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Abstract

In the past thirty years, robotics technology has become well-established in the
manufacturing industry for reducing worker ergonomic stress and workload by performing
operations such as picking and placing objects from a location to another, quickly,
repetitively, and accurately. As we continue to integrate robots as versatile aids for
industry, it is important to develop mechanisms that facilitate seamless cooperation

between humans and robot assistants (RAS).

Contributions of this thesis include the design and development of a more advanced, yet
simple and cost-effective soft industrial robotic gripper that is scalable, and can be
mounted on a wide range of commonly used robotic arms. The finished gripper prototype
uses inexpensive components, and thus, would be economical to produce while

addressing the needs of industry.

Depending on the application, the developed gripper can outperform the state of the art in
many “pick and place” tasks and is capable of picking up a wide variety of objects in size,
weight, geometry and texture. To be applicable to current industrial warehouse
environments, a series of tests were conducted to evaluate the effectiveness of the gripper
in picking up and placing a set of items commonly available. The developed gripper in this
work was mounted on a KUKA arm, and was tested for gripping objects from delicate ones
such as a light bulb to heavier ones such as a 23 cm x 14 cm x 12 cm pack of eight cans

of soda, weighing around 3 kg with a measured speed of 0.88 m/s.

Keywords: Soft robotic gripper; polymer membrane; delicate objects gripper; variable-

volume chamber; flexible silicone membrane; magnetic gripper
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Chapter 1.
Introduction

This chapter starts with explaining more about the background and motivation for
researching a soft gripper in section 1.1. It then lays out the objectives for this thesis in

section 1.2. In section 1.3, the layout for the rest of chapters in this thesis is presented.

1.1. Background and Motivations

Factories have automation systems for all kinds of tasks such as assembling cars,
sorting and packing food or medicine, or working alongside human for doing complex and
precise tasks. A necessary part of production industry has been robots starting 20%
century [1]. The rise in population creates the need for using more robots and automated
manufacturing. Robots are already being used in factories to replace humans in doing
jobs such as repetitive, hazardous, or dirty ones [2]. Using robots increases both the
product quality and the factory’s profitability. Some precise and small parts assembly tasks
require more robots to be used in assembly lines. Hence collaborative robots to work
alongside humans become attractive due to both the limited space in factories and higher
flexibility in assembly lines [3]. This need is specially more attractive in industries with
frequent product change like consumer electronics [3]. Hence, due to the limited space in
factories and variability of tasks, some robots will have to work alongside human or be
guided actively by human [4]. The cooperation of human and robots can increase the
productivity of assembly lines and reduce the number of breaks and exhaustion. In one
assembly line, robots can handle the repetitive simple tasks and human can handle more

complex tasks [4].

Increasing need for using robots to collaborate with human and do human tasks
that normally require handling with hands, brings more attention toward robotic grippers
[5]. Robotic grippers have been used in numerous applications, such as surgical
operations [6], or industrial use where robots are used to increase production capacity [7].
UNIMATE industrial robot was the first robot used in an assembly plant in 1961 [7], and
ever since many companies have researched and industrialised grippers with various

drive mechanisms [7]. Another application of robotic grippers is in gripping fragile objects



by incorporating various sensors [7] such as force feedback sensor to control the pressure

applied by the robot and not damage the object being picked like grippers for food industry
[8].

In general gripping process is achieved by gripper approaching the obiject,
contacting the object either physically or by a force field generation, securing the object
by increasing the force of the gripper, moving the object, and finally releasing it [9].
Different grasping methods have been developed during the past decade to pick objects
ranging from big and heavy ones to micro size objects. Some of these grasping principles
are mechanical grippers which are widely used in the industry, electrostatic grippers to
manipulate and assemble micro structures [10], or Bernoulli grippers which work with the
concept of air flow [9]. Research in grippers have evolved impressively in recent years,
hence new challenging grippers such as adaptive grippers or grippers using smart material
are being studied and developed [7].

One interesting field that is drastically improving, is the field of soft grippers to
handle delicate objects such as fruits [11]. In contrast to most manufacturing robots which
are stiff so that they can perform fast and precise operations, soft grippers have a soft and
deformable end effector to interact with objects [12]. Some soft grippers that has been
recently developed are inspired by animal body structure, such as grippers having a sac
filled with granular material and using vacuum pressure to jam the material for gripping
[13], [14], or a soft robot gripper based on octopus structure [15]. Most commercially
available grippers have limits such as the need to use an external vacuum pumps for
actuation [13], or not having enough gripping speed. Hence, comes the need for robots
that are fast and versatile, so they can be easily used by any person and does not need

complex structure to set them up.

The gripper should have a velocity suitable for collaborative robots. For instance,
OnRobot has three commercially available grippers called RG2, RG6, and RG2-FT with
maximum gripping speeds of 127 mm/s, 160 mm/s, and 184 mm/s respectively. These
robots were specifically designed for collaborative robots. The proposed gripper should

therefore have a similar velocity (e.g. 0.2m/s) [16].



1.2. Objectives

The present work is about designing a gripper that can pick and place various
objects such as delicate ones like fruits without damaging them. The gripper is intended
to have strong gripping force, fast actuation, yet soft to interact with wide range of objects.

Based on these requirements, this thesis has 2 main objectives.
Objective 1 is to design and fabricate a soft gripper which is:

a) Compact (i.e. have about the same size volume of a gripper used for

collaborative robots)
b) Able to grasp objects having different shapes
Objective 2 is to design an actuator for the proposed gripper that:
a) Does not require external actuation source (e.g. pressured air line)
b) Has a velocity higher than 0.2 m/s

c) Generates a force suitable to grasp lightweight and medium weight (e.g.

<4 kg) objects



1.3. Thesis Layout

Chapter 2 is a literature review of robotic manipulators and then it is narrowed
down to wide range of robotic grippers, and then it is further narrowed down to soft

grippers.

In chapter 3, the gripper design and electronics are explained to meet both
objective 1 and objective 2. Each sub section in this chapter gives detailed explanation
about each main component to make a working gripper ready for measurement and

testing.

Chapter 4, investigates functionality of the gripper by doing some testing and
evaluations to confirm achievement of objective 1 and objective 2. Each section shows
the result of evaluations done on the finalized prototype. At the end of chapter, some
pictures of an actual test using a KUKA robot to pick and place wide range of objects is

shown.

Chapter 5 concludes this thesis and explains how the objectives of this work are

met.



Chapter 2.
Literature Review

This chapter does a detailed literature review about robotic manipulator and then
narrows down to robotic grippers and soft grippers.

Robotic research existed for at least 100 years. After some development in
designing robots, the need for robotic manipulator arises. Developing dexterous robotic
manipulators started roughly about 58 years ago [17]. Many robotic hands were developed
with different actuation systems, and all had their own advantages and disadvantages.
Depending on different applications different robotic hands were developed. But
developing more advanced anthropomorphic robotic hands started about 25 years ago
[18]. Based on application of the robot hand, different design parameters such as degree
of freedom (DOF) and number of actuators need to be defined. The preference is to
achieve more DOF with less actuators, and the preferred method of actuations are electric,
pneumatic muscles, and pneumatic cylinders at 75%, 19% and 6% respectively [18]. Most
electronic grippers basically have their main components to be motors, sensors, and a

controller to regulate the actuation depending on readings of the sensors.

Anthropomorphic grippers are categorized as active grippers imitating human
hand in gripping objects [19]. A good example of an anthropomorphic gripper is the DLR
Hand Arm System that has about 19 DOF in total and 52 motors [20]. To mimic the
functionality of a hand, these grippers need to have a high DOF which leads to the need
for algorithms to control the grasping motion of grippers with multi-fingers [21], [22] and
this adds complexity to the system [23].

Robots are used mostly for repetitive job in the industry. Grippers are the end tool
for robots in handling objects. With the need to pick different objects comes the need for
flexible grippers. Typically, in production lines each gripper is made specifically for a

specific type of product, and it needs to be modified to handle a different item [24].

Most of the grippers in the industry are created for specific tasks either complex or
simple. But these grippers are not designed to adapt to the shape of different objects.

Therefore, there is a need to create more adaptable grippers to grasp a wide range of



objects rather than just a specific one [25]. One approach is to design underactuated
grippers meaning they have more DOF than the number of actuators. Therefore some
other means of passive parts are used with these grippers to achieve the gripping goal
[26]. Some underactuated grippers have been studied with fingers to adapt to an object’s
shape both with rigid and soft gripping fingers [27]-[30]. For instance, a compliant
underactuated hand was designed with three fingers and five actuators in [31]. This robotic
hand was designed with the main goal of being simple and inexpensive, yet capable of
gripping different objects [31]. It has been shown in the literature that underactuated
grippers require a much simpler algorithm than more complex grippers and they can
perform more grasping variations [25].

In order to achieve the goal for more flexible grippers, numerous studies have been
done on grippers which can pick and place objects with different shapes and weights.
Most of these grippers are categorized as passive grippers [19]. These types of grippers
have a passive gripping element like an elastic element which conforms around the object
being picked. The formation of the elastic element can be done by various methods. one
method is using a combination of negative and positive pressure inside a sealed gripper
to jam material in the gripper [13]. Other approaches of passive grippers can be using a
pneumatic actuator and a series of chambers embedded in elastomers [32], [33],

hydrostatic skeleton [34], suction based [35], [36], and much more.

Passive grippers that have a soft, usually elastomeric, material can be
subcategorized into soft grippers. Soft grippers can grab the object being picked by
actuation, controlled stiffness, or controlled adhesion [37] of the elastomer. Soft grippers
usually have much less complex control system due to their mechanical design and the

soft membrane.

One of the main advantages of soft grippers is the simple design in compare to
active grippers mentioned earlier. Some of these grippers need a vacuum pump to
actuate. For example, jamming grippers are filled with granular material covered with an
elastomer. Their membrane forms around the object being picked, and the air inside is
evacuated to make it rigid. Hence picking up the object [38]. Some other researchers have
used vacuum pumps for fairly long time, where they use tips like suction cups to seal the
membrane of the gripper on the object and create a suction to pick it up [39], but they

mostly work with deformable and lightweight objects [24]. Some soft grippers have a



tendon structure and by inflating the manipulator they can move around an object and

perform the gripping task similar to an octopus [40].

An interesting application for soft grippers is to use them in the food industry. Food
products can have a wide range of shape and roughness, and most of them can easily
get damaged if an excessive force is applied in the process of picking them [41]. They
require delicate handling and still rely heavily on human to handle individual items [42].
Different grippers have been studied to handle fragile food items such as fruits [43], [44].
Some researchers have also developed grippers to handle food objects that are highly
deformable. For example, a gripper was developed in the literature incorporating a bellow
type soft actuator being able to grasp a wide range of food object with a wide opening in
an idle stage yet compact [45].

Most soft grippers have their membrane made of silicone since they can be easily
manufactured and have a low mechanical damping coefficient [37]. For example, they are
used in fluidic elastomer actuator (FEA) designs where they restrict the structure of the
actuator, so that one part is stiffer than the other, hence by changing the internal pressure
they will be able to move the actuator to the desired direction [46]. This method has been
used to create multi-chambered fingers for grasping objects [47], [48]. Over the time they
recreated the same concept with self-healing membranes [49]. Other researchers have
extended the use of FEA by combining conductive and dielectric silicones to create
dielectric elastomer actuator (DEA), where an electric stimulation deforms the polymer
[50]. Some researchers saw interest in creating a controlled adhesion between the surface
of the gripper’s membrane and the object being picked [51] which is inspired from gecko.
Further developments lead to electro-adhesion which is based on the attraction between
positive and negative electric charges where in one case a dielectric object is charged that
is polarized and in another case a conductive object has electrostatic induction due to the
electric field applied [37]. These grippers can grasp and manipulate soft objects [52]-[54].
Some other soft grippers have a single or multiple soft structures that are similar to fingers
or octopus legs [55]. Most of the soft grippers with this structure perform the grasping
procedure either using a pneumatic actuator or tendons attached to the part [56]. To better
illustrate, pneumatically driven ones have channels embedded inside the soft structure
and this soft structure is deformed and grasping is performed by applying pressure inside

the channels. In the other case, cables with different length similar to tendons with variable



lengths are connected to the gripper [57] on one end and connected to motors on the other

end.

A number of soft robotic grippers have been researched academically and some
of them were launched commercially [58]. Soft Robotics is a soft gripper that is currently
selling in the market incorporating soft fingers actuated pneumatically [59]. Festo
developed FlexShapeGripper which is another soft gripper heading to the market having
its grasping principle inspired by a chameleon [60].

The goal of this work is to design, develop, and evaluate a robotic gripper that can
pick and place a wide range of objects such as delicate objects like fruits without damaging
them. There are numerous grippers in the market with different actuators that are either
integrated in the gripper itself or are external actuators. Some grippers use motors as
actuation [19] to perform the gripping action. Some use vacuum pumps to create a seal
between the gripper and the object using a vacuum cup [61], and some use vacuum
pumps to jam granular material formed around an object [13]. Also external devices have
been used in some grippers to inflate chambers inside a shell to create movements of this
shell by inflating these chambers [62]. However, the gripper proposed in this work is more
appealing than existing grippers in the market due to its simple mechanical and electrical
design, yet strong gripping force. To achieve a more optimal actuation speed than other
common grippers in the market such as those that use motors or vacuum pumps to
perform the gripping action, a solenoid actuator was developed to run the gripper. This
further allows the gripper to be self-contained, and not requiring any special equipment

such as air compressor or vacuum pump to operate.

Electromagnetic actuators are normally cheaper and need much simpler control
algorithms than other actuators [63]. Normally electromagnetic actuators have a movable
part which is called a shaft or rod, and this shaft can be an iron, permanent magnet or
even a coil by itself. The movement of this shaft is normally achieved by using one or two
coils and energizing them [64]. Conventional solenoids have a coil and an iron shaft. The
coil is energized and its magnetic field moves the shaft in one direction [65]. In some cases
a spring is used to move the shaft to its original position after the current applied to the

coil is turned off.



Some rigid grippers have been designed using a solenoid as the actuator for their
grippers. For example mechanical movement of grippers with gripping fingers can be
operated using a solenoid, where two fingers are opposing each other and connected to
the piston of a solenoid. The position of these fingers can be changed by actuating them
through moving the piston inside the coil of this solenoid [66]-[68]. Linear solenoid
actuators have been used in the industry for different applications such as actuating
mechanical components of a robot [66], quick latching mechanisms where a fast transition
time is required in actuation [69], or simple on/off valves [70].

| order to increase the electromagnetic force of a solenoid, the iron shaft in the
middle of the coil have sometimes been changed by a permanent magnet. Since the
permanent magnet itself is magnetized, the solenoid with a permanent magnet shatft is bi-
directional [71]. Solenoid actuators with the permanent magnet shaft have been developed
in the past [64], [65], such as miniature solenoids for valve mechanisms [72], [73].



Chapter 3.
Design Considerations

This chapter aims to tackle both objectives of this work. The overall configuration
and the Computer-aided drafting (CAD) design of the gripper is presented in Section 3.1
showing a gripper that is fast and compact in size to tackle Objective 1. To meet
Objective 2, the actuation method implemented on the gripper along with the tests,
designed and conducted to validate and justify the method are discussed in Section 3.2.
Section 3.3 details the developed prototypes leading to the final design of the soft
membrane used on the gripper, and Section 3.4 illustrates the electronics wiring diagram

of the gripper.

3.1. Gripper Configuration

Today, the predominant robotic form factor used in warehouse industry is that of
single-arm robotic manipulators with grippers attached to them. While the existing grippers
could be very efficient at completing the limited tasks they are designed for, they tend to
be slow, inefficient and even inapplicable to other gripping tasks [37]. Therefore, to bridge
the gap between current systems and future robot embodiments, this thesis focuses on
the design, development and evaluation of a robotic gripper that is capable of gripping and
picking up a wide variety of objects commonly observed in warehouse environments,
ranging from small and delicate objects such as a light bulb to much heavier ones like a
3.5 kg fire extinguisher. In this section, we detail the gripper’s design along with the stages

of the gripping process.

To address the current needs of the industry, the designed gripper has fast
actuation, while maintaining a small size so it can reach into tight spaces if necessary.
Further, a soft membrane is incorporated on the outer surface of the gripper, allowing the
gripper to comply to the specific object’'s geometry being picked without damaging it. Also,
the designed gripper is self-contained, and does not require any additional equipment

such as a vacuum pump or an air compressor to function.

The developed soft gripper has a simple mechanical and electrical design, and is

more appealing than its existing state of the art (e.g. [19], [61]), since it is less costly to

10



rescale and produce, and can be mounted onto existing robots without any replacement

of electrical or mechanical components.

Coil

Magnetic Shaft
Soft membrane

Figure 3.1: gripper's three main components. Half of the membrane is only
shown to illustrate the magnetic shaft
The gripper is comprised of three main components: a coil, a magnetic shaft and
a soft polymer membrane, see Figure 3.1. The gripper is designed with a chamber inside
that is connected to a miniature actuated on/off solenoid valve from the top. The chamber
is sealed with a conical shaped flexible membrane that holds the magnetic shaft which is
otherwise detached from the gripper's body. Hence, when the gripper is mounted on a

robot arm, the shaft is suspended from the polymer membrane (Figure 3.1).

The gripper's soft polymer might have to be changed due to sharp objects
accidentally damaging it. To address this issue, the gripper is designed such that changing
a membrane is easy and takes the minimum time and effort to replace. Changing
membrane on this gripper is much faster than previous designs we had (which would take
about 45 minutes [19]) and it only takes less than 1 minute and simply an Allen key tool is

required.
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The gripper’s fundamental gripping mechanism is based on the following formula,

assuming there is no leakage (Boyle's law):

where I denotes the initial value and f denotes the final value for pressure and volume.

The gripping mechanism relies on the suction as well as the friction created between
the gripper's membrane and the object being picked, and occurs in a transition of following

stages following Boyle’s law shown in equation 1, (Figure 3.2):

1) The robot approaches the object (Figure 3.2-a) until the magnetic
shaft, suspended from the gripper’s body, hits the object (Figure 3.2-
b);

2) As the robot descends, the reaction force exerted from the object
causes the shaft to retract inside the sealed chamber. The volume
drops considerably inside the chamber to compensate for the volume
occupied by the shaft, creating a significant amount of positive
pressure inside the chamber. This pressure inflates the membrane
and seals it around the object being picked. (Chamber volume is

shown in red color in Figure 3.2. Initial volume (V;) of the chamber is
shown in Figure 3.2-a in red, where the shatft is fully extended and the
membrane looks like a truncated cone. The final volume (Vf) of the

chamber is shown in Figure 3.2-d in red, where coil is on and the shaft
is in fully retracted position.)

3) The robot continues descending and the shaft continues retracting
inside the chamber until it occludes the field of view of the infrared
sensor (Figure 3.2-c).

4) Then the robot arm stops moving, and the sensor activates the
solenoid actuator, moving the shaft further inside the gripper’s body.
This mechanism not only increases the positive pressure inside
chamber for a better seal (shown in red), but also results in a strong
suction force between the shaft and the object being picked. (The
portion related to suction volume is shown in blue in Figure 3.2. There

is a negligible initial volume (V;) between the object and the shaft
shown Figure 3.2-c in blue. After the shaft fully retracts as shown in

Figure 3.2-d, the final volume (Vf) between the object and shaft
increases (shown in blue) creating suction.)
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Figure 3.2:  Gripping process

To achieve the optimal gripping performance, different prototypes were designed
and tested. The evolution of these different prototypes was based on force of a coil as an
actuator to have the ideal power needed for actuation, changing volume ratio of different
gripper components to achieve the necessary force to grip the object being picked, and
the air gap created between the gripper’s shaft and the object to create a strong suction.
This gripper had 6 different prototypes versions and they are all shown in Figure 3.3.
Version 6 is the final version. Please note that all grippers in Figure 3.3 are shown in fully

retracted position without any membrane attached.
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§

Version 1 ~ Version2
12.5 cm x 94 cm 13.6 cm x 8.3 cm

Version 3 Version 4
15.5cm x 8.5 cm 20.5 cm x 8.0 cm

Version 6

Version 5
12.4 cm x 10.0 cm 12.0 cm x 10.0 cm

Figure 3.3:  Gripper’s different prototypes and their cross-section view.

All different versions of this gripper were improved and evolved one after another.
Three main objectives were considered when the gripper was being designed an
improved. One objective was to have a strong actuation force, another objective was to
design the gripper to maximize the positive pressure inside the chamber when the shaft
is retracted, and the last objective was to increase the suction between gripper’s shaft and
the object being picked. In creating all these versions, | have mainly focused on changing
the physical dimension of the gripper’s body and its components such as the coil and the
shaft.

Version 1 was using a single coil with 50.8 mm inside diameter, 82.6 mm outside
diameter, and 29.5 mm height, while versions 2 and 3 had 2 of the same coil attached
together in series with an effective height of 59 mm. This improvement was done to
increase the stroke in the gripper and hence both increase the actuation force and the
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positive pressure inside the chamber. Also the idea of using a hollow truncated cone (the
blue piece shown in Figure 3.3, Version 1) or a partly filled truncated cone (the blue piece
shown in Figure 3.3, Version 2) was to have these pieces removable for testing and make
sure that they can improve the gripping force. Then it was finalized in version 3 and added
as a permanent piece. Use of the patrtially filled truncated cone helps optimize the volume
ratio inside the chamber when the shaft is extended and retracted and increases the
positive pressure inside the chamber when the shaft is retracted. This truncated cone’s
diameter can also be changed to make the gripper’s opening bigger or smaller based on
the needed application and objects being picked. In all these three versions there was a
mechanical stop created to prevent the shaft from travelling out of the gripper’s body.

In version 1, the membrane was simply sandwiched between the shaft tip and
another flat thin cylinder, but this idea was both leaking and damaging the membrane
around the edges of the shaft. All gripper versions have a 3D printed shaft (the green piece
shown in Figure 3.3) using Acrylonitrile butadiene styrene (ABS) plastic to connect to the
membrane. In all version the 3D printed part of the shaft has a cavity to hold a magnet to
fix the main magnetic shaft (the gray piece shown in Figure 3.3) to the 3D printed part of
the shaft.

In versions 2-4, the membrane used for gripper was a party balloon. One end of
balloon was attached to the shaft using O-rings, and the other end was attached to the
gripper using bigger O-rings. In order to reduce the leakage in gripper, one small piece of
balloon (red balloon in Figure 3.4-(a) and the yellow balloon in Figure 3.4-(b)) was first
attached to the shaft using an O-ring as shown in Figure 3.4-(a); then the main membrane
(orange balloon in Figure 3.4-(b)) was attached to shaft using two O-rings (Figure 3.4-(b))
at the balloon’s stem. Some expanding glue was added between the 2 balloons to further

reduce the leakage in gripper.
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Figure 3.4:  Membrane Installation for versions 2-4

Version 4 was changed to incorporate a longer stroke, hence having a longer coil
(3 coils were attached together in series to form a single coil). Having a longer stroke
would increase the suction volume created between the object and the shaft and
consequently it would increase the suction force. The gripper opening was also slightly
increased to cover bigger surface area when picking objects. This would help specially
with cases like fruits (having a stem on top) where the stem had to be covered completely
to prevent any leakage. A half toroid piece was also added at the bottom of gripper to
better optimize the volume ratio, creating a higher positive pressure inside the chamber.
This half toroid adds a constant volume to both initial and final chamber volume, hence
increasing the positive pressure and causing a stronger seal created by the membrane on

the object.

Starting from version 4, a valve connector was added to connect a solenoid
actuated valve to the gripper. This valve was located on the top in versions 4 and 5, and
it was located on the side in version 6. Solenoid actuated valve was responsible to
neutralize the gripper’'s chamber pressure when the gripper is in idle mode and shaft was
extended. Since the gripper could not be 100% leak proof, the air slowly leaked every time
the chamber was retracted and positive pressure was built. In other words, the gripper’s
pressure became negative instead of neutral pressure when the shaft was extended again
and the solenoid actuated valve would help to neutralize that. The volume ratio is constant
when the shaft was retracted or extended. Therefor if there was a leakage when the shaft
was retracted and positive pressure was created, then that same amount of air leakage
would be reduced from the initial pressure when the shaft was back to extension and
would cause a negative pressure instead of neutral.
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In versions 1-3 a mechanical stop was designed to prevent the shaft from moving
out of gripper’s chamber. There were also 2 small groves on sides of the chamber to guide
the shaft and prevent twisting. But starting from version 4, these side grooves were
removed to further increase the positive pressure inside the chamber when the shaft was
retracted. The mechanical stop at the bottom of gripper was also removed, so the shaft
can be inserted from the bottom rather than the top of the gripper. An advantage of
removing this mechanical stop and side grooves was that it would reduce the leakage by
eliminating the need to seal the top of gripper shown in versions 1 and 3.

In version 2, shaft was also inserted in the gripper’'s chamber from the bottom, but
then the bottom cone had to be assembled, which was added later as a solid piece merged
with the gripper’s body. Most of the parts in these different gripper versions, were design
to be removable, allowing for more tests in different gripper geometries. For example, the
bottom truncated cone was removable in versions 1 and 2 and then it was merged as a
solid with gripper’s body in the later designs since it was proved useful for the gripper.
Another piece that was removable first and then added as a solid piece was the bottom
half toroid which was removable in versions 4 and 5, and the merged with gripper’s body

in version 6.

Gripper versions 1-5 were all made in a way to be able to insert a commercially
available coil on them. In order to test some coils with different parameters and experiment
with them, some were purchased from a company called APW Company [74]. Coils are
shown in yellow color in Figure 3.3, and it is clear that versions 1-5 have a removable cap
to be able to insert these different coils and test them. More detail on coil experiments is
explained later in section 3.2. Versions 1-4 were all using premade coils for from APW,
but then starting from version 5, coils were manually made by hand and tested on the
grippers. Figure 3.5 shows the assembly to make a coil and insert it on version 5 gripper.
The grey part shown in Figure 3.5-(a) tightens to the blue bobbin shown in Figure 3.5-(b)

and the single screw on top attaches to a drill to wrap wire around the bobbin.
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Figure 3.5: Assembly to make a custom coil on a custom bobbin

Version 5 dimensions were considerably changed to accommodate for bigger
diameter magnetic shaft. A bigger magnetic shaft was decided to be added to increase
the actuation force of the gripper and it will be further explained in section 3.2. Different
shaft sizes (the green ABS part) were printed and tested. Since the shaft tip area was
increase, the surface area to create the suction between the gripper’s shaft and the object
being picked was also increased, therefore the length of the gripper could be reduced to

make it more compact, keeping the same initial and final volume ratios.

A major change in version 5 was the chamber design modification. The chamber
was no longer a continuous cylinder like versions 1-4, and it had a wider opening from
almost half way down. There were two advantages to this design change. One was that
the plastic piece of the shaft could be made even bigger than the magnetic part which
would increase the suction force, and the other advantage was that the shaft could tilt
slightly. Since the shaft was suspended over the membrane, it could slightly tilt in the wider
opening of the chamber at the start of the gripping action. In other words, the gripper did
not need to perfectly sit on the center of an object being picked. The shaft could tilt at the
beginning and it would straighten up as the gripper moved further down on the object and
the shaft moved further inside the chamber. Another major change in version 5 was the
method of attaching the membrane to the ABS piece of the shaft. Instead of using 3 O-
rings like the previous method which was shown in Figure 3.4, the membrane attached to
shaft using only one O-ring and it was done much faster than the previous method. One
end of the membrane simply got sandwiched between shaft and a plastic tip that tightened

to shaft using a screw. Since this shaft was bigger than the one in version 1, we could use
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an O-ring in between the two flat surfaces for a better seal, and it did not have pressure

points on membrane to damage it.

After a few tests with version 5, it was noted that the built-up positive pressure
inside the chamber was being wasted by inflating the membrane in the direction that was
not useful. Therefore, a temporary cardboard ribbon was added around the gripper to
focus the membrane inflation in the right direction which was toward the object. Figure
3.6-(a) shows how the inflation was all around the gripper and covering a small portion of
the apple. But Figure 3.6-(b) shows the desired inflation by using a ribbon around the
gripper and guiding the membrane inflation toward the same apple used in Figure 3.6-(a).
Having more surface area of membrane around the object created a stronger friction
between gripper and the object, and it also reduced the chance of leakage in the volume
creating suction between the shaft and the object.

Figure 3.6:  Forcing the inflated membrane toward the object by using a clip
around the gripper

Version 6 shown in Figure 3.3 had some minor modifications for the finalized
design and better performance, but none of the core design factors such as the gripper
dimensions, the coil or the shaft size were changed. The half toroid on the bottom of the
gripper in version 5, which was removable, was then merged as a solid body with the
gripper’s body. The valve connector for solenoid actuated valve was moved to the side,
so we could reduce the height further and easily connect the gripper to KUKA robot arm
end effector without the valve interfering. Two holes were also added in the gripper’s body

to insert an infrared receiver and an infrared emitter. Infrared sensor detects the presence
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of the shaft and activates the coil. Figure 3.7 shows the finalized gripper with membrane

attached when the shatft is fully extended.

Figure 3.7: Fina_l version of the gripper with its shaft is extended and its cross
section

The coil in version 6 was wrapped directly on the gripper's body, hence the top
piece plate of the gripper was also merged as a solid body with gripper's body. By
wrapping the coil directly on gripper, the gap between coil and magnetic shaft was reduced
to 1.5 mm, which effectively increased the actuation force of the gripper. An extra
attachment was made using a 3D printer to fix the gripper’s body to a rotary tool to make
the wrapping faster and easier. Figure 3.8 shows the gripper attached to a rotary tool and

ready for wrapping coil wire.

Figure 3.8:  Gripper's body attached to a rotary tool for wrapping the coil
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To better illustrate some of the main difference between different versions of the

gripper, key attributes are summarized in Table 1.

Table 1: Comparing different versions of the gripper at a glance
V1 V2 V3 V4 V5 V6
Coil Inner Radius, mm 254 25.4 254 18.67 23.25 21.25
Coil Outer Radius, mm 41.3 41.3 41.3 30.16 35 38.5
Coil Length, mm 29.5 59 59 78.87 35 39
Coil Wire Diameter, mm 0.64 0.64 0.64 0.51 0.64 0.64
Magnetic Shaft Length, mm 50.8 50.8 50.8 50.8 38.1 38.1
Magnetic Shaft Radius, mm 12.7 12.7 12.7 12.7 19.05 19.05
Gripper Overall Diameter, mm 94 83 85 80 100 100
Gripper overall Length, mm 125 136 155 205 124 120
Membrane Material Latex Latex Latex Latex | Silicone ] Silicone
Part Part Part Part
Membrane Type Ballogn Ballogn Ballogn Ballogn Molded | Molded

Final version gripper’'s body was 11.7 cm long (without the shaft extended) and
11.5 cm wide in diameter which made it relatively small to attach it to most robotic arms.
Gripper’s length was designed to this length to keep it as short as possible, yet meet
design criteria to have the maximum gripping force possible. This way it could easily be
mounted on robots like Fanuc M-1iA series [75] to operate in small areas such as the area
between two shelves. The overall gripper dimensions were chosen to keep it compact yet
strong, capable of picking different range of objects. Gripper’s simple design eliminated
the need for any type of special sensors (except for a simple infrared and pressure
sensor), and airlines for pumps like other conventional grippers. Therefore, it did not need

a complex control algorithm to operate.

Sealed chamber inside the gripper was connected to a normally closed miniature
solenoid actuated valve and a pressure sensor (NXP Semiconductors, MPX5010 series).
This pressure sensor was not a critical component for this gripper. It was used to monitor
the pressure inside the chamber to identify if the chamber seal was broken. It could also
be used to regulate the pressure if sensitive objects were being handled and the

membrane was applying excess force on that object.

There was only a single solenoid actuator (a coil and a shaft) used for this gripper’s
actuation. The use of solenoid made the gripping action much faster than other

conventional grippers. The time it took the shaft to travel to the end of its stroke was 45
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ms (the shaft traveled at 0.88 m/s when supplying 2.5 A current to the coil). The coil for
this solenoid was specifically designed for this gripper with specific dimensions and
specific wire gage which will be explained further in section 3.2. There were also an
infrared emitter and an infrared receiver used to trigger the solenoid actuator based on the

position of the shaft.

Permanent magnets were used instead of an iron core for this solenoid. The use
of Neodymium magnets (NdFeB) increased the force this solenoid could generate and
made it bidirectional, where you could change the solenoid into pull or push mode by
simply swapping polarities of the coil. The shaft was made from a combination of
Neodymium magnets and a plastic part made of Acrylonitrile butadiene styrene (ABS)
material. The plastic part connected and sealed the membrane on one end, and connected
to the Neodymium magnet on the other end. The outer diameter of the magnetic part of
the shaft was 38.1 mm (1.5” magnet) and the plastic part had an empty slot where you
could fit a smaller 25.4 mm diameter magnet. This 25.4 mm magnet secured the ABS
plastic part of the shaft to the main 38.1 mm diameter magnet part of the shaft. Majority of
the shaft was made from a stack of six (1.5 inch diameter and 0.25 inch thick) magnets.

This configuration can be seen in Figure 3.9.
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DESCRIPTION QTY.

Shaft Tip 1

2 O-Ring Cover/Membrane Clip 2

3 Magnet Cover 1

4 NdFeB Magnet 1" diamter 1

5 NdFeB Magnets 1.5" Diameter 1
é O-Ring

7 O-Ring 2

Infrard emitter/receiver 2

9 Flexible Membrane 1

10 Coil 1

Figure 3.9: Exploded and isometric view of the gripper in SolidWorks

In this design, the shaft was suspended in the middle of the gripper’'s chamber and
it was supported by the membrane. In other words, the shaft was isolated from the
gripper's main body. This gripper had only one flexible membrane and it was made of
silicone from Smooth-on company [76]. This thin membrane sealed the main body of the
gripper to the shaft, and its simple installation took less than one minute. Installation of the
membrane needed 2 O-rings (9.5 cm inside diameter (ID) x 10.5 cm outside diameter (OD)
each) to seal one end of this membrane to the gripper’s body as shown in Figure 3.9. The
other end of membrane was sealed to the shaft. Plastic part of the shaft had a groove to
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put a small O-ring (3.4 cm ID and 4.2 cm OD) to seal the membrane to the shaft. There
was another flat plastic part on the tip of the shaft that squeezed this O-ring with the
membrane for a tight seal. The shaft and the membrane connection is shown in Figure
3.10.

i

ABS Shaft | =——

| small o-ring groove |

Flexible
B —

membrane
O-ring
34cmIDx 4.2 cm OD
. —— [ Shaft tip

Figure 3.10: Sealing Membrane to the shaft

All plastic parts of this gripper that were designed in SolidWorks were 3-D printed
using ABS plastic. ABS plastic can be dissolved using acetone. These parts were then
exposed to cold acetone vapor for a better surface finish. The acetone vapor not only
smoothened the surface of 3-D printed parts, but also caused the gripper's chamber to be
sealed which was critical for operation of the gripper. The process of acetone smoothing
ABS parts involved putting parts in a sealed container with acetone. The key point was
that the acetone could not contact ABS parts directly, we only intended to expose the parts
to acetone vapor. Acetone vapor then slowly dissolved ABS parts and made them much
smoother. But one thing to note is that acetone vapor keeps reacting with ABS even after
it is removed from the container. In other words, acetone vapor is soaked into ABS parts

and keeps reacting until it is completely evaporated. Therefore, ABS parts needed to be



removed about half an hour before they reached the desired surface finish. Figure 3.11
shows a part which was exposed to acetone vapor for a long time and it was deformed.
To better seal the chamber, all parts were then sprayed with clear coat spray. This spray

also contained acetone which further sealed ABS parts surface.

Figure 3.11: Overexposure of an ABS part to acetone vapor

There are different 3D printing methods in the industry. Three major commercially
available methods are Fused Deposition Modeling (FDM), Stereolithography (SLA), and
Selective Laser Sintering (SLS). All prototypes have been made using FDM using ABS
plastic. Hence, | could use acetone to smoothen their surface and achieve a better seal
inside the gripper’s chamber. ABSplus-P430 material was used in the FDM machine to
print these prototypes, but it had 2 major problems. One was that it could not achieve a
really good chamber seal even after acetone smoothing, and the other problem was its
low heat deflection rate. If the gripper was used for prolong hours, the coil could potentially
heat up. As a result, it could potentially deform the gripper’s body since it was directly in
contact with the ABS part. Hence, version 6 was also printed using SLA and SLS printers.
Material used in SLS printing had a high heat deflection rate, but unfortunately its surface
finish was really rough and it was much more porous than FDM printing. A high
temperature resin was subsequently used in an SLA printer, which was developed by
Fomrlabs [77]. It had a relatively high heat deflection rate after post curing the part with
UV light and then thermally post curing it in an oven. It also had the best surface finish
and printing accuracy in compare to the other two materials used in other printing methods.

Table 2 shows the comparison of important properties used in all three printing methods.

25



Table 2: Different 3D printing methods and their respective material data

3D printing 3D Printing Material Ultimate Tensile  Heat Deflection

Method Strength Temp @ 1.8 MPa
FDM ABSplus-P430 33 MPa 82 °C
SLS PA11-GF3450 33 MPa 133 °C
SLA FormLab High Temp Resin 526% 101 °C

(post-cured)

To do a gripping task using a robotic arm, the gripper was connected to a KUKA
robot (LBR iiwa 14 R820 [78]). In the gripping process, KUKA pushes the gripper and
consequently its shaft toward the object being picked, and then the coil gets activated and
the gripper grasps the object. KUKA arm approaches the object being picked, during which
the coil is off and the solenoid valve is open. Then KUKA lowers the gripper over the
object. Right before lowering the gripper, solenoid valve closes and seals the chamber
(Figure 3.12-A). Tip of the suspended shaft hits the object (Figure 3.12-B) , and it starts to
be pushed further inside the chamber as KUKA lowers the gripper further down over the
object. As a result of this action, the volume difference in chamber causes a positive
pressure, which results in the membrane getting inflated. This inflation in membrane
causes it to become like a toroid and form itself around the object (Figure 3.12-C). Surface
area between the membrane and the object is increased as the gripper gets closer to the
object. Friction between the membrane and the object helps with grasping the object. This
formation of the membrane also creates a sealed pocket between the object and the shaft
of the gripper. Gripper’s infrared sensor activates the coil as soon as one end of the shaft
blocks its emitter path. KUKA only lowers the gripper until the point where infrared sensor
is triggered (Figure 3.12-C). Right before the coil is activated, object has reached the
closest point to the gripper, and gripper’s body is against the object. When the coil gets
activated, the shaft is pulled all the way to top of the chamber. This further increases the
positive pressure inside the chamber which creates a stronger normal force applied on the
object where it is contacting the membrane. Therefore, the friction between the membrane
and the object is increased. Due to the object being held stationary and the shaft moving
further up, volume difference between the shaft and the object causes a strong negative
pressure which creates a strong suction to hold the object like vacuum suction grippers.
Then KUKA moves the object to desired location (Figure 3.12-D) and releases it by

deactivation the coil. Right after the coil is deactivated, the solenoid valve opens and
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changes the pressure inside chamber to normal which is the atmospheric pressure. This

pressure release inside the chamber also helps with releasing the object being picked.

Figure 3.12: Pictures of different stages of gripping an object
3.2. Gripper actuation

3.2.1. Solenoid Actuation

To achieve and maintain a strong actuation force with high speed, a solenoid
actuator was developed and implemented for the gripper. The main components of the
solenoid are a coil and a ferromagnetic shaft that is free to move inside the solenoid. The
coil is a long wire wrapped around a tube called bobbin in form of a tightly packed helix.
When current is passed through the coil, it generates a magnetic field, and its direction
depends on the direction of current in coil. Hence the coil in the solenoid becomes an
electromagnet. Magnetic field generated by this electromagnet moves the ferromagnetic
shaft in solenoid. Strength of this electromagnet can be adjusted by changing the current

in wire.

Most solenoid actuators have a metal shaft in the middle and a spring behind this
shaft. In such actuators, the magnetic field attracts the shaft to the center of the solenoid
core, and a spring pushes it out to the normal position after electromagnet is turned off. In
contrast, the solenoid design proposed here incorporates a permanent magnet as a shaft
to further increase the actuation force of this solenoid. In this case, the solenoid force
becomes a combination of the electromagnetic force created by the coil, as well as the
magnetic force generated by the permanent magnet. The permanent magnet has a fixed
north and south poles, but polarity of the electromagnet could be changed by changing
polarity of the current going through the coil’s wire. Therefore, another advantage of using

permanent magnet in the solenoid actuator was that it could push and pull the shaft by
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simply changing the direction of current in the solenoid’s coil. In order to further increase
the actuation force of the solenoid, neodymium magnets (NdFeB), which are a type of rare
earth magnets were used. These magnets were the strongest type of magnets available

in the market. Figure 3.13 shows the proposed solenoid with a permanent magnet shatft.

Bobbin Coil Permanent Magnet
Shaft

I

Figure 3.13: Cross Section of a solenoid made of a coil and a permanent magnet
shaft

A test setup was made to measure electro magnetization force on different types
of shafts in a solenoid. A commercially available premade coil was purchased [74], and
different types of shafts were used. A luggage scale was used as the force sensor. This
sensor was fixed to a leveling device fixed to a table which could be adjusted up and down.
Figure 3.14 shows this setup. Please note the coil and magnet are not shown in this figure
as they are changed during each test. The coil was fixed to the table and the shaft was
attached to the force sensor suspended over the coil. After coil was activated, shaft was
slowly lowered and its displacement with respect to the coil and the force sensor’s reading

was recorded.
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Figure 3.14: Force sensor attached to a leveling device

The purchased coil including its bobbin had 37.33 mm inside diameter, 60.33 mm
outside diameter, 52.58 mm length, and 1574 coil turns. In order to better compare the
actuation force on different shafts, a 24 V voltage was applied to the coil, with 1.14 A
current and it was kept constant during the whole test. Three different shafts were used
which had identical lengths and outside diameter. Figure 3.15 shows the comparison
between these shafts and it clearly proves that the actuation force of a solenoid using a
permanent magnet as a shaft is more than using a metal shaft. Also the solid fill cylindrical
magnet shows a higher force than the hollow magnet due to the higher magnetic force.
Displacement shown in Figure 3.15 is the displacement between center of the coil to
center of the shaft. Force measurement was done by attaching the shaft to a force sensor.
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Figure 3.15: Shaft comparison between a solid fill cobalt steel cylinder, a hollow
cobalt steel cylinder with 21 mm inside diameter, a solid fill rare
earth magnet, and a hollow rare earth magnet with 12.7 mm inside
diameter

To better understand the shape of the curve in Figure 3.15, we will further examine
behavior of the permanent magnet shaft when exposed to the magnetic field generated
by a coil. Permanent magnet shaft has a fixed north and south pole, but polarity of the coil
can be changed by changing polarity of the current applied. Please note that the polarity
of a coil is mainly determined based on the direction of wire wrapped around the bobbin,
and then it will be determined using right hand rule base on direction of the current applied.

Depending on polarity of the coil, it will either pull or push the magnet. As show in Figure

3.16, permanent magnet shaft will be attracted toward the coil if its polarity and coil’s

polarity are in opposite direction, but it will be repelled away from the coll if their polarities

have the same direction.
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Figure 3.16: Cross section of an energized coil and a set of permanent magnet
shafts

Since both the shaft and the coil are magnetized, they will have an equilibrium
point where shaft stays still in the coil. In other words, if the coil is pulling the magnetic
shaft inside its core, it will pull until the magnetic shaft reached this equilibrium point. This
equilibrium point is where the center point on the coil aligns over the center point of the
magnetic shaft. Figure 3.17 better illustrates this point. Both magnets in this figure are in

a neutral position and they will not move neither to the left nor to the right of the coil.
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Figure 3.17: Cross section of a pair of identical coils with two different size

magnets

Actuation force greatly depends on the distance of the permanent magnet shaft to
the coil. As the permanent magnet shaft’s length gets longer, its magnetic field increases
and as a result the actuation force increases. Also the longer the shaft, the more it can
travel until it reaches the equilibrium point shown in Figure 3.17. Let’s consider the case
where we have a permanent magnet shaft that is longer in length than the coil. Actuation
force gets stronger as the magnetic shaft’s center point gets closer to coil’s center point,
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but it starts to decline as the edge of the magnetic shaft passes the center point in the coil.
Please note that the force distribution graph shown in Figure 3.18 is only for illustration
and the points on the curve are just an estimated displacement between the coil and the
shaft.
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Figure 3.18: Actuation force with respect to displacement of the magnetic shaft
to the coil

3.2.2. Coil Experimental Investigation

The only actuator used in the gripper was a solenoid actuator which had a
permanent magnet as the shaft. Solenoid actuator comprised of a wire wrapped around
the solenoid structure, and a permanent magnet shaft movable in the middle of a caoil.
Neodymium magnets were used as the shaft material to enhance the net force of solenoid
and allow the shaft movement to be bidirectional. Once a voltage was applied across the
coil, its magnetization resulted in pushing or pulling of the magnetic shaft based on the
polarity of the coil. Parameters of the coil and magnet should be carefully designed to

achieve a desired force within the solenoid.

To better understand the force created by using different coils and different
permanent magnets, several tests were implemented and measurements were done. A
setup like the one in section 3.2.1 was made, where the coil was fixed to a table and the
magnetic shaft was attached to a force sensor. Most of these tests were done using over
the counter coils that were purchased from APW Company [74] unless otherwise noted.

From the test in section 3.2.1, we learned that using a permanent magnet shaft created
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the maximum actuation force. Hence in the next few tests we only used permanent magnet

shafts.

The following test is showing the difference between using one coil vs two coils.
All parameters were kept constant, except length of coil that was doubled. The coil used
in this test had product number FC-4840. Each coil had 50.8 mm inside diameter, 82.6
mm outside diameter, 29.5 mm length, and 345 number of turns. The same shaft was
used for both setups and it had 25.4 mm diameter and 50.8 mm length. The first test used
only one FC-4840 coil and the second test had two FC-4840 coils in series with each other
forming as one single coil with double length or number of turns. Therefore, we had to
double up the voltage in the second test to get the same current rating. Figure 3.19

indicates that longer coil had stronger actuation force.
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Figure 3.19: Comparing actuation force when doubling coil length and keeping
everything else constant
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In the following graph shown in Figure 3.20, we were comparing the force between
two shafts with different diameters. Both shafts were permanent magnets with 38.1 mm
length, but one shaft had 25.4 mm diameter and the other one had 38.1 mm diameter.
The coil used in this test was FC-4839 and it had 50.8 mm inside diameter, 82.55 mm
outside diameter, 29.47 mm length, and 680 number of turns. Figure 3.20 shows that using

a magnetic shaft with a bigger diameter effectively increased the actuation force.
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Figure 3.20: Comparing actuation force when two shafts with different diameters
are used and all other parameters are kept constant
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In the following test, actuation force was compared between two magnetic shafts
with different lengths. All other dimensions and parameters were kept constant. One
magnetic shaft was 88.9 mm long, and the other permanent magnet shaft was 31.75 mm
long. The coil used in this test was a combination of two coils (FC_6271) in series.
Considering both coils as one, the coil had 52.58 mm length, 60.33 mm inner diameter,

37.34 mm outer diameter, and 787 number of turns. Figure 3.21 shows this comparison.
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Figure 3.21: Comparing actuation force when two shafts with different lengths
are used and all other parameters are kept constant

Another test was done to compare actuation force when we used coils with
different lengths. In this test the magnetic shaft was 25.4 mm wide and 88.9 mm long. One
coil was 78.88 mm long and the other coil was 52.58 mm long. The shorter coil was a
combination of two coils in series (FC-6271) and the longer coil was three coils (FC-62.71)
connected to each other in series. In order to keep the current comparable, shorter coil
was set to 24V which drew about 1.14 amp current and the longer coil was supplied with
36V power to draw about the same amount of current as the shorter one. Figure 3.22

better illustrates this comparison.
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Figure 3.22: Comparing actuation force when two coils with different lengths are
used and all other parameters are kept constant

Knowing solenoid can be a feasible solution for this gripper, | decided to make my
own custom coils. On this next test, | made three coils and tested them using an identical
shaft. In other words, these coils were not bought from a store and were wrapped
manually. Three identical coil bobbins with 46.5 mm inside diameter, 70 mm outside
diameter and 35 mm length were 3D printed using ABS plastic. A bobbin holder was 3D
printed and attached to a drill and three different coils were wrapped manually. The first
coil was wrapped using 20 AWG (0.8128 mm diameter) wire [79], the second coil was
wrapped using 22 AWG (0.6452 mm diameter) wire [79] and the third coil was wrapped
using 24 AWG (0.5105 mm diameter) wire [79]. The shaft used in this test had 38.1 mm
diameter and 38.1 mm length. In this following test we set some constraints to better
compare these coils. The maximum voltage and current allowed was 24 V and 3 A
respectively. In other words, we increased the voltage until either the voltage or the current
reached the maximum allowed. All other parameters of the coils and permanent magnet
shafts were kept constant, except the wire gauge each coil was wrapped with. The shaft
had 38.1 mm diameter and 38.1 mm length. Figure 3.23 shows the comparison between
these three coils. The 20 AWG coil was running at 10 V and 2.94 A, the 22 AWG coils was
running at 24 V and 2.96 A, and the 24 AWG coil was running at 24 V and 1.23 A. Please
note that after testing custom coils, they can be requested to be made if they are superior

over other coils. They can be ordered to be made from companies like APW [74].
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Figure 3.23: Comparing three custom wrapped coils using different wire gauges
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3.2.3. Solenoid Model

In general, the force between a cylindrical coil and a magnetic shaft is a function
of the main geometrical parameters of the coil and the magnet. The main geometrical
parameters of the coil and the magnetic shaft actuator are shown in Figure 3.24 (modified

from [80]) and are defined as follows. As defined by Robertson et al. [80], Rm and Im
represent the magnet’s radius and length, I'c, Rc are coil’s inner and outer radius, lcis the

coil’s length, Nr and Nz are the number of coil turns in the radial and axial directions, and

z represents the center to center distance between the magnet and the coil.
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Figure 3.24: Geometrical parameters of the coil and magnet actuator (modified
from [80])
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The push or pull force applied to the permanent magnet (shaft) by the energized

thick coil is calculated using the following equation, which is the summation of forces

created by N,. number of thin coils separated in radial direction [80], [81]:

F, = Sy Ry 7 (1), Ly e, 2) @
r(n,) =7+ Z:_:i [Re — 7] 3)

where Fs is the axial force between the magnet and a thin coil with length lc. Fsis given

by:
_ i)z {11}
Es*(Rmrri lmi lwz) - 20 Zel,ez 9132m1m2m3fs (4)
_ . . . — HONzI . . .
where J; = B, is the magnetization of the magnet, J/, = T Is the magnetization of
Cc

the coil with a current I going through the coil’s wire, and py = 4T X 1077 N/Az is the

magnetic constant. The term fs in (4) is given by:

fi = K(my) = = Emy) + [ — 1] [T (22 |m, ©)
S 4 m, 4 m2 1-m, | 4
with parameters:
1 1
m; =z — 591lm — Eezlc,
_ [Ry—7]?
m, = o + 1,
m3 = \/[Ry + 712 + m},
_ 4Rpr 5
My = (6)

39



The functions E(m), K(m), and [[(n|m) are the complete elliptic integrals of

the first, second, and third kind respectively with parameter m.

3.2.4. Solenoid Model Verification

Equations (2)-(6) were used to simulate the push, pull force applied to the magnet
of the proposed gripper. These analytical equations were implemented in Matlab by
adapting and modifying a publicly available code at a GitHub repository [82]. To ensure
the validity of the presented constitutive equations for the proposed gripper configuration,
a series of experiments were performed for the prototyped gripper and the measurements
were compared with the simulated results. The experimental results were recorded by
doing a test like the one mention is section 3.2.1, except the prototype gripper was fixed

to the table upside down instead of just a commercially purchased coil.

The objective of the experiments was to measure the amount of force applied to
the shaft by the fixed coil. The gripper structure was vertically fixed to the table in an
upside-down position and the coil was energized with a certain current. The neodymium
shaft, which was coupled to a force sensor, was slowly lowered toward the center of the
coil while the force sensor readouts and the shaft to coil distance were recorded. The
readouts represented the coil pull force on the shaft for variable distances. Table 3 shows

the parameters used in the prototyped coil and magnet actuator.

Table 3: Prototyped coil and magnet actuator
Parameter Value
Coil length 39 mm
Coil OD 77 mm
Coil ID 42.5 mm
Coil radial turns 26 turn
Coil axial turns 61 turns
Magnet diameter 38.1 mm
Magnet length 38.1 mm
Magnet magnetization 11T
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Figure 3.25 shows the amount of force for different distances in both experimental
measurements and the analytical calculations. Figure 3.25 shows that the error between
the analytical calculations and experimental measurements are less than 5% and the
analytical simulations could be used to explore the design parameters of the solenoid.
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Figure 3.25: Comparison of analytical and measured force values using the
designed gripper

3.2.5. Solenoid Design Consideration

Given the close match between analytical and experimental results, the model was
then used to draw considerations about the design of the gripper. In order to obtain
desirable gripper parameters, two parameters were defined to better characterize the
design: coil ratio, a defined as the coil length over the coil inner radius and Magnet ratio

B defined as the magnet length over magnet radius.

a =i_c (7)
p= ®
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R,, is the radius of magnet and 7, could be obtained by using equation (9) and

considering a gap 7, between the magnet and the coil:
. =Ry +1y. 9)

Ideally, Ty should be zero to maximize the coil generated magnetic field area,
which is interacting with the magnetic shaft. However, in real case scenario, the coil is

wrapped around a support surface causing a non-zero Ty Knowing R,,, the magnet

length [, could also be obtained using the design parameter [3.

For the proposed gripper, 7. could be determined based on the radius of the
magnet R,,,, used as shaft. Thus, providing 7, is a given geometrical parameter, the coil

length [ could be obtained using the design parameter Q.

By assuming that the thickness of the wire insulation is negligible, R could be

calculated using the following equation [80]:

Ly dy?
R, = /rcz o (10)

where d,, is the coil's wire diameter. The wire length [,,, could be calculated from the

following formula:
Ly, = —% (11)
d..12
a, =T [TW] (12)

where R is the coil's wire resistance, «,, is the coil’s wire cross sectional area, and p

is the resistivity of coil’s wire.

The coil turns N,. and N,,;, could be obtained from the following equations:
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Ny = (R —1.)/dy, and (13)
N, =1./d,,. (14)

Using equation (2) and applying coil turns N,. and N, and various arbitrary values

for coil and magnet ratios, @ and 8, as inputs, the coil actuator force per input current

versus distance curves could be calculated. The obtained curves could provide valuable
design insights for the gripper. As an illustrative example, using the parameters from the
prototyped gripper of this paper, Figure 3.26 and Figure 3.27 show the coil and magnet

force per current versus distance for various design parameters @ and ,8 respectively.
Please note that each figure has three sets of curves based on three values for magnet

radius R, = 17, 1.5”, and 2.

The following values were used or selected for the prototyped gripper. The
maximum operating voltage for the coil actuation was set to 36 V due to the limitation of

the chosen power supply. Given the maximum power supply current of 2.5 A, the nominal

4
wire resistance was considered to be 7= 14.4 Q. To make the coil, a copper wire with

resistivity of p = 1.7 X 1078 Q.m and diameter d,, of 0.64mm (wire 22 AWG) was

chosen. The selected wire safely allowed passage of 2.5 A current without damaging the
insulation around the wire while allowing for a maximum number of coil turns. For the
gripper prototype of this paper, a 1 mm wall thickness, which is the barrier between coil
and chamber was considered. The wall thickness was chosen based on considering a
reasonable minimum thickness to provide a reasonable mechanical support in the
gripper’s structure. A 0.5 mm air gap was also considered to provide a reasonable
clearance for the magnetic shaft. Since the 3D printer resolution for printing the coil’s wall
thickness was 0.25 mm, the gap of 0.5 mm was suitable to ensure proper mobility of the

magnetic shaft. Although the prototyped gripper had 1.5 inches magnetic shaft, the
magnet radius was variable between three values, Rm = 1" 1.5” and 2” based on the

commercially available rare earth cylindrical magnets. These range of values were chosen
to search a wider range of radius for the magnet design. Smaller radius for the magnetic

shafts would have caused a weak gripper, and bigger ones would have made the gripper
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too big for common practical applications. The coil inner radius was defined by adding 1.5

mm to magnet radius. @ and S values were chosen to be 1 and 2 respectively.
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Figure 3.26: Normalized force vs center to center distance for different coil ratios
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Figure 3.27: Normalized force vs center to center distance for different magnet
ratios
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Using the chosen parameters, the plots in Figure 3.26 and Figure 3.27 where

generated. Referring to Figure 3.26 , the coil ratio « is varied while the magnet ratio [ is

kept constant at S = 2. As «a is increased, the distance Z at which the maximum

normalized force is achieved is also increased which means that a larger travel distance

is required for the magnetic shaft to reach a maximum force. Within the chosen range of
variation for a in Figure 3.26, @ = 1 provided the maximum force for a 1.5 inches magnet

as shaft.

Referring to Figure 3.27, the magnet ratio [3 is varied while the coil ratio a is kept

constant at @ = 1. As S is increased, the distance z at which the maximum normalized

force is achieved is also increased which means that a larger travel distance is required

for the magnetic shaft to reach a maximum force. Within the chosen range of variation for
f in Figure 3.27, as beta increased, the maximum force generated by the solenoid

actuator was also increased.

The sensitivity of the force function based on @ and S was shown in Figure 3.26,
and Figure 3.27. An optimization algorithm can be used to obtain optimum @ and 8 values

for a solenoid actuator design. An arbitrary initial constant & and [ could be chosen to

obtain optimum value for the force applied to a magnetic shaft by a thick coil.

3.2.6. Solenoid Optimization

Three different global optimization algorithms extensively used in the literature
were compared to obtain the optimum results for a gripper with a coil and a magnet.
Genetic Algorithm (GA), Simulated Annealing (SA), and Pattern Search (PS) were the
global optimization algorithms used to obtain the minimum optimum point. The
optimization function, constants and variables were defined. Most important factor in using
global optimization algorithms is to converge to a solution [83], and converging to an
optimum solution is significantly defined by choosing the right optimization function and
parameters that are passed to this function [84]. Then the performance and results of

mentioned optimization algorithms were compared to find the best suitable result.
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Genetic Algorithm adopts a search algorithm based on a natural biological
evolution [85]. A randomized population sample is first chosen and then according to
Darwin’s theory “survival of the fittest” [84], the weaker individuals are eliminated and the
fitter individuals are chosen to create the new population by using genetic operators like

crossover and mutation. GA only needs function values and gradients is not required.

Simulated Annealing was originally inspired by the physical annealing process. In
the process of accepting new function values to find the optimum result. SA not only
accepts point with smaller function value for new iteration, but it also accepts some point
with a bigger function value [86]. The rate of acceptance for new points gets smaller,
similar to the temperature decrease in the physical annealing process [87]. Therefore, it
does not get stuck in local minimums, and it is suitable to find the global optimum.

Pattern Search, similar to GA, does not require gradient information. PS is an
exploratory search where it compares two function values and finds its direction. It takes
large step sizes to find the next point to evaluate. As soon as there is no improvement in
the function value of next point, PS keeps reducing the step size in finding the next point

until the improvement in function value is sufficiently small [88], [89].

Equation (2), is the force applied to the permanent magnet by the coil of the
gripper. Our goal was to find the optimum point of this function which would be the
maximum force applied. All the mentioned global optimization algorithms are designed to
find the optimal minimum of a function. Therefore, the output value of the force function in
equation (2) needed to be multiplied by negative one. In order to calculate this force

function, equations (7)-(14) were needed to determine characteristics of the coil and the

permanent magnet. Variables of this optimization problem were &, 5, and d,,,. The wire

gauge (d,,, wire diameter) was also added as another variable to this optimization

problem since it is a significant element of the gripper’s coil. In order to solve equations
(7)-(14) and evaluate the force function, some constants had to be defined. Table 4 shows

the constant parameters used in the proposed optimization problem.
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Table 4: Constant parameters for the coil and magnet

Parameter Value
Coil’'s wire resistivity, p 1.7 x 107> Q.mm
Magnet magnetization, J 11T
Gap between magnet and coil, 7, 1.5mm
Coil's wire impedance, R 14.4 Q
Magnet Volume, V, 4.35 x 10* mm3

Wire resistivity p was set to copper wire’s resistivity since it is the most common
used wire for coils. Magnetization J, is the magnetization of the neodymium magnets
purchased. 13 is the gap between the coil and the magnetic shaft, which was set to be 1.5

mm. Similar to the explanation in section 3.2.5, this value of 1.5 mm was arbitrary selected
based on the pragmatic consideration that the coil’'s bobbin thickness was considered a
minimum of 1 mm and a 0.5 mm gap was added to allow the shaft freely slide up and
down in the coil. In order to perform the optimization and converge to an optimized point,
two optimization equality constraints had to be defined [80], namely coil impedance and
magnet volume (shaft volume). In other words, designing an optimized magnetic solenoid
for a gripper is narrowed down to choosing only the coil impedance and the magnet
volume, and all other required parameters are implicitly derived based on these two
chosen parameters. The coil impedance for this optimization was chosen based on the
available power supply we had in the lab and it was therefor limited to 14.4 Q. The magnet

volume (shaft volume) was chosen to be the same of the prototyped gripper (4.35 X

10* mm3). While a different volume could have been selected, this choice enabled me
to identify the optimal parameters of , [, and d,,, which could be used to maximize the

performance of the gripper developed in this thesis.

In order to derive the other parameters shown in equations (7)-(14), these formulas

need to be rearranged. The magnetic shaft is a cylinder and its volume is:
Vo, = R,,* " L, (15)
Therefore, R,,, in terms of V,,,, and [, is:

Rp = |2 (16)
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Since one of the optimization variables is the coil ratio 3, and other coil parameters
need to be calculated based on the optimization variables, then equation (16) is plugged

into equation (8) and solved for [,,:

- 2/3
lm=\B- |— (17)

Subsequently 7. can be derived from equation (9), and equation (7) can be written

based on @ and 7:
lC = - TC (18)

Now using equations (9)-(14), all parameters are derived based on optimized «,

B,and d,,.

GA, PS, and SA are performed in MATLAB R2019a, with Intel® Core” i7-8700K,
3.7 GHz, x64 based processor, RAM-32 GB. Each optimization algorithm was run 10
times, and the best, average and worst values are recorded in Table 5. Values of these
algorithms represent the maximum force applied by a coil to a magnetic shaft. The last

row in this table is the average time each algorithm took to converge to a solution.

Table 5: The Best, Average, and worst Function value obtained using GA, SA,
and PS. &, 8, and d,, for best value are only written in the table.
GA SA PS
Best Value, N/A 25.72 25.65 25.45
Average Value, N/A 25.59 25.26 25.45
Worst Value, N/A 25.45 23.93 25.45
Average Time, s 63.88 13.42 5.72
Coil Ratio 1.45 1.37 1.48
Magnet Ratio ﬂ 1.52 1.51 1.80
Wire Diameter d,, 0.62 0.60 0.64

The function value for these algorithms was the maximum force of the coil applied
to the magnet. Since the goal of this optimization was to maximize the force, it is shown

from Table 5, GA obtained the highest force value in average, compare to SA and PS. It
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is shown that PS found the same result every time. Even though GA took the longest to
find the optimum, but it converged to the best optimum. The maximum normalized force

achieved by GA was 25.72 N/A, and the optimum «, [, and d,, values were as follow.

a = 1.45
B =152
d,, = 0.62

The closest wire gauge to the optimum value is a 22 AWG wire, which is 0.64 mm

in diameter.

Another series of optimizations were done using GA with the two variables &, and

f as continuous variables and d,, as discrete variable. This optimization to find the

maximum normalized force value was done for each wire gauge ranging from 12 AWG to
27 AWG. Figure 3.28 shows the comparison of normalized force with wire diameter. It is

shown that 0.64 mm (22 AWG) corresponds to the maximum normalized force of 25.70
N/A with @ = 1.47 and ,3 =1.36. Please note that in this optimization, wire diameters

were input as discrete numbers.
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Figure 3.28: Optimized Normalized Force vs Coil's wire diameter

If we normalized the maximum force achieved by the prototyped gripper in Figure
3.25, the maximum experimental force of the prototyped would be 24.58 N/A using 0.64
mm copper wire. The red dot in Figure 3.28 compares the maximum normalized force
achieved by the prototyped gripper with the optimization result. Therefore, the prototyped
gripper can even be re-fabricated with the optimized design to even achieve a slightly

higher maximum force.

3.3. Gripper Soft Membrane

The membrane in this gripper was one of the critical components to enhance the
gripping strength. As mentioned earlier, the shaft was isolated from the main gripper’s
body and the flexible membrane was holding the shaft's weight when the coil was off.
Therefore, this membrane needed to be strong enough to hold the weight of the shaft, but
it also needed to be flexible enough to be able to form around the object being picked.
Formation around the object being picked was due to positive pressure inside chamber
when the shaft was being retracted. Researchers have used elastomeric polymers in robot
for climbing smooth surfaces [90]-[93]. Adhesion of elastomeric pads better help these

robots to climb a vertical surface.
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In versions 1-4, | was using a party balloon as the membrane. A right size balloon
was chosen and one cut was made at the stem and another cut on the other end. Then it
was installed on the gripper as shown on Figure 3.4. Party balloon was made of Latex
rubber and it was super thin. It was relatively strong but its stretch ability was limited and

its surface friction was really low. It could never pick items that were damp.

In an effort to choose the best membrane for this gripper, different kinds of
polymers were tested for flexibility, strength and friction. First few design prototypes were
using commercially available pre-cured latex membrane or party balloons. Latex had a
superior strength in compare to other polymers such as Silicone or polyurethane, but its
stretch ability was really limited and it could not conform into smaller areas like the leaf on
top of a fruit. Hence it could not create a good seal between the gripper and the object.
Other polymers were created and investigated to choose the suitable one for this gripper.
Table 6 shows specifications of the polymers that were investigated. Please note that
EcoFlex™ 00-10 and Mold Max® 10t are Silicone rubbers, but VytaFlex™ 10 is a urethane

rubber.

Table 6: Polymer Characteristics [94]
Polymer Shore Elongation 100%
Hardness at Break Modulus
EcoFlex™ 00-10 00-10 800% 8 psi
VytaFlex™ 10 10A 1000% 25 psi
Mold Max® 10t 10A 526% 29 psi

EcoFlex™ 00-10 could stretch 800% of its size before it broke and it is about 200%
less than VytaFlex™ 10. On the other hand, EcoFlex™ 00-10 needed a lot less force at
100% elongation which was considerably lower than VytaFlex™ 10. 100% modulus in
Table 6 shows how much force is needed when a polymer is stretched 100%. Therefore,

EcoFlex™ 00-10 was the membrane that was finally chosen for the gripper.

Shore hardness shown in Table 6 is the measure of hardness of a material. Shore
00 is for softer material and shore B is used for harder ones. In other words, shore
hardness related directly to flexibility of the material and how easy it is to stretch. Figure
3.29 shows the shore hardness scale and the polymers mentioned in Table 6. EcoFlexTM

00-10 is on the soft side of this chart and its hardness is equal to marshmallow. Therefore,
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EcoFlex™ 00-10 was much softer than the other two polymers and it could conform much

easier on uneven surfaces.
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0 10 20 30 40 50 60 70 80 90 100
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¢ Hard hat

EcoFlex™ 00-10 VytaFlex™ 10
marshmallow Mold Max® 10t

Figure 3.29: Shore Hardness scale (Modified from [95])

EcoFlex™ 00-10 was comparably much better than all the other polymers. It was
much easier to stretch and conform into uneven surfaces. It could also hold a wet object
or even objects with light soil around them due to its surface friction.

After choosing the right polymer, more research was done on the shape of this
gripper's membrane and how it could be fabricated. An injection molding design was
created using SolidWorks and it was printed in ABS plastic using a 3D printer. Figure 3.30
shows the designed mold for creating Silicone membrane using injection molding method.

Silicone was injected using a syringe to four injection ports shown in Figure 3.30-a.

Figure 3.30: Injection molding prototype to create silicone membrane. a) Full
assembled mold, b) Mold inner shell
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Figure 3.31 shows the cured Silicone created using the designed mold.
Unfortunately since the mold was 3D printed, it was porous. Imperfections could be seen
all around the mold as it is shown in Figure 3.31-a, especially at lines were the outer shell
pieces join together. In order to be able to separate the mold after silicone was cured, both
shells of the mold were constructed from a few different pieces rather than just one outer

shell and one inner shell.

Figure 3.31: EcoFlex™ 00-10 created using an injection molding method

In order to have a perfect and accurate mold, Computer Numerical Control (CNC)
machining was needed. Since these molds were just prototypes for testing, instead of
creating molds using a CNC machine, Silicone was brushed on the cured membrane to
get a better surface finish. Smoothness of the membrane’s surface finish affects the
friction between the object being picked and the membrane. Surface friction is much

higher if we have a smooth surface finish on the gripper's membrane.

A few mold iterations in different shapes were created. Figure 3.32 shows these
different molds, left column shows when the Silicone was being cured over the mold and
right column shows when it was removed from the mold after it was cured. Silicone was
applied using a brush over these molds. Due to the low viscosity of EcoFlex™ 00-10, it
would flow down the mold and create a smooth surface when cured. Three to four layers
of silicone had to be applied on these molds to get a desired thickness for the gripper’s

membrane.
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Figure 3.32: Different Silicone mold iteration. Silicone was applied using a brush
in these molds.

The mold used in Figure 3.32-a was the inner shell of the mold that was used for
injection molding shown in Figure 3.30. But this time silicone was applied using a brush.
As shown in Figure 3.32-a, the surface finish was not again as smooth as it was desired.
Also the membrane bigger diameter was relatively big with respect to the gripper's
chamber opening. It could fold when it was attached to the gripper and secured with the

O-ring.

Then the mold shown in Figure 3.32-b was created and used. This mold was
similar to the size and design of the party balloon that was being used before. In this mold
a layer of silicone was applied and let dry placing the wine bottle on its bottom. Then

another layer was applied and let dry placing the bottle upside down. This process was
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done to have a more consistent thickness on the membrane, since silicone tends to flow
down on the mold. This mold was much better than a party balloon made of Latex, but its
connection to the shaft was not ideal since the shaft designed was changed from version

1-4. The membrane would have a lot of folds and wrinkles at the contact point with shaft.

Figure 3.32-c shows a wine bottle that is fixed to a jar using tape to have a stable
stand. In this mold, the bottle end was covered using a Latex balloon to cover the
imperfections at the bottom. Mold release was applied over the mold to ensure that silicone
could easily be removed after it was cured. After the silicone was cured, a hole was made
on the center of the flat side of the silicone. This side was connected to shaft as shown in
Figure 3.10, and the other end was connected to the gripper’s body as shown in Figure
3.9. This mold gave the best result in term of assembling on the gripper and shaft and also
the performance. The reason wine bottle was chosen for these molds was that diameter
ratio of the wine bottle to gripper’s opening was about 75% and it allowed the membrane
to be slightly stretched over the gripper body. Stretching the membrane eliminated
wrinkles and folding of the membrane at contact points to the gripper's body. A big
advantage of using the mold shown in Figure 3.32-c was the flat end of the mold. Since
silicone could not flow down from this top to around the mold, it tended to be thicker on
this end of the membrane when the mold was flat. When the gripper was picking an object,
this part needed to be thicker due to the fact that it was stretched the most between the

object and the shaft because of the shaft stroke.

A CAD model of a mold similar to the wine bottle was designed and 3D printed in
ABS plastic. This mold also had a two-piece top cover to be try injecting Silicone again.
The intention to use injection molding was to achieve a smooth finish and constant
membrane thickness all around. But unfortunately, since the mold was 3D printed and not
machined, it could not again achieve the requirements needed from and injection mold.
Figure 3.33 shows this model. On the left, you can see the full mold with all its pieces, in
the middle you only see the bottom piece of the mold, and the one on the right is the actual
printed bottom piece of the mold with cured membrane covering it. As it is shown, the
membrane had a lot of imperfections on the surface which were not ideal for our case.
Also injection molding created more bubbles in the Silicone if the printed mold was not

sealed and under vacuum.
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Figure 3.33: An injection mold Similar to the model of a wine bottle

At last a mold was derived from the wine bottle shape, but it was slightly modified
to better improve the membrane for this gripper. As show in Figure 3.34 the top diameter
was slightly reduced, and it merged to the bigger diameter with big diameter fillet. The
reason for this modification was to reduce the wrinkles in membrane when it was being
inflated. Since top part of the mold connects to the shaft, which is much smaller than the
chamber, the mold diameter in this section needed to be about the same size as shaft’s
diameter but slightly bigger. This way, wrinkles in membrane were reduced when it was
getting inflated.

Figure 3.34: Final Mold prototype
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3.4. Gripper Electronics

As mentioned earlier, this gripper had a simple design and did not require complex
control algorithms. An Arduino Uno microcontroller monitored and controlled all

components of this gripper.

The controller for this prototype consisted of an Arduino controller, an air pressure
sensor, a 2-channel relay module, and an infrared obstacle avoidance sensor module.
Maximum voltage Arduino could supply was 5 V, but the coil needed over 5 V and the
solenoid valve needed 12 V. Therefore, coil and solenoid valve were each connected to a
channel of a mechanical relay module, where each channel was supplied with a separate
power supply to provide the power needed for the coil and the solenoid valve. But Arduino
controlled both relay channels. Infrared module and the pressure sensor were powered
using Arduino’s supplied voltage. Figure 3.35 shows the wiring diagram for the control
box. The two power supplies used are adjustable. One power supply was set to 12V to
supply both Arduino and Solenoid Valve, and the other power supply could be set based
on the gripping strength needed for the coil. Please note that the Obstacle avoidance
sensor in this drawing shows both the infrared sensor and the emitter attached to its board,
but in the actual prototype the two LEDs were removed and attached to the gripper’s

chamber, connected to the obstacle avoidance sensor board using wires.
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Pressure sensor was not a critical component for operating the gripper, it only read
pressure inside the sealed chamber and could be used to notify the controller if membrane
seal was broken. As mentioned earlier, at the beginning of grasping process, shaft is
pushed inside the gripper by movement of the KUKA arm, which is pushing the gripper
over the object being picked. Infrared sensor senses the presence of shaft when it is
almost in middle of chamber and triggers the coil to further move the shaft up. Once the
grasped object is moved to the desired location, controller turns of the coil and opens the
solenoid valve to get the pressure inside chamber to atmospheric pressure. The reason
for opening the solenoid valve is that the prototype’s main body was made of ABS plastic
(even though air leakage was minimized), but we still have to neutralize the pressure
inside chamber. Leakage was never reduced down to absolute zero. For the purpose of
this tests, the coil and the solenoid valve activation and deactivation were done manually
using two push button switches. The practical approach is to get real time feedback from
KUKA'’s end effector and deactivate the coil or activate the solenoid valve respectively.

As mentioned earlier in this thesis the gripper could have a certain voltage and
current applied to the coil based on coil’'s characteristics such as length, inner diameter,
outer diameter, and wire gauge. In other words, the resistance that is created based the
length and thickness of the wire used in the coil defines the relationship between voltage
and current applied. If for certain requirement either a low voltage and high current coil, or
a high voltage and low current coil is required, the coil can be wrapped in a combination
of two or more coils in either series connection or parallel connection. In other words, if
the coil’s length and inner diameter are kept constant, the wire can be wrapped for about
half the outer diameter size, and then another wire can be wrapped again around the same
one until the desired outer diameter is reached. This way, the overall gripper’s coil has
four wire leads instead of two wire leads. So the finished two coil setup will look like a
single coil, except that it consists of an inner coil with its own wire leads and an outer coil
with its own wire leads. Then these four wire-leads for two coils can be connected either
in series or parallel to meet the required specifications for voltage and current. An
important factor to note here is the resistance of these two coils with respect to each other,
and calculations should be done with respect to each coil before making the coil. For
example, if the same wire gauge is used, the two coils are connected in parallel, and the
inner coil has a smaller resistance than the outer coil, then the inner coil will have a higher

current with respect to the outer coll.
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The following example shows the difference between connecting two coils in series
or parallel as explained above. Let us assume the inner coil has 4 Q resistance and the
outer coil has 6 Q resistance, and a constant voltage of 10 V is applied. If we connect the
two coils in series, the total coil current will be 1 A and each coil will also have 1 amp
current. They basically act like we only wrapped a single wire. But if we connect the two
coils in parallel, then the total coil current will be 4.17 A, the inner coil will have 2.5 A
current and the outer coil will have 1.67 A current. Therefore, the inner coil has much
higher current than outer coil applied.
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Chapter 4.

Testing and Experiments

To address some parts of both objectives introduced in Chapter 1, this chapter
presents four experiments conducted to evaluate the performance of the developed soft
gripper in the context of common industrial tasks. Section 4.1 investigates the peak power
usage of the gripper, and Section 4.2 analyses and illustrates the force loads of the
gripper in a series of tasks involving picking up a spherical-shaped item. Section 4.3
explores the gripper’'s actuation speed, and Section 4.4, evaluates the effectiveness of

the gripper for real-world industrial applications by mounting it on a KUKA robotic arm,

and conducting a diverse range of gripping tasks relevant to industrial contexts.

4.1. Peak power of the gripper

To better understand and analyse the power usage of the developed gripper, four

stages were designed:

1)

2)

3)

4)

In Stage one, the gripper was put in idle, not holding any object. This
stage serves as a baseline to analyse the minimum power
consumption of the gripper, since the power consumption is solely
from the controller board.

Stage two evaluates the peak power of the gripper with the coil turned
on and set to its maximum power. In this stage, the shaft is pulled up
the chamber with maximum achievable instant acceleration.

Stage three analyses the power usage of the gripper as it’s is already
gripping an object, and moving it to a predefined desired location.
Since minimizing power was not our primary focus in this stage, we
kept the coil constantly on for the gripper to move the object around.
The power consumption during this stage can be significantly reduced
by utilising a latching mechanism (to hold the shaft at the top), or
reducing the coil power to just hold the object while moving it, as the
coil's peak power is necessary only at the very first instant, when the
shaft is pulled up to the top of gripper’s chamber.

Stage four analyses the power consumption right after the gripper has
released the object. In this stage, the gripper is not holding any object,
but the actuated solenoid valve is opened to neutralize the pressure
inside gripper’s chamber to environment pressure. In stage four, the
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gripper consumes the same power as in stage one, as well as the
power consumed by the solenoid valve.

One of the most important advantages of this gripper is that it’s gripping force and
consequently its peak power usage can be adjusted depending on the object being picked.
Since the main actuation force of the gripper is produced by a solenoid actuator (a coil
and a magnetic shaft), we can always increase or decrease the current in the coil of the
solenoid actuator to increase or decrease the resulting gripping force, respectively. Hence
the peak power usage could be different depending on the current being applied. On the
other hand, please note that power consumption in stage one and stage four were not
adjustable since the usage is solely due to the controller and the solenoid actuated valve,
however they were negligible.

Figure 4.1 shows the peak power in stages one, two, and four. Stage thee is not
shown as it is analogous to stage two; In our prototype we just kept the coil to its peak
power. Three different currents were applied to coil in stage two for comparison of peak
power in different settings.
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Figure 4.1: Peak Power of the gripper. Stages 1 and 4 peak powers are
negligible, but stage 2 can be different depending on the current
applied. 2.5 A, 1.8 A, and 0.87 A are shown.
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4.2. Force Measurement

The goal of this section is to design a series of experiments to measure the
maximum gripping force threshold of the designed gripper. To be relevant to industrial

contexts, the gripper was mounted on a KUKA LBR iiwa robot [78].

The setup designed to measure the gripping force consisted of an ATI Industrial
Automation Mini45 [96] sensor firmly fixed to a table using a 3D printed part, as well as an
89 mm diameter rubber ball fixed on top of the sensor visa a 3D printed adaptor. A well-
rounded rubber ball was chosen to keep the measurements consistent and reliable. The

setup is shown in Figure 4.2.

The experiment was designed such that initially the KUKA lowers the gripper
towards the object until the gripper grasps the object, and the coil is activated. Next, the
KUKA begins moving upwards causing the gripper to pull on the object in positive Z
direction (towards the ceiling). The sensor measures the resulting force as the robot

continues moving, until the grip is broken.

- 57" .: NG
KUKA
. Felxible
pr— Membrane
| Force Sensor | Rubber Ball

Figure 4.2: Force Measurement test setup
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To measure the gripping force without suction, a through hole was made in the
middle of the ball in order to eliminate the suction created by grippe. This hole was created
on the top-center of the rubber ball and a tube was inserted through the ball. Figure 4.3
show the ball with a tube in center. Therefore, when the shaft was retracted by the coil, no
suction could be formed between the shaft and the object. In this scenario, the normal
force caused by the inflated membrane, as well as the friction force between the surface
of the membrane and the object are the only driving forces holding the object.

Tube

Figure 4.3: A rubber ball with atube inserted to create a hole
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Figure 4.4 demonstrates how the applied current impacts the gripping force for
three different currents (2.5 A, 1.8 A, and 0.87 A). The force was measured ten times for

each current. The mean-peak force was then calculated for each current.
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Figure 4.4:  Force measurement results

The input power can be calculated from the set voltage, and the drawn current.

Figure 4.5 shows how the gripping force changes according to the input power.
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Figure 4.5:  Gripping Force VS Gripper's input peak power
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4.3. Actuation Speed

One of the biggest advantages of the magnetic gripper is the use of a coil as an
actuator. The gripper's magnetic shaft and the coil work as a solenoid for actuating the
shaft and gripping objects, enabling very high actuation speeds. When 2.5 A current was
supplied to the caoll, the corresponding actuation speed was measured at 0.88 m/s. Figure
4.6 shows how the actuation speed of the gripper changes with the input power. To be
consistent with our previous analysis (Section 4.2), the actuation speed is shown as a
function of the peak power of the gripper. The higher the input power, the higher the
actuation speed would be. Shaft movement of the gripper was recorded using an Iphone
X camera at 240 frames per second, and shaft’'s speed was calculated based on the

traveled distance over each time segment.

0.9
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0.6
0.5
0.4
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90.78 43.98 11.22
Input Power (W)

Figure 4.6:  Gripper actuation speed vs input power

4.4. Picking up Objects with Different Shapes and Weights

The gripper was tested with various known objects to check its ability to pick up
different objects with varying shapes and weights. Figure 4.7 shows an example set of
objects picked up by the gripper in a series tests using a KUKA arm. Due to its simple
design and mechanism, the gripper has the potential to be rescaled according to the task

at hand to be able to grip a wide variety of objects in size, geometry, and texture.

As shown in Figure 4.7, the developed prototype here can still pick up wide range

of objects without requiring rescaling. This includes objects with different surface finishes
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like a flat smooth surface (Figure 4.7-D), a relatively rough surface (Figure 4.7-0), light

and delicate objects (Figure 4.7-A and Figure 4.7-H), as well as much heavier ones.

Some examples of these objects include an apple in different orientations (Figure
4.7-A, and Figure 4.7-B), a 796 mL tomato paste steel can (Figure 4.7-C), an acrylic
display riser with a flat smooth surface (Figure 4.7-D), a box of Coke soda cans weighting
about 2.95 Kg measuring 23 cm x 14 cm x 12 cm (8 cans of 355 mL, Figure 4.7-E), a2 L
Pepsi bottle (Figure 4.7-F), a honey dew about 2.5 Kg (Figure 4.7-G), a light bulb (Figure
4.7-H), a 591 mL VitaminWater in different orientations (Figure 4.7-I, and Figure 4.7-J), a
355 mL Red Bull energy drink in different orientations (Figure 4.7-K, and Figure 4.7-L), a
tomato in different orientations (Figure 4.7-M, and Figure 4.7-N), a football with a rough
surface (Figure 4.7-0), a 0.74 Kg mixed nut container (Figure 4.7-P), a watermelon (Figure
4.7-Q), a ream of letter size paper (Figure 4.7-R), and an oversized drone box about 1.9
Kg and measuring 58 cm x 57 cm x 14 cm (Figure 4.7-S).
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Figure 4.7:  Picking up objects with various shapes and weights.
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Figure 4.8 shows more complicated gripping scenarios. First and third columns of
Figure 4.8 show the objects from the perspective of the gripper, where it is supposed to

be in contact with gripper's membrane.

Figure 4.8-A shows a bell pepper from the side where it has the most unevenness
in shape. Figure 4.8-B is a grapefruit which has a porous surface and can be slightly damp
due to the fruit’s nature. Figure 4.8-C is a lime which has similar surface to the grapefruit.
Figure 4.8-D is a bag of 66 g chips. Figure 4.8-E is a pair of jeans wrapped manually in a
really thin nylon, showing how the gripper can lift this by just grabbing the loose nylon.
Figure 4.8-F is a tennis ball which is porous, showing the gripping action without any
suction. Figure 4.8-G is an empty box that is relatively large, showing how the gripper can
pick even when it is not picking an item from the center point. Figure 4.8-H is a full fire
extinguisher that is about 3.5 kg.

Figure 4.8:  Gripping various objects and a picture of their contact point with the
gripper
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Chapter 5.

Conclusion

This chapter summarizes the thesis work and reviews the key contributions of this

work.

Objective 1: The first objective of this work was the design and fabrication of a
novel robotic gripper that could be implemented in a wide range of industrial applications.
A micro-controller drives the gripper, allowing for a simple control mechanism of the
gripper both in hardware and software. The gripper’s body is fixed to a robotic arm’s end
effector and the shaft assembly is the only movable part in the design of this gripper, hence
mechanical wear and tear of the gripper is minimal.

The gripper’s final dimensions are 11.5 cm in diameter and 15.5 cm in length (1582
cm?) when the shaft is fully extended (considering the maximum volume it can occupy as
a solid cylinder in space). This confirms that the gripper is compact and has about the
same dimensions compared to other commercially available grippers for collaborative

robots.

The gripper’s chamber is sealed using a silicone soft membrane. This membrane
is the contact point of the gripper with the object being picked allowing grasping of objects
with different shapes and even very delicate objects like fruits or a light bulb possible
without any excessive pressure that could damage the object. Another advantage of the
silicone membrane is that it can conform to the surface of the object at its contact point.
As the gripper gets closer to the object, the membrane inflates around the object, allowing
gripping of the target object without the need for accurate alignment of the end effector

with the object’s orientation.

Unlike most robotic grippers such as anthropomorphic grippers or the ones with
suction cups, the proposed gripper can pick target objects from clustered environments.
The soft membrane can come in contact with the target surface from most orientations

and still form strong suction.
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Objective 2: To address the second objective of this work an actuator was
designed for this gripper without requiring any additional equipment (e.g. pressure air line)

for functionality making it a self-contained gripper.

The gripper’s actuation mechanism consists of a solenoid actuator with a magnetic
shaft, allowing for fast gripping action. The mean actuation speed of the gripper was
measured at 0.88 m/s, which is much higher than 0.2 m/s proposed in the objective. In
addition, the magnetic shaft increases the solenoid actuator’s force and makes the shaft

bidirectional in contrast to other solenoid actuators with an iron shaft.

Another advantage of this gripper is that peak power can be adjusted depending
on intended objects being picked. The griping force consists of friction forces due to the
normal force between the surface of the silicone membrane and the object, as well as the
suction force of the gripper.

To test and evaluate the effectiveness of the designed gripper in relevant industrial
applications, a series of pick-and-place experiments were conducted with the gripper
mounted on a KUKA robotic arm. The gripper was successfully tested on a variety of
everyday objects from simple ones such fruits, snacks, clothing, and health essentials to
more complicated objects like a heavy fire extinguisher about 3.5 Kg, a cloth in a very

loose plastic bag, and an oversized box (Section 4.4).
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