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Abstract

An in-hand manipulation refers to robots interactions with the objects they hold. It in-
cludes how the robot perceives, controls and manipulates objects. Such interactions re-
quire the planning and design of complex systems. This topic is one of the most researched
topics in the field of robotics. There are various methods for manipulate objects using mul-
tiple degrees of freedom robotic hand. however, Common parallel grippers are suffering
from the lack of DOF and are limited to closing on an object without the ability for in-
trinsic in-hand manipulation. Nevertheless, parallel grippers are widely used due to their
simplicity and low-cost while relying on extrinsic capabilities for manipulating the ob-
ject. In this work, a simple and low-cost mechanism is proposed for augmenting a parallel
gripper with intrinsic in-hand manipulation abilities. A novel vibration-based finger was
proposed where an off-the-shelf eccentric rotating mass motor along with a simple rotary
actuator apply directional movement forces on a grasped thin object. The motion is based
on the stick-slip phenomenon and exerted with no exposed moving parts. Along with the
mechanism, a simple control law is proposed to manipulate the object to desired position
goals and along paths. Furthermore, the ability to manipulate various objects is demon-
strated. Experimental results show the ability to manipulate an object with accuracy of
less than 2 mm. The experiments demonstrate the merits of the approach granting in-hand

manipulation capabilities, that previously were not possible, to any parallel gripper.

This work was accepted and submitted by Ramot as a PCT (International) patent applica-
tion under HIGH RESOLUTION ROBOTIC FINGERS. https://ramot.org/technologies/high-
resolution-robotic-fingers

The work in this thesis was published in:

Noam Nahum and Avishai Sintov. Robotic manipulation of thin objects within off-
the-shelf parallel grippers with a vibration finger. Mechanism and Machine Theory.
177:105032, 2022.

1l



v



Table of Contents

Nomenclature vii
List of Figures vii
List of Tables ix
1: Introduction 1
2: Related work 4
2.1 Extrinicdexerity . . . . . .. ..o e 4
2.1.1 Dynamic Manipulation . . . . . ... ... ... ... ...... 4

2.1.2 Gravity-based manipulation . . . . ... ... ... ... ... 4

2.1.3  Friction and contact manipulation . . . . . ... ... ... ... 5

2.2 Intrinsic dexterity . . . . . . . . . ... e e 5

2.3 Manipulation using Vibration . . . . . . ... ... ... ... 6

3: Background 8
3.1 DryFriction . . . . . ... 8
3.1.1 Coulomb’s law of dry friction . . . . .. ... ... ... .... 8

3.2 ERM Mechanism . . . . ... .. ... 9
3.2.1 Mechanical resonance . . . . ... ... ... ... ... 10

322 Stiffness. . . . ... 10



323 Damping . . . . . ... e

3.24 Displacementbyan ERM . . ... ... ... ... ... ..
3.3 Vibrationofbars . .. .. ... ...
3.3.1 Longitudinal vibration . . . . ... .. ... ... ... .....
3.3.2 Transverse vibration . . . .. ... .. .. ... ...
34 Slip Stick Phenomena . . . . . . ... ... ... o
3.4.1 Stick to Slip movement analysis . . . . . .. ... ... .....
3.4.2 Slip to Stick movement analysis . . . . . ... .. ... .....
3.5 Controlbackground . . . . . .. ... ...
3.5.1 Stability using Lyapunovs method . . . . . . .. ... ... ...
System
4.1 Method . . . .. ...
4.1.1 Design . . ... e e e
4.1.2 Dynamic Analysis . . . . . .. ... ...
413 Control . . . . .. .
Experiments
5.1 Hardware . . . . . .. ...
5.2 Software . . . . . ..
5.3 Experimentprocedure . . . . . . ... ... .o
5.3.1 Mechanism Analysis . . . . . ... ... ... ... ... ...
5.3.2 Control Evaluation . . . ... ... ... ... ..........
5.33 Otherobjects . . . . . .. .. ...
Conclusions and Future Work
References

vi

18
18
18
19
24

27
27
27
28
28
31
34

38

39



List of Figures

1.1

3.1
3.2
33
34
3.5

4.1
4.2

4.3
4.4

4.5

5.1
52
5.3

54

Prototype of the Vibratory Finger Manipulator (VFM) installed on an off-the-

shelf parallel gripper. . . . . . . . . . . . . . e 2
ERM of | DOF withamassmodel. . . . .. ... ... ........... 9
Maximum displacement will occur at the natural frequency. . . . . . . . . .. 11
Longitudinal vibrationofabeam . . . . . . .. ... ... ... ...... 12
Transverse vibrationof abeam. . . . . . . . . . .. ... ... ... ..., 14
Simple 1 DOF Slip-Stick model . . . . . . .. .. ... ... ........ 16
Section view of the Vibratory Finger Manipulator (VEM). . . . . . . .. . .. 19

Mlustration of the ERM rotation plane and the stick-slip effect on the object in

COMEACE. . . . v v v v e e e e e e e e e e e e e e e 21
Illustration of vibration force f, appliedtoobject B. . . . . . . ... ... .. 22

A one-dimensional example of motion: (top) Tangential and normal forces, f and

S, applied to the object and (bottom) displacement of object along the x direction. 23

Control architecture for controlling the centerof mass. . . . . . . . .. .. .. 26

Hardware and software architecture. . . . . . . . . . . .. .. ... ..... 28
Experimental setup where the VFM is mounted on a Robotiq parallel gripper. 29

Inclination by angle ¥ of object 3 where vibration force f, must overcome grav-
itation force f,. Force f, is the projection of the gravitation force vector Mg onto

the motion plane of the object. . . . . . . . . . . . . . .. ... ... ... 30

Mean object velocity with regards to the frequency of the vibration motor. 30

vii



5.5
5.6

5.7

5.8
59
5.10
5.11
5.12

Mean object velocity with regards to the inclination angle of the gripper. .

Manipulating the COM of a disk from an initial position (magenta marker)
to a goal position (blue marker). The disk reached the goal with an accu-

racy of 1.93 mm error and 9.94° orientation change. . . . . . . . ... ..

Manipulating the COM of a disk from an initial position (magenta marker)
to a goal position (blue marker) through the origin (green marker). The
disk reached the goal with an accuracy of 2 mm error and 4.39° orientation

change. . . . . . . ..
Position path of the disk seen in Figure 5.6 with respect to time. . . . . .
Position path of the disk seen in Figure 5.7 with respect to time. . . . . .
Manipulating the COM of a disk along a rectangular path (red path). . . .
Manipulating the COM of a disk along a circular path (red path). . . . . .

Manipulating various objects including (from top left): utility knife, ruler,

ID card, paper sheet, paperboard and single wall cardboard. . . . . . . . .

viil

30



List of Tables

4.1

5.1

5.2
5.3

Notation and nomenclature used throughout the paper . . . . . . . . . .. 20

Performance parameters of controller (4.20) directly to the goal or through

theorigin . . . . . . . ... L 31
Tracking accuracy alongapath . . . . ... ... ... ... ... ... 34
Performance parameters for various manipulated objects . . . . . . . .. 34

X



1 Introduction

In-hand manipulation is the ability to hold and move an object within one hand. In-hand
manipulation skills are essential to many tasks used by human as handwriting, grasping
objects, move an object inside hand. It is easy to take for granted actions in the hand
that are performed by a person on a daily basis. Examples for such are: working with
tools that require holding a different object, touching the phone, taking money out of the
wallet etc. These basic operations are not obvious when it comes to robotic grippers. Yet,
in-hand manipulation capabilities of robotic hands are an important feature for efficient
interaction with the environment. While dexterous robotic hands, such as the Shadow and
the Allegro hands, are very capable, they have complex structure with many degrees-of-
freedom (DOF) and, therefore, require agile sensory feedback, sophisticated control and
planning to achieve robust manipulation [24]. Hence, these hands are highly expensive
and not accessible for practical applications such as assembly lines or medical procedures.
Parallel jaw grippers, on the other hand, are widely used due to their simplicity, durability
and low cost. They can precisely grasp almost any object of the same scale and, therefore,
are ubiquitous in industrial application of material handling [23]. However, jaw grippers
normally have only one DOF for opening and closing the jaws. Hence, they do not have
independent in-hand manipulation capabilities. The most common manipulation approach
for jaw grippers is pick-and-place where the object is placed on a surface and picked up
again in a different grasp configuration [62]. However, the picking and placing can be

slow and demands a large surface area around the robot.



Figure 1.1: Prototype of the Vibratory Finger Manipulator (VFM) installed on
an off-the-shelf parallel gripper.

This work explores the use of vibration for in-hand manipulation. In this thessis, a
novel mechanism termed Vibratory Finger Manipulator (VFM) is proposed. The VFM
module can potentially augment the capabilities of any generic off-the-shelf parallel jaw
gripper and enable it to perform in-hand manipulation of thin objects (Figure 1.1). The
VEFM is a simple and affordable vibration-based mechanism which can easily be integrated
onto any parallel gripper. The motion principle is based on the stick-slip phenomenon
where the application of vibrations enables active control of friction [5]. Such approach
enables the generation of a propagation force onto an object in contact. Hence, this effect
is employed using a low-cost vibration motor along with a rotary actuator to steer the
force towards the required direction. Along with the mechanism, a dynamic analysis of
the proposed system is provided. Furthermore, with vision-based object configuration
feedback, the ability to control the motion and manipulate the object to desired goals is
shown. The proposed mechanism has applications in, for example, precise manipulation
of thin surgical knifes in medical procedures, robot insertion of plastic cards (e.g., credit

cards) and key manipulation.

To summarize, the contributions of this work are as follows. First, a novel vibration-
based mechanism is proposed that augments the capabilities of any standard off-the-shelf
parallel gripper. The mechanism is composed of simple and low-cost hardware. Standard
parallel grippers are unable to perform intrinsic in-hand manipulation. With the addi-
tion of such simple mechanism, parallel grippers are given the ability to perform in-hand
manipulation of thin objects. In addition, a simple model-free controller is proposed to

manipulate a grasped object to desired goal positions. The proposed system is tested and



analyzed over a set of different objects. To the best of the authors’ knowledge, our work
is the first to combine vibration motors to in-hand manipulation for robotic hands.



2 Related work

State-of-the-art for in-hand manipulation with parallel grippers (that does not involve pick-

ing and placing) is commonly divided to extrinsic and intrinsic dexterity [3].

2.1 Extrinic dexerity

Extrinic dexerity is the ability to compensate for the lack of DOF using external supports,

such as friction, gravity and contact force.

2.1.1 Dynamic Manipulation

Extrinsic dexterity compensates for the lack of gripper DOF and involves actions of the
entire robotic arm for either pushing the object against an obstacle [17, 9] or performing
dynamic manipulation such as pivoting [58, 59, 43, 46, 14] and throw-and-catch [44]. An-
other work by [16] shows various re-grasp actions by three-finger grippers where all of
the actions are open loop while relying on external resources. In another work [30], an
asymmetric gripper is proposed (Multi Modal Gripper). The gripper consists of a mod-
ular thumb with varying degrees of passive compliance and a dexterous, tendon-driven
forefinger that can produce either under-actuated or fully-actuated behaviors. This meth-
ods relies on two actuators and basic open loop control action and requires change in the

passive finger for applying different movement of in-hand manipulation.

2.1.2  Gravity-based manipulation

A different approach leverages gravity to control slippage between the fingers of the par-
allel gripper [13]. For instance, Costanzo [12] exploited a dual-arm system and tactile
feedback to allow controlled slippage between the object and a parallel gripper. Another

work using gravity [57] proposed a sliding mode controller for in-hand manipulation that



reposition a tool in the robots hand by using gravity and controlling the slippage of the
tool. The slippage is controlled by varying the opening between the fingers in order to

allow the tool to move to the desired angular position.

2.1.3 Friction and contact manipulation

The work of Shi et al. [41] controlled the force distribution of a pinch grasp to predict
sliding directions. Similarly, Chen et al. [10] controlled the sliding velocity of an object
grasped by a parallel gripper. These methods usually require grip force control and agile
sensory feedback of object pose. Another approach [48] used a variable friction robotic
fingers that are able to significantly change the effective coefficient of friction of their con-
tact surface. Thus, the object is moved by changing the friction when one finger is applied
as a sliding surface and the other is applied as a static surface. This method requires addi-
tional motors in the finger and thus increase mechanism complexity. Similar work in [52]
presented a novel end-effector that merges the essential mechanics and control simplicity
of manipulable dexterous robotics hands using active surfaces. The end-effector simulated
different levels of friction and applied tangential thrust to the object in contact. In [8],
a two phase gripper is presented which is designed to passively re-orient objects while
picking them up using two phases of the finger-object contact geometry. This method also
uses external forces such as gravity to orient the object. When it is not necessary to move

or orient the object, this mechanism can change the grip point and prevent it from moving.

2.2 Intrinsic dexterity

Intrinsic dexterity is the ability of the robots hand to manipulate the object using its own
DOF [15]. While jaw grippers have only one DOF, some work have been done to aug-
ment their intrinsic manipulation capabilities. Seminal work by Nagata [33] proposed six
gripper mechanisms with an additional one DOF at the tip, each having an ability to either
rotate or slide an object in some direction. Similarly, a passively rotating mechanism was
integrated into the fingers of the gripper allowing the object to rotate between the fingers
by gravity [51]. In [63], a jaw gripper tip was augmented with a two DOF transmission

mechanism to re-orient and translate randomly placed screws.

In [35], a novel three-finger robot is presented inspired by a spherical parallel mech-
anism which is design to achieve rotation of a grasped object using three actuators. In
[65], linear actuation was added along each of the two fingers to enable translation and

twist of a grasped object. Similarly, a rolling mechanism was added to the gripper in [7]



in order to manipulate a flat cable. In-hand manipulation was also enabled for a mini-
mal under-actuated gripper by employing an active conveyor surface on one finger [1]. In
[50], a pneumatic braking mechanism was included to a parallel gripper in order to transi-
tion between object free-rotating and fixed phases. The above augmentation methods for
parallel grippers are limited to one manipulation direction and yield bulky mechanisms
that complicate the hardware. In [32], the Stewart Hand with a six DOF is presented.
The mechanism consists of three parallel linkage fingers with six prismatic actuators that
control manipulation. The hand demonstrated a large range of motions but suffer from
high complexity. Another approach is using soft and continuum robots finger. In [54], a
highly deformable 3D printed soft robot (PS robot) is presented. The hand is capable of
generating complex, robust gaits on different inclines using a novel variable friction leg
design. This design changes the frictional force depending on the robot posture and shape
to facilitate robot locomotion. This feature is useful for grippers when grasping forces
need to be adjusted to the manipulated object. In [6], an under-actuated, tendon driven,
anthropomorphic manipulator with two flex-or tendons and an abduction-adduction ten-
don is presented. This mechanism is designed directly by experimental human precision

manipulation data.

2.3 Manipulation using Vibration

The first known part manipulation with vibration was presented by Chladni during the 18th
century using acoustic-based horizontally-vibrating plates [11]. Similarly, recent work
used a single acoustic actuator to control the position of multiple objects on an horizontal
plate simultaneously and independently [64]. In addition to acoustic vibrations, the use
of mechanical excitation to generate vibrations and object manipulation has been widely
researched [19, 31]. The work by Bohringer [4] analyzed the effect of plate oscillation
frequency and the corresponding dynamic modes to the motion of an object. In [36], four
linear actuators were used to generate various velocity fields across an horizontal plate.
Breguet and Clavel [5] introduced the Stick-Slip actuators using piezo-elements to manip-
ulate micro-components. Stick-slip is a phenomenon where contact between two surfaces
is alternated between static (i.e., no relative motion) and kinetic (i.e., sliding relative each
other) friction, and is caused by, for instance, applying vibrations. Baksys at el. [2] used
one rotary actuator with a perpendicular axis to generate tangential forces that traverse an
object across the plate. Most recently, Kopitca et al. [28] used a piezoelectric actuator to
generate nonlinear vibration fields for gathering particles into a desired two-dimensional

shape.



Not much work have combined mechanical grippers to the notion of vibration. How-
ever, vibration is extensively used in releasing micro- and nano-objects within a parallel
gripper [18, 29, 20]. In [37], vibration was used to overcome the adhesion force of a vac-
uum gripper holding micro-objects. On the other hand, Honda [25] proposed a two finger
gripper where each finger is comprised of an Eccentric Rotating Mass (ERM), a mass and
two springs. Such gripper can hold an object of unknown weight and surface with the
most suitable grasping force. Nakamura and Honda [34] proposed a multi-finger robotic
hand where each finger has a vibration roller to allow uni-dimensional motion of a grasped
object. Similarly, the work by Suzuki et al. [49] used vibration to control slippage of an
object during gravity-based pivoting.

While the above works focused on manipulating arbitrary objects using vibration of an
extrinsic horizontal plate, some efforts have been put to manipulate micro-robots by em-
ploying on-board vibration motors. A large effort has been put on micro-actuation tech-
niques based on piezoelectric actuators [40, 42]. However, piezo-components are complex
systems and quite expensive [56]. Hence, using the Stick-Slip principle, Vartholomeos and
Papadopoulos [55] proposed to actuate a micro-robot using two simple mechanical vibra-
tion motors positioned co-linearly. Such mechanism enables precise actuation with low
cost hardware. The mechanism later inspired the design of the Kilobot [38] for swarming

behaviour research [39].



3 Background

3.1 Dry Friction

Dry friction is a mechanical phenomenon that occurs between surfaces, it is a force that
opposes the relative lateral motion of two solid surfaces in contact. There are different
types of dry friction including dynamic friction that occurs between moving surface and
static friction that occurs between non-moving surface. Similarly, kinetic friction results
in a force that resists the sliding or rolling of one solid object over another. On the other
hand, static friction is the force that avoids object from initiating motion. This physical
phenomenon plays an important role in this research as it causes movement of the objects
that is gripped by the VFM.

3.1.1 Coulomb’s law of dry friction

Friction force is model by the Columbus law of friction. The model will be used in this
research for analyzing and modeling the movement of different objects by the VEM. The
Coulombs law for dry friction is described by three major rules. The first law of Coulomb’s
law of dry friction states that the magnitude of the frictional force will be directly propor-
tional to the normal load between the surfaces for a given pair of materials. The rule is

described mathematically for static and dynamic friction by

f < uN (3.1

and
f =N, (3.2)

respectively, where N is the normal load. Scalar p, and p;, are the static and dynamic co-
efficients of friction, respectively. The second Coulomb law describes that the magnitude

of the frictional force is independent of the contact area, i.e., apparent area for a given



normal load. In addition, the third law states that the magnitude of the frictional force will
be independent of the sliding velocity.

3.2 ERM Mechanism

The Eccentric rotating mass (ERM) consist of a normal DC motor with unbalanced mass
connected to its shaft. Different vibration frequencies and intensities are created by spin-
ning the offset mass at varying speeds. As a result, the motor transfers vibration to the
attached device. The vibration produced by ERMs is Driven Harmonic Vibration. This
means there is an external driving force that causes the system to vibrate at the frequency

of excitation. The force of an ERM can be described by a sinusoidal wave
F = Fysin ot. (3.3)
Fp is referred to the amplitude of the sine wave given by
Fy = mro* (3.4)

where o is the excitation frequency, m is the mass of the eccentric mass and r is the
distance from the motor shaft to the center of the eccentric mass. For simplicity, a 1 DOF

system of ERM is be presented next.

m
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Figure 3.1: ERM of 1 DOF with a mass model.

The one DOF vibration model can be described by a mass M connected to a spring

with stiffness k and damper ¢ (Figure 3.1). The equation of motion is constructed of the



forces of these three components and the input force:

(M +m)x(t) + cx(t) + kx(t) = Fysin t. (3.5)

3.2.1 Mechanical resonance

Mechanical resonance is a physical phenomenon where an external force (such as the
force produced by the ERM) can drive a system to a much higher amplitude at a specific

frequency. This is known as the Resonant Frequency and for equation (3.5) its equal to

k

3.2.2  Stiffness

Stiffness is the resistance of an elastic body to deflection or deformation by an applied

force.

3.2.3 Damping

Damping refers to energy losses that occur in the system throughout each cycle. There
are three types of damping: over-damped where the system decays without oscillation;
under-damped where the system oscillates but continues to decay; and critically-damped
where the system returns to zero as quickly as possible with no decays. For the 1 DOF

system, the critical damping c., and damping ratio { is given by

Cer =2\ k(M +m) =20,(m+ M) (3.7)

and
c
F=—. (3.8)
Cer
Thus, equation (3.5) becomes
. . 2 2 Fo .
(1) + 28 wx(t) + w;x(1) = @, -~ sin . (3.9

With initial conditions of x(0) = xp and %(0) = vy, the homogeneous solution x;,(¢) for the

non-damped system { < 1 is given by

xp(t) = e S X cos(wyt — ) (3.10)

10



where X is the amplitude, ¢ is the frequency and @, is the damped natural frequency.

3.2.4 Displacement by an ERM

Consider equation (3.9), for the steady state, the homogeneous solution has no influence
because it vanishes. Thus, only the particular solution has an impact on the system which
is given by

x(t)p = X, cos (wt — @) (3.11)

where X, is the amplitude and ¢, is the frequency given by

Fo
Xp(@) = (3.12)
K(1—(22) +(2%2)2)
and
2w
op(w) = arctan(%). (3.13)

Inserting (3.4) into (3.12), the maximum amplitude will be at the natural damped frequency

w0y = o/ 1— 2. (3.14)

Figure (3.2) shows the normal distribution for displacement with regards to frequency.

of the system where ® = w:

Figure 3.2: Maximum displacement will occur at the natural frequency.

11



3.3 Vibration of bars

3.3.1 Longitudinal vibration

Consider a uniform homogeneous elastic bar of length L, cross-section A and mass M on
its free end as shown in figure 3.3. The bar mass is m;, << M with constant modulus E.

The bar has a constant of equivalent spring stiffness K which is equal by Hawks law to
K=EA/L. (3.15)

One end of the bar is attached to a fixed wall while the other end is free. On the free edge

of the bar there is an action force P(¢) which is equal to.
P(t) = Csin (wr) (3.16)

where w and C are the frequency and amplitude of the applied force. Using Newton’s
second law, and under the assumption that m;, << M infinitesimal analysis along the bar
will not be considered, and neglecting the damping of the bar, the equation of motion is
given by

(mp+M)ii+ Ku = Csin (or). (3.17)

The natural frequency of the system is

(K) L(my +M)
" mp+M EA (.18)
Thus, equation (3.17) is now
ii + w,>u = Bsin (ot). (3.19)

The general solution for (3.19) is equal to

Figure 3.3: Longitudinal vibration of a beam

12



. EA EA
u(t) = Cysin (mt) +C,cos (M_Ll> +U, (3.20)

where U, is the particular solution. The homogeneous solution vanishes at the steady state.

Therefore, we focus only on the particular solution:
Up = Asin ot + Bcos ot. (3.21)
Inserting this into (3.17) yields
(w,> — ®*)Bcos ot + (w,> — ®*)Asinwr = Csin r. (3.22)

The extraction of A and B provides

C
and
B=0. (3.24)
Thus, the particular solution is now
U, = sinwr = u(t). (3.25)

0?2 — 0?

The equation presents the follows. If @ is equal to ®@,, the solution reaches infinity and the

system will move in high amplitudes with high harmonic velocity:
cos ot (3.26)

@2 — @2

3.3.2 Transverse vibration

Consider the same uniform homogeneous elastic bar of length L, cross section A and mass
M on is free end as shown in Figure 3.4. The elastic bar has moment of inertia / and

stiffness K which is equal by Hooke’s law to
K=—-. (3.27)

This elastic bar is exerted by an harmonic force equal to (3.16). Similar to the longitudinal

13
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Figure 3.4: Transverse vibration of a beam.

case, the equation of motion is given by
3EI
(my —l—M)b'i—i—Tu:Bsin(a)t). (3.28)

For this case, the solution will be the same like the longitudinal but with different natural

frequency which is equal to

K 3EI
— ./ — : 3.29
On my, +M L(my,+M) (3:29)

Applying a frequency close to the natural frequency of the two cases will help using the

forces applied by the beam movement.

14



3.4 Slip Stick Phenomena

Stick-slip is a surfaces movement alternating between sticking to each other and sliding
over each other, with a corresponding change in friction force. Stick-slip motion is caused
by the difference between static friction coefficient and kinetic coefficient, and it tends to
occur with slower sliding velocity and higher normal load. The above occurs because the
static friction coefficient between two surfaces is larger than the kinetic friction coefficient.
If an applied force is large enough to overcome the static friction, then the reduction of
the friction to kinetic friction can cause a sudden jump in the velocity of movement. Thus,

Stick-slip motion is generated by the repetition of "stick" and "slip".

This phenomena is explained in [53] and approximates the motion of a 1 DOF vibration
system with Coulomb friction. Consider a solid body of mass m, a linear spring with
stiffness k, and viscous damper with damping coefficient ¢ as show in Figure 3.5. The
object contacts a flat floor surface with a normal load W, and the floor is moving in the
positive x direction with velocity V. The object is forced by friction F which is function

of the relative velocity between the object and the floor V,,,; =V —x. The force is given by

E, Fy| < |uW
Fo) |Fs| < |usW| (3.30)

Sign(vrel).ukW7 |F‘ > :LLS’W|7

where F; is the actual static friction force, |u;W| is the maximum static friction, t; and
Uy are the static and kinetic friction coefficients. The difference between the two friction

coefficients is
Al = s — g > 0. (3.31)

Despite the above equation, in our system analysis (Chapter 4), friction force will not be
analyzed. Alternatively, nonlinear mapping force will be assumed which is influenced by

the fabrication and speed.

3.4.1 Stick to Slip movement analysis

When the object is in the stick state, transition to slip movement will occur when the

following condition is satisfied

mi(t) +cx(t) + kAx(t) > pug|W|. (3.32)
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Figure 3.5: Simple 1 DOF Slip-Stick model

When object motion changes from stick to slip, maximum static friction force is exerted
on the object. This maximum static friction force is suddenly released and, due to the

stored elastic force displacement of the spring, the object starts slipping.

3.4.2  Slip to Stick movement analysis

When the object is in the slip state, transition to stick mode will occur when
mi(t) + cx(t) + kAx(t) = w|W|. (3.33)

This occurs when the relative velocity is equal to zero.

3.5 Control background

3.5.1 Stability using Lyapunovs method

Lyapunov’s direct method uses a physical observation of the system. If the total energy
of a mechanical (or electrical) system is continuously dissipated, then the system, whether
linear or nonlinear, must eventually settle down to an equilibrium point, i.e., it is stable.
This means, we can use a scalar "energy like" function (Lyapunov functions) to examine

the stability of the system.

16



Stability

The state x = 0 is said to be stable if, for any R > 0, there exists r > 0, such that if [x(0)| < r,
then |x(¢)| < R for all 0 < z. Otherwise the state point is unstable.

Positive definite function

A scalar continuous function V (x) is said to be locally positive definite if V(0) = 0 and in
a ball Bg, for x # 0, then — V(x) > 0. If V(0) = 0 and the above holds over the whole
state space, then V(x) is said to be globally positive definite.

Lyapunov function

If, in a ball Bg,, the function V (x) is positive definite and has continuous partial derivatives,
and if its time derivative along any state is negative semi-definite such that V (x) < 0, then

V(x) is said to be a Lyapunov function for the system.

Lyapunov theorem for global stability

Assume that there exists a scalar function V' (x) with continuous first order derivatives such
that V (x) is positive definite, V' (x) is negative definite and V (x) — oo as |x| — oo, then the
equilibrium at the origin is globally asymptotically stable.

In this research, a simple controller will be implemented on the system. The stability of
the system will be analyzed using direct Lyapunov method by finding Lyapunov candidate
function for the system.
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4 System

4.1 Method

4.1.1 Design

We leverage the ability of vibration in order to manipulate an object in contact and propose
the design of the VFM module. An illustration of the VFM mechanism is seen in Figure
4.1. The VFM is composed of two actuators: an ERM motor and a rotary one. The
ERM motor is positioned at the tip of the finger within a rotating shaft such that its axis
is perpendicular to the shaft axis. The shaft is fabricated by 3D printing with a Polylactic-
Acid (PLA) filament and rotates within three bearings to allow concentric motion with
minimal friction. In addition, the rotating shaft includes a thin bending plate where its
normal is perpendicular to the ERM axis. While a high second moment of area of the
shaft (e.g., a circular profile) in the vibration direction would cause attenuation and loss
of force magnitude, the bending plate with low second area moment routes the vibrational

force in the direction of its normal and reduces attenuation.

The ERM motor and bending plate are covered be an elastic sleeve fabricated by 3D
printing with an elastic polymer (Thermoplastic polyurethane). This configuration enables
high vibrational forces at the finger pad in contact with the manipulated object while re-
ducing attenuation. Due to this configuration, there may be some small angle deviations
of the bending plate in its normal direction. Although some vibration force losses may
exist, the deviations are significantly limited by the finger sleeve. Hence, the deviations
are considered negligible and the motion of the plate tip is assumed to be horizontal. By
rotating the ERM motor, harmonic force is generated on the plane perpendicular to the ro-
tation axis. The harmonic force generates the Stick-Slip effect (explained in detail below)
yielding object movement. Furthermore, the sleeve is mounted to the base of the model
where a rotary actuator is connected to the shaft through a bevel gear. Using an encoder,

the rotary motor can rotate the shaft and control the direction of the vibrational forces.
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Figure 4.1: Section view of the Vibratory Finger Manipulator (VFM).

At the opposing side of the gripper, a passive finger is fixed. A roller ball bearing is
positioned at the tip of the passive finger and is in contact with the object for minimal fric-
tion. Both fingers grasp the object in some initial force f;, in direction normal to the object
surface. The above mechanism provides an encapsulated vibration system to manipulate
an object without exterior or exposed moving components. In the following sections all
analysis for the system is provide. All notation and nomenclature used throughout the

work is shown in Table 4.1.

4.1.2  Dynamic Analysis

In this Section, the motion principle of the ERM motor is analyzed, based on previous
work for micro-robots [55]. Then, given object B with mass M and inertia moment /, the

dynamic effect of the mechanism on B is observed.

Movement force

The motion mechanism of the ERM is based on a small eccentric mass m rotated by a

motor through a link of length / as shown in Figure 4.2. The rotation is assumed to be in
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Table 4.1: Notation and nomenclature used throughout the paper

Symbol Meaning \ Symbol Meaning
DOF  Degrees Of Freedom g Gravitation vector
VEM  Vibratory Finger Manipulator | fg, fr  forces on rotation axis
ERM  Eccentric Rotating Mass fy Normal force
COM  Center Of Mass f,fc  Forces
RMSE Root Mean Square Error @) VEM coordinate frame
I Initial grasp force r Object COM position
B Manipulated object () Object orientation
M Mass of manipulated object 0 Force steering angle
1 Inertia of manipulated object Tf Torsional friction torque
m ERM mass T Net torque
) ERM link length Y Static torsional friction coef.
(0} ERM rotation angle u Dyn. torsional friction coef.
0} ERM frequency Us Static friction coef.
& ¢ ERM coordinate axes Wi Dynamic friction coef.
B Unit vector re COM goal position
r Scalar X,y,z State vectors

constant angular velocity (e.g., frequency) @ = ¢ where ¢ is the angle of rotation. In such
setting, forces exerted on the rotation axis in directions of the mechanisms coordinate axes

& and £, while considering the orientation of the gripper, are given by

fe =mlw?cos @ +m(€ -g) (4.1)
fr =mlo*sing+m(¢-g), (4.2)

where é and 5 are the axes vectors expressed in some global coordinates, and g is the
gravitation vector. The dot products in (4.1) and (4.2) are the projection of the gravitational

force on the é and Z:' axes, respectively.

The resulting vibrational forces described above are exerted on the grasped object. The
normal force that is exerted on the object due to the ERM, dual-finger grip and gravitation
is

f=fe+ fo+M(E - g). (4.3)

Furthermore, force fg. is attenuated due to the structure of the finger, i.e., due to the elastic

sleeve and bending plate. That is, the tangential force exerted on the object is

F=Tfe) (4.4)
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Figure 4.2: Illustration of the ERM rotation plane and the stick-slip effect on the
object in contact.

where I'(+) is some unknown non-linear map [61]. The map would reduce the amplitude of
the force such that f < f¢ while it is difficult to evaluate because of the complex structure

and fabrication process.

Object dynamic model

Coordinate frame O is defined to be fixed at the center of the VFM as seen in Figure
4.3. Hence, the configuration of object B with respect to O is defined by the position
r = (x,y,0)7 of the center-of-mass (COM) and the rotation angle ¢ about the z axis, i.e.,
the configuration space of the 5 is SE(2). The motion of B occurs, therefore, on plane
x—y of O. Force f from (4.4) is exerted on the object at steering angle 6 € [—x, 7| with
respect to the x-axis, i.e., in direction f= (cosB, sinG,O)T. Steering angle 0 is, therefore,
the action input to the system which defines the desired object direction of motion. The

equations of motion that describe the sliding of the object within the gripper fingers are
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Figure 4.3: Illustration of vibration force /. applied to object 5.

given by
Mx: (fC"—fg) COSQ (45)
My = (fc+ fg)sin @ 4.6)
. 1 '
Mo = m(fc (xsin® —ycosH) — (xfgy —¥fe.) +7Tf) 4.7)

Vector f, = (fs,, Joys 0)7 is the projection of the gravitation force vector Mg onto the
motion plane x —y. That is, force f, is the effect of gravitation on the planar motion and
acting on the COM as seen in Figure 4.3. Scalar f, is the operation of f, along the direction
of the vibration force and is given by the dot product f, = fg - f. Equation (4.7) is acquired
from the conservation of momentum where the first term at the right hand side is the z
component of the cross product r X f. Similarly, the second term is the z component of the
cross product r x f, and is the torque generated by the gravitational force. Scalar 7y is the

torsional friction at the contact point and is given by

T = _’}/stgn(Tli)a |¢|:O (48)
—Wfnsgn(9), |9|>0,

where 7; is the net torque acting on the contact point in order to maintain static equilibrium,

and ¥, 1 > 0 are the static and dynamic coefficient of torsional friction [27, 45].
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Figure 4.4: A one-dimensional example of motion: (top) Tangential and normal
forces, f and fy, applied to the object and (bottom) displacement of object along
the x direction.

Force f. is dependent of whether the object and finger are in stick mode (i.e., static

friction) or in slip mode (i.e., relative motion with kinetic friction), and is given by

P I+ el < sl “o)

f=tefn,  |f+fol > ws|fl,

where (i, and py are the static and kinetic coefficients of friction, respectively, between the
finger and object. In the slip mode, the object will move in direction f, when f¢ > 0and
f, is assisting f.; or when f; < 0 and |f;| > |f,|. The latter case depends on the friction
coefficient and grip force. Hence, inclined manipulation under the effect of gravity will be

demonstrated in the experimental section.

Figure 4.4 presents a one-dimensional simulated example (i.e., solely along the x-axis)
of the motion. In this example, the angular velocity @ is in the positive direction. While
/N > fp, the eccentric mass is at the highest point (¢ = 90°) of the cycle leading to high
frictional force. This is the stick phase in which the f force is applied to the object in
the positive direction and, thus, generating displacement of both finger and object in the
positive x direction. Similarly, when the mass is at its lowest point (¢ = —90°), the normal
force is the lowest. When the magnitude of the normal force declines, the f force switches
direction yielding relative slip between the finger and object (while the finger experiences
negative displacement). Consequently, the displacement in the positive direction is larger
than the negative one, leading to cumulative net displacement in the positive direction.

Excitation of negative @ would force negative displacement in the same manner.
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A gripper with a VFM finger has a one-DOF actuation space (i.e., steering angle 0)
while the object configuration is of three-DOF (i.e., x, y and ¢). Hence, the system is con-
sidered underactuated where the entire configuration of the arm cannot be fully controlled.
The next section discusses position control of the object while maintaining constant orien-
tation. Controlling object position along with its orientation requires manipulation plan-

ning which we leave out of the scope of this paper.

4.1.3 Control

Consider the problem of manipulating the COM of the object to a goal position r, =
(xg,yg,O)T relative to @. While the control of the COM position is formulated, the po-
sition of any other point on the object can be controlled instead as will be shown in the

experiments. System (4.5)-(4.7) can be formulated in the state space as
x=F(x,0) 4.10)
where x = (x1,...,x%5)T €ERO, X =x, =X, X3 =y, x4 =V, x5 = 0, X6 = @,

X2
-{—j’,cos@
X.
F(x,0) = P L @1

ﬁsm@
X6

m(fc(xl sin @ — x3cos 0) — (x1fg, —x3fg,) +T¢)

and f, = f. + fo. While having a sinusoidal behaviour, force f. is assumed to be
constant and positive for control purpose. Hence, force f. pushes the object in direction
defined by control input angle 6. Further, the state vector can be decomposed as x = (y, z)T
where y = (x1,x2,x3,x4)7 € R* and z = (x5,x)” € R? correspond to linear and angular

motion of the object, respectively. Therefore, system (4.10) can now be represented as

y=Y(y,0) (4.12)
1=7(z,0) (4.13)

where Y :R* xR - R*and Z: R? x R — R2,
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Consider the following Lyapunov candidate function [47]

1 ) 1 2 1o 15
V(Y)Zi(xl—xg) +§(X3—yg) +§x2+§?€4 (4.14)

where V(y) > 0 fory # y, with y, = (xg,0,y,,0) as the goal y-state. Substituting (4.12)

to the time derivative of V gives

V(y) = (x1 —xg)x2 + (X3 — yg ) Xa +x21{—; cos 6 +x41{—; sin 6. 4.15)

Having A < % for some A > 0 and choosing

cos® = —A(x1 —x,), sin® = —A(x3 —y,) (4.16)
or
tanf = 243 4.17)
Xg—X]
we get that
V(y) = (ZJ\[_/aI — ) (x2c080 +x48in0) . (4.18)

Since xcos 6 > 0 and ysin 6 > 0 (or sgn(x) = sgn(cos 0) and sgn(y) = sgn(sin0)), it must
be that
V(y) <o0. (4.19)

According to partial stability theorem [60], system (4.10) is y-stable. Therefore, by
applying controller

6 = arctan (u) , (4.20)
Xg — X1
with A > ]{—,”1 and as long as x»,x4 # 0, the Lyapunov function decreases and the system is

driven to yy.

The y-stability of the system means that control law (4.20) will take sub-system Y (y, 0)
to position (xg,y,, 0)”. However, applying the control to (4.7) yields

1

9= M(x12 +x32) [fe((x1yg —x3g) — (x1.fg, —x3f,)) + 7] - (4.21)

Hence, the object would rotate by the effect of the controller and sub-system Z(z, 0)
cannot be controlled. Nevertheless, rotation would not occur if the object is at a position

satisfying xy, — yxg = 0 and 7y = x| fg, — x3f,,. That is, rotation will not occur if the object
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Figure 4.5: Control architecture for controlling the center of mass.

moves on a line connecting the COM and the goal, and when the object is grasped tight
enough by the normal force fy to resist gravitational torque (this is easily done by applying
sufficient grip force f, and demonstrated in the experiments). In such case, motion is
exerted towards or away from the COM, no torque is applied on the object and, therefore,
the object will not rotate. If no rotation is desired when moving to some goal (xg,y,, 0)7 #
(0,0), controlling the motion through the COM is proposed. That is, an intermediate goal
(0,0) is added prior to moving to (xg,,,0)” and, thus, moving only on rotation-free lines.

Figure 4.5 shows the control diagram block used in this system.
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S Experiments

5.1 Hardware

A prototype of the VFM was built as described in Section 4.1.1. The VFM includes
an ERM vibration motor 10 x 3.4 mm by Pololu. We note that physical parameters of
the ERM such as m and [ are not specified by the manufacturer. The VFM was further
installed on a Robotiq 2F-85 parallel gripper while the gripper is mounted on a Kinova
Gen3 arm as seen in Figure 5.2 which is capable of lifting 4.5kg payload. It is noted that
the VFM can be installed on any parallel gripper with no regards to its closing mechanism.
Also, the Robotiq 2F-85 gripper cannot provide feedback about the closing force f;, and,
therefore, the gripper was closed manually on the object to some arbitrary force by using
a custom Python library. Data acquisition, control and communication were implemented
using a customized mechatronic system. To begin with, the control of the VFM is done
by using a micro-controller which controls the motor direction in the low level using PI
controller. The controller also calibrates the system at each power up. Next, we must
pose sensing capabilities in order to communicate with the environment. This is done
using a web camera which is positioned on top of the system to track the ArUco [21]
markers on the moving object. The camera provides feedback stream of object position
and orientation in real-time and in frequency of 30 Hz. Aruco markers provide, within
the working distance of the experiment, position and orientation errors of approximately

1.5 mm and 1°, respectively [22, 26].

5.2 Software

The software have been developed in two separate platforms. The first platform is used
for developing the micro controller software using STM32 Nucleo MCU. This board is
used to acquire data from the sensors, control motor position, activate the vibration mo-

tor and calibrate the initial state of the motor using an optic switch. This first low level
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Figure 5.1: Hardware and software architecture.

platform is responsible for receiving the data from the high level platform. The high-level
platform was developed in Python for different packages. The first package is responsible
for opening a communication pipeline to the low level platform. The second package is
responsible for acquiring information from the camera. Finally, the third package con-
sists of the control method for object position Figure 5.1 shows the hardware and software

architectures.

5.3 Experiment procedure

We first analyze the manipulation of a circular thin object printed with PLA of weight
14.84 grams and thickness 2 mm. The manipulation of other objects is later observed.

Experiment videos can be seen in the following link: https://youtu.be/P21IUu4Uv2w.

5.3.1 Mechanism Analysis

The behaviour of the mechanism with regards to certain parameters is initially observed
including vibration frequency, gripper inclination and various manipulated objects. For
each of the tests, object mean velocity over a sequence of 200 random steps exerted by the
VEM is reported. A sequence of positions was recorded and the velocity was computed
by second order backward differentiation. First, velocity of the object is observed with
regards to the frequency of the ERM. Figure 5.4 shows results in which object velocity
clearly increases with higher frequency. Hence, one can also tune the frequency in order
to control moving velocity. Note that the velocities also depend on the attenuation of the

gripper structure derived from fabrication, material and geometry.
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Figure 5.2: Experimental setup where the VFM is mounted on a Robotiq parallel
gripper.

Next, the mean velocity of the object with regards to gripper inclination is analyzed.
For such, random paths were recorded while changing the gripper angle using the robotic
arm. Figure 5.5 shows results for mean and standard deviation object velocities with re-
gards to the inclination angle. A rather low grip force f;, was applied on the object by
the gripper between angles 0° to 25°. Above 25° inclination, the object began to slide
due to gravitation. Hence, an higher gripping force was applied to increase friction. For
inclination angles larger than 60°, the gripper failed to generate continuous motion of the
object as the vibration force was not strong enough. Having a stronger ERM should allow
working in steeper angles. It is noted that rotation due to gravitation when not applying
vibration was not observed and static equilibrium was maintained by 7y (as discussed in
Section 4.1.3). Hence, grip force f; was sufficient while not interfering with vibration

control. Figure (5.3) shows the force balance between gravity and vibration force.
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Figure 5.3: Inclination by angle v of object 5 where vibration force f. must over-
come gravitation force f,. Force f, is the projection of the gravitation force vector
Mg onto the motion plane of the object.
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Figure 5.4: Mean object velocity with regards to the frequency of the vibration
motor.
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Figure 5.5: Mean object velocity with regards to the inclination angle of the grip-
per.
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Table 5.1: Performance parameters of controller (4.20) directly to the goal or
through the origin

Direct via origin
Mean error (mm) | 1.58+0.49 1.474+0.54
Mean angle change (deg) | 11.40£15.62 4.27+4.34
Mean path length ~ (mm) | 63.754+42.86 66.55+36.48

5.3.2 Control Evaluation

In this section, the use of control law (4.20) is experimented to manipulate the object
to desired goal positions. The control of the COM motion directly to desired goals and
through the origin are tested. Table 5.1 shows performance parameters for the two control
strategies over 100 trials. For each trial, a desired goal was randomly chosen and motion
was initiated from the reached point of the previous trial. The COM is declared to reach
the target if it is within 2 mm of the goal position. This distance tolerance is defined based
on the position measurement error of the system described above. When the COM reaches
the current goal, vibration is terminated and motion stops instantly due to stick attenuation.
Controlled motion is then applied to the next random goal. Results show that the mean
final error is low and less than 2 mm for both methods. While relatively low, the error is
significantly affected by the resolution of the ArUco marker tracking as discussed above,
and can be reduced in future work with a designated sensing alternative. Note also that
explicit knowledge of friction parameters between the gripper and objects are not required

for the controller to reach desired targets.

Moving through the origin is shown to reduce the mean angle change by approximately
62%. When moving directly to the goal, torques are exerted on the object yielding a curved
path as seen in Figure 5.6. On the other hand, control through the origin constrains forces
to be nearly along a line passing through the origin leading to lower torques on the object.
Hence, the paths are less curved as seen in Figure 5.7. Evidently, Table 5.1 shows that
the mean lengths of paths passing and not passing through the origin are approximately
similar. Position responses corresponding to manipulations in Figures 5.6 and 5.7 are seen

in Figures 5.8 and 5.9, respectively.

Using the control law, path tracking was also implemented along small-sized paths.
Each path was discretized to 60 points. Tracking was performed with a moving interme-
diate goal point, i.e., a simple "follow-the-carrot" scheme, where the next intermediate
point is set to be the goal once the object reaches the current one. Table 5.2 presents path

sizes and average Root Mean Square Error (RMSE) for tracking rectangular and circular
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Figure 5.6: Manipulating the COM of a disk from an initial position (magenta
marker) to a goal position (blue marker). The disk reached the goal with an
accuracy of 1.93 mm error and 9.94° orientation change.

Figure 5.7: Manipulating the COM of a disk from an initial position (magenta
marker) to a goal position (blue marker) through the origin (green marker).
The disk reached the goal with an accuracy of 2 mm error and 4.39° orienta-
tion change.
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Figure 5.8: Position path of the disk seen in Figure 5.6 with respect to time.

Figure 5.9: Position path of the disk seen in Figure 5.7 with respect to time.
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Table 5.2: Tracking accuracy along a path

Size (mm) Tracking error (mm)
Rectangular | 15x15 1.73+0.50
Circular 9 (radius) 1.99+0.31

Table 5.3: Performance parameters for various manipulated objects

Object Thickness Weight Velocity Accuracy
(mm) (2) (mm/sec) (mm)

Utility Knife 0.2 4.68 9.7£1.22  2.01+0.38
Ruler 0.2 10.43 1.95+0.1 2.56+0.21
ID card 0.6 377 | 12.95+£20.35 1.82+1.17
Paper sheet 0.05 0.71 1.41+£1.55 2.54+0.2
Paperboard 0.1 1.00 1.84£1.39  2.15+£0.59
Single wall cardboard 3.8 3.1 0 -

paths. Figures 5.10 and 5.11 show snapshots of tracking both paths. Results demonstrate
the ability to track paths with high accuracy.

5.3.3  Other objects

To demonstrate the manipulation of various objects, six everyday objects were tested. The
set of objects, seen in Figure 5.12, includes a stainless steel utility knife, a stainless Steel
ruler, a plastic ID card, a paper sheet, a paperboard and a single wall cardboard. Weight
and thickness of the objects along with experimental results are seen in Table 5.3. The
results include mean and standard deviation for motion velocity and control error. The
results show that smooth objects (i.e., utility knife and ID card) move faster than objects
with rougher surface texture. Due to low kinetic friction, force f, is stronger as seen in
(4.9) yielding higher velocity. However, local deformation on the cardboard caused by
gripper clamping prevented it from moving while only rotating about the contact point. In
the control experiment, the attached marker on the object (not on the COM) was driven to

ten desired goals showing good accuracy for all objects.
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Figure 5.10: Manipulating the COM of a disk along a rectangular path (red
path).
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Figure 5.11: Manipulating the COM of a disk along a circular path (red path).
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Figure 5.12: Manipulating various objects including (from top left): utility knife,
ruler, ID card, paper sheet, paperboard and single wall cardboard.
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6 Conclusions and Future Work

In this thesis work, a novel vibration-based mechanism was presented for in-hand manip-
ulation of thin objects. The mechanism can augment parallel grippers which alone do not
have intrinsic in-hand manipulation capabilities. The proposed mechanism is based on the
stick-slip phenomenon yielding a simple and low-cost solution. By having a finger com-
prised of an off-the-shelf vibration motor and a rotary actuator, a force can be exerted on
a grasped object in a desired direction. Then, by applying a simple control law, the object
can be manipulated to a desired position goal or track a path with high accuracy. A set
of experiments was presented including accuracy with regards to frequency and gripper
inclination angle, control behaviour and manipulation of various objects. The results show

high accuracy and feasibility to objects of different material and texture.

As discussed on Section 4.1.2, the proposed mechanism is underactuated and demon-
strated the ability to control the position of the object. However, controlling the orientation
of the object would require planned maneuvers while considering the applied torques. For
instance, future work can apply a Model Predictive Control where a motion planner con-
stantly plans paths to a goal in SE(2) based on the dynamic model. Another alternative is
a gravity-assisted approach where the object is pivoted with controlled inclination of the
gripper. Future work may also consider identifying the multiple vibration modes of the
system to better control the motion of various objects. Furthermore, the current sensing
is limited by the accuracy of the ArUco markers while also dependent on camera line-of-
sight. Hence, future work could consider an on-board sensing module that can combine
visual perception and odometry. Adaptive velocity control may also be implemented to
reduce the velocity when approaching the vicinity of the goal for finer position tuning.
Future work can include another VFM model on the other finger thus, increasing the input

of the system and maybe achieve also orientation control.
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