (shown in figure B.2).
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Figure B.1: 2-dimensional geometry used in the finite element analysis in COMSOL Multiphysics

Furthermore, the strain development at several points in the finger is plotted against the input
displacement. The total contact force in the model, both in the x- and y-direction, is plotted
against the input displacement as well.

X_in(151)=0.03 m Contact Forces (solid2) 2
m T T T T
0.13F { Nm?
0.12f x10°
0.11r 1 8
0.1r 7
0.09r
0.08r 1 6
0.07r 5
0.06r
0.05r 1 4
0.04+ 3
0.03r
0.02r 1 2
0.01+ O 1
Q O 1
or ‘e, 1
-0.01:c . . . . . 1 0
-0.1 -0.05 0 0.05 0.1 m

Figure B.2: Contact pressure and location of contact between finger and disc upon an input
actuation of 30 mm. FEA simulation using COMSOL Multiphysics
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