DESIGN, SENSING, AND CONTROL OF SOFT MULTI-AXIS FLUIDIC ACTUATORS
FOR ROBOTIC MANIPULATION

A Dissertation
Presented to
The Academic Faculty

Roman Balak

In Partial Fulfillment
of the Requirements for the Degree
Master of Science in the
George W. Woodruff School of Mechanical Engineering
Department of Mechanical Engineering

Georgia Institute of Technology

December 2021

© Roman Balak 2021



DESIGN, SENSING, AND CONTROL OF SOFT MULTI-AXIS FLUIDIC ACTUATORS

FOR ROBOTIC MANIPULATION

Thesis committee:

Dr. Ellen Yi Chen Mazumdar
Department of Mechanical Engineering
Georgia Institute of Technology

Dr. Richard A. Simmons
Department of Mechanical Engineering
Georgia Institute of Technology

Dr. Frank L. Hammond IIT
Department of Mechanical Engineering
Georgia Institute of Technology

Dr. Jun Ueda
Department of Mechanical Engineering
Georgia Institute of Technology

Date approved: December 9, 2021



ACKNOWLEDGMENTS

I would like to extend my sincerest gratitude and appreciation towards my advisor Dr. Ellen
Mazumdar. Her persistent guidance in generating interesting ideas and novel solutions for my
research has been invaluable. She has helped me hold my work to a higher standard than I ever have
before. Her impact extends far beyond that, though, as she was instrumental in my development
during my undergraduate degree and she has provided with me with meaningful advice in all facets
of life.

My thanks goes to the rest of my committee members: Dr. Frank Hammond, Dr. Jun Ueda and
Dr. Richard Simmons for the help that their difficult questions and insightful comments provided
in preparation of this work. I would also like to thankfully acknowledge the Woodruff School of
Mechanical Engineering and the Institute for Robotics and Intelligent Machines (IRIM) at Georgia
Tech for funding this work.

Despite the restrictions imposed by COVID-19, I have enjoyed graduate school and research
immensely. This could not have been possible without my great labmates in the Sensing Tech-
nologies Laboratory, Andrew Marsh, Gwendolyn Wang, and Andy Zheng, who I’ve had many
stimulating conversations with. Particularly, I would like to express my thanks to Noah Kohls,
for our fruitful collaborations and his availability to discuss and bounce ideas off of. I would also
like to thank the undergraduate students that I have worked with: Bruno Bartolek, Amarsaikhan
Jargalsaikhan, Aaryan Singla, Vishesh Gattani, Dillon Wells, Eric Abel and Blake Castleman, for
their persistence in pursuing research projects with interesting applications to my work. Serving as
a teaching assistant for the the Motion Systems class (ME 4012) was also an incredibly enjoyable
experience. Thanks to all the students for their hard work on the structured labs and final project.

I would also like to thank my parents, Omer and Fulya Balak, for their unrelenting encourage-
ment and ceaseless affection. The upbringing that they have provided for me has been essential
in the resilience that I have shown throughout my education and research pursuits. Finally, I am

deeply thankful to my girlfriend, Micheala StJohn, for her endless support.

1l



TABLE OF CONTENTS

Acknowledgments . . . . . . . . . . i i i i it e e e e e e e et iii
Listof Tables . . . . . . . o 0 0 i i it it e e et e e et e vii
Listof Figures . . . . . . . @ 0 i i i i it i it it i it ittt i et ie e nee viii
SUMMATY . & v v v v et e e o e et o ot o oo o oo oo o oo o oo oeesonsoases X
Chapter 1: Introduction . . . . . . . . . i i i i i i it i it ittt ot e oo v oo neas 1
Chapter 2: Design and Manufacturing . ... ... .. ...ttt 7
2.1 Bi-Directional Bellows Actuator . . . . . . . .. .. ... .. .. ... ... ... 7
2.2 Parallel Actuator Array . . . . . ... e e 11

2.3 Soft Robotic Manipulator . . . . . . . .. .. .. ... ... 12
24 Peripheral Mechanisms . . . . . . .. ... L oL 15
24.1 TwistingModules . . . . . . . ... 15

2.4.2 Foam Contraction Gripper . . . . . . . . . . . . it 18

2.4.3 Particle Jamming Gripper . . . . . . . . ..o 18

2.5 SensOrs ..o e e 19
Chapter 3: Modelling and Simulation . . ... .............. ..., 21

v



Chapter 4: Control Strategies and Applications . ... .................. 30

4.1 Single Stack and Module Control . . . . . . .. ... ... .. ... ........ 30
4.1.1 LengthControl . . . ... ... ... ... ... ... 30

4.1.2  Orientation and Bend Angle Control . . . . . . ... ... ... ...... 33

413 TwistControl . . . . . . . . ... 35

4.1.4 Characterization of Control Methods . . . . . . .. . ... ... ... ... 36

4.2 Multi-Stack Control . . . . . . . . . L 37
4.2.1 Simultaneous versus Sequential Control . . . . . . .. ... ... ..... 37

4.2.2 Fused Extension and Contraction Control . . . . . .. ... .. ... ... 37

4.3 Manipulation Applications . . . . . . . ... L 39
4.4 Locomotion Applications . . . . . . . . . .. ... 39
Chapter 5: Magnetorheological valves and grippers . . . . ... ... ... ....... 42
5.1 Valve Design and Manufacturing . . . . . . .. .. ... ... ... ... ..., 43
5.2 Magnet and MR Fluid Modelling . . . . . ... ... ... ... .. ........ 45
5.2.1 Magnetic Field Modeling . . . . . . ... ... ... .. .. ... 45

5.2.2 Valve-Mode Holding Pressure Model . . . ... .. ... ......... 48

5.3 Valve Characterization . . . . . . . . . . . . . . v 53
54 Applications . . . . ... e e 56
541 MRGripper . . . . . . . e e e 57

5.4.2 PneuNet Bending Actuator Application . . . . . .. ... ... .. .... 59
Chapter 6: Conclusion . . . . . . . . 0 i i ittt ittt ittt ooeeseneoeses 61



References

vi



2.1

2.2

4.1

5.1

LIST OF TABLES

Parallel Actuator Array Performance Metrics . . . . . . ... ... ... ..... 10
Valve Logic for Various Pneumatic Operations . . . . . . . . .. ... ... .... 14
Performance Metrics for Different Control Types . . . . . . ... ... ... ... 36
Properties of Rigid and Compliant Valves . . . . . .. .. ... ... ... .... 54

Vil



1.1

1.2

2.1

2.2

2.3

24

2.5

2.6

2.7

2.8

29

2.10

3.1

32

33

34

4.1

LIST OF FIGURES

Overview of Soft Robotic Manipulator and Magnetic Actuation Literature . . . . . 2
The Soft Robotic Manipulator’s Motion Capabilities . . . . . . . . ... ... ... 4
Stiffness Comparison for Different Bi-directional Actuator Module Designs . . . . 8
Manufacturing Process of Bi-directional Actuator Module . . . . . . .. ... ... 10
Manufacturing Process of Parallel Actuator Array . . . . . .. ... ... ..... 11
Soft Robotic Manipulator Design . . . . . . ... ... ... ... ... ... 12
Hardware Overview of Soft Robotic Manipulator . . . . ... ... .. ... ... 13
Pneumatic and Electrical Components Powering the Soft Robotic Manipulator . . . 14
Peripheral Mechanisms . . . . . . .. ... ... 15
Extension Locking Mechanism Design and Twisting Direction Control . . . . . . . 16
Center Constraint Module Properties and Operation . . . . . . ... ... ..... 18
Electrical Circuit of Soft Wire Potentiometers . . . . . . .. ... ... ...... 20
Coordinate System of Soft Robotic Manipulator . . . . . ... ... ... ..... 21
Sensor-Based Coordinate System of Soft Robotic Manipulator . . . . . ... ... 24
Positioning Accuracy Comparison of Kinematic and Sensor Models . . . . . . .. 28
Comparison of Reference and Estimated Model Coordinates . . . . . . . ... .. 29
Length Control for Single Actuator Module . . . . .. ... ... ... ...... 32

viil



4.2 Differential Pressure Output of the Bi-Directional Pump Based on Supply Voltage . 33
4.3 Orientation Control withRamp Inputs . . . . . . . ... .. ... ... ...... 35
4.4 Twist Controlwith Steplnputs . . . . . . . . . . . ... .. ... . 36
4.5 Simultaneous Orientation Control Compared to Sequential Control . . . . . . . .. 38
4.6 Demonstrations of Manipulation Capabilites . . . . . . ... ... ... ..... 40
4.7 Parallel Actuator Array Performing Peristaltic Locomotion . . . . . . ... .. .. 41
5.1 Overview of the Soft and Rigid MR Valves, and the Force-Ampli ed Gripper . . . 42
5.2 Bistable MR Valve Operating Principles . . . . . . . .. . .. .. ... .. .... 44
5.3 Magnetic Field Modelling of a Cylindrical Permanent Magnet . . . . . .. .. .. 46
5.4 Magnetic Flux Density Distributioninthe MR Fluid . . . . ... .. ... ..... 48
5.5 Holding Pressure Experiments and Experimental Setup . . . . . . ... ... ... 49
5.6 Holding Pressure Experiments for Rough and Smooth Surfaces . . . . . ... ... 51
5.7 Opening and Closing Step Responses of Softand RigidValves . . . . . ... ... 53
5.8 Power Consumption of Rigid and CompliantMR Valves . . . . . ... ... ... 55
5.9 Pneumatic and Electronic Components of MR Fluid Flow Control System . . . . . 56
5.10 Force-Ampli ed MR Gripper Mechanism and Load-Capacity Tests . . . . . . . .. 58
5.11 Time Response of Bending Actuator Drivenby MR Valves . . . . . .. ... ... 59
5.12 Grasping Applications of Bending Actuators DrivenBy MR Valves . . . . . . . .. 60



SUMMARY

The emergence of actuators with controllable compliance, such as soft uidic actuators, has
been indispensable for complex robotic manipulation and human-robot interaction research. In
this work, we develop novel modular soft robotic pneumatic actuator arrays capable of carry-
ing out complex motions and manipulation tasks. First, the design and manufacturing of a soft
bi-directional pneumatic bellows actuator module, which can contract in vacuum and extend in
positive pressure, is outlined. To sense motions and achieve closed loop control of orientation and
actuator array length, inertial measurement units and custom soft wire potentiometers are used.
Then, three bi-directional pneumatic bellows actuators are combined with sensors into modular
arrays that can extend, contract, bend, and twist depending on the amount of pressure applied to
each module. These arrays can be stacked in series to achieve even more complex motions and
to complete unique manipulation tasks. To showcase the versatility of the soft robotic manipula-
tor, several peripheral mechanisms are also developed including a particle jamming gripper that is
used to grip and unscrew items, a center contraction module to promote buckling for twisting, and
contraction-based foam plates for gripping. For this system, simulation environments, kinematic
models, and multi-actuator multi-axis control strategies are developed. Demonstrations are shown
to illustrate the manipulation capabilities of this system. Additionally, the use of magnetorheologi-
cal uid for soft hydraulic actuation is also explored. For these soft actuation mechanisms, the use
of magnetorheological uids, liquid metal coils, compliant magnetic composites, and silicone ex-
ures are tested. Magnetic eld models and uid scaling laws are outlined. Finally, these actuators
are used to demonstrate the operation of compliant bistable valves, soft multi- ngered PneuNets,

and a new force-ampli ed magnetorheological uid gripper.



CHAPTER 1
INTRODUCTION

The need for intrinsic safety in human-robot interaction and adaptability to unstructured environ-
ments has led to the emergence and development of soft robotic actuators. Their compliant nature
allows them to be used for biomimicry [1, 2, 3, 4] and to manipulate delicate objects [5, 6]. Al-
though, the primary use of this class of actuators has been for interaction with humans, objects or
the environment, they can also be used to enable complex motions that are not possible without
hyper-redundant soft robotic actuators [7, 8, 9, 10, 11, 12, 13, 14]. In some cases, soft actuators
can even achieve superior force output and response times compared to human muscle [15, 16,
17]. These properties make these types of soft actuators particularly suitable for manipulation
applications such as minimally invasive surgery [18, 19], endoscopy [20], motion therapy for re-
habilitation [21], and archaeological exploration [22]. Despite their potential, soft uidic actuators
suffer from low off-axis stiffnesses, making it more dif cult to restrict off-axis motions [23] and
perform high-precision tasks. To mitigate this effect, antagonistic properties can be introduced
to improve stiffness without the need for a higher uid supply pressure [24]. Several antagonis-
tic topologies have been explored, including ber-reinforcement of elastomeric enclosures [25],
granular jamming [26], or topology-dependent variable stiffness mechanisms [4].

The introduction of antagonistic topologies into parallel actuators, has signi cantly enhanced
their off-axis stiffness and improved their multi-axis motion capabilities [27, 28, 29]. Alternatively,
higher off-axis stiffness can be achieved through parallel vacuum-driven actuators [30, 31], which
compromise their overall range of motion for stiffness [32, 33]. While continuum manipulators
have advanced omnidirectional motion capabilities and a better range of movement [34] than their
vacuum counterparts, as shown in Figure 1.1(a), the size of their workspace is limited by their
unactuated length. Recently, uidic actuators designs have achieved larger workspaces through

extension and growth mechanisms [35, 22], as seen in Figure 1.1(b). However, like continuum



Figure 1.1: (a) A continuum robotic manipulator is shown picking up a stone [34]. (b) A vine
robot uses a growing mechanism to move vertically [22], © 2020 IEEE. (c) A liquid-metal based
electromagnetic actuator mimics the oscillatory motions of a Xenia coral [3], © 2020 IEEE.

actuators, they are limited to simple bending motions. Thus, there is a need for a new versatile soft
robotic manipulator topology with more degrees of freedom, high off-axis stiffness, and the ability

to harness soft properties to achieve multi-modal motions. Another roadblock to the widespread
implementation of soft robotic manipulators is the ability to measure and control multi-axis mo-
tions with conventional sensors. Hence, new sensor and modelling approaches that can accurately
determine the position of soft robotic manipulators are needed to control the variety of complex
motions. Finally, the reliance of soft uidic actuators on rigid pumps, valves, and motors [36] has
limited their untethered applications for underwater and terrestrial locomotion.

Another alternative approach to improving soft actuators is to utilize magnetostatic and elec-
tromagnetic properties of unique uids. For example, recent work shows promising results for
hydraulic uid control through the use of magnetorheological (MR) uids and liquid metals. The
stiffness of these uids is dependent on the strength and presence of local magnetic elds [37]. By
using an electromagnet or permanent magnet for magnetic actuation, the properties of the uids
can be used to provide variable stiffness, which has been demonstrated for suspension systems [38]
and controllable clutches [39]. The incorporation of MR uids into gripping systems allows for the
manipulation of objects of unknown composition and shape without the need for external power [5,

40]. Most importantly, magnetorheological uids can be used to control uid ow for robotic actu-



ation systems [41, 42, 43]. By applying a varying magnetic eld with an electromagnet, MR uids
can stiffen and block uid ow. However, using electromagnets is power intensive. Recently,
permanent magnets have been integrated with an electromagnet to create an electro-permanent
magnet that reduces power consumption through bistable open and closed modes [44]. Operation
relies on constricting the ow diameter to minimize the required magnetic eld density to block
the uid ow. This allows the design to be small and operated by a low magnetic eld strength
electropermanent magnet. However, constrictions to the uid line affect the hydraulic pressure
required to actuate the system, as the iron particles in MR uids tend to sediment leading to block-
ages. Pneumatic ow control has also been achieved through the use of compliant valves [45], but
current soft valve designs for hydraulic actuation systems [46, 47] are not suitable for fully soft
systems because they need several kilo volts to operate, which requires complex power electronics
that are more dif cult to convert to soft components. Soft electromagnetic actuators, displayed
in Figure 1.1(c), that use liquid metal and soft permanent magnets [3, 6], on the other hand, op-
erate at lower voltages. This requires less complex power electronics that can be more readily
converted to soft components. By developing soft magnetorheological valves with bistable oper-
ation and larger ow diameters using soft electromagnetic actuation topologies, it is possible to
overcome the existing limitations. This further enables novel soft actuator design topologies that
can complete grasping and manipulation applications.

Overall, we seek to improve upon existing soft uidic actuators by:

Harnessing soft properties to unlock multi-modal motions like twisting, bending, extension,

and contraction

Generating modular topologies that can be used for actuation, orientation, and manipulation

Improving the speed and accuracy of uidic actuator control by incorporating novel sensing

capabilities

Reducing the reliance of uidic actuators on rigid valves, motors, and grippers by utilizing

liquid metals and magnetorheological uids
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