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Abstract

The combination or integration of locomotion modes, is analyzed through the design, devel-
opment, and verification of a miniature integrated jumping and gliding robot, the MultiMo-Bat,
which is inspired by the locomotion strategies of vampire bats, locusts, and pelicans. This robot
has a mass of between 100 and 162 grams and exhibits high jumping and gliding performance,
reaching heights of over 4.5 meters, to overcome obstacles in the environment. Integration re-
sults in a smaller, lighter robot with high cooperation between the modes. This thesis presents a
previously unstudied robot design concept and highlights the understudied evolutionary concept

within organism mobility of integration of locomotion modes.

High performance locomotion modes also require high energy density actuators. To this end,
a design methodology is developed for tailoring magnetic springs to the characteristics of shape
memory alloy-actuated mechanisms, which allow the MultiMo-Bat to reach jumping heights of
3.5 m with active wing deployment and full controller. Through a combinations of permanent
magnets, a magnetic spring can be customized to desired characteristics; theoretically any well-
defined function of force vs. displacement can be created. The methodology is not limited to
SMA but can be adapted to any smart actuator, joint, or situation which requires a fixed complex

force-displacement relationship with extension other interactions and magnetic field design.

Robotic locomotion is also much more idealized than that of their biological counter parts.
This thesis serves to highlight just how non-ideal, yet robust, biological locomotion can inspire
concepts for enhancing the robustness of robot locomotion. We studied the desert locust (Schis-
tocerca gregaria), which is adapted for jumping at the extreme limits of its surface friction, as
evident by its morphological adaptations for not only jumping, but slipping. Analysis of both
foot morphology and jumping behavior are used to understand how the feet interact with differ-
ent surfaces, including hydrophobic glass, hydrophilic glass, wood, sandstone, and mesh. The
results demonstrate a complex interplay of embodied mechanical intelligence, allowing the foot

to interact and adapt passively to different surfaces without burdening the organism with addi-



tional tasks. The key morphological and dynamical features are extracted to create a concept for
developing multi-Surface Locust Inspired Passively-adaptable (SLIP) feet. A simple interpreta-
tion of the concepts are then used to construct a SLIP foot for the MultiMo-Bat. These feet allow
the MultiMo-Bat to reach jumping heights of well over 4 m, greater than any other electrically
powered robot, and this is achieved on a 45 degree angled surface while slipping. The SLIP foot
concept can be directly applied to a wide range of robot size scales, thus enhancing their dynamic

terrestrial locomotion on variable surfaces.
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Chapter 1

Introduction

1.1 Motivation

Mobility of miniature robotic platforms is an important challenge as it is a crucial step towards
closing the gap between them and the biological world [136]. Operation in unstructured envi-
ronments poses an additional challenge to miniature robots, due to the extreme variability found
in the morphology of the locomotion domain, defined as the region containing all terrestrial,
aquatic, and aerial environments, Fig. These challenges create regions in the environment
where particular locomotion strategies are applicable. The size of these regions is a function of
not only the locomotion strategy but, very importantly, the relative size of the robot compared
to the obstacles it will encounter in the environment. One of the most challenging regions for
locomotion is terrestrial environments where the robot is much smaller than the majority of the
obstacles it encounters. However, nature has already had to address this challenge and has devel-
oped a conceptually simple solution. If a specific locomotion mode cannot successfully and/or
efficiently operate in a given environment, and this environment offers some significant benefit,
then another strategy is evolved. These modes include but are not limited to: walking/running,
jumping, flying, swimming, climbing, crawling, and brachiating.

Robots, however, have a distinct disadvantage as the number of locomotion modes is in-
creased. This is due to the current actuator, power storage, and transmission technologies which

create significant limitations to their uses; due to their size, weight, efficiency, and versatility.
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Figure 1.1: The locomotion domain consists of islands where individual modes are applicable;
such as regions R1, R2, and R3. Multi-modal locomotion can help to overcome obstacles and
connect the islands which require the same locomotion characteristic thus greatly enhancing the
robot’s range.

Whereas animals, Figs. [I.2,b, have light weight high power muscles utilizing chemical energy,
currently, robots must rely mainly on electromagnetic motors and batteries which are signif-
icantly heavier and less efficient. Therefore, the simple addition of independent locomotion
modes, Fig. [I.2k to Fig. [I.2d, will significantly reduce the performance of all modes, possibly to
the extent that they are no longer viable. Integration is the solution; if some of the components
of one locomotion mode can be used for another without significant alterations, such as a shared

body Figs. [I.2, then the additional mode can be added without as substantial a performance
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Figure 1.2: a) Desert locust (Schistocerca gregaria) exhibits high performance jumping. b)
Brown Pelican (Pelecanus occidentalis) exhibits high performance gliding. ¢) Multi-modal
jumping and gliding locomotion, inspired by the desert locust (a) and brown pelican (b), re-
spectively. d) Simplest addition through connecting fully independent modes. e) Shared body,
independent locomotion mode addition; current stage of robotic research. f) At this point either
a well adapted independent, as in the desert locust, or possibly an integrated approach can be
taken to add additional modes.

cost. Further improvements to the integration strategy can increase the cooperation between the
modes, Fig. [I.2ff, or seek to find strategies for sharing even more of the components. Integration
is therefore a method for preserving the performance of individual locomotion modes, through
an overall reduction of the number of necessary components, making the system smaller, lighter,
and more robust. This concept of integration is ubiquitous in the biological world, where an-
imals universally employ some level of integration between multiple locomotion modes, some
with very high levels of integration, highlighting the fact that even seemingly dissimilar modes

can utilize significant portions of the structure and actuation of another.



Integration is not a binary quantity but a multi-dimensional continuum where depending on
the modes selected, a wide range of strategies and integration levels are possible from nearly zero
integration (Fig. [[.2[d) to nearly 100 % integration; where 100 % means the modes are mechani-
cally equal. To develop the field, explore the concept, and demonstrate the benefits to robotics of
a highly integrated approach to multi-modal locomotion, two modes, which are not commonly
know to be highly integrated within the biological world, but commonly exit together as they
have complimentary dynamic behaviors, are selected. These modes are jumping and gliding.
Jumping can be a very efficient method for overcoming obstacles in the environment; reducing
the overall cost of transport [2] however it is also a very effective method for transitioning to
flight. A catapult jump is a particular jumping method utilized by many insects [14, [15] includ-
ing the leathopper which has one of the highest known jumping performances at accelerations of
up to 225 times that of gravity [22]. This method is characterized by the relatively slow storage
of elastic energy and its subsequent rapid release, allowing for much smaller actuators and, with
the addition of a recharging capability, a smaller energy source as well. Taking advantage of the
height potential generated during the jumping mode, the gliding mode can then be used to further
control the motion trajectory, creating a more capable system, as well as reduce ground impact

forces and thus structural stress.

To develop the jumping and gliding robot, initial inspiration is sought through investigation
of biological organisms which have desirable jumping and/or gliding traits. Due to the unpow-
ered nature of the gliding mode it is desirable to have a very high performance jumping mode to
create the most potential energy for the gliding mode to utilize. Therefore, to inspire the jumping
mode’s development, insects are investigated which exhibited high performance jumping. The
order Orthoptera, which includes desert locusts (Schistocerca gregaria), is initially selected as
the inspiration for the jumping mode; as seen in Fig.[I.2h. Observations of Brown Pelicans (Pele-
canus occidentalis) and Red-tailed Hawks (Buteo jamaicensis) during gliding flight, revealed the

potential of an unpowered gliding locomotion mode; as seen in Fig. [I.2p. As the underlying

4



structure and actuation of the organisms are examined, despite the significant biological differ-
ences, many mechanical similarities are observed; such as the highlighted leg and arm structures
in Figs.[I.2p,b. This led us to search for an organism which utilized these mechanical similarities

to highly integrate these modes.

The jumping and gliding robot is inspired by not only the mobility afforded by jumping and
gliding modes but more importantly, this thesis focuses on the particular method by which these
two locomotion modes are combined in the common vampire bat (Desmodus Rotundus). These
bats utilize the same major actuation and structural components to achieve high performance in
both jumping and flying. Within the biological world many organisms use the synergy between
Jjumping and flying modes to improve their mobility such as: ants, grasshoppers, locusts, birds,
bats, squirrels, frogs, and snakes. Over the last decade, scientist and engineers have tried to
achieve a successful combination of these two modes with initial work conducted in 2007 by
Megill W, et al. [[7]. Subsequent research has attempted to improve on the combination of these
locomotion strategies; however, due to the challenges discussed previously, no work has focused

on and thus demonstrated a successful highly integrated combination of these two modes.

To realize an integrated jumping and gliding robot, requires not only the integrated approach
but also a reinvestigation into the underlying components of these locomotion modes. Within the
size scale of miniature robots, which occupy the region of 10s to 100s of grams, every gram is
significant. Further more, the emerging field of mechanical, physical, or embodied intelligence
suggests that significant portions of the kinematic and dynamic behavior of an organism can
be encoded into the physical system, allowing the organism to passively adapt to the situation
thus reducing the required computational power and controlled degrees-of-freedom. Embodied
intelligence is well aligned with the integration strategy which looks to reduce the number of

components and increase the functionality of individual components.

We feel that just as it has been important for the research community to study individual

strategies used to move through the environment, it is also important to understand how these
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individual modes may be combined and the possible benefits unique to this type of combination.
No previous work has attempted to highlight integration as a viable method for the combination
of locomotion modes as well as attempt to enhance the design of the underlying components and

create metrics to begin to quantify and compare this technique.

In the field of robot mobility, we look to biology and biologists for inspiration on methods
to improve robotic systems. However, insufficient information on the integration strategies used
and the cost or effect, to a particular organism, for a particular locomotion mode exists. This
thesis serves to highlight this potentially beneficial area of research through the case study of a
particular integration strategy. This miniature jumping and gliding robot can be used to explore,
inspect, and monitor unstructured or hostile environments and deployed in large numbers could

be used within the context of a swarm to more rapidly and robustly complete a desired tasked.

1.2 Research Objectives

The objective of this research is to enhance the mobility of miniature robotic systems through
the study of the methods by which multiple locomotion modes are combined in the biological
world, actuator and energy storage devices, and embodied intelligence. This thesis serves to
highlight the potential of an integrated multi-modal locomotion concept through the develop-
ment of a system employing this strategy to combine jumping and gliding locomotion. One of
the biggest challenges to robot mobility, and a focus area of this research, is the power, actua-
tion, and transmission systems which tend to have limited functionality and low energy density.
Therefore, in addition to directly seeking to enhancing actuator performance, embodied intelli-
gence will be employed to encode passive adaptations into the kinematics and dynamics of the
robot to reduce the number of actuators required. The combination of these modes requires the
development of many specialized components and concepts beneficial to further research into
integrated locomotion modes. Therefore, in addition to the development of a high performance,

untethered, integrated jumping and gliding robot, areas of broader impact will be sot to expand
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the applicability of the research to the broader robotics community.

1.3 Organization

The thesis is organized as follows: Chapter 2 presents the development of the biologically in-
spired, integrated, multi-modal, jumping and gliding robot, MultiMo-Bat. The chapter begins
by introducing the biological inspiration for the development of the MultiMo-Bat, and then pro-
ceeds to the overall design of the MultiMo-Bat using the integration concepts abstracted from
the organism. This integration results in coupling between the modes which increases design
complexity however, through application of presented coupling parameters the design complex-
ity can be managed. The dynamics and individual components necessary for the jumping and
gliding locomotion modes are then developed, followed by experiential characterization of the
performance. The chapter finishes with the development of metrics to quantify the integration
performance and allow for comparison to future integrated multi-modal locomotion robots as
well as their biological counterparts.

Chapter 3 presents the development of a custom complex magnetic spring design methodol-
ogy for shape memory alloy-actuated mechanisms in the MultiMo-Bat. The chapter begins by
introducing the concept of magnetic segments which are combined to create the magnetic springs
and the characteristics of shape memory alloy-actuated mechanisms. A simple design method-
ology is presented to develop two coupling mechanisms for the MultiMo-Bat which are experi-
entially shown to significantly improve locomotion performance. The chapter then proceeds to
expand the methodology to any well-defined function of force vs. displacement and demonstrate
the relationship between adaptability and computational efficiency through complex examples
which highlight the potential power of the custom complex magnetic spring design methodol-
ogy.

Chapter 4 presents the development of a biologically inspired robotic foot design concept

which allows the MultiMo-Bat to passively adapt and interact with a wide range of surfaces
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at variable angles. The chapter begins by introducing the desert locust (Schistocerca gregaria)
and the motivation for examining its feet, followed by a morphological analysis of the feet to
understand their potential interaction with the surface. After which, the organism’s jumping
locomotion is analyzed to understand the interplay between the friction mechanisms on vari-
able surfaces. The chapter finishes with the elucidated concepts being combined to develop the
multi-Surface Locust Inspired Passively-adaptable (SLIP) foot for the MultiMo-Bat which is
then experientially verified.

Chapter 5 concludes the thesis with summary, future work, and publications. As the focus of
each chapter deals with specific but not directly related components of the development of the

MulitMo-Bat each chapter will include a separate literature survey.

1.4 Contributions

Biologically Inspired Integrated Multi-Modal Locomotion

Presented and developed the concept of integrated multi-modal locomotion and high-
lighted the benefits and challenges associated with this strategy for combining locomotion

modes.

e Motivated and validated the concept of integrated multi-modal locomotion through inspi-

ration taken from biological organisms.

e Abstracted and discussed key integration concepts from the Common Vampire Bat which

form the foundation of all integrated locomotion strategies.

e Created coupling parameter based methods for reducing the design complexity of inte-

grated locomotion systems.
¢ Developed high strength multi-functionality joints inspired by the mammalian knee.

¢ Developed optimal energy density helical spring design equations based on constraints of

the system.



¢ Developed an entirely passive strategy for transitioning between jumping and gliding lo-
comotion which employs significant embodied intelligence encoded into the dynamics and

kinematics of the miniature robot.

¢ Developed of a class of collapsible airfoils with no span-wise support to facilitate the

integration of a gliding locomotion mode.

¢ Designed, developed, and experimental verified a high performance integrated multi-modal

locomotion robot which combines jumping and gliding locomotion strategies.

¢ Developed metrics to quantify the integration strategy and allow for comparison to other

robots and their biological counterparts.

Tailored Magnetic Spring Design

¢ Developed and experimentally verified a custom complex spring design methodology which
is able to theoretically create any well-defined function of force vs. displacement using sets

of discrete permanent magnets.

¢ Presented key characteristics and their associated magnetic segments for detwinning shape

memory alloy-actuated mechanisms.

¢ Developed the concept of irreducible sets which allow for the translation of tailored mag-

netic spring properties to other applications.

¢ Designed, developed, and experimentally verified a shape memory alloy-actuated high

energy storage mechanism for enhanced jumping performance.

¢ Designed, developed, and experimentally verified a shape memory alloy-actuated wing

locking and control mechanism for enhanced jumping to gliding transitions.
¢ Developed estimations of the integration area necessary for a tailored magnetic spring.

¢ Extended the custom complex spring design methodology to any interaction forces over

any distance using large segment sets as well as multi-dimensional design of magnetic
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fields.
multi-Surface Locust Inspired Passively-adaptable (SLIP) Foot
¢ Discovered the desert locust operates at the extreme limits of friction on a variety surfaces,

due to its adhesive pads, spines, and buckling joint.

¢ Characterized all aspects of the locust’s feet which may interact with variable surfaces

based on their morphology.
¢ Discovered the role of the tibia spines in jumping locomotion from variable surfaces.

e Characterized, through significant in-vivo experimentation, the resulting behavior of lo-
cust’s feet on variable surfaces to understand the interplay between adhesive pad and spine

based friction.

¢ Discovered the planting type jump used by the desert locust which broadened the applica-

bility of the findings to dynamic multi-surface attachment.

¢ Developed the design concept of the multi-Surface Locust Inspired Passively-adaptable

(SLIP) Foot.

¢ Designed, Developed, and experimentally verified a SLIP foot on the MultiMo-Bat.
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Chapter 2

MultiMo-Bat: Biologically Inspired
Integrated Multi-Modal Jumping and
Gliding Robot

2.1 Introduction

Enhanced mobility can be achieve by enhanced adaptability of existing locomotion modes thereby
increasing the region of the locomotion domain in which they can operate. However, the potential
increase in mobility is limited by the underlying characteristics of the mode whereas the addition
of a new locomotion mode adds a whole new region of applicability thus significantly increasing

overall robot mobility and is therefore the method which will be the focus of this chapter.

The advantages of jumping are just as applicable to robotics as they are to the biological
world, and thus has resulted in the development of many jumping robots. The smallest of these
are centimeter sized and around a gram in weight; such as the flea inspired [78, [100] and water
strider inspired [79] robots which uses shape memory alloy as the main actuation. A combustion
powered robot [30] has also been shown which employs nano-porous silicon to store chemical
energy for jumping. The next order of magnitude in jumping robots is where DC motors be-
come widely available actuators. The smallest of these systems are the 7 g jumper [82, 83, 184]],
Grillo robots [[89, (126, 127, [128], MSU jumper [174, (175, (176} [177]], and others [[6] of which

some variant can self-right and orient the jump direction. This size scale also includes robots
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which combine rolling and jumping [39], such as the Mini-Wegs robot [85], as well as a snap
through buckling concept for jumping locomotion [162, [163]]. The next order of magnitude are
the robots in the kilogram region. Two of which use the combination of wheeled and jumping
locomotion; the Rescue Robot [149] which uses pneumatics to power its jump and the Sand Flea
[18]] which uses combustion to propel itself into the air as well as several other systems under
development [140, [143]]. However, there still exist performance challenges to these systems.
Systems employing non-renewable strategies such as combustion or pneumatics can have very
high energy density however, they cannot be easily recharged in the field therefore limiting their
range. For electrically powered robots the challenge is to achieve sufficient energy density in the
energy storage devices to allow for additional components, payload, or even in some cases the
inclusion of the actuators themselves on board. Many of these high performance jumping sys-
tems show significant reduction in jumping performance when any additional components are
added. There exist several robots which have both jumping and gliding locomotion strategies;
however each requires certain assumptions for locomotion. The addition of wing membranes
to the Glumper robot is not shown to produce gliding behavior, as the trajectory remains ballis-
tic, resulting in only a reduction of the jumping performance [7]. The 7 g jumper shows good
jumping performance however, with the addition of the gliding structure the jump height is re-
duced by almost 87% requiring the robot to jump from an elevated platform to achieve gliding
[81]]. The Jump Glider shows both good jumping and gliding performance however, the rigid air-
foils restrict the jumping variability and the focus is on efficiency rather than broad robot design
concepts [39, 40]. These challenges are the inspiration for this chapter, to show that integrated
multi-modal locomotion design strategies can produce systems capable of more than one high
performance mode with all necessary actuation on-board. Only a few robots are capable of two
locomotion modes and even less are well adapted for both. Also, of all the existing robots that
do have multiple locomotion strategies, to the author’s knowledge, none focuses on integration

to combine high performance locomotion modes.
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This chapter focuses on integration of locomotion modes as a method to achieve increased
mobility in robotic systems with minimal performance degradation. It is discussed in the context
of the design, development, experimentation, characterization, and evaluation of a robotic system
with two highly integrated locomotion modes: jumping and gliding. These modes have very
different and conflicting structural and actuation requirements. Therefore, the challenge is in
the extraction of important concepts of the integrated multi-modal locomotion design approach
taken by organisms and the application of these concepts to the robot development along with
well adapted, high performance, actuation mechanisms.

The chapter is organized as follows: Section 2 introduces the biological inspiration for the
Jjumping and gliding robot. Section 3 presents the design concept for the robot along with key
performance features. Section 4 gives experimental demonstrations of the jumping and gliding
robot. Section 5 develops metrics to quantify the integrated design characteristics. Section 6

discusses the overall outcome of the work, and Section 7 provides conclusions.

2.2 Biological Inspiration

The order Chiroptera (bats) provides a unique case study to examine the combination of terres-
trial and aerial locomotion modes. It includes over 1000 species of similar morphology which
exhibit significant dissimilarities in terrestrial mobility, ranging from limited crawling to per-
formance comparable to that of many small rodents, as seen in Desmodus Rotundus (common
vampire bat). D. Rotundus, Fig. is a sanguinivore, feeding exclusively on blood from ter-
restrial organisms. This ecology has driven the development several high performance terrestrial
locomotion modes, including jumping [4, 120} 121} 129, [1577]]. Originally thought to have fed on
small animals, pursuit of moving prey necessitated the bat’s specialization in terrestrial locomo-
tion; its jumping behavior was probably developed as an escape mechanism and/or as a means to

transition to flight when highly loaded after feeding.

D. Rotundus shows specialization for jumping, however a recent study shows that bat mor-
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Figure 2.1: Common vampire bat (D. Rotundus) is shown both jumping (a) and flying (b) to
highlight the integration of the arm bones into each of these locomotion modes. The wing mem-
brane however, being necessary only for flying, is collapsed during the jumping mode. The
configuration of the arm bones, humerus, radius and ulna, are highlighted in each mode. (source:
www.arkive.com)

phology in general may facilitate jumping. Several other bats with similar jumping strategies,
albeit much lower performance, show performance dictated simply by body size and not ecolog-
ical pressure [S1]. This morphological predisposition toward jumping may be due to the high
level of integration between the jumping and flying locomotion strategies in bats as they are
developed around the same primary musculoskeletal components. The main actuation of both
modes is built around the largest muscle in the organism, the m. pectoralis profundus (posterior
division). Both modes also share three main bones, comprising the main arm structure, which are

the humerus, radius and ulna. This sharing of components, or integration, between locomotion
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modes can preserve a significant portion of the flight mode performance as the major components
required for jumping already exist for flight. However, this alone does not guarantee the preser-
vation of performance as the shared components themselves may be modified to accommodate

the jumping mode.

An approximation of the cost, associated with modification to the major components, can be
elucidated from a comprehensive study of the shoulder morphology of 29 species which includes
D. Rotundus [142]. The two major muscles, used for both modes, show scaling well within the
range of the other species; implying no additional major muscle mass is required to power the
terrestrial mode. The arm bones are slightly more robust and fusion of the radius and ulna has
occurred increasing strength to accommodate the ground reaction forces. The bat’s jumping
performance is therefore achieved through minor modifications to the shared flight structures,
which tend to increase range of motion and independence of control. These changes result in low
overall cost to the organism’s flight mode and indicate the success of this particular integration
strategy. Applying the concept of integration to robotic systems is especially useful as the number
of actuators that can be feasibly incorporated into a system and adequately powered is limited.
The goal then is to abstract this particular integration strategy, from the organism, and apply it to

the development of a high performance jumping and gliding robot.

Analysis of the bat’s integration strategy yields two key design abstractions which are neces-
sary for the successful integration of the jumping and gliding modes. As the bat uses its forelimbs
to both jump and fly [4, [129], the major abstracted concept from this integration strategy is the
sharing of similar structures. Widening the focus to other organisms which have either jumping,
flying or both locomotion strategies, one underlying structure, utilized by the bat, which is seen in
both of these two modes is the 2-link-2-joint structure shown in Figs.[I.2,b. The wing membrane
is then supported by these shared components as well as the significantly extended metacarples
and phalangeal bones; thereby coupling the wing shape to the leg configuration. Therefore, the

bat is able to collapse the wing membrane, to reduce drag during the coast phase of the jump, im-
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Figure 2.2: a) Photos of the proposed jumping and gliding robot, the MultiMo-Bat, shown in the
gliding (upper photo) and jumping (lower photo) configurations. b) The MultiMo-Bat is shown
overcoming an obstacle with three of the four phases of operation labeled. The energy storage
phase is not shown but would occur before the jumping phase.

proving jumping performance. Interestingly, in the case discussed and many others, animals that
utilize multi-locomotion strategies are able to reduce the effect that each mode has on the other
by modifying the configuration of components not needed for a specific mode. These integration
concepts of shared similar structures and passive component configuration change represent the
foundation of integrated locomotion design concepts and are applied to the development of the

MultiMo-Bat.

2.3 Design Concept

The design concept behind the MultiMo-Bat, shown in Fig. [2.2] and Fig. 2.3] uses two key ab-
stractions from the vampire bat’s locomotion strategy which tend to minimize the number of

components and maximize their functionality. The primary abstraction is taken from the mor-
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Figure 2.3: a) Concept shown with one leg in the jumping configuration and one in the gliding
configuration. Joints 1-4 are responsible for the leg extension/retraction whereas Joint 5 is re-
sponsible for the transition between jumping and gliding configuration. b) Leg offset utilized for
configuration change. ¢) The center-of-mass (COM) plane is positioned at the center of the leg
assembly.

phology of the arm structure and its function within the context of both modes; this dual func-
tionality inspires the robot’s leg design. The second abstraction is associated with the connection
between the added wing structure and the shared leg structure. This connection results in inherent
motion coupling between these two structures creating the possibility of passively reconfiguring

and collapsing the wing.

In the vampire bat, the humerus and fused radius and ulna are the primary arm components
used for both locomotion strategies. However, due to the inherently high degrees-of-freedom
(DOF), in the vampire bat’s musculoskeletal system, significant additional support and constrain-
ing components would be necessary to achieve the desired motion. Therefore, to mechanically
reduce the DOF of the leg structure, the two arm components are mirrored over the center plane
(Fig. 2.2). This creates the four-bar leg structure of the MultiMo-Bat which, being fixed at
one joint, results in only two independent DOF. The most important of which, the compres-

sion/extension of the diamond shape, allows for the motion necessary for both modes. This DOF
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serves to stretch the main power springs, transmit the jumping force to the ground, and tension
the airfoil. The second is the rotation of the entire structure around the fixed joint. The second
DOF can be used in the future for controlling the jump direction. Finally, attachment of the four-
bar leg to the shoulder adds an additional DOF which allows for the two mode configurations
shown in Fig. 2.2] and Fig. 2.3p. As the flight mode is currently unpowered, the direct shar-
ing of actuation components will not be necessary for this prototype. Several proof-of-concept

prototypes (Appendix Al were constructed to test key design features of the MultiMo-Bat.

To achieve the passive motion coupling between the wing and leg, components which alter
their relative position as compared to the rest of the robot are identified. The foot of the MultiMo-
Bat is such a component. It changes both its relative distance during compression of the four-bar
and angular position according to the shoulder angle from the body. Therefore, connecting the
wing to the body and foot will create two coupled DOFs which can be used to modify the wing
components. This reduces the controlled DOF necessary for the configuration change because
changing the leg configuration changes the wing configuration. However, the jumping mode has
priority over these DOFs as both are essential to the jumping mode’s performance. The objec-
tive then is to design this coupling such that it reduces any detrimental effects associated with
the added wing structure. The wing is designed to be highly collapsible, as with the vampire
bat, so as to not interfere with the jumping mode. The wing membrane is connected directly to
the shoulder joint and the foot; therefore, as the leg structure is compressed, storing the jumping
energy, the wing membranes are passively collapsed, as seen in Fig.[2.4] As the legs extend, pow-
ering the jump, the wing membranes are extended as well; preparing them for the coming glide
phase. However, the integration of the wings and legs also causes the wings, even when fully
extended in the coast phase, to remain beside the body parallel to the flow which reduces their
drag and preserves jumping performance. In fact this configuration, acting like a tail, actually

helps to stabilize the robot about the velocity vector, potentially improving performance.

An exoskeleton can reduce the overall mass of the system while improving the durability,
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Figure 2.4: Video snapshots of the liftoff behavior of the MultiMo-Bat prototype which illus-
trates the wing membrane tensioning and the effects of the out-of-plane torques produced by the
airfoils. a) Initial jumping position with the membranes collapsed. b) The four-bar legs begin to
extend, powering the jump. ¢) The membranes are reaching full extension. d) The MultiMo-Bat
Jjust before it leaves the ground showing the airfoils inflated by the escaping air mass between
them. e,f) Front and side views of the robot at the point of maximum out-off-plane deformation.
g) The wings quickly stabilize at about a body length above the ground and remain beside the
body until the robot nears the apex of the coast phase.

robustness, and protection of sensitive components. This structure is significant to the develop-
ment of the MultiMo-Bat because occupying the extremities of the system creates significantly
more surface area for the integration of attachment points for internal and external components.
Engineered components, especially actuators and their transmissions, are typically much larger
than their biological counterparts and therefore, the significant increase in attachment area facil-
itates design and development; as stated previously the goal of integrated design is to reduce the
number of components and increase component functionality. Exoskeletons, like their internal
counterparts, are used to constrain components and produce fixed points for the actuators to pull

against, with articulation only where necessary to facilitate locomotion. This concept is used in
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Figure 2.5: A CAD drawing of the half body of the robot showing the integration of the internal
energy storage mechanism and SMA clutch. The full system is also shown for reference with the
legs fully extended in the jumping configuration.

the development of the body structure for the jumping and gliding robot which consists of only
two different components, the half body and the shoulder, symmetric about the yz-plane (Fig [2.2)
resulting in a total of four components to create the entire structure, as seen in Fig. [2.5] This re-
sults in very few connection points between components which creates a very strong structure
as connections typically result in stress concentrations and therefore weak points in the system.
Connection points also require additional features for fortification such that they are of equal

strength to a solid single piece, resulting in added mass and volume to the system. All of these
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integrated features result in a total body mass of only 23 grams.

Table 2.1: Prototype Component Masses

Mass
Subsystems (2)
Body ASM, Mp 78.08
Body 23.3
Shoulders 3.0 (2ea)
Wing Structure (Additional) 16.1
Internal Energy Storage Mechanism 19.5
Misc Components (hardware, cables, etc.) 13.18
Four-bar Leg ASM 12.2 (2ea)
Leg Link, M}, 2.63 (4ea)
Foot, Mg 1.7 (2ea)
Main Power Spring ASM, Mg /2 6.56 (2¢ca)
MultiMo-Bat 115.6

The MultiMo-Bat is composed of just over 20 different components. Six, relatively basic,
components are CNC machined (HAAS, Office Mill) to allow for the necessary materials; how-
ever, the remaining complex components, seen in white in Fig.[2.2] are first 3D printed (Invision
HR) and then replicated in a polyurethane, TC-892 (BJB Enterprises), through soft molding
[pendix E). This molding process allows for the creation of components which otherwise would
be impossible to create, as individual pieces, as the part can be removed by deformation of the
mold. This process facilitates the increase in component functionality while reducing robot cost;
the full mass breakdown can be seen in Table 2.1} The body is designed with sufficient space
around the internal energy storage components for on-board battery and control electronics. The
major components are connected as follows, the four-bar legs attach to the shoulders which in
turn attach to the protrusions on the body, as seen in Fig. [2.5] The compression cable is routed
from the internal energy storage mechanism into the protrusions on the body and out through
small slits. It is then passed through the small hole in the top of the shoulder and continues

through the center of the springs and attaches at the foot of the robot. This routing of the com-
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Figure 2.6: Schematic of the operation phases of the MultiMo-Bat: a) four-bar legs compressed,
b) four-bar legs reconfigured for jumping, c) lift-off, d) four-bar legs reconfiguring for gliding,
and e) gliding. The energy storage phase begin when (e) lands and continues until the legs
are reoriented for jumping (b). The jumping phase begins at (b) and ends at lift-off (¢). The
coast phase begins at lift-off (¢) and continues until the wings are fully deployed (e). Followed
finally by the gliding phase (e) which continues until the robot lands. This process is repeated
for locomotion.

pression cable constrains it to the plane of the legs which ensures the compression force produces

no moment on the four-bar.

2.3.1 Phases of Operation

The proposed design results in four phases of operation: energy storage, jump, coast, and glide

which are repeated for locomotion; as in Fig.[2.6](see video at [158]).

Energy Storage Phase

The energy storage phase mainly consists of the accumulation of energy in the main power
springs through the compression of the four-bar legs, as seen in Fig. [2.6] In addition, due to

a leg offset shown in Fig. [2.3p, the leg compression process also produces a torque around the
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shoulder joint which reconfigures the legs for jumping. Using the same actuation force created
by the energy storage mechanism thereby minimizes the required mass necessary for these two

tasks. Once the energy is completely stored, the system is then prepared for the jumping phase.

Jump Phase

The jumping phase utilizes the four-bar to transfer the spring force to the ground, as seen in
Fig.[2.6] This phase employs an passive configuration change in the wing structure due to the
integration level of the modes. The wings are initially fully collapsed and extend throughout the
jumping phase, however, they remain parallel to the flow, significantly reducing drag and thus
minimizing the negative effects of the added structure. Shown in Fig. 2.3k the legs are mounted
such that they exert a combined force directly through the center of mass (COM) of the entire
system. This restricts the force generated by the legs from generating a torque about the COM,
improving the system efficiency and performance by not wasting energy on undesired motions.
The off-axis mounting of the leg, discussed in the energy storage phase, also results in a torque
about the Joint 5 axis, in the jump phase, that restricts the leg to the jumping configuration
while the legs are applying a force to the ground. This reduces the possibility of a premature

configuration change while in the jump phase.

Coast Phase

The coast phase is responsible for the passive transition from the jumping configuration to the
gliding configuration, as seen in Fig.[2.6] During the coast phase the wings are fully extended but
they are beside the body parallel to the flow. As the robot leaves the ground a small amount of
energy remains in the main power springs. This energy is used to tension the airfoils and therefore
reduce flutter which decreases drag on the robot during the coast phase. This configuration also
provides stability to the coast phase by generating a restoring moment to any rotations of the
body, resulting in stabilization about the velocity vector of the robot. The shoulder, Joint 5, has

two competing torques acting on it throughout the locomotion process; one created by force on
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the foot and a second by a small elastic element which acts in opposition. During the coasting
and gliding phases, when the foot force is zero, the total torque switches direction and it biases
the stable state of the legs to the gliding configuration. Once the robot reaches the apex of the
jump trajectory and the vertical velocity vector switches direction the combination of the torque
at Joint 5 and increasing drag on the underside of the airfoils results in the transition to the gliding

phase.
Glide Phase

During the glide phase, as seen in Fig. the four-bar legs are held at an elevated angle above
horizontal to increase the lateral stability [145]. The four-bar joints also allow more flexibility in
the out-of-plane direction, discussed further in the following chapter, further increasing stability
by reducing the sensitivity of the wings to oscillations in airflow. The glide phase also reduces the
kinetic energy of the robot before it contacts the ground resulting in lower required strength and
therefore weight which, due to the high level of coupling, results in performance improvements

for both modes.

2.4 Locomotion Mode Coupling

The use of multiple locomotion modes inherently causes interactions between the modes which
will affect the overall performance of the system. This is because the performance of each mode
becomes coupled to the others. The combination of locomotion modes always results in some de-
gree of performance coupling thereby increasing the complexity of the design process as changes
to one mode will affect the other. Therefore, it is important to understand the types of coupling
that exist and how they relate to the development of the system. The coupling can be broken up

into three coupling parameters: inertial, energy, and structural.

1. The inertial coupling parameter (ICP) deals with the effect of added mass on the perfor-

mance of the other modes. This coupling parameter always affects both modes as changes
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to the mass of either mode affects the inertia of the entire system. This parameter tends
to reduce the mobility of the system as increasing inertia increases the systems resistance
to changes in its state of motion; the acceleration magnitudes are related to the mass as

follows

2.1

where x is a linear direction with F as a linear force and m is the mass. In the angular

direction 0, M is an applied moment, and / is the moment of inertia.

. The energy coupling parameter (ECP) captures the affect of modifications to the actua-
tion, energy, and energy storage systems on the performance of the other modes. However,
unlike the ICP, the ECP may be positive, negative, or zero indicating that the modifications

increase, decrease, or have no effect on the energy of the other mode.

. The structural coupling parameter (SCP) includes the effect that the structural modifi-
cations or non-shared structure of each mode has on the performance of other modes. This
parameter is designed to catch all remaining variations in performance and should be de-
termined through experimentation so as to ensure all relevant dynamics are captured. Just

as the ECP can be positive, negative, or zero so to can the SCP.

As integration is most importantly a method for preserving the performance through the

sharing of components between locomotion modes, integration tends to minimize the inertial

coupling parameter (ICP). However the ECP and SCP are high dependent on the integration

strategy implemented and, having the potential to be positive, negative, or zero, should be further

analyzed for their role in the performance of the overall system.
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Since integration already reduces the ICP, further mass reduction is difficult. Therefore, to
isolate the ECP and SCP we assume the mass and its distribution remains constant or within
negligible limits, thus the inertial coupling parameter (ICP) remains constant. Subsequently,
since both the energy (ECP) and structural (SCP) coupling parameters have the potential to be
zero, there may exist regions in the design space of the robot where the modes can be separated
and their performance addressed independently. However, since the ECP and SCP can also be
positive, the combination of the locomotion mode can create performance greater than the sum
of the parts. Finally, these parameters can be considered at several levels depending on the detail
required. Applied at the component level during development, they can highlight regions as
discussed above however; applied at the full system level, they can be used to determine where
the major changes in performance are coming from and where further performance gains may be
achieved (discussed in Section|2.8)). The use of the coupling parameters will be illustrated further

in the following subsections which discuss some of the major coupling within the MultiMo-Bat.

2.4.1 MultiMo-Bat Coupling

Jumping being the primary locomotion mode provides the initial kinetic and potential energy for
the gliding mode. This integration relationship results in significant energy coupling between the
jumping and gliding locomotion modes in relation to the energy state of the system at the transi-
tion from jumping to gliding. This dictates that changes to the jumping performance inherently
cause changes in the gliding performance. This is an example of indirect coupling as it does
not affect the mode during operation. Therefore, preservation of the jumping mode performance
should be strongly considered during the development of the integrated gliding mode.

The integration level of the jumping and gliding modes is similar to that of the vampire
bat, where the jumping structure will be used in conjunction with additional components to
generate the gliding locomotion mode. Therefore, the jumping structure should accommodate the
necessary components required for the gliding mode without a significant reduction in jumping

performance. This results in potentially high structural coupling between the modes, however,
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because there are components that are not utilized by both modes, there must exist uncoupled or

minimally coupled regions of the design space, such as:

Four-bar Leg

The coupling of the four-bar leg is examined as it is the primary structure of both modes and has
a significant effect over their performance. This can be broken into three subcategories: main
power springs, four-bar leg links, and mechanism dynamics.

The main power springs, mounted to the knee joints, have a significant effect over the jumping
and, indirectly, over the gliding performance, therefore it is desirable to increase their stored
energy. Once gliding is initiated the spring size and configuration results in little effect over
the gliding performance; therefore, assuming this remains constant, the ECP and SCP of the
gliding mode remain zero. Assuming an optimal spring design, discussed in the Section [2.5.4]
any increase in the ICP will be compensated for by increases in energy storage. Therefore, the
energy storage capacity of the main power springs, within the assumptions, can be enhanced
independent of the gliding locomotion mode.

The link lengths of the four-bar legs have a significant effect on the gliding performance
as they constrain the wing size; increasing the length allows for a larger supported wing span.
However, longer legs, results in higher leg inertia and lower lift-off velocities if the energy is held
constant. Therefore, assuming the energy stored is increased with leg length to compensate for
the added inertia the link lengths are uncoupled from the jumping mode allowing for adjustment
to suit the needs of the gliding mode; discussed further in Section[2.5.2]

Finally, the system dynamics (Sections [2.5.1] and [2.5.2)) results in a maximum leg angle of

approximately 60 degrees before the leg angle at lift-off diverges from the initial leg angle re-
quired to mount the main power springs (spring free length angle). This divergence represents
energy which can not be used for jumping as the system will have left the ground before it can
be delivered. However, this is therefore an uncoupled region where the energy stored above 60

degrees can be used for the gliding locomotion mode.
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Wing Membranes

The wing membranes are an integral part of the gliding locomotion mode; however they have the
potential to significantly degrade the performance of the jumping mode. To uncouple the design
of the wing membranes, the following properties must be upheld: added mass remains relatively
constant, main power springs are unaffected, collapsed airfoil shape remains relatively constant,
and extended airfoils are parallel to the flow. These assumptions result in a relatively constant ICP
and negligible direct ECP and SCP. This region encompasses a wide range of airfoil shapes and
sizes allowing for enhancement of the gliding mode’s performance, independent of the jumping
mode. The wing membranes held parallel to the flow creates an effective tail and thus increases
coast phase stability, which in turn enhances the robustness of the passive transition between
jumping and gliding. This is a good example of a positive component level SCP, which benefits

both modes.

Internal Energy Storage Mechanism

Since the internal energy storage mechanism exists within the body structure they will not have
any effect on the ECP or SCP of the gliding mode resulting in zero values. Therefore, the only
constraint on the internal components is the allowable variation in the ICP which should be

minimized while maximizing the energy storage capability of the jumping mode.

2.5 Jumping Mode

The design concept of the MultiMo-Bat relies heavily on the performance of the primary mode,
jumping, to supply the needed energy for gliding. Therefore, within the confines of the in-
tegrated design strategy, the jumping dynamics, four-bar leg design, joint design, and energy
storage mechanisms will be examined further to elucidate trends and enhance performance of

the jumping mode.
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Figure 2.7: The masses considered for the single DOF and 6 DOF models are shown along with
the leg angle used for the simulations.

2.5.1 Jumping Dynamic Model

To develop the jumping locomotion mode the underlying dynamics are derived to explore any
mechanism specific traits important for development. The most fundamental question is whether
the four-bar leg remains in contact with the substrate long enough to achieve the desired jump-
ing performance. A single degree-of-freedom (DOF) model of the complete system allows for

further analysis and refinement of the jumping phase of operation.

Single Degree-of-Freedom Model

The single DOF model contains all components of the four-bar, spring, and body, each modeled
as separate components contributing to the overall system dynamics; as seen in Fig. 2.7] This
model assumes the system only moves in the z-direction however; this assumption does not
significantly reduce the applicability of the resulting dynamics to the real system, as the four-bar

leg generally restricts the motion to the z-direction. The kinetic ,T( 5 ), and potential, V(g 4),
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of the body Mp, two power springs Mg and kg, two absorbing springs k4, and two feet My are
considered first. Next, the kinetic energy of the legs both in translation and rotation can be written
as
1 4
Ti1rans. = mL Z Tiror. = | 511 Y (- @) (2.3)
i=1
respectively; where my, and I, are the leg mass and moment of inertia. The linear velocity vector

v and the angular velocity vector @ are defined at the COM of their respective components.

Once the inertial effects are accounted for it is necessary to fully develop the dynamics by
considering the area effects. The area effects should be considered to understand their contribu-
tion to the overall performance and therefore the significance of specific system parameters. The

force on the body due to air drag is found by using the standard drag model

1
Fp, = (ECDpAEBv%) (2.4)

where Cp, p, and Ag are the drag coefficient, the density of air, and the effective area respectively.
The effective area Ag is computed as the area of the body projected on the plane normal to the

direction of motion. The drag contribution of the legs

1
FDLTrans = <2CDP ZAEL > 9
Fpye, = < chZ / Ag,v de> (2.5)

requires the consideration of both their translational Fp, . and rotational Fp,,  velocities. The
effective area in the translational component is a function of the leg angle and the velocity vector

and the rotational component is a function of both the position on the leg and the angular velocity.
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This results in the equation of motion of the system,

4]y )
2Mp+M
[( B+ Ms+5my)cot 6/, +my tan 6/, + (chos Ok/2 sin ek/2>] %

— [ZMB + Mg+ 4mL] 9]3/2
x(0 )k/z »  Ix(0)4
[Zkk/z (2_ Lcos 6 /n ka2 Lcos 6 n

1
B [2L2 cos 0/ sin 9k/2] O 2.6)

where 6/, is the leg angle that is measured from compression (0 degrees) to extension (90
degrees), and the masses of the body, springs, and legs are represented by Mp, Mg, and M}, re-
spectively. The leg length and moment of inertia are represented by L and 7, respectively; full
compression of the legs results in an angle, 6 />, of approximately 5 degrees for maximum jump-
ing energy. Finally, the main power springs and absorbing springs are represented by their spring
constants, ky >, and k4, and free lengths, x(0) 5, and x(0)4, respectively. The non-conservative
forces are represented by QO which includes the form drag of all the components; however, due
to the difficulty in modeling all the non-conservative forces, friction has been omitted from the
model. An approximation has been created based on material properties and forces between the
ankle joint components - this is the only joint in the four-bar mechanism that exhibits sliding
between the joint surfaces - resulting in a contribution on the order of 0.01 m/s to the lift-off
velocity. All the joints in the four-bar mechanism experience friction, due to the connecting
structures, as well as the cable and components of the internal energy storage mechanism how-
ever, explicit calculation of these values is difficult to achieve accurately.

Solving the equation of motion numerically produces the jump profile shown in Fig.
where the body velocity is related to 6/, by vg = 216, 2 sin( 6y, /2). The body velocity and
acceleration represent only the body structure which, due to conservation of momentum, results
in a lower lift-off velocity as this value includes the mass of the entire system. Lift-off of the
system occurs when the body acceleration becomes negative which indicates that the body is

applying tension to the ground-foot interface. The acceleration is also shown to be positive
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Figure 2.8: Dynamic simulation of the leg showing lift-off time and velocity in relation to body
and leg states for the MultiMo-Bat. Leg position is shown on the right axis. Robot parameters
Mp=7808¢g, Mg=13.12g Mr=1.7g,M; =2.63 g, L=135.8mm, [} =40 g cm?, kk/21 , =
291.2 N/m, x(0) 5, , = 123.9 mm. ’

and smooth over the leg angle interval of O to approximately 60 degrees. Therefore, to increase
efficiency, the main power springs should transfer all potential energy before this angular position
is reached as the legs will no longer be in contact with the ground. However, small amounts of

energy stored above 60 degrees can be used for other purposes and/or locomotion modes.

Massless Components

To explore the dynamic relationship between the component masses and the total system mass,
the simplified 1-DOF model consists of only the body, while all other components are assumed
massless and the non-conservative forces are neglected. The simplified model shows behavior
very similar to the multi-body 1-DOF simulation, however, with a shallowing of the velocity
curve and a decrease in the lift-off time (Fig.F [2.9). Analysis of all the factors shows that the
massless component assumption affects the shape of the velocity curve and the lift-off time,
without significantly affecting the lift-off velocity. The inertia of the leg members stretches out
the velocity curve however, since no energy is dissipated, the lift-off velocity should remain the
same. The fiction however, only has a significant effect on the lift-off velocity and to a less

extent the lift-off time. Finally, the drag component contributes very little to the overall system
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Figure 2.9: Showing the simulated comparison of the multi-body single DOF (1-DOF) and sim-
plified 1-DOF velocity curves. The breakout section shows the difference between the multi-
body 1-DOF models.

dynamics.
Results and Discussion

The simulation was then evaluated by experimental trials of an initial proof-of-concept robot
(Appendix A)), yielding lift-off velocities of approximately 1.3 m/s slower than the simulation.
The difference is therefore caused by the unmodeled friction in the cable system, joint connecting
structures, and variability in the energy storage. However, the model provides sufficient detail to

analyze the dynamic characteristics of the four-bar leg during jumping.

2.5.2 Four-bar Leg Dynamics

The second subsystem, the four-bar leg (Fig.[2.10p), is integral to both modes and is responsible,
in the context of energy storage, for the mounting of the main power springs as well as the
delivery of the jumping force to the ground. A sensitivity analysis of the multi-body single DOF
model, equation [2.6] parameters yields important mechanism specific scaling relationships. The
two major parameters of the four-bar dynamics are the length of the leg links and the free length
of the main power springs.

To determine the dynamic affect of the main power spring’s free length to the jumping mode,
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Figure 2.10: a) The MultiMo-Bat’s four-bar leg design with an initial leg link length of 135.8
mm. b)The leg angle and robot velocity at lift-off are numerically calculated for spring free length
angles of 6(0) /2 € [0,90] degrees. ¢) The leg angle and robot velocity at lift-off are numerically
calculated for leg length factors of Py, € [0.1,10.0] of the MultiMo-Bat. The stored energy and
spring free length angle are held constant. d) The leg angle and robot velocity at lift-off are
numerically calculated for leg length factors of Py, € [0.1,10.0] of the MultiMo-Bat. The stored
energy, spring free length angle, leg mass, and leg inertia are held constant. e) The mechanical
advantage of the mechanism shown in dimensionless form, where the forces are shown in (a).

the stored energy in the springs and the leg link lengths are held constant while the spring free
length is varied, as seen in Fig.[2.10b. The free length of the main power springs can be calculated

as x(0)g /2, = 2Lcos(0(0)x/o,) where 0(0)y o, is the angle at which the spring begins tensioning.
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This is a convenient representation of the spring length as they must fit within the four-bar;
therefore, the possible free lengths are bounded by 6(0)y /5, € [0,90] degrees. The optimal value
is found to be 45 degrees however the lift-off velocities are relatively constant over 6(0);», €
[30,55] degrees. This allows for a larger extended length of the four-bar which, due to the
integration strategy, benefits the gliding locomotion mode as the span-wise length of the wing is
dependent on the extended length of the four-bar leg. After the 45 degree position, the drop off in
initial velocity is due to premature lift-off of the system resulting in a portion of the energy stored
being released after the system has left the ground. Finally, the dynamics of the mechanism limit

the maximum achievable lift-off angle to approximately 70 degrees.

To determine the dynamic affect of the length, L, of the leg links, the stored energy and the
free length angle of the springs are held constant while the leg link length is varied, as seen
in Fig. 2.10k. For this analysis the mass and rotational inertia of the legs is a function of the
link length. A shorter link length results in a significant reduction in link’s rotational inertia,
Ip = mf—sz , which from the dynamic behavior favors shorter link lengths to increase initial velocity
given constant potential energy. To isolate the length property, the analysis is then conducted
with the mass and rotational inertia of the leg links held constant. As seen in Fig. 2.10d, the
mechanism dynamics still play a role as the initial velocity varies over the range but far less
significantly than the inertial effects of the leg links. Therefore, the best performance is achieved

by minimizing the leg link’s mass and rotational inertia.

The four-bar parameters selected for the MultiMo-Bat are a leg link length of L = 135.8 mm
and a spring free length angle 6(0); /2, of 62.9 degrees. The spring free length angle was first
selected as it resulted in a minor drop in the initial lift-off velocity while providing a large mount-
ing length for the wing membrane. Since lift-off for these parameters occurs at approximately
60 degrees, the additional few degrees of stored energy can be reserved for tensioning the wing.

The selected link length creates a wing span of over 254 mm.
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Figure 2.11: a) The knee joint is inspired by the human knee. b) The joints have high strength,
low mass (1.1 g), and high twist resistance. ¢) The joints can support the routing of sensors wires
and attachment cables. d) Second generation joint (1.3 g). Joint showing the pivot point and
forces during out-of-plane deflections and the twist resistance features.

2.5.3 Biologically Inspired Joint Design

To physically realize the four-bar leg, a joint is necessary which is capable of withstanding and
transmitting high compressive loads in the plane of the four-bar. This requires a very stiff in-
plane structure while allowing for out-of-plane flexibility which is beneficial during the gliding
locomotion mode. The out-of-plane flexibility can reduce the sensitivity of the wings to oscil-
lations in airflow thus creating a more stable platform. It also can be beneficial during landing
or collisions with other objects while in the gliding phase as it can absorb energy reducing the
impulse on the system and therefore reducing the possibility of damage to the robot.

The joint design is inspired by the morphology of the mammalian knee or more specifically

the human knee, Fig. [2.1Th, as this joint is well suited for transmitting high compressive loads.
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However, the structures which transmit compressive loads are separate from those which transmit
tension and out-of-plane torsional loads. Compressive loads are transmitted through the major
bones of the knee, the femur and tibia, which meet at roughly a cylinder-cylinder type contact
over a large percentage of the width of the knee. This creates a very stiff structure with the load
distributed over a large area, which can efficiently transfer compressive loads with low contact
stress. The tension and out-of-plane torsional loads are transmitted through ligaments, primarily
the medial and lateral collateral ligaments. This allows for independent control over the stiffness

of the joint as it relates to the different loading conditions.

The two components of the joint meet with cylinder-cylinder contact at an equal radius from
their respective centers, as seen in Fig. 2.1Tb. The contact length is between 42% and 84% of
the joint width, depending on the load, which reduces the stress over the interface. The forces
are also in direct opposition further enhancing the strength. The joints are designed to not only
withstand high compressive forces, but also to restrict the compliance of the structure in and out-
of- plane when the legs are under load while still allowing flexibility in the out-of-plane directions
as the load is reduced. This is achieved by the off center pivot point, as seen in Figure 2.11d,
of the joint during out-of-plane deflection resulting in increased resistive torque with increased
compressive load. Therefore, during the jumping phase, the joint provides extra resistance to
out-of-plane deflections; however, during gliding phase, the compressive load is zero resulting

in lower overall joint stiffness.

A cable is wrapped through the two connection holes, as seen in Fig. [2.11f, which holds the
two joint components together. These points are at the rotational center, resulting in no change in
length during joint rotation. These holes are also used for mounting the main power springs and
therefore must withstand significant loads. The edge of the connection hole is tangent to the face
of the leg link resulting in a very low rotational moment on the carbon fiber leg tube (Goodwinds,
XL Breeze, O.D. 0.198in). This coupled with the molded polyurethane joint helps reduce stress

concentrations at the leg-joint interface increasing robustness of the overall structure.
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Finally, twisting of the leg structure is undesirable in all phases of operation therefore, twist
ridges are integrated into the design to eliminate this possibility. The moment arm length created

by the overlapping ridges determines the twist resistance and can be calculated as

2Rb + b?
L;yiss = Rsin (cos_] (1 — 4—;2)) 2.7)

where R is the joint contact radius and b is the twist ridge height (Fig. 2.1Td). Also, a longer
length results in lower stress at the contact points which is beneficial for polymer based compo-
nents.

The design also allows for several other unique features. First, the joints are designed for
direct cable base sliding restriction or actuation. Just as the posterior and anterior cruciate lig-
aments in the knee restrict sliding of the joint in the plane of the leg, cables can be routed in a
similar fashion to achieve the same effect, as seen in Fig.[2.11d. Actuation can then be achieved
by applying a force to these cables. Second, due to the position of the connection hole and the
open end of the carbon fiber leg tube, a wire can be run within the entire structure, protecting it
from the environment, allowing for the integration of sensors and/or actuators along the four-bar
leg and wing. Finally, the joint is designed to be manufactured by soft molding, discussed in the

Appendix E] or 3D printing which reduces the cost of manufacturing.

2.5.4 Energy Storage Mechanism

The most challenging components in miniature robotic platforms are the actuation and energy
systems because of their size, weight, power transmission, and performance characteristics.
These issues tend to significantly reduce the overall robot performance. The MultiMo-Bat has an
even more challenging configuration due to its insect inspired jumping behavior, known as a cat-
apult jump. It must not only have a high power actuation system but also a high energy storage
system and rapid release mechanism. Jumping and gliding modes have high inertial coupling
(ICP) because increasing mass significantly affects the performance of both modes. Therefore,

to preserve performance, it is important for the components of the energy storage mechanism
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Figure 2.12: The internal energy storage mechanism (IESM) is shown in schematic form to
illustrate the joints and the mounting/fixed points of the mechanism. A CAD model of the mech-
anism is shown with the components labeled; which includes the SMA mounting pulleys used
for extending the actuator’s resulting stroke length. Cross-section B shows the clutch slides.

be lightweight and small. To increase mobility, the stored energy should be capable of being
actively released at any point in the energy storage phase. This provides not only the possibility
for control over the amount of energy stored but also precise control over when it is released.
The energy storage mechanism of the MultiMo-Bat can be separated into and discussed as three
distinct subsystems. First, the internal mechanism (Fig. 2.5)) is responsible for supplying the
input energy and force necessary to compress the legs. The second subsystem is the four-bar
leg which provides the mounting and support for the main power springs. The last subsystem is
the main power springs themselves, which are responsible for storing the jumping energy of the

system.

Internal Energy Storage Mechanism

The internal mechanism, as seen in Fig. 2.12] and integrated into the system in Fig. [2.5] has
four main components: the base, reel, clutch, and actuator. The base attaches directly to a highly

geared 298:1 DC motor (Solarbotics GM14a - Previous Edition) which can generate 0.317 Nm of
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torque at 6 V. The connections of the base, clutch, and reel are illustrated in Fig. Integrated
into the base structure are slides which allow the clutch component to slide along the axis of the
motor while constraining rotation allowing the torque of the motor to be transferred to the clutch,
as seen in cross-section B of Fig. The clutch component, in addition to the slides, also has
a circular groove around the external surface in which the actuator arm rests. This groove allows
the actuator to remain stationary while the rest of the mechanism rotates, facilitating electrical
connection and actuator mounting. The actuator is composed of the arm, which connects it to
the clutch, the nickel titanium shape memory alloy (SMA) wire, which produces the motion, and
pulleys used to extend the SMA length. The SMA (DynaAlloy, Flexinol) has a diameter of 203
um, a transition temperature of 70°C, and a maximum strain of 5% producing approximately
11.5 N of force to disengage the clutch. The arm is integrated into the overall design such that
it is constrained to only a single translational DOF along the z-axis. The bottom of the arm has
a Polytetrafluoroethylene (PTFE - Teflon) pulley which acts as the mounting point for the SMA.
The remaining pulley mounts are integrated into the body of the robot. The pulleys are used to
extend the length of the SMA to achieve the desired actuator stroke of 4 mm. Because of variation
in the SMA characteristics and inconsistencies in the manufacturing process, a safely factor of
around 2 is necessary to ensure the desired stroke is achieved. This results in a minimum SMA
length of 160 mm which is approximately twice the length of the largest body dimension. To
withstand the SMA transition temperature and maximize performance of the actuator, PTFE was
chosen for its high operating temperature and low coefficient of friction. The final component is
the reel which is responsible for winding up the leg compression cable and increasing the force
produced by the motor. The reel mounting can be seen in Fig. When engaged, the clutch
slides fit into the slides of the reel linking the two components together; on release, the clutch
moves down and the reel is decoupled and allowed to free spin releasing the stored energy. The
two cable holes at the top (Fig. allow the cable to be passed through rather than tied and

consequently the final tensioning can be completed once the entire robot is assembled resulting in
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accurate and symmetric initial leg tension. As multiple cables are used this feature also allows the
force between cables to be equalized. The reel has a radius of 2.15 mm which further increases
the cable force to approximately 147 N, assuming 6 V operation, or 73 N per leg at the output of

the internal energy storage mechanism.

Four-bar Leg

The four-bar leg also produces a beneficial variable mechanical advantage to the energy storage
system utilized for both increasing the amount of energy stored and holding that energy until the
jump is initiated, as seen in Fig. [2.10¢. The additional effective mechanical advantage is equal
to approximately 2, resulting in a maximum approximate force of 147 N per leg to extend the
main power springs. However, the energy can be held efficiently because the mechanism force
approaches zero at full extension requiring only the back driving friction of the mechanism to

hold the legs in place until the jump is initiated.

Main Power Spring Design

The high performance jumping mode of the MultiMo-Bat requires large energy storage springs
which consequently contribute to a significant portion of the robot mass. The high inertial cou-
pling (ICP) results in mass having a significant effect on the performance of the jumping mode
and to a greater extent the gliding mode. It is therefore, necessary to understand if energy den-
sity can be maximized. Several spring materials were initially considered for the energy stor-
age medium including metals, elastomers, and composites. Elastomers were ruled out due to
their low durability and robustness especially when exposed to the elements and under sustained
strains. Composite springs may be interesting for further study however the difficulty and ex-
penses of their fabrication ruled them out for this prototype leaving helical extension spring as
the feasible option. Helical extension springs are typically thought of as a torsionally loaded
rod which has a constant energy density as a function of the rod diameter. However, two subtle

differences between the torsional rod model and a helical spring create a situation where energy
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density is variable. The first difference is with the assumption that the bulk material properties
remain constant. In fact as the wire diameter decreases, the yield strength, Sy, of the material
increases, approaching the theoretical yield strength, because larger cross-sections have a higher
probability of more significant defects. Second, the coiling of the rod into a spring increases
the asymmetry of the cross-sectional stress. Therefore, we would like to find a set of equations
which maximizes energy density given the application variables, which are: extension length, y,

maximum mounting length, L,,, desired energy, E, and the number of springs, n.

To achieve optimal spring design two closed form equations are derived in[Appendix B] from
the standard spring design equations, which relate the constraints of the system to the spring
parameters. First, the mean coil diameter, D, is defined by two constraining features, the spring
extension, y, and the maximum mounting length of the spring, L,,, along with a reduction factor,
A =1 — 0, which reduces the free length of the spring to a percentage of the available mounting
length. Therefore, eq. 2.8 can effectively bracket the possible D and d values to those within the
D(A =1 — 0) region. The region can be further reduced by increasing the lower bound of 1;

Fig. shows lower bounds at A = 0.5 and A = 0.75.

3v/3d(173C,+10%d?)
10v/24/C1+Cy+150d2

4 JETCTTRE \/ZCI—C2+3OOd2+

D + (2.8)
! 2016 20V/6
o _A0GLE 10'/3 (101/3C2 + 20GL,d*(200GL, + 1257x5,,)
L= nSys ’ 2= 7[C3Sys
(2.9)

C; = <Ger6 (—8(104)G2L3 +2.046(10°)GL, S, +6.642(105)7IZS§S) — 3GL,d°\/37Sy,

1/3
¢ ~1.66(1019)G3L3 + 1.231(1011) G2L2 Sy + 4.184(1010)GL, n25%, + 1.634(1010)n353s>

where L, = y/(Ly,A) is the length ratio and G is the shear modulus. The mean coil diameter, D,
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is then related to the desired energy, E, and the number of spring used to store the energy, n, by

—146dE +25n7d>yS,; + \/ 4.149(105)d2E? — 4.730(10)nwd*yESy, + 625n>m2d0y282%

D, —
2 800E

(2.10)
Bounding eq. by eq. gives the line of possible D and d values given the design pa-
rameters. If variation in the desired energy is tolerable, eq. [2.10] can be used to create a region
of possible values. The region between point 3 and 4, in Fig. 2.13] shows the possible values
when a £10% difference in energy is acceptable. This is useful when no standard spring sizes
exist along the line of constant energy. Finally, the change in energy density, as it relates to the
parameters of the system, can be calculated as
_ #(%)4&% @.11)
Equations [2.8] [2.10] and [2.11] are plotted together in Fig. [2.13] which was created using the
parameters of the MultiMo-Bat. The labeled points, 1-4, highlight two critical concepts for max-
imizing energy density, which are the number of springs , n,and the percentage of the maximum
mounting length utilized, A. Point 1 is the natural starting point where the desired energy is
stored with one spring which fills the entire mounting length. While still using a single spring,
energy density can be improved by reducing the free length of the spring however, the mean coil
diameter grows rapidly and may not be tolerable. Point 2 shows the parameters when the free
length is half the mounting length. To further improve energy density, the number of springs used
to store the energy can be increased. The MultiMo-Bat uses 8 springs, labeled as point 3, gener-
ating a significant increase in energy density. Point 3 yields a mean coil diameter, D = 2.76 mm,
and a wire diameter, d = 0.4 mm, which is a standard size. To compare this analytical solution to
a previously used iterative strategy, the desired energy was set to 6.35 J, a value greater than the
minimum required of 6 J, which is a known optimum standard size spring for this robot. In this
case both strategies produce the same spring parameters. The energy density, at point 3, is 515

J/kg. For the MultiMo-Bat, the mounting configuration of the springs restricts the outer diameter
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Figure 2.13: Shown is the relationship between the number of springs, n, the mean coil diameter,
D, and the energy density, U, as a function of the wire diameter, d, the length ratio, L,, and
the energy, E for the MultiMo-Bat. Points 1 and 2 are using a single spring to store the energy
however, while Point 1 fills 100% of the mounting length Point 2 fills only 50% but achieves
an increase in energy density. The MultiMo-Bat uses 8 springs to store the jumping energy
which is labeled as Point 3, further increasing energy density. Robot parameters: L,, = 71.1 mm,
y=147.6 mm, E = 6.35 ] ; Material(A229) parameters: R = 0.7, & = 1.05, Sy, = 1.01194 01833
GPa, p =7.86 g/cm3, G =79.3 GPa; Defined range of d in eq. is 0.51 — 15.88 mm.
of the coil to approximately the value at point 3. Therefore, little length reduction is possible
to further improve the energy density. The shear stress equation is only defined down to 0.51
mm for material A229 therefore, the allowable shear stress is held constant for wire diameters
below this value which creates the artificial flattening in the curve. Extension of the ranges would
be required to determine the true value but extrapolation might give some idea of the possible
improvement.

Once a D and d have been selected, within the bracketed region which satisfies the system
requirements, A can be calculated by using eq. solved for F and substituted into the standard

spring deflection equation. Solving this equation for A yields

_ GL.d*(123d* —73dD —200D?)

A
2007 (d — D) D38,

(2.12)
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The complete system is capable of storing a maximum of 6.35 J to power the jumping locomo-
tion mode to heights of over 3 meters. This analysis highlights the benefits of increasing the
number of springs, meaning it favors smaller wire diameters which increase material strength,
and decreasing the percentage of the mounting length utilized, meaning it favors larger mean coil
diameters to reduce stress non-uniformities in the cross-section. As compared to a more basic
spring selection strategy, this guarantees that the designed spring achieves its maximum allow-
able energy density by accounting for the change in material properties and by ensuring that the
spring reaches its maximum allowable deflection. The utilization of 8 springs by the MultiMo-
Bat results in a 27% reduction in the spring mass as compared to the use of a single spring. More
importantly, the reduction percentage is not constant, increasing the desired energy will increase
the mass percentage reduction; for example, using the springs selected above to store twice the

energy results in twice as many springs but, achieves a 36% reduction in the spring mass.

2.6 Gliding Mode

The design concept of the MultiMo-Bat requires a highly integrated and completely passive glid-
ing locomotion mode. Therefore, within the confines of the integrated design strategy, the gliding
dynamics and wing design will be examined further to elucidate methods for incorporating em-
bodied intelligence to passively adapt to the initial gliding conditions while cooperating with the

jumping mode to preserve the overall performance.

2.6.1 Gliding Phase Dynamic Model

To reduce the possibility of slipping and overcome tall obstacles, the jumping mode employs a
vertical jump which create the most difficult initial conditions for gliding. Therefore, the goal
is to design a flying wing which is able to achieve horizontal velocity from a vertical jump.
Furthermore, it is advantageous to incorporate embodied intelligence into the dynamics of the
wing to passively transition from jumping to the gliding state, and thus reduce the need for

actuation and enhance the robustness of the mode. To this end, a 6-DOF model is presented
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which can serve as a framework for predicting the gliding locomotion mode’s behavior based on

the aerodynamic effects, wing parameters, and initial conditions.
6 Degrees-of-Freedom Model

During the gliding locomotion mode the wings are locked in the gliding configuration creating a
single body with distributed mass. Therefore, 6 degrees-of-freedom (DOF) can capture the entire
behavior of the system. From Newtonian mechanics, the 6-DOF dynamic equations of motion

can be calculated as the rate of change of the linear p and angular / momentum

d - d
g — d _ g — F — d 2.1
Pr=mip = (Pr)=H o (mvy) (2.13)
=1 — =M;=—(1 2.14
h=Lo = 7 (hr) i dt( 10r) (2.14)

where, in the inertial frame, V; and m represent the body’s velocity and mass, respectively, and I;
and &y represent the body’s moments of inertia and the angular velocity, respectively. However,
as the moments of inertia are constant in the body frame, I, it is advantageous to write the equa-
tions of motion in the body frame instead of the inertial frame. Accounting for the observation
differences and rotation of the body frame through the use of the ZY X-Euler angles the equations

of motion can be written as

. 1 . N
Vg = ZFB —|—H11381 — WB X VB (2.15)
&)B ZIEI(MB—(T)B XIBEJB) (216)

where, Vg and @p are the robot velocity and angular velocity in the body frame, respectively. The

aerodynamic body forces, Fp, and moments, Mp, are represented as,

L Cx
Fp = EpVZS Cy (2.17)
1CZ] g
L G
Mp = 5,ov255 Cn (2.18)
_Cn_ B
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where the air density, p, reference velocity, V, and reference wing area, S, define the body frame
lift Cz, drag Cx, side-slip Cy, roll moment C;, pitch moment C,,, and yaw moment C,. The
rotation matrix, HZ, rotates vectors in the inertial frame to the body frame. However, the goal
is to determine the motion of the system in the world (inertial) frame therefore, two variable

transformations required are included

;= Hevp (2.19)

Opuier = HE"" @p (2.20)

where, V; represents the body velocity of the inertial frame and &g, represents the angular
velocity in the frames of the Euler angles. The rotation matrix, Hg“l”, rotates vectors in the
body frame to the Euler angle frames.

This 6-DOF model accounts for the full dynamics of the system, where the aerodynamic
forces and moments provide the possibility to encode mechanical intelligence into the gliding
locomotion mode. In particular, to passively transition from a vertical jump to gliding flight, fo-
cus is placed on the pitching moment characteristics. However, the aerodynamic coefficients are
highly dependent on the shape, angle-of-attack (AoA), and flow regime of the airfoils. Therefore,

the coefficients are best determined using computational fluid dynamics.

Aerodynamics Coefficient Calculation

Calculating the aerodynamic coefficients begins with the selection of the airfoil shape, as this is
the dominant aerodynamic structure on the MultiMo-Bat. A computational fluid dynamics solver
is then used to determine the pressure distribution over the surface of the airfoil for all angles-of-
attack (AoA € [—180, 180] deg). In particular, because the airfoils transition between the flying
and stalled regime, a higher point density is used near the transition AoA € [5,15] deg. From the
pressure distribution, the aerodynamic coefficient for lift C;, drag Cp, and pitching moment C,,

are calculated in the velocity frame at the assumed aerodynamic center of the wing, 25% of the
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Figure 2.14: Diagram of the airfoil model where the parameters for calculating the aerodynam-
ics coefficients are presented. The surface normals point into the airfoil body and are used to
determine the direction of the pressure force.

chord length measured from the leading edge, through rearrangement of the drag equations
and as

G- 1 #(q)
[CD} a %szc_/qp (9) L?(q)} dq 2.21)
—1 3 A
Cm =~ Tov2z /q p(9)2(9)x(q) — p(9)%(q)z(q)dq (2.22)

where, p = 1.2041 kg/ m?> is the density of air at sea level and 20 °C, V is the magnitude of the
body velocity, ¢ is the mean aerodynamic chord length of the airfoil, p is the absolute surface
pressure, (%,Z) is the surface normal, (x,z) is the position measured from the quarter chord ¢/4,
and ¢ is the point along the airfoil perimeter as seen in Fig. [2.14] Then the center-of-pressure

(CP), the point at which the aerodynamic forces produce zero moment, can be calculated as
2(61)} [X(q)}
. d
] - [ra ] [
2(61)]
N d
/q P <Q) |:x( C[) q

Typically, the forces and moments on the wing are considered around the aerodynamic center

2.2
o (2.23)

however, due to the high AoAs caused by the passive transition between jumping and gliding,
the CP is necessarily calculated to understand the effect of its relative position in relation to the

positioning of the center-of-mass (COM).
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Aerodynamics Coefficients - Flat Plate Airfoil

The flat plate airfoil provides a lower bound for the performance of the MultiMo-Bat and allows
for comparison, in the future, to more complex airfoils. The coefficient calculation begins with
computational fluid dynamics (CFD), employing the full Navier Stokes Equations and a Turbu-
lence model (Comsol), to calculate both the pressure and velocity distribution over the surface
of the airfoil. The CFD analysis produces the plots shown in Figure and [C.2] which repre-
sent the velocity and pressure distribution. At the AoA of 6 degrees the divergence of the wake
is seen indicating the transition to turbulent flow or airfoil stall. At the AoA of 45 degrees the
upper side of the airfoil has nearly zero velocity resulting in an equal pressure distribution over
the upper surface. This asymmetry of the center-of-pressure is then a result of the asymmetry in
the under surface pressure distribution. The pressure distribution over the surface of the airfoil
is presented in Figure 2.15 where the (green) indicates negative pressure relative to atmospheric
pressure and (red) indicates positive relative pressure. Through integration of the surface pres-
sure over the airfoil, Fig. 2.16p, the total force vector is calculated. Using equations and
[2.22] the lift Cy, drag Cp, and pitching moment C,, coefficients are plotted, as seen in Fig. 2.16b
with the lift-to-drag ratio presented in Fig. and the center-of-pressure along the chord in
Fig.[2.16{d. Table[2.2]compiles the aerodynamic parameters necessary for the 6-DOF simulation

of the MultiMo-Bat using flat plate airfoils.
Results and Discussion

Figure[2.16f shows that the position of the center-of-pressure (CP), along the chord of the airfoil,
is a function of the angle-of-attack (AoA). At an AoA=90 deg the CP, measured along the chord
from the leading edge, is at the 50% position however, as the airfoil comes out of the stall at
approximately AoA=6 deg, the CP moves to the 32.3% position with a maximum possible shift
of 24.5% at AoA=3 deg. This is important because the wings are deployed parallel to the ground
therefore, as the robot begins to fall, they will initially see flow normal to the airfoil however, for

directional gliding it is necessary that the AoA be less than 90 degrees. The passive transition to
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Figure 2.15: Relative pressure distribution around a flat plate airfoil. a) =0 degree angle-of-
attack (AoA), b) a=4 degree AoA and the center-of-pressure (CP) at the 25% chord position ¢)
=6 degree AoA and CP shifted from the 25% position, d) =45 degree AoA and stalled regime,
and e) o=90 degree.
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Table 2.2: Flat Plate Airfoil Coefficients at Angle-of-Attack (AoA)

Properties®
AoA (o) CL CD Cm cp(@)’ cp(t)*
(deg) (chord %) (mm)

0 0.0000  -0.0035  -0.0001 42.7 -0.83
1 0.1108  -0.0049  -0.0001 249 -0.61
2 0.2232  -0.0100  -0.0007 24.7 -0.16
3 0.3361  -0.0184  -0.0018 245 -0.07
4 0.4570  -0.0325 0.0000 25.0 0.22
5 0.5893  -0.0515 0.0163 27.8 0.34
6 0.6971  -0.0735 0.0515 323 0.40
7 0.7351  -0.0915 0.0748 35.1 0.33
8 0.7552  -0.1079 0.0857 36.2 0.21
9 0.7581  -0.1228 0.0949 374 0.13
10 0.7677  -0.1385 0.1006 37.9 0.00
11 0.7769  -0.1545 0.1046 38.2 -0.10
12 0.7890  -0.1713 0.1080 384 -0.21
13 0.8027  -0.1889 0.1112 38.5 -0.31
14 0.8130  -0.2062 0.1139 38.6 -0.42
15 0.8278  -0.2251 0.1166 38.6 -0.55
20 09133  -0.3345 0.1331 38.7 -0.94
25 1.0077  -0.4705 0.1564 39.1 -1.21
30 1.1072  -0.6387 0.1890 39.8 -1.35
35 1.1952  -0.8359 0.2281 40.6 -1.42
40 1.2656  -1.0609 0.2733 41.5 -1.45
45 1.3083  -1.3058 0.3228 42.5 -1.53
50 1.3159  -1.5657 0.3755 43.4 -1.53
55 1.2845  -1.8318 0.4309 443 -1.53
60 1.2088  -2.0912 0.4859 45.1 -1.54
65 1.0887  -2.3316 0.5387 45.9 -1.56
70 0.9307  -2.5538 0.5925 46.8 -1.55
75 0.7337  -2.7341 0.6401 47.6 -1.55
80 0.5072  -2.8708 0.6826 48.4 -1.55
85 0.2596  -2.9557 0.7186 49.2 -1.54
90 0.0000  -2.9841 0.7460 50.0 1.32

* right handed axes with +X right, +Z up.

tCenter-of-pressure measured as percent of chord length (chord %) from the leading
edge of the airfoil in the body frame (chord = 279 mm).

iCenter-of-pressure measured perpendicular to chord in the body frame.
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Figure 2.16: a) Diagram of the flat plate airfoil where, t =3 mm and ¢ = 279 mm. b) Flat plate
lift, drag, and pitching moment coefficients. The coefficients are calculated from Comsol CFD
data of the pressure distribution around the airfoil at angles-of-attack (AoA) of: 0, 1, 2, 3, 4, 5,
6,7,8,9, 10, 11, 12, 13, 14, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, and 90
degrees. ¢) The center-of-pressure (CP) moves along the chord axis of the airfoil starting from
around the quarter chord position during flying and shifting toward the half chord position as the
airfoil stalls. At an AoA of 90 degrees the CP reaches half chord position. d) Flat plate lift to
drag ratio is shown as a function of the angle-of-attack (AoA).

gliding can then be achieved by positioning the COM of the robot between the extremes of the
CPs, as illustrated in Fig. Therefore, as the robot drops the airfoils are initially rotated into
the flow, by the nose down pitching moment, as they come out of the stall, and the CP moves
forward, the resulting nose up pitching moment slows the rotation and the system stabilizes

around some non-steady directional glide trajectory.

With the passive transition from a vertical jump to a horizontal glide now possible, the sim-
ulation is used to explore the overall behavior. Figure [2.18] presents the simulated result for the
MultiMo-Bat presented in Fig. where the initial pitch angle is set to 2, 20, and 40 degrees
and the insets show the pitch angle of the body. The pitch angles of the 3 trials, demonstrates

the non-steady state nature of this gliding behavior where the pitch angle varies continuously

52



Side View Stall State D Flying State

Chord Length

(Back)
Stall State Transition Flying State
Aerodynamic State
Forces (CP) (CP Shift)

Pitch Down
l'»
Wing Moment
[ ," ] I;\’I:tch Up
- oment“
COM Motion

Figure 2.17: The robot can passively reorient through the positioning of the center of mass
(COM) and the center-of-pressure (CP) such that during the stalled state a pitch down moment
is generated and once the wings come out of the stall, the CP shifts generating and pitch up
moment. The boundaries of the CP are the 50% chord position for stall to the 24.5% chord
position for flying.

throughout the glide; stable gliding would result in constant pitch angles. As aerodynamic forces
are non-conservative, the trend shows increased performance with a reduction in the pitching ve-
locity which is achieved by minimizing the initial pitch down reorientation phase; compare the
20 deg trial, Fig.[2.18p, with significant pitch down during the initial acceleration phase whereas
the 40 deg trial, Fig. 2.18, shows only minor increases.

The simulation also allows for exploration of the combination of jumping and gliding loco-
motion. In addition to jumping vertically, a later generation MultiMo-Bat, Fig. 4.5] is capable of
jumping at angles. The simulation shows significant increase in the gliding performance as the
jumping angle is reduced from 90 deg. This is due to the orientation and kinetic energy created
during the jump, being carried through the coast phase to the gliding phase, allowing for quicker
reorientation and reduced initial acceleration period to achieve the dynamic characteristics nec-

essary for gliding. The challenge then becomes creating an airfoil within the integration strategy,

which requires highly collapsible wings, to take advantage of this dynamic behavior.
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Figure 2.18: Simulated gliding behavior for a center-of-mass at 42.5% of the chord and initial
conditions of height 3.45 m and pitch down angles a) 2 degrees, b) 20 degrees, and ¢) 40 degrees.
Note: Parameters from later generation MultiMo-Bat, Fig. [3.12}
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Figure 2.19: Simulated jumping and gliding behavior for initial conditions of velocity 8.677
m/s and jumping angles a) 2 degrees, b) 10 degrees, ¢) 20 degrees, and d) 40 degrees. Note:
Parameters from later generation MultiMo-Bat, Fig.
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2.6.2 Wing Design

The wings of bats are made of skin and are therefore similar to soft elastic materials. This
property allows the wing membranes of bats to not only change shape but also the surface area-
to-volume ratio, facilitating membrane collapse. Collapsing the membranes reduces their effect
on the performance of the jumping mode. However, engineered elastomers have high mass and
very low durability and robustness especially when exposed to the elements and under sustained
strain. Therefore, various other materials were considered for the wing membranes. To achieve
high durability and low mass, coated ripstop nylon (Goodwinds, 0.75 0z) was chosen for its high
strength-to-weight ratio. This material has a ripstop weave to reduce the propagation of tears, can
withstand ultra violet exposure, and has a coating that reduces water absorption. This material
however does not stretch, thus it can be deformed but it is not possible to use stored energy
in the membrane to facilitate collapse. Utilizing this material therefore creates two significant

challenges over an elastomer for the wing membranes of the robot.

The first challenge is due to the static behavior of the material requiring that the membranes
must be able to collapse in a way that does not interfere with the jumping locomotion mode. To
achieve this, the wing membranes are mounted to the exterior of the leg structure and designed
to be longer in the chord-wise direction than the leg structure when fully compressed (Fig. [2.20).
Based on the standard buckling theory of a beam, with two pin joints and no other constraints,
mode 1 is the lowest energy state and therefore is the stable configuration the membranes will
adopt as the legs are compressed however; it could be in either the internal or external direction.
If it were to buckle inward it could potentially interfere with any one of the leg components
resulting in reduced performance or structural failures. Ensuring the chord-wise length of the
leg structure is always less than the membrane creates a restricting feature on the inside which
ensures the stable mode 1 buckling state is in the external direction, as can be seen in A-C of
Fig.[2.4]

The next challenge is due to the integrated locomotion design concept. The goal is to add
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Figure 2.20: The wing shape generated by the desired tension profile is shown along with the
cut profile for construction. Superimposed on the graph is the manufactured wing to show the
wing configuration and position of the center of mass. The opening in the wing is used for rapid
testing of various center of mass (COM) positions whereas the final wing should be constructed
asymmetrically.

the gliding locomotion mode without significantly reducing the performance of the jumping
mode. This requires that it does not affect the jumping energy delivered to the ground, does
not produce significant additional drag during the coast phase of the jump, and requires minimal
addition of mass. The vampire bat uses the major bones of the leg as attachment points for the
membrane, and tension is controlled through the configuration of these components. This idea
will be employed in the robot design to achieve similar results. The wing membrane is attached
to both the shoulder joint and the foot of the robot, passively collapsing the membrane when the
leg is compressed. Extension of the leg creates tension on the membrane; however, as this is not
controlled, tensioning is achieved through the utilization of a small amount of energy retained

in the main power springs. The membranes are mounted to 1.53 mm diameter pultruded carbon
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Figure 2.21: The second spatial derivative of the beam shape (curvature) provides an under-
standing of the amount of error which can be tolerated in the manufacturing process. Shown are
the three loading conditions utilized for this system with normalized reaction forces to show the
variation over the contact regions. The label (A) shows the position of this spar in Fig. @

fiber spars (Goodwinds). This creates a unique wing design in that it has no support in the span-
wise direction allowing it to be highly deformable. However, without the leeway provided by the
stretch associated with elastomers, the challenge is to produce the desired tension over the entire

membrane.

To achieve the desired tension profile along the chord-wise axis, the carbon fiber spars are
used as distributed springs. Assuming the spar can be modeled as an Euler-Bernoulli beam
the deflections can be easily determine for several different types of loading conditions such
as, concentrated tip loading, ramped loading, and equally distributed loading as well as many
other variations. This assumption also allows the use of the superposition principle which per-
mits the simple addition of the effects of individual loading conditions to determine the total
deflected shape. As the accuracy of the shape is very important, deflection values were obtained
experimentally and used as a fitting parameter to adjust the elastic modulus of the material. The-
oretically, this now allows for any tension profile, in the chord-wise direction, to be generated.

The challenge comes in manufacturing the wing membranes with the required shape.
To facilitate manufacturing of the airfoil, it is advantageous to consider the magnitude of
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the second spatial derivative of the shape, the curvature, at the contact points of each loading
condition. The greater the magnitude of this value, the more manufacturing error can be tolerated
without reversing the loading condition on regions of the airfoil, such as going from a desired
tension to slaking of the airfoil. As can be seen in Fig. the concentrated load at the tip
creates the highest curvature over the region nearest the leading or trailing edge and should
therefore be incorporated into the design to ensure edge tensioning. The ramped load with the
peak at the tip causes the largest curvature variation over the region of contact and therefore,
should be included to bias the load profile of the wing into tension and reduce the possibility of
slacking. Finally, the distributed load should be included to generate a minimum desired tension.
Also, to ensure that the least amount of energy possible is removed from the jumping mode, to
achieve the desire tension profile, the tension at the base of the spar should not exceed the desired
tension. Because of the rigid nature of the membrane material, any additional tension at the spar
base will not contribute to the tension profile over the spars but will remove that energy from
the jumping mode. As discussed previously, the energy to tension the MultiMo-Bat’s airfoils is
actually stored above the leg angle where the robot leaves the ground during jumping resulting

in no loss in jumping energy.

The design strategy for the wings is to first select a desired reaction force or leg deflection
at the fixed point of the beam, then simply change the weights on particular loading conditions
while maintaining the same reaction force. The current prototype uses all three loading condi-
tions for the benefits discussed previously. They consist of a 0.7 N concentrated tip load, 3.5
N/m ramped load, and 1 N/m distributed load; the total reaction force is 1.09 N with the loads
breaking down as follows: 0.7 N, 0.25 N, and 0.143 N, respectively. This results in a total leg
extension change of approximately 2.3 mm; this small difference is due to both the high per-
formance jumping mode springs and the mechanical advantage profile generated by the four-bar
leg. Then from the beam shape the complete wing shape can be generate and printed out at full

scale for use as a manufacturing template, as seen in Fig.
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2.7 Prototype and Experiments

To verify the performance and feasibility of the integrated design strategy, a prototype was con-
structed and tested (Fig. [2.2). As previously stated, integrating locomotion modes has the po-
tential to significantly reduce the negative effects associated with the additional modes however,
this may not entirely remove all effects. Therefore, it is necessary to quantify the effect that each
mode has on the other to determine how well the integration was achieved. The primary mode
of the MultiMo-Bat is the jumping mode with a highly integrated gliding mode resulting in a
bias toward jumping performance. Therefore, jumping experiments were conducted to deter-
mine both the performance with and without the additional wing structure. Gliding experiments
were then conducted to determine the best chord-wise position of the COM as well as the effect

of passive vs. active wing deployment to the overall gliding performance.

2.7.1 Jumping Performance

The jumping performance of the MultiMo-Bat is a function of the energy stored in the main
power springs, the release mechanism, and the configuration of the robot. Therefore, to test the
integration performance of the robot, six robot configurations, seen in Table were tested
with the energy stored and the release mechanism held constant. Jumping experiments were
conducted with robot configurations which included: with the wing structure, without the wing
structure, and with a variety of wing deployment assist springs. The deployment assist springs
are used to bias the robot configuration into the gliding state by generating a torque about the
shoulder joint. The experiments with and without the wing structure were conducted to determine
the major changes in performance associated with the addition of the gliding mode whereas the
experiments with varied wing deployment assist springs were conducted to determine the effect
of the passive wing deployment strategy.

The overall jumping performance of each test was recorded using a high speed camera

(pco.dimax) at frame rates between 400 and 2000 fps depending on the desired motion reso-
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Figure 2.22: The jumping performance for the no wing configuration (1) is shown along with
the winged configurations (2-6) to show the change in performance associated with the addition
of the gliding mode. See Table for configuration details. The jumping and gliding robot
performance is coupled in both mass and structure; however, the mass contribution is shown to
illustrate how the integration strategy minimizes the mass contribution and has minimal structural
contribution. The wing mass contribution line shows the loss in jumping performance associated
with only the added mass of the additional wing structure which shows other energy losses are
minimal (minimum 10 samples tested per configuration).

Table 2.3: Prototype Experimental Jumping Configurations

Properties
Robot Wing Deployment Mass
Config. Membranes  Assist Springs
(Chord %) (mN.m) (2)

1 N/A N/A 99.5
2 50 7.2 115.6
3 50 14.3 115.6
4 50 23.8 115.6
5 294 26.0 115.6
6 27.3 35.8 115.6

lution. The experiments are analyzed for both the maximum height achieved as well as the
overall system behavior during the ascent phase of the jump. The maximum height achieved

by the system provides an understanding of the overall power and drag of the particular system
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configuration and the behavior during the ascent phase can show coast phase stability of the sys-
tem. For the jumping experiments, both the energy storage and release was achieved by on-board
mechanisms however, the power and signal to operate the system was supplied off-board. Once
the jump is triggered the power tether falls away so as to not affect the jumping performance.
For the configuration 1 tests, which have the wing structure removed, the robot, seen in Fig. @
with the associated data in Fig. was able to achieve jumping heights of 3.63+£0.11 m. Con-
figurations 2-6 of the MultiMo-Bat require the addition of 16.1 g, shown in Table 2.3 which is
comprised of the wing membrane and support spars, to achieve the second locomotion strategy,
gliding. However, with the addition of the second locomotion strategy the robot was still able
to achieve a maximum jumping height of 3.15+0.13 m; a reduction of just 13.2% for the full

jumping and gliding robot.

The variability found in the experimental results has several potential causes and should be
considered for completeness. The major source of variation introduced into the results is the
energy storage mechanism for the jumping mode. Since the legs do not have a fixed stop the
extension length of the springs can be inconsistent between runs resulting in around £+1.5% of
possible variation in the energy stored. The cable used to compress the legs is wrapped around
the reel and possible differences in the unraveling of this cable may result in changes to the per-
formance. The coast phase behavior can also cause changes in performance; however, with the
addition of the gliding locomotion mode the coast phase stability is improved. The large airfoils
produce a restoring moment to any disturbances creating a more stable system and potentially re-
ducing losses associated with undesirable body and leg motions which can be seen in the jumping
only system. Finally, the jumping direction can have a small bias to either the forward or back-
ward direction due to the cable attachment on the legs which affects the experimental results; for

the following jumping and gliding trials, the bias was set in the forward direction.
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Figure 2.23: Shown are individual video snapshots of three jumping configurations which en-
compass the total variation in the jumping experiments. A) Configuration 1, which has the wing
structure removed. B) Configuration 2, which has symmetric airfoils and no wing deployment
assist springs. C) Configuration 6, which has asymmetric airfoils and strong wing deployment
assist springs. The interval between snapshots is 100 ms.
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Figure 2.24: The initial wing state of the system for the ’Active Wing Deployment’ tests is the
gliding configuration whereas the initial state for the ’Passive Wing Deployment’ tests is the
jumping configuration. These two states are the extremes of the possible initial configurations
of the system at the top of the jump. The jumping and gliding system with passively deployed
wings has performance bracketed by these two extremes showing that the wings begin to deploy
before the apex of the jump is reached (minimum 10 samples tested per configuration).

2.7.2 Gliding Performance

The gliding performance of the MultiMo-Bat is a function of several parameters which include
the COM position in relation to the wing chord, the wing deployment type, the orientation at
deployment, and the height. To analyze the effect of these parameters three sets of experiments
were conducted which include active wing deployment, passive wing deployment, and full robot
tests. It is important to note that the active wing deployment tests only simulate active deploy-
ment by beginning the tests with the wings manually deployed. Determining the best position
for the COM of the robot in relation to the wing chord was achieved through testing of various
COM positions; the COM position is measured as a percentage of the wing chord length in front
of the COM divided by the total chord length as seen in Fig.[2.20] To achieve the COM shifting
behavior and facilitate testing of multiple positions an opening was cut into a symmetric airfoil;
for the final design the airfoil should be designed asymmetrically. The opening allows for the

COM to be positioned between the half chord position and just in front of the quarter chord po-
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Figure 2.25: Video snapshots from individual runs of the wing deployment experiments, with the
COM position at chord percents from 20% to 40%. Runs (1) and (2) show the two extremes of the
behavior; (1) shows over-rotation (40.0%) and (2) shows under-rotation (20.0%), both resulting
in poor performance. Runs (3) and (4) show the behavior of the robot at the particular chord
percent which results in the best performance for both actively (29.4%) and passively (27.3%)
deployed wings, respectively. The interval between snapshots is 100 ms.

sition which encompasses the extremes of the possible positions of the center of pressure (COP).
It is important to understand that this is not steady state gliding, as discussed previously, which
is why the initial height will play a role in the gliding performance. Therefore, the maximum
jumping height of the system was determined and the glide tests were conducted from a similar
height to characterize the maximum gliding performance. The final parameter, orientation at

deployment, will be discussed in the full system tests in the following section.

In the initial tests, the active and passive wing deployment experiments were conducted by
dropping the robot from the approximate maximum jumping height (3.03 m) with the initial
configuration of the wings set to the jumping configuration to simulate passive deployment and

the gliding configuration to simulate active deployment. The COM position was varied from 20%
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to 40% of the chord, measured from the leading edge, over six steps with four points grouped
around the maximums. This range ensured that tests were conducted with the COM in front
of and behind the center of pressure - ideally for a flat plate at steady state gliding the position
should be 25%. As the behavior of the system is unsteady, the trajectory is much more of a stair
step shape with a very steep initial drop, where the system reorients to the flow and increases
velocity, which flattens out and ends with the wings over-rotating and reentering a stalled state.
To maximize the glide performance of this trajectory, the stall at the bottom of the trajectory
should be achieved just above the ground to maximize the horizontal distance traveled as well
as using the stall to remove energy from the system just before landing. The active deployment
configuration will achieve lower velocities over the gliding range as the deployed airfoils create
significant drag. However, the passive configuration initially drops with the wings beside the
body, parallel to the flow. Thus upon opening they will experience higher initial velocity before
stabilizing to the velocity of the active deployment configuration. This higher initial velocity and
thus higher force requires a shorter moment arm to avoid premature over-rotation and this is what
we see in the experimental results in Fig. [2.24] Illustrated in Fig. as the distance between
the COM and flying COP, the pitch up moment arm is larger for larger chord percentages and the
maximum glide performance for the active deployment tests occurs at a higher chord percentage
than the passive deployment tests. The glide performance is measured by the glide ratio, defined
as the horizontal distance traveled divided by the maximum height of the robot. Experiments
were conducted at 20% for the passive deployment configuration but were ceased before 10 runs
due to potential damage to the robot as it dropped nearly straight into the ground. The best
performance achieved, seen in Fig. was a glide ratio of 1.1440.06 at 29.4% of the chord,
for the active configuration, and a glide ratio of 0.734-0.02 at 27.3% of the chord, for the passive
configuration. The jumping and gliding robot should therefore have performance within this

range.
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2.7.3 Robot Performance

The MultiMo-Bat prototype has a combination of both passive and, to some degree, active wing
deployment mechanisms. Small springs bias the wings into the jumping configuration. As the
robot reaches the top of the jump the wings begin to deploy before the velocity vector of the
robot switches directions. As the robot begins to fall and the velocity increases, the drag on the
underside of the wings completes the deployment and the system begins the gliding phase of
operation. To test the last parameter, the effect of the orientation of the robot on the wing deploy-
ment and gliding behavior, the complete system was used and underwent a complete locomotion
cycle, shown in Fig. Starting from the ground, the system jumped up to the drop height, the
wings were deployed, and the glide measured. By allowing the system to reach the drop height,
through the jumping and coasting phases, the initial orientation of the robot, at wing deploy-
ment, would be varied by an amount equal to the variation of the system itself therefore ensuring
validity of the experiments. Each run was captured using a high speed camera (pco.dimax), at
1279 fps, this allowed the jumping height of each run to be measured to ensure accuracy of the
calculated glide ratio. The full system was tested at the COM positions which exhibited the best
performance for the two gliding tests. The MultiMo-Bat achieved a jump height of 3.01+0.09 m
with a glide ratio of 0.76£0.13 at a COM position of 27.3% of the chord and a jump height of
3.05£0.10 m with a glide ratio of 0.6710.15 at a COM position of 29.4% of the chord, shown
in Figs.[2.22]and 2.24]

Overall the active wing deployment demonstrated much better glide performance because the
airfoil reorients quicker resulting in more time spent moving horizontally whereas the passive
wing deployment drops straight down initially before the wings deploy and reorient. As stated
previously, the full system has springs that assist the wing deployment allowing them to open
before the robot begins to fall. However, the full system experiments show close alignment to
the passive wing deployment behavior as seen in Fig.[2.24] There is a slight increase in the glide

ratio which is due to the tendency of the robot to jump slightly forward resulting in an increase

66



Jump Height

e @?’ ®
% Starting w
=

Position

—
Initial Height

Figure 2.26: Video snapshots of a typical experimental run of the MultiMo-Bat with the mea-
surement points labeled. The interval between snapshots is 100 ms.

in the effective glide ratio. Therefore, the deployment assist springs do not improve the gliding
performance however; without these springs any variation from vertical alignment of the robot
at the top of the jump would cause the wings to not deploy and the robot to flip upside down and
fall. This stability can be thought of in terms of a support polygon where the opposing force is the
drag; if the gravity vector penetrates the wing membrane the system is unstable. The bias these
springs cause results in an increase in the support polygons size and therefore more tolerance
to misalignment of the robot and a greater probability of successful wing deployment. Finally,
there is one more consideration that should be taken into account. These airfoils stabilize the
system about the velocity vector. Therefore any airflow in the environment will cause the robot
to orient in the direction of the effective velocity of the robot plus the airflow. This effect can
further complicate passive wing deployment. Therefore, to increase the deployment reliability,

further designs should include an active wing deployment mechanism.
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These experiments also show that the off-center mounting of the airfoils causes significant
out-of-plane torque as the legs reach maximum extension as seen in the bowing in Fig.[2.4] The
biologically inspired knee joints, discussed in [[159]], have been specifically designed to compen-
sate for this effect. However, adding some compliance to the airfoil could also be beneficial in

reducing this effect.

2.8 Integrated Locomotion Metrics

These locomotion strategies are coupled in three distinct ways: inertial (ICP), energy (ECP),
and structural (SCP). A quantitative method for identifying and comparing their contribution
can significantly inform further robot design and development however, as of yet, none have
been presented. As inertial coupling is the only unavoidable type, and is minimized through the
integrated design approach, it would be beneficial to have a measure of the level of integration
between the modes or the amount of sharing achieved by the system (Mass Integration Metric).
Energy as well as structural coupling may or may not exist at all. Therefore, to understand the
effects of each coupling type, it is necessary to evaluate the overall cost, incurred by the system,

for the second locomotion mode (Performance Integration Metric).

These metrics however, are not intended to guarantee good locomotion performance, instead
they are design tools which characterizes specific traits about the particular design; therefore,
these metrics have no optimal values. These metrics can indicate further design directions and
provide an initial framework for comparing not only other similar integrated systems but also
their biological counterparts. While overall locomotion mode performance should still employ

the standard mode specific performance metrics for characterization and comparison.
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Table 2.4: Robot Metrics

Robot Configurations
Integration Metrics 5 6
Mass, ;455 1.69 1.69
Performance, /., (Jumping) -18.7+4.5% -20.4+4.1%
Inertial (ICP) -16.2% -16.2%
Energy (ECP) 0 0
Structural (SCP) -2.54+4.5% -4.244.1%

2.8.1 Mass Integration Metric

The mass integration metric, I, 1S @ measure of the percent of the total integrated robot mass

required to combine the modes without any integration between them and is given as

N ~ 1.69 224
Migys ;mld 115.6 sys ( :
VS =1 Y

I, mass —

where [,,,55 has possible values of 1 to the number of modes, n,,, which can be exhibited by a
particular robot. One means no integration and n,, means complete integration between modes.
Also, mj,q is the mass associated with the components necessary for a specific mode and mgy;
is the total integrated robot mass. As this metric is intended to provide insight into the amount
of mass shared between modes, even though design decisions may be different for specific in-
dependent modes, the modes should not be redesigned to determine the specific mode masses.
Further insight may be attained through assigning percentages to the masses of components used
by each mode however, as this is non-deterministic, it cannot be used for comparison. It is also
important to note that this metric does not quantify the quality of the integration strategy.

The MultiMo-Bat requires an additional 16.1 g or just 14% of the system mass to achieve the
second locomotion strategy, gliding. However, to evaluate the mass integration metric the two
modes must be considered separately. The jumping locomotion mode does not require the wing
structure to operate therefore it utilizes 99.5 g of the total 115.6 g robot mass. The gliding mode

does not require the use of the internal energy storage mechanism and therefore utilizes 96.1 g.
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This results in an integration measure of 1.69 at n=2 meaning that 69% of the system mass is
utilized by both modes or another way to think about it is that the robot is 41% lighter than it
would be without integration. This significant reduction in system mass results in the possibility
of preserving a significant portion of the performance of the jumping mode; assuming the effects

of the other two coupling types are minor as well.

2.8.2 Performance Integration Metric

The performance integration metric, Iy, ¢, is a measure of the change in energy per unit mass, to
a particular mode, due to the existence of the other locomotion strategies; it provides an overall
understanding of the cost of the additional modes. This is achieved by measuring the energy state
at the end of the locomotion cycle, of a particular locomotion strategy, both within the full system
and with the unnecessary components removed. The energy state for the jumping locomotion
mode is the sum of the kinetic and potential energies at the apex of the jump trajectory, assuming

flat ground, and is calculated as

—(KE + PE)ing 2(3.620.11)

Lerf = 1— — 1 - T 18,7 44.5% 2.25
pert i (KE + PE) £(3.05+0.10) ©oe®

3

where (KE + PE);, is the total energy of the independent mode and (KE + PE )y, is the total
energy of the full system. It is then possible, with further analysis, to attain an understanding of
the contribution of each coupling type which can facilitate further development.

The performance integration metric for the jumping locomotion mode, of the MultiMo-Bat,
is determined by comparing the overall jumping performance of configuration 1, jumping mode
only, to that of the MultiMo-Bat configurations 5 and 6 (Table [2.3). This yields a performance
integration value of -18.744.5% and -20.4+4.1% for configurations 5 and 6, respectively. The
loss of only one fifth of the performance is significant because of the difficulty in combining these
two modes in a single system with on-board actuation. To determine the quantitative effect of
each coupling parameter, the possible effects of each, as they relate to this specific system, must

be considered. The gliding locomotion mode does not affect the actuation and energy coupling
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of the system and therefore, its contribution is zero, leaving just inertial and structural coupling.

The contribution of the mass can be calculated as

mighy +0.5mivi + Fp, = maghy +0.5mpv3 + Fp,

1 —my/my =1—(ghy+0.513)/(gh; +0.5v}) (2.26)

where m;gh; is the height potential energy and Fp, is the non-conservative energies for both
the full system, i = 1, and the separated jumping mode, i = 2. Setting the drag to be equal in
both configurations, Fp, = Fp,, yields the latter relationship, in eq. 2.26, which provides the
contribution associated with the mass, resulting in a 16.2% loss in jumping mode performance.
Then, relaxing the Fp, = Fp, constraint, the structural coupling, of the airfoils, therefore accounts
for the remaining minor losses in performance of only a few percent, which can be seen in

Table

2.9 Robot Scaling

The comparative size and diversity of obstacles in the environment to miniature biological organ-
isms (approximately 1 to 100s of grams) has produced a wide variety of integrated locomotion
strategies. However, within this range, the scaling of the organism as well as a robot may yield
performance benefits.

The scaling relationships can be separated into several categories: general properties, energy
storage, forces, and actuators, which elucidate the overall scaling potential of the MultiMo-
Bat within the high Reynolds number dynamic regime in which it exists. The symbols after the
length scale, S, indicate a preference to scaling down, (—), up, (+), situation dependent, (+), and
non-scaling values, (c). All scaling relationships assume isometric scaling where dimensional
proportionality is maintained.

The general properties, Table [2.5] for which the scaling relationships are presented are those

which affect the dynamics and structural integrity. The major contributors to the dynamics are
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Table 2.5: Scaling: General Properties

Properties Details Equation Scaling *
Mass’ Translational m=ILWHp S3(-)
Moment of Inertia Rotational J o< mL? S3(—)
Volume V =ILWH S3(-)
Surface Area A=LW S2(+)
Surface Area/Volume S/V=A/V S~H(=4)
Stiffness Second moment of 1= [,y2dA SH(+4)
area.
Beam Stiffness Euler-Bernoulli beam
L3 Pconst = S;l (‘l‘)
Beam Deflection Concentrated tip loads. &) = 75} Pass = S ](—)
Pspring =S (_)
Distributed load beam ol ’
mass. % = g7 §°(-)
* Scaling Relationship (S=length scaling).
twhere the length, L, width, W, height, H, and density, p, define the mass.
Table 2.6: Scaling: Forces
Force Details Equation Scaling *
Spring Force Fs= 1Kx S2(+)
Helical spring K= % st
Friction Force Fr=uN+7A S34+82(—)
N <m
Aerodynamic Force Lift Fp=1CipAv? <A S2(+)
Drag Fp = 3CppAv? =< A S2(-)

robot.

* Scaling Relationship (S=length scaling).
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the translational S® and rotational S° inertias and the projected drag areas which relate to ac-
celerations and velocities and thus the overall locomotion mode performance of the robot. The
structural integrity is related to the stiffness of the components as compared to the robot mass
which affects their deflection, S?. The general properties point towards a down scaling as ben-

eficial, in particular because reducing inertia reduces impact forces and thereby damage to the



Table 2.7: Scaling: Energy Storage

Component Details Equation Scaling *
Spring Es = 1Kx* S3(+)
Battery Volume dependent. Ep<V S3(+)

. Parallel plate capacitor L2 1 2 3
Capacitor! model. Ec = 5CV; = 5eAdU; S°(+)

Vo= . c=% V. =Uud

* Scaling Relationship (S=length scaling).

twhere the capacitor voltage ,V,, capacitance, C, total charge, Q, dialectric permittivity, €, dialectric strength, Uy, plate area, A,
and gap, d, define the energy storage capacity.

The forces, Table for which the scaling relationships are presented are those which are
dominant in the MultiMo-Bat or miniature robots in general. Both the spring force, 2, which re-
lates to jumping, and the lift force, $2. which relates to gliding, tend to increase the performance,
whereas the friction, S°, and drag forces, $2, tend to reduce it. The energy storage devices, Ta-
ble present equal scaling amongst the different devices and therefore can be chosen to meet
the needs of the energy application and availability. The preferred scaling direction of the forces
and energy storage devices is more ambiguous as they must typically act against the inertias of

the robot.

The actuators, Table for which the scaling relationships are presented are those which
are used in the MultiMo-Bat and many other miniature robots. Both actuators show the standard
scaling behavior where scaling up increase forces and torque whereas scaling down increases
speed. The preferred scaling direction of the actuators is therefore dependent on the requirements

of the mechanisms and the actuation characteristics of the degree-of-freedom.

The robot characteristics, Table [2.9] for which the scaling relationships are presented, are
those from both the locomotion mode performance and components perspectives. The primary
relationships, spring energy density, S°, and lift-to-drag ratio, S°, scale in direct proportion, re-
sulting in no difference between size scales and therefore no means to increase performance.

However in concert with Section [2.5.2] the leg inertia, S°, does exceed the spring, $3, and mo-
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Table 2.8: Scaling: Actuators

Actuator Properties Details Equation Scaling *
Electric Motor
Force’ Lorentz Force Fo = qE +qv, X B S2+83(+)
Torque Tem = Femd S3 + S4(+)
Experimental General Motors o< m! S3 371
Experimental Maxon Motors o< m!-27 $+0 137
Stroke Rotational Continuous S%(c)
Speed o< Tom/J ST —=872(-)
Shape Memory Alloy
Force Fspa = OsmaA $2(+)
Stroke Linear Lsya = 0.05L SH(+)
Thermal energy 1
Speed dissipation limited. S/V §7(-)
* Scaling Relationship (S=length scaling).
twhere the charge on the particle, g, electric field, E, particle velocity, vp, and magnetic field, B, define the particle force.
Table 2.9: Scaling: MultiMo-Bat
Properties Details Equation Scaling *
Jumping
Spring Energy/Mass Jump Height (Stored Eg/m S%(c)
Motor Energy/Mass Energy) Fox/m SO — S'(+)
Spring Torque/Leg Inertia Rotational 0 o< FsL/J S 8§72(-)
Gliding
Airfoil Lift/Drag F./Fp S%(c)
Structures
. 20
Stiffness Deﬂectlpn (Robot mass) 0 S°(—)
Deflection (Component 5, 2(—)
mass)
Actuators
Motor Torque/Mass Tom/m SO — S'(+)
SMA Force/Mass Fsya/m S71(—)
SMA Speed <S/V S71(—)
Energy Storage
Energy Storage/Mass Battery and Capacitor EB cap/m S%(c)

* Scaling Relationship (S=length scaling).
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tor, $%, torque thus preferring a reduction in scale. Whereas the component scaling perspective
presents a clear preference towards reducing the scale which also significantly reduces the inertia

and, as discussed previously, the potential impact damage.

Since the primary scaling relationships show very little difference between scales, a simple
isometric scaling is not sufficient to significantly improve the performance. Instead, as with bio-
logical systems [156]], robots too, within the framework of the coupling parameters (Section[2.4),

must exploit allometric scaling to enhance performance.

2.10 Discussion

The MultiMo-Bat is able to preserve over 80% of the jumping mode performance which is quite
significant because of the conflicting requirements of these two locomotion strategies. Jumping
locomotion requires high energy per unit mass, high stiffness, and low drag to achieve high per-
formance while high performance gliding requires large airfoils which could create very high
drag during the jumping phase as well as significantly increase the mass of the system. With
all of the conflicting requirements, the system lost only 20% of its jumping mode performance
and 16% of that was due to the additional mass (16.1 g) of the gliding structure. This results
in a minor 4% contribution from the structural coupling between the modes. This demonstrates
that there exists a very high cooperation between modes and each is able to reconfigure itself to
cause almost no negative structural effect on the other. The locomotion modes are also highly
integrated; sharing nearly 70% of the total system mass meaning that, of the 83.1% of the system
mass necessary for the gliding mode, only a small amount, 16.8%, of it must be added to the
system. Consequently, the integration strategy abstracted from the vampire bat and employed in
the design of the MultiMo-Bat is successful in creating a high performance electrically power
jumping and gliding robot. Shown in Table the MultiMo-Bat has the second highest abso-
lute jumping height even with the addition of the gliding mode. More importantly, normalizing

the vertical and horizontal distances traveled by the largest dimension of the system, during the
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Table 2.10: Current High Performance Jumping Robots

Jump Dist. Norm Norm M“:M- Mass
Robots Height Horiz. Jump Dist. g Mass (g) Actuation Integration
(cm) (cm) Height Horiz Max Metric
) (cm)
JUMPING
Energetic Silicon [30] 8 0 114 0 0.7 0.3 Combustion
Flea [100] 64 70 21.3 23.3 3 1.1 SMA
7g Jumper [82] 138 79 27.6 15.8 5 6.98 DC Motor
7g Self-Righting [83] 76 63 6.3 5.3 12 9.8 DC Motor
7g Steering [84] 62 46 34 2.6 18 14.3 DC Motor
Buckling Robot [162] 1.5 95 0.1 8.6 11 18 DC Motor
MSU Jumper 1 [175] 55 unkn 6.9 unkn 8 20.4 DC Motor
MSU Jumper 2 [176] 87 90 10.9 11.3 8 23.5 DC Motor
Rescue Robot [149] 80 unkn 3.5 unkn 23 2300 Pneumatic
Sand Flea (18] 800 unkn 17.5 unkn 45.7 4990 Combustion
JUMPING AND GLIDING
7g Jump Glider [81] 12 30 0.2 0.6 49 16.5 DC Motor 1.06
Jump Glider [39] 125 500 1.8 7.1 70 30 Off-board 1.0
Glumper 71 130 200 1.3 2 100 700 DC Motor 1.56
mmsaos Vampire gy 29 unkn 3.6 unkn 8 23 Muscles >1.69
MultiMo-Bat Wﬂmwa& 305 232 9.8 7.5 31 115.6 DC Motor  1.69

* The vertical and horizontal jumping distances are normalized by the largest system dimension during the jumping phase.
* The values for the mass integration metric are approximated for other system.
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jumping phase, demonstrates that the performance of the integrated jumping mode is compara-
ble to existing jumping systems and surpasses that of current jumping and gliding systems. This
provides good evidence for proposing integration as a possible method for improving miniature

robot mobility.

To further improve the performance, an analysis of the coupling parameters can indicate
where the biggest improvements can be achieved. In this case the primary loss is due to the
inertial coupling, which is the only unavoidable parameter, with the majority of that contained
within the membranes themselves. Therefore, the largest improvement in performance would be

achieved by the addition of lighter membranes.

2.11 Chapter Summary

An integrated strategy, abstracted from a biological system, for the combination of jumping and
gliding locomotion modes has been presented which achieves high performance at a high level
of integration. This is achieved through an understanding of the two key underlying concepts of
integrated design strategies. The sharing of similar structures can preserve performance through
decreasing the size and weight and increasing the structural cooperation. Maximization of indi-
vidual mode performance is achieved, within the integrated framework, through the utilization of
regions of the design which are uncoupled from the other locomotion modes. The MultiMo-Bat,
with a mass of only 115.6 grams, is shown to preserve over 80% of its independent jumping mode
performance due to the integration strategy of the gliding mode. The MultiMo-Bat overcomes
one of the most significant challenges to the maximization of individual mode performance as it
has all actuation components on-board. These high energy actuation components can exert forces
of nearly 300 N, from a device which has a mass of only 19.5 grams, to power the jumping lo-
comotion mode to heights greater than 3 meters. It also uses airfoils with no span-wise support
and unique distributed springs to generate specific airfoil tension profiles to increase gliding per-

formance while minimizing their effect on the jumping performance. The full system achieved a
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maximum glide ratio of almost 0.9 and the active wing deployment experiments achieved glide
ratios of around 1.2. Most importantly, within the integrated framework, significant mechanical
intelligence has been encoded into the system which allows the MultiMo-Bat to passively recon-
figure components, both necessary and not, for the active mode and passively transition between

jumping and gliding locomotion, thus freeing up robot controllers to focus on higher level tasks.
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Chapter 3

MultiMo-Bat: Tailored Magnetic Springs
for Detwinning of Shape Memory
Alloy-Actuated Mechanisms in Miniature
Robots

3.1 Introduction

One consequence of integrating locomotion modes is that it minimizes the need for actuators, but
does not remove it. Therefore, the method by which these modes are actuated can significantly
alter the mobility enhancement gained from the added mode. Thus posing a particular question,
how best are degrees-of-freedom (DOFs) and particularly actuated ones added. The possible
solutions to this problem are highly dependent on the size scale of the robotic system. Whereas
large scale robots can better tolerate the addition of electromagnetic (EM) actuators, miniature
robots cannot, due to the EM actuator’s size, weight, and actuation characteristics. Instead,
miniature robots rely more and more on smart material based actuation strategies. These smart
material actuators include: shape memory alloy (SMA) actuators, dielectric elastomer actuators
(DEA), ionic polymer-metal composites (IPMC) actuators, and recently buckling elastomeric
beam actuators [[164]] and coiled polymer muscles [S3]]. However, they too have deficiencies
which limit their applicability. Common deficiencies of smart material actuators are unidirec-

tional actuation, force drop-off at the ends of their stroke, and, for thermal based actuation, low
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efficiency. A tailored magnetic spring could be designed to increase the work output by providing
the minimum necessary return force, increase the stroke by increasing the force at the extremes
of actuation, and increase the efficiency by providing a holding force so the actuator can be
turned off while adding application specific functionalities. However, the design flexibility of
traditional springs limits their ability to satisfy these requirements. We propose a methodology
for tailoring custom magnetic springs, based on sets of permanent magnets, to the characteristics
of SMA actuators and the desired functions of the mechanism, thereby facilitating inclusion of
these mechanisms into the jumping-gliding robot, MultiMo-Bat (Fig [3.1)) [159, [160], as well as

more miniature robots in general.

Permanent magnets have found their way into a wide variety of applications from magnetic
bearings [9,165,1104,146,1167], latches [11], springs [106} 122], motors [131,/144], and levitation
systems [26]] to vibrational energy harvesting [8, 20, 125, 165} [171] and many other fields as
well. Using magnets to impart forces has several advantages over other principles including:
non-contact force, no material fatigue, and unique force-displacement relationships [34)]. This
widespread use of magnets has resulted in many works over the decades to understand the fields
produced and the forces and torques exerted for cylindrical [1, 130, [151]], cylindrical arrays
[[152]], cuboidal [1, 3], ring [117, [118], thin coils [33]], and arbitrary [36]] geometries. Design of
these types of systems generally begins with preset or preconceived magnet configurations and/or
geometries with known behaviors. These preconceptions about configuration and/or geometry
tend to limit the applicability and flexibility of the resulting solution. Here, the design problem
is approached without these restrictions. This chapter proposes a methodology to determine a
magnet configuration which will produce a desired magnetic force-displacement relationship or

tailored magnetic spring to suit any application.

These tailored magnetic springs do have several differences from traditional springs, as seen
in Fig. [3.2] Instead of mounting between opposing surfaces, the magnets used to create the

force-displacement relationship are embedded into the surfaces of the mechanism. The scaling
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Figure 3.1: CAD model of the MultiMo-Bat with the shape memory alloy-actuated energy stor-
age and wing locking mechanisms; both of which contain a tailored magnetic spring. The energy
storage mechanism requires six sets of magnets to produce the desired force while the wing lock-
ing mechanism requires only four.

relationship of magnetic force also differs from traditional springs. Depending on the position
and the geometry of magnetic object, the scaling relationship can change however, a good ap-
proximation comes from Biot-Savart’s law - fully compliant with Maxwell’s equations - where
the magnetic field scales with B o< L2, assuming only the distance from the object scales [154].
Therefore, magnetic force scales with F o< L™3 and the magnetic force gradient with F’ o< L™4,
Thus significant variation in force is possible, albeit over relatively short distances; perfect for
typical SMA actuators used in miniature robots. In practice several millimeters and below is a
good range. However, theoretically any well-defined function of force vs. displacement can be
created to satisfy the needs of a miniature robot mechanism or smart material actuator. Com-
bined with traditional springs, these tailored magnetic springs can add functionality to a broad

range of applications.
Despite the current challenges, SMA actuators have been implemented on many robotic plat-
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Figure 3.2: a) Mechanical springs are typically mounted between opposing surfaces and create
force-displacement relationships which tend to resist the motion (negative slope). For linear and
non-linear springs the scaling of the change in force, F’, favors a longer displacement range but
with low variation. b) Tailored magnetic springs are embedded into surfaces which move in
relation to each other; such as surface 1 and surface 2. These surfaces have opposing surfaces on
the body which will also have embedded magnets. The scaling of the change in force, F’, favors
a very short displacement range but with very high variation. ¢) Both mechanical and tailored
magnetic spring have areas in which they are most applicable, however, the combination can take
advantage of both types and add significant functionality to a spring system. Note a,b) The red,
green, and blue lines are examples of possible force-displacement relationships for mechanical
and magnetic springs, respectively. Note ¢) The example combination curve (dashed red) shows
a possible tailored magnetic spring with energy storage or damping characteristics. (©)[2017]

IEEE

forms. As primary actuators, SMA has been implemented in crawling [88), [116]), walk-
ing/running [60, [150], climbing 54|, [77], swimming , and jumping
(58l (78, [100] robots. Shape memory alloy has also been used in soft robots [103} be-
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cause of its low stiffness, and medical devices [49, 159, 169, (75, 92, 97, 1148]] because of its small
size and high force-to-weight ratio. High dimensional robotic platforms such as reconfigurable
robots [98, 168, [169]] and robotics hands [27, 28] 186 also make use of the miniature size to inte-
grate large numbers of actuators. A number of groups are also exploring methods for increasing

control, reliability, cycle time, and stroke of SMA actuators [235, 162, [71]].

The added functionality of tailored magnetic spring paired with a smart material actuator
may facilitate increased performance in a variety of miniature robotic platforms. The smallest
and lightest scale of these miniature robots [79, 99, 100, 137, |172] may benefit from increased
actuator work output. Whereas, miniature robots exploring enhanced mobility [[12} 45) 163} /7,
82,195 1102, (147, [178]], reconfigurable robots [24], construction robots [155], and deformable
robots [66], which implement EM actuators for the main energy input, may find benefit in added
DOFs with low weight high function actuators. In certain cases, the intended environment itself
imposes restrictions to the use of EM actuators and thus requires the use of smart materials
such as soft robots [21} 90, 124, 132, [135]] which must remain soft, medical robots [50, [105,
119} 1166] which must fit in the in-vivo environment, swimming robots [114, [173] which must
ensure electrical isolation from the fluid, and high DOF robots [28]] which cannot fit sufficient
quantities of EM actuators. All these systems may benefit from the added functionality afforded

by a tailored magnetic spring.

The chapter is organized as follows: Section 2 begins by introducing the concept of magnetic
segments and, through combination of these segments, tailored magnetic springs (TMS), and
Section 3 discuses how these segments can relate to the characteristics of shape memory alloy-
actuated mechanisms in miniature robots. Sections 4 and 5 presents the design strategy for
relatively simple TMS and the adaptability of a TMS afforded by the irreducible set, respectively.
Sections 6 and 7 develop the energy storage and wing lock mechanisms, respectively. Section
8 and 9 experimentally characterize the mechanism and the performance improvement to the

MultiMo-Bat, respectively. Section 10 introduces the extension of the custom complex spring
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design methodology where Sections 11 and 12 present the analytical and numerical portions of
the methodology, respectively. Section 13 compares and discusses the results of the methodology
using different segment sets. Sections 14 and 15 present estimations of mounting space and
extensions of the methodology to any interaction force and magnetic fields, respectively. Finally,

Section 16 discusses the strengths of the methodology and Section 15 summarizes the chapter.

Nomenclature
d - Desired displacement.
d - motion-axis: Unit displacement vector.
K - Total displacement or evaluation points.
F} - Force vs. displacement (f-d) function: Discretized.
S - Sub-matrix of segments from F;.
5i j» Sn - Segment: Column j of S; or n of S.
a; j, an - Absolute start point of §; ; or 5.
bi j, by - Absolute end point of §; ; or §,.
S - Segment Set: S =[S, S,,---,S;].
N - Total number of segments, };}"; 1.
q - Solution: Total segment quantity vector.
Gi.j> qn - Quantity of 5; ; or §,.
- Family of Solutions: Matrix of possible solutions.
df - The desired f-d relationship.
cf - The calculated f-d relationship of a solution 4.
" f - The experimentally measured f-d relationship of a tailored magnetic spring.
208 - Small segment set, 20 segments.
3000+g - Large segment set, greater than 3000 segments.
Magnet Set - Atleast one fixed magnet and one constrained magnet which is able to move
along the motion-axis, d.
Good Solution - A manufacturable solution with minimum magnet quantity.

3.2 Concept Development

To illustrate the proposed concept, we first consider the magnetic force curves, F;, which are
produced by moving one magnet in relation to another, as seen in Fig. [3.3p; Fig. points 1-3
present the force along the motion-axis as the magnets approach axial alignment. In general, the

force between two magnets will have components in all 6-degrees-of-freedom however, with the
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Figure 3.3: a) A basic magnet set contains at least one fixed magnet and one constrained magnet
which is able to move along the motion-axis, d. The initial position can be chosen arbitrarily. b)
Two example magnetic force-displacement curves, Fj and F», are presented each with a few seg-
ments, j» highlighted along with their respective start, a; ;, and end, b; ;, points. The difference
between F and F is produced by varying the diameters of cylindrical magnets however, any
configuration of magnets would create a unique F;. Due to the assumed constraints on all axes
except the motion-axis, the forces presented are only those which coincides with the motion-axis
direction. (©)[2017] IEEE

assumption of a prismatic joint, these are limited to 1-DOF along the motion-axis. Fig. [3.4p,
presents two different configurations of magnets and their respective motion, d, and force, f,
axes; where each line corresponds to a different magnet diameter. These 2 configurations share
the same origin and geometry, however the difference in the motion and force axes, leads to the
difference in the resulting magnetic force-displacement curves.

We will also consider the 1-DOF translational forces, F“i*, produced perpendicularly to the
motion-axis; as seen in Fig.[3.4p. Only configuration 2 produces a perpendicular force and these
forces will be used to add additional functionalities to the tailored magnetic springs.

To generate the force curves, F; and Ij"i*, shown in Fig. e at distances near contact for
arbitrary magnet sets, a simulation was created using a distributed amperian model (MATLAB)
[S2]. The simulation approximates the total force between arbitrary magnets by discretizing them
into thousands of small volumes, d7, the smallest of which, for our purposes, are approximately

1003 um?; as seen in Fig. with showing a actual distribution. Others have

looked at optimizing computational time through optimal dipole [93] and minimal node [10]
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Figure 3.4: a) Configuration 1 - calculated magnetic force-displacement curves for axially
aligned and displaced magnet sets of various diameters. Configuration 2 - calculated mag-
netic force-displacement curves for axially parallel and perpendicularly displaced magnet sets
of various diameters. b) Configuration 2 - Same motion direction as configuration 2 in (a),
but the force presented is now that which is normal to the surface. Note: The magnetic force-
displacement curves, F; and F“l* shown are for repulsive magnet sets. Magnet set diameters: 1,
1.5,1.6,2,2.5,3,3.2,3.5,4,4.5, and 5 mm from lowest to highest force respectively; all with a
thickness=1.6 mm, material: NdFeB grade N52, and initial gap=50 um. ¢) Extracted segments
for constructing tailored magnetic springs. Each segment has 4 different transformation of the
forces-displacement relationship which can be used including: repulsive right-left (R-RL), re-
pulsive left-right (R-LR), attractive right-left (A-RL), and attractive left-right (A-LR); segments
shown are R-LR. d) A prismatic joint (1 degree-of-freedom) with mounting examples of both
configuration 1 and configuration 2 magnet sets. The start and end points represent the start and
end positions of the relative motion between the magnets of each configuration. e) The individ-
ual segments, 57 and 53, are presented along with the combined force, 57 + 53, which would be
exerted on the free body in (d).
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Figure 3.5: An example dipole configuration demonstrating the dipole staggering, volume of
each dipole, and dipole layering in the magnet. From the interface: layer 1 (blue), layer 2 (red),

and layer 3 (green). Actual example distribution shown in[Appendix F| (©)[2017] IEEE

configurations for particular geometries, or geometries which are well approximated by dipole
fields [[111], however our methodology is independent of the method or model used. So we will
instead give some general design rules for these distributed dipole type models. These rules tend
to reduce the number of dipoles necessary and maintain accuracy. First, the xy-area, da = dxdy,
of the individual volumes should be scaled linearly with distance from the interface, da o L!.
This ensures the volume sizes never scale faster than the magnetic field which can scale with
B o L~17273_ depending on position and configuration. Second, in each layer of the magnet, as
seen in Fig. the dipole distribution should not be aligned; rather, using a bisection method,
the dipoles of each subsequent layer should be positioned between, in the xy-plane, the dipoles
of all the previous layers. This significantly reduces fictitious ripples in the net magnetic field.
At the center of each volume is assumed an infinitesimal current loop (Ampere’s model) with
a magnetic dipole moment equal to the magnetization multiplied by the enclosed volume, d7.
This assumption allows us to approximate the current loop as a magnetic dipole, as the distance
between the loops within the separate magnets of a set is much greater than the diameter of the
loop itself. This is the fringing region of the magnetic field and is therefore well captured by the

dipole field approximation [52]]. From the magnetic field (Appendix Heq. the 3-DOF forces

87



between two distant dipoles can then be calculated eq. [170]). Summing the

A~

forces from all dipoles in each magnet, at displacement k, dotted into the motion-axis, d, gives

the force as,

k—1 N

Fi(k) = (ZZg(?u7v(ai) +H(bi—ai),ﬁ1u,ﬁav)>d 3.1)

where u and v are the indices of the magnetic dipoles in the two magnets, a; is the start and b; is
the end point of 17“,-, 7uv(a;) is the distance vector between them at the start of motion, and 7, and
m, are the magnetic moment vectors of the dipoles in the fixed and free magnets, respectively.
Remark 1: This design methodology is independent of the method or model used to determine
the forces, Ey’s. Any discretizable method or model will suffice. The computational time is also
independent of the model, and therefore it is not necessary to optimize the model for each shape.

By selecting a configuration, magnet diameter, and motion start, a; ;, and end, b; j, point
(Fig.[3.3p) from Fig.[3.4p, we can extract through interpolation, from a particular magnetic force
curve, F}, a segment, §,; as seen in Fig. where the legend presents the configuration and
the relative start and end point as a percent of the magnet diameter for each segment. Remark
2: All segments must have the same absolute displacement as the SMA actuator, assuming no
transmission, and each segment is produced by its own independent set of magnets; the segments
in Fig. [3.4c were all taken from the 3.2 mm diameter set with 750 um displacement. Remark
3: Each segment has 4 different transformation of the force curve which can be used including:
repulsive right-to-left (R-RL), repulsive left-to-right (R-LR), attractive right-to-left (A-RL), and
attractive left-to-right (A-LR), the segments shown are R-LR. Flipping the polarity of the magnets
to attractive, produces the negative of those presented whereas, changing the mounting position
can determine whether the forces progress from left-to-right or right-to-left.

To physically realize the segment forces, the two magnets which create the segment are em-
bedded into the fixed and free bodies of a prismatic joint with the motion axes aligned at their
relative start position. Placing stops at the start and end positions of the motion, creates a simple

magnetic spring; see Fig. for example mounting positions for both configurations.
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Figure 3.6: Shape memory alloy (SMA) stress-strain boundaries are shown along with mechan-
ical (orange, linear and green, constant) and magnetic (blue, safety factor=1 and red, safety fac-
tor=2) spring examples to illustrate the detwinning stress regions for the particular spring types.
Boundary values are for Nitinol (DynaAlloy Inc, Flexinol) [64]; however, this is just one exam-
ple of a shape memory alloy. Upper bound (a,b) is the maximum pull stress of the SMA. Lower
bound (c,d,e,f) is the stress required to recover a given amount of strain when cooled. Several
beneficial detwinning stress characteristic are labeled as: 1) greater than lower boundary stress
for strain recovery, 2-to-1) snapping behavior, and 2) high holding force. Magnetic springs have
a potential to allow for greater actuator work than typical mechanical springs.

A good approximation of an initial median magnet diameter for a particular application can
be calculated as, Dyagner = %. This comes from the behavior of the magnetic force curves
themselves, where the most significant change in force occurs over displacements of approxi-
mately 25% of the magnet diameter; shown as gray regions in Fig. [3.4a. The dimensions of the
MultiMo-Bat, Fig. [3.1] dictate an actuator displacement of d ~750 um with a safety factor of
2; leading to an approximate median magnet diameter of 3 mm and a selected magnet diameter
of 3.2 mm (K&J Magnetics; NdFeB, Grade N52). Fig. presents a limited segment set but
this set provides sufficient building blocks to account for many characteristics of SMA actuated

mechanisms necessary for the MultiMo-Bat and miniature robots.
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3.3 Characteristics for Shape Memory Alloy-Actuated Mech-
anisms

The unidirectional actuation behavior of SMA is caused by the existence of two energy minima,
when the SMA is in the martensitic (cooled) state; twinned and detwinned martensite. In the
absence of an applied load, SMA will cool to the twinned martensite state which, when heated,
will produce nearly no strain. To be used as an actuator, the desired cooled state is detwinned
martensite which, when heated above the austenitic transition temperature, 70 to 90 °C, will

produce a restoring stress and strain of approximately 172 MPa and 5%, respectively [64]].

Detwinning the martensite lattice is typically achieved through the use of either elastic el-
ements or another actuator positioned to pull in the opposite direction (antagonistic actuation).
Using typical elastic elements (Fig. orange line) tends to reduce the available work output as
the resistance tends to increase from the maximum necessary detwinning force (Fig. [3.6] point
f). Whereas, antagonistic actuation preserves the maximum work output but at the cost of no
holding force (Fig. [3.6 pink line). Therefore, to hold position, the actuator must remain active,
which consumes significant power and is inefficient. Both tend to create increasing resistive
force over the actuation stroke, thus slowing the transition between states. A tailored magnetic
spring can be designed to capture the best of both elastic elements and antagonistic actuation
while integrating additional features to improve the performance of a SMA actuated mechanism

in a miniature robot.

3.3.1 Detwinning Force

Figure [3.6] presents a basic cyclic SMA stress-strain relationship, as well as the typical region
of mechanical springs (hatched region). Magnets, however, having much more variable force-
displacement relationships, can better mimic the detwinning force-displacement relationship of

SMAs. Using the properties of the purchased nickel-titanium alloy (DynaAlloy Inc, Flexinol) as
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a base line, a function is fit to the detwinning stress relationship, o, resulting in,

x\2 X
od=43250(z> —74(2), MPua (3.2)

where, L is the length of the SMA and x € [0,0.05L]. The complete actuation cycle, points a-to-f,
is shown in Fig.[3.6

Ideally, the resistive force would be zero during actuation, however, without disconnecting
the detwinning element, the best option is antagonistic actuation, as it directly mimics the SMA’s
force-displacement relationship, o,;. Comparing this to using a constant spring, 6. = 103 MPa

(Fig.[3.6] green line), for detwinning, gives a ratio of the difference in available work as,

. Asma f(;)'OSL(Ga — Gd)dx

Asma f(?'OSL(Ga - Gcs)dx

Pw =2 (3.3)

where, 6, = 172 MPa is the actuation stress and Agy4 is the cross-sectional area of the SMA.
Suggesting that there is nearly 100% more available work output, beyond that produced by us-
ing a constant detwinning spring. In particular, segments with positive slopes can achieve this
behavior, which is difficult for elastic elements, as seen in Fig. Segments 53 to 55 (Fig. [3.4)
are all good examples of this type of behavior; through changing the direction to right-to-left or

attractive magnets, further segments are also well suited to this behavior.

3.3.2 Holding Force

The inefficiency of shape memory alloys stems from their thermal based actuation and need to
sustain power to sustain force; this is a major drawback of antagonistic actuation. However, if
the start and/or end positions are stable, the actuator need only to activate briefly to switch the
state. A high holding force at these stable points, provides further benefits as it maximizes the
actuators stroke by forcing the prismatic joint to the actuation limits; Fig. point 2 shows this
behavior in a tailored magnetic spring. Segments 57, 55, and 55 all undergo large changes in force

and are therefore good candidates for increasing the force at the start or end points of the motion.
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3.3.3 State Transition

For many applications SMA actuators have only two states, and in certain cases it is necessary to
switch between these two states quickly. Elastic elements and antagonistic actuation make this
difficult as the force tends to increase with displacement, resulting in a slow progression from
one state to the other (Fig.[3.6) orange and pink lines). A tailored magnetic spring may be able to
instead reduce the resistive force with displacement (Fig.[3.6|blue and red lines). Therefore, once
the critical force is reached, the actuator will jump between the two states; an example is shown
in Fig.[3.6] where the tailored magnetic spring (blue line) will jump from point 3 to point 1. With
the exception of 55 and 57, all the segments in Fig. can create this transition behavior either
unidirectionally or bidirectionally. This is particularly useful for coupling devices where a slow
progression may result in some intermittent contact between engagement and disengagement,

causing damage or reduced performance.

3.3.4 Off-Axis Force and Torque Equalization

Up to this point the resulting forces in the off-axis directions and torques have not been con-
sidered. This can result in high off-axis forces and torques and thus potentially high friction
between the constraining features of the prismatic joint, resulting in low efficiency. Multiplying

the selected segments 5, by and even integer gives,

3.4)

effectively doubling or quadrupling each segment; and therefore the magnet set used to produce
it. Through symmetric placement of the resulting magnet sets, the other 2-DOF forces and 3-
DOF torques can be equalized, thus reducing friction and cogging torques on the mechanism.
However, this may not be a stable equilibrium requiring the prismatic joint to maintain its posi-

tion.
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3.3.5 Actuator Mounting

All components must be constrained, in some form or fashion, to part of the existing structure.
Therefore, it is advantageous to create the constraints via the magnetic forces from the vary mag-
nets used to produce the tailored magnetic spring, instead of additional features. This provides
several addition benefits including: shock absorption, deterministic friction, and auto alignment.
Since the device no longer relies on rigid constrains, impulses to the system will be damped by
the friction of the mounting surface; lessening the forces on the mechanism itself. The friction
is much more deterministic as the only interaction is with the mounting surface; rather than con-
straint features. Finally, since mounting requires a stable equilibrium, once a critical distance
is reached the mechanism will auto align and auto assemble itself to the proper position and
orientation and maintain this until the attachment force is exceeded.
To achieve this the segments, §,, must contain both the motion-axis and off-axis forces as,

e [5n

n

where, 5, represent the forces in the perpendicular axis. Of the two configuration presented, only
configuration 2 produces force perpendicular to the motion-axis; as seen in Fig. [3.4b. These are
the forces which will be used to constrain the mechanism. The A-LR segments s and 57 both
create this behavior with 55 having higher mounting force and §7 slightly more linear motion-axis

force.

3.4 Tailored Magnetic Spring Design

To design a tailored magnetic spring several different segments are combined together; this is
physically represented in Fig. [3.4d, where segments §; and 53 are integrated into the same pris-
matic joint. To allow for summation via superposition however, the interaction between segments
(i.e. magnet sets which create each segment) must be negligible. Remark 4: This implies that

each magnet set may be positioned arbitrarily on non-ferromagnetic bodies, with motion axes
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aligned, but at distances from one another in which their mutual interactions are relatively weak.
The resulting net calculated magnetic force, ¢ f, will be the sum of the forces of the individual
segments; as seen in Fig. [3.4e. This provides a great deal of flexibility in mounting a tailored
magnetic spring in an intended mechanism and greatly facilitates manufacturing.

Selecting the proper segments can generally be done manually from the magnetic force-
displacement curves, F;, or from those already selected in Fig. . Begin with the segment,
5y, which best represents the desired force, df , then add additional segments to tune the overall
behavior. In either case, typically only a few different segments are necessary as magnetic force-
displacement relationships are well suited to SMAs. However, the selection process can also be

mathematically formulated as,

(51 5 5 5% 5 5 s [d] =[f]

[371.6 2742 0.0 —57.3 —92.9 122.4 139.6] fi
345.6 259.4 140 —47.4 —86.8 1254 140.8 b
3233 2459 27.0 —362 —79.9 128.1 141.7 5
303.7 2334 39.1 -239 -72.5 130.6 1426 fa
2862 2219 50.0 —10.6 —64.1 132.8 1432 fs
2704 2112 59.6 3.6 —54.9 1348 1438 fe
2559 201.2 68.4 174 —447 1365 144.1| . - f
2427 191.8 763 302 —332 138.1 144.4| |1 fs
230.5 183.1 834 420 -20.7 139.5 1445 |©? fo
219.1 1749 899 525 —7.1 140.6 1445| | Fio (3.6)

208.6 167.1 958 619 7.1 1416 1444| |97 i
198.8 159.8 101.2 70.5 207 1425 144.1| |D fi2
189.6 153.0 106.1 78.1 332 1432 143.7| |6 f13
181.0 146.5 110.5 85.1 447 1437 143.3| L97] Jf1a

1729 1403 1146 915 549 144.1 1428 fis
165.3 1345 1183 972 64.1 1444 142.1 fi6
158.1 129.0 121.7 1024 725 1445 1413 fi7
151.3 123.8 124.8 1072 799 1445 1404 fis
1449 118.8 1275 111.6 86.7 1444 1394 f19
|138.8 114.1 130.1 115.6 929 144.1 138.2] L/20]

where, d]? represents the known desired force and g the unknown quantities of each segment.
The segments, 5 to 57, represent the segment forces in Fig. 3.4k, evaluated at 20 points along
the displacement with a uniform separation of 39.5 um. Higher displacement resolution tends
to increase the reproduction accuracy, but at the cost of potentially increasing the quantity of
magnet; we recommended starting with the fewest points necessary to define the shape of the

desired force, ¢ f, and increase as needed. The solution is then a linear combination of the
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columns that best represents the desired force, df [141]. Depending on the column space of the
segment matrix and rounding of the calculated quantities, the solution may not be exact, leading
to a calculated force, ¢ f = S round(g), which differs from the desired force, d f .

As the number of segments increases, so too does the complexity of the analytical solution.
For detwinning SMA actuated mechanisms, the complexity can out weigh the utility at large
segment sets due to the nature of this solution, which tends to produce small fractional quantities.
However, this can provide a quick check of the likelihood that the desired force, df, can be
produced, given the segments selected; very large or very small quantities can indicated that
different segments may be required. For very complicated tailored magnetic springs a more
rigorous custom complex spring design methodology will be presented in a later section which

can manage very large segment sets.

3.5 Irreducible Set

An irreducible set of segments is calculated as the segment quantities, ¢, divided by the great-
est common divisor of the quantities, GCD(g). This produces the minimum integer quantities,
G = G/GCD(§), of the segments while preserving much of the force characteristics in the re-
sulting force-displacement curve, ! f: S G. Once an irreducible set is identified which exhibits
useful characteristics, we can adapt it to other situations and fine tune the behavior for specific
applications with several types of transformations including: force magnification, stretching, and
tuning.

Magnifying the force, / f, is achieved by simply multiplying the irreducible set by a positive
integer n € [Z] whereas multiplying by a negative integer both magnifies and flips the direction
of the force. Monostable forces, ! f, will have only a change in the magnitude while the slope will
be preserved, whereas forces, ! f, with multiple stable points will see increases in both magnitude

and slope.

Stretching the displacement over which the force, f, is exerted, is achieved by increasing
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Figure 3.7: a) Increasing the magnet diameter in proportion to the displacement can allow traits
designed for a particular displacement to be transfered to another. b) Varying the gap between
the faces varies the force, while preserving much of the overall behavior.

the magnet diameters in direct proportion to the increase in the desired displacement; as seen in
Fig.[3.7a. Compression can be achieved though decreasing the magnet diameters and displace-
ment. This procedure adds significant flexibility to the irreducible set, as it transfers much of
the force characteristics to different displacements; although, both slope and magnitude will be
modified.

Tuning the characteristic of the force, / f, is accomplished in several ways including changing
the initial gap, thickness, and magnetization, of the magnet sets. The magnetic forces, F; and F; *
presented in Fig.[3.4p,b represent the maximum achievable forces which occur at contact (coating
thickness ~ 50 um) for 1.6 mm thick, NdFeB Grade N52 magnets. Increasing the initial gap
(Fig. [3.7b), decreasing the thickness, and decreasing the magnetization all result in a decrease
in the magnitude of the force, f, increasing the force can be achieved through increasing the

thickness.

While both stretching and tuning require a recalculation of the magnetic force curves, F; and
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Figure 3.8: a) The components of the actuator are labeled in the engaged state; load bearing
components are aluminum (6061-T6). b) The electrical connections are shown in the disengaged
state. ¢) The force-displacement curve of the tailored magnetic spring along the motion-axis
direction. Note: figure is for 5 % strain, whereas robot uses 2.9 %. d) 2D representation of a
stable mount for the configuration 1 magnet sets. e) 2D representation of two possible stable
mounts for the configuration 2 magnet sets.

17"1.*, for exact determination of the force, f, magnification does not. Therefore, magnification,
especially for monostable forces, can be used to create desired symmetries after the force is
calculated, to balance off-axis forces and torques. This greatly facilitates design as it removes

the need to consider symmetry during the design process.

3.6 Energy Storage Mechanism Design

The jumping locomotion mode of the MultiMo-Bat is initially powered by an energy storage
mechanism (ESM) that was developed previously [160]. However, as this system was not fully

self-contained, its reliability and robustness suffered. Employing a tailored magnetic spring, a
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new ESM is developed which can produce a maximum of 348 N at 6 V to extend the main power
springs at a mass of under 22 g; which includes the highly geared 298:1 DC motor (Solarbotics
GM14a). As before, to vary the jumping performance and improve mobility, the stored energy
is actively released via an SMA actuated clutch; as seen in Fig. ,b. Robustness and reliabil-
ity are ensured with a safety factor of 2 applied to the SMA length which, given the available
mounting distance, results in a total stroke of 750 um and an interlocking distance of 500 um. A
prismatic joint constrains the motion of the device, so focus is placed on tailoring the magnetic

spring to the desired characteristics.

3.6.1 Desired Characteristics and Tailored Magnetic Spring

The desired characteristic for detwinning the SMA actuated clutch are those of Sections [3.3]1-
4. Characteristic @ must be satisfied to achieve repeated actuation however, this should be
tailored to the detwinning stress-strain relationship to maximize the work output of the actuator.
Characteristic[3.3.2]must be included because of the 500 um engagement distance; the high hold-
ing force reduces the chance of premature disengagement. Characteristic [3.3.3] allows the clutch
to jump between engagement and disengagement, avoiding any undesirable contact between the
reel and clutch during the energy release process; and characteristic [3.3.4] ensures maximum ef-
ficiency through minimization of friction. Traditional elastic elements could be used to achieve

characteristic[3.3.2] and [3.3.4] however, [3.3.1] and [3.3.3| are much more difficult.

Permanent magnets mounted between the reel and clutch, configured to attract each other
(A-RL segment 51, Figure[3.4f), would generate the desired characteristics. However, during the
energy release process, the reel spins rapidly and the clutch remain stationary. This creates a
significant torque ripple which is transmitted to the reel and reduces the jumping performance.
Instead, the tailored magnetic spring must be mounted on components which always revolve
together; in this case that is the clutch and base components. However, a more complicated
magnet configuration is necessary to achieve the desired characteristics using these components.

Figure presents the calculated force, € £, for a safety factor of one, where the irreducible
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Figure 3.9: a) The components of the actuator are labeled in the engaged state. b) The elec-
trical connections are shown in the disengaged state. ¢) The force-displacement curve of the
tailored magnetic spring for both the motion-axis and off-axis directions. Note: figure is for 5
% strain, whereas robot uses 1.4 %. d) 2D representation of two possible stable mounts for the
configuration 2 magnet sets. These allow the actuator to be mounted to either a surface or corner.

set is listed in Table [3.1] In this case, two of these sets are required to produce the necessary

force magnitude and symmetry for this particular application. The tailored magnetic spring has

sufficient force for detwinning the SMA (€ = 2.9 %), high holding force when engaged, and

snapping behavior, which satisfies all three requirements. Figure[3.8d presents possible mounting

positions for the configuration 1 magnet sets which balance the off-axis forces and torques, and

Fig.[3.8 presents two possible balanced mounting positions for the configuration 2 magnet sets;

the first of which is employed in the clutch design for its four-fold symmetry.
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Table 3.1: Clutch Tailored Magnetic Spring - Irreducible Set

Magnet Parameters *

Magnet  Qty Diameter Thickness  Start, End

Config. (mm) (mm) (% Diameter)
1 (R) 1 3.2 1.6 0,23.6
2 (R) 2 3.2 1.6 -11.8,11.8

(R) = Repulsive, (A) = Attractive.
* Material is NdFeB grade N52 (K&J Magnetics)

3.6.2 Driving Circuit

The fully self-contained ESM requires the SMA actuator to rotate continuously, necessitating a
floating power connection. To achieve this, the materials for the components are selected for not
only their mechanical but also their magnetic and electrical properties; the configuration of the
components creates the circuits.

The driving circuit for the SMA actuator utilizes the metal transmission (negative) and the
lower bearing (positive) as the fixed points for the electrical connections, as seen in Fig. [3.8p.
Therefore, the electrical connections remain stationary thereby facilitating connection. The cur-
rent flows through the components in the following order: lower bearing, SMA mount, SMA,

clutch, base, motor shaft, and transmission housing.

3.7 Wing Lock Design

The MultiMo-Bat [160] was initially designed to transition to flight passively however, this re-
duces the robustness of the locomotion cycle as disturbances in the air can result in a failure to
deploy the wings. This strategy also restricts the ability of the robot to jump at an angle, which
could reduce the cost of transport while traveling over terrain with relatively low obstacles. To
improve the mobility and robustness of the MultiMo-Bat an active wing deployment mechanism
is developed. This is achieved by storing energy in elastic elements in the shoulder joints of the

robot as the jumping energy is being stored. However, to ensure deterministic deployment, a
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wing lock is designed which is actuated by a SMA actuator; as seen in Fig [3.9a,b. The wing
locking device weighs 3.0 g and produces a disengagement force of approximately 350 g over a

stroke length of 750 um and an engagement distance of 500 pm.

3.7.1 Desired Characteristics and Tailored Magnetic Spring

The desired characteristic for detwinning the SMA actuated wing lock are the same as those for
the SMA actuated clutch, Sections 1—4, but with one addition, Section 5. Constraining
the device to a surface requires an attractive force, thus the A-LR transformation of the segments
and the negative of the magnetic force curves in Fig. [3.4f,d, respectively. This feature comes
with an added level of design difficulty as both axes are considered simultaneously.

Figure presents the calculated force, Cf, where the irreducible set is listed in Table In
this case 4 of these sets are required to produce the necessary force magnitude and symmetry for
this particular application. The first four characteristics are again achieved however the snapping
behavior is less pronounced as the force difference is mainly due to the transition from static
to kinetic friction. However, this tailored magnetic spring does produce between 216 g and
510 g of attachment force, for the 3.0 ¢ mechanism, allowing it to auto align and self assemble
without the need for mounting features. Figure presents two possible mounting positions
for the configuration 2 magnet sets which allow the device to be constrained to either a surface

or corner; the wing lock employs the single surface mounting configuration.

Table 3.2: Wing Lock Tailored Magnetic Spring - Irreducible Set

Magnet Parameters *

Magnet  Qty Diameter Thickness  Start, End
Config. (mm) (mm) (% Diameter)

2 (A) 1 32 0.8 20,43.6

(R) = Repulsive, (A) = Attractive.
* Material is NdFeB grade N52 (K&J Magnetics)
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3.8 Experimental Characterization

3.8.1 Materials and Methods

The experimental setup for characterizing a tailored magnetic spring, consists of a precision
motorized stage (Newport MFA-CC) and a load cell (1000 gram, Transducer Techniques) both
connected to a computer to simultaneously drive the stage and read the load cell; example setup,
Fig.[3.10p. The load cell is mounted to the stage and positioned to move along the motion-axis.

The experiential procedure begins at either the start or end position of the stroke. A stage ve-
locity, displacement, and a force measurement rate must be specified before proceeding through
the stroke. However, to extract the magnetic force, the measurements must be recorded for both
motion directions; start-to-end and end-to-start. Therefore, at the end of the stroke, the process
is reversed, obtaining force measurements from both directions of motion.

The measured force will include both a magnetic and a frictional force component. The
magnetic part is then extracted through an understanding of the frictional force directions, as
seen in Fig. During disengagement the frictional and magnetic forces are pointing in the
same direction, increasing the measured force, whereas, during engagement, the frictional force
opposes the magnetic force, decreasing the measured force; example Fig. 3.10c. A free body
diagram of this procedure then shows that, the magnetic force component is the average of the

force measured in both directions.

3.8.2 Results

To validate the concept and examine the manufacturing feasibility of these tailored magnetic
springs, the SMA actuated energy storage mechanism, being more complicated and the magnets
closer together, was experimentally characterized.

The manufactured clutch has two stable orientations around the motion-axis of the assembly.
This is due to the manufacturing tolerances of the base and clutch components; the angular

difference between the two states is approximately 2 degrees. In this case state 1 produces the
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Figure 3.10: a) The experimental setup consists of a precision motorized stage and load cell
oriented vertically which are both connected to a computer to simultaneously measure and drive
these components. b) The magnet configuration, of the tailored magnetic spring, for the energy
storage mechanism; fixed body magnets (gray) and the free body magnets (red/blue). ¢) The
measured bidirectional force of the SMA clutch mechanism. Manufacturing tolerances result in
two stable states; state 1 has better magnet alignment than state 2. d) The experimental measured
and designed tailored magnetic springs are shown for comparison. For completeness the two
stable positions (state 1, ’"]?1 , and state 2, ™ fz) of the manufactured clutch were tested and show
similar results. The initial "fl assumes an ideal magnet configuration; whereas the tolerance
adjusted © fz used the tolerances of the manufactured magnet configuration and shows better
agreement. For comparison of the shape of the tailored magnetic spring, the initial "fl and
tolerance adjusted sz are shifted down 160 and 120 grams, respectively. Each state was tested
10 times with the data presented here unfiltered.
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best alignment of the magnets and should result in slightly higher magnetic force than state 2.

The experimental procedure begins by first manually setting the clutch to the state to be
tested; both states will be tested as the operational state may be either one. The load cell begins
out of contact with the assembly and the automated testing procedure is initiated. The procedure
begins by depressing the clutch (disengagement), and motion ceases after contact is reached,
which is determined by a load threshold; contact occurs at the O mm position shown in Fig.[3.10k.
The stage then holds position for one second before reversing the procedure and allowing the
clutch to extend (engagement) back through its stroke. The load cell and stage position values are
recorded at approximately 1000 Hz with the stage velocity is set at 5 um/s. The raw experimental

data from both states can be seen in Fig. [3.10f; each state is tested 10 times.
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Figure 3.12: a) MultiMo-Bat, integrated jumping and gliding locomotion with tailored magnetic
spring components for active clutch release and active wing deployment. b) Jumping trials both
with and without active wing deployment at an energy density of 42.5 J/kg where the star (yel-
low) marks the initiation of the wing deployment. ¢) Jumping trial with the wings and controller
removed at an energy density of 95.1 J /kg. d) Jumping trials both with and without wing deploy-
ment at an energy density of 78.1 J/kg. Two wing deployment timings are examined: apex and
ascending where the star (yellow) marks the initiation of the wing deployment. NOTE: Motion
capture system (Vicon, Vantage) was used for positional data. Heights are measured relative to
start position; for height above ground add approximately 76 mm.

The two calculated forces, © ]?1 and "’fz, present the ideal magnet configuration and one ad-
justed for the manufacturing tolerances of the mechanism, respectively; as seen in Fig. [3.10d.
The calculated forces, "fl and sz, are shifted down to the measured forces, " fl and ’"fz, by 160
g and 120 g, respectively. This offset is most likely due to variation in the magnetization of the
purchased magnets, unaccounted for manufacturing tolerances, misalignment, and small interac-
tions between the magnet sets themselves; for example Grade N42 would nearly align ¢ fz with
the measured forces. However, both the measured forces, mfl and ™ fz, show good agreement

with each other as well as to © fz

3.9 MultiMo-Bat: Results and Discussion

The mounting flexibility afforded by the use of a tailored magnetic spring requires only that the

surface area necessary for mounting the magnet sets be available, whereas the remaining majority
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of the mechanism can be developed independently. Figure 3.12a presents the MultiMo-Bat with
both the energy storage mechanism and wing lock mounted within; where the self contained
ESM uses surface areas between its constituent components and the wing lock uses its mounting

surface to embed the magnet sets, which make up their tailored magnetic springs.

The developed energy storage mechanism was tested to a maximum load of 98.3 N (Appendix
ppend ) where, excluding friction within the mechanisms, the robot requires a maximum of
83.7 N to store the 12.7 J of energy for the jumping locomotion. This allows for twice the energy
and force of the previous robot [160]. Figure presents the initial trials, which were con-
ducted at the same energy level as the previous robot (54.9 J/kg) albeit at a lower energy density
of 42.5 J /kg due to the added on-board locomotion controller, resulting in jumping heights of
approximately 2.2 m. Increasing the jumping energy to 12.7 J allows the MultiMo-Bat with the
wings and controller removed (95.1 J/kg) to reach heights greater than 4.5 m, Fig . The
complete robot, Fig [3.12[, reaches heights of 3.45 + 0.07 m as compared to the previous robot
at 3.03 + 0.09 m (t(16)=12.9,p<0.001). The added energy allows the newest MultiMo-Bat to
no only carry a full controller for sensing jumps and actively deploying the wings but reach new

heights while doing so.

The robot controller, using an IMU, calculates the magnitude of the body acceleration to
detect the initiation of the jump and begin the wing deployment. However, the relatively slow
thermal based actuation of SMA coupled with the limited power source, 3.7 V, 200 mAh, 1C
discharge current, polymer lithium ion battery (Sonstige), results in an actuation time of 385
+ 16 ms which is not sufficient for the locomotion characteristics of MultiMo-Bat. There-
fore, to increase the actuation speed, the SMA is preheated to just below the phase transition
temperature before the jump is initiated. In this way, the total time reduces to 232 + 12 ms
(t(7)=17.2,p<0.001) to sense the jump and begin the wing deployment. The wings are then able
to be deployed during the ascending, apex, or descending periods of the MultiMo-Bat’s coast

phase; the apex of which is reached at approximately 750 ms. Figure [3.12d presents trails with
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no, apex, and ascending wing deployment, where the stars indicate the start of the deployment.
Maximum jumping heights are achieved when the wings are deployed at or after the apex whereas
ascending deployment tends to produces more stable trajectories and deployments, albeit at the

cost of lower jumping performance.

3.10 Custom Complex Spring Design Methodology

The segments, 5, presented in Fig. [3.4k, are but a few of the infinitely many possible segments
which can be created and used to construct tailored magnetic springs. Remark 5: The mag-
netic force-displacement relationships, F area function of the motion-axis, which can be chosen
arbitrarily in any direction assuming no collision, and several parameters including: magnetic
moment, 6-DOF position and orientation in relation to each other, and geometry of the magnets.
This allows for extreme variability in the initial force-displacement relationships, ﬁs, and thus
the extracted segments, 5,,, however, the full power of the two configurations selected has not yet

been realized.

To realize the full power of the selected configurations, first the total displacements must
be extended to encompass the entire region of non-negligible forces. Figure presents the
regions for the two selected configurations as approximately 1.5 and +1.5 magnet diameters
for configuration 1 and 2, respectively; these are extended force-displacement relationships of
the configurations presented in Fig. [3.4p. These extended force-displacement relationships then
form the basis from which the extended segment sets are selected. However, a number of new
challenges arise as the number of segments increases. The following sections will develop a
methodology which manage large segment sets to create any well-defined function of force vs.

displacement; meaning any function in which each displacement has only a single desired force.
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Methodology Steps

Each step will be discussed in detail in the following sections, however, the general steps are as

follows:

1. Determine desired force-displacement relationship, df.
2. Select magnet diameters, D (suggest, D = 4d).

3. Select configurations (example configurations 1,2).

4. Calculate or experimentally determine the Fs.

5. Subdivide the F’s into N segments and construct S.
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6. Select the number of evaluation points, k, and the dimensionality reduction percents, Py

(see text for the definition and ranges used).
7. Solve for initial analytical solution, ¢, for a given, k and P;.
8. Save solution, q.
9. Filter S to remove some of the segments.
10. Resolve for g via the analytical solution.
11. Save solution, 4.
12. Repeat steps 9-11 until S has no remaining segments.
13. Select another k and P), and repeat steps 7-12.
14. Create optimization seed population, from solutions in steps 8,11.
15. Run numerical refinement.
16. Save best solutions, 4.

17. Solutions from steps 8,11,16 are all possible tailored magnetic springs.

3.11 Analytical Design

To develop the analytical solution we begin by expressing eq. 1i in general form as, Sg = df,

or expanded as,

S i ="°f
q1 N

(] [s2) -+ )] | 2| = | 67)
wl  |h

Si=[s1 22 o s] (3.8)

where as before, the segment quantities, ¢, are unknown and the desired force, df, and segment

set, S, are known and specified by the designer; both ¢ f and S have units of force while g is
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Figure 3.14: Small segment set, which encompass 5 parameter sets (magnet configuration, start
point, end point) and 4 different magnet diameters (2.5,3,3.2,4 mm) are shown to illustrate a
simple collection of segments which can be used to create a tailored magnetic spring. Those in
color represent the segments taken from the 3.2 mm diameter magnet set. The start, a,, and end,
by, points are given in micrometers and represent the positions from which the segments where
taken from the F’s. From each magnet diameter, three segments were taken which have positive
slope, a very difficult thing for traditional springs to achieve. (©)[2017] IEEE

unit-less. As the segments will now be considered as sets, the indices i, j will now be replaced
with n, where the total is n =)}’ ; 1. The problem then becomes finding the linear combination
of the columns, ¢, which best reproduces the desire force, df [141]. Keeping in mind that all
segments need not be used (i.e. ¢, = 0), allowing the methodology to be universal as the segment
set, S, can contain more segments than is necessary for a particular, df. The key challenges
are in understanding the behavior of the solution and using it to find good solutions which are

manufacturable at a minimum magnet quantity.

The desired force-displacement relationship, df, for the tailored magnetic spring is simply a
vector of forces at particular displacement points. For a well-defined function, each displacement
point must have only a single desired force. However, Remark 6: this methodology can design
a tailored magnetic spring for any well-defined function so this vector can be arbitrary and is

therefore, completely up to the designer to specify.

The segment quantities, ¢, are the solution to the problem, however, this solution is depen-
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dent on the segment matrix, S. One difficulty is in interpreting the meaning of a negative quantity
(gn < 0) of a physical object. In this case however, the segment transformations discussed pre-
viously offer an easy interpretation; a negative quantity simply flips the magnet set between
attractive and repulsive.

The segment set, S, contains all segments which can be used to construct the desired force-
displacement relationship, df, for the tailored magnetic spring. The only requirement is each
segment must have the same relative displacement, |b, — a,|, and resolution, k, as the desired
force vector, ¢ f The segments, which make up S, can be deterministically chosen by the designer
for desirable characteristics or arbitrarily selected through a generalized process. The complexity
of the problem will increase with the number of segments, however, so too does the adaptability
and power of the segment set, S.

The generalized selection process consists of simply subdividing the complete 22 Fs in
Fig. into over 3000 different segments, 5, creating the 3°°0+S segment set; where 5, over-
laps 5,,+1 by 90%, due to sequential nature of the segment creation.

To demonstrate the difference between different segment sets, a deterministic set of 20 seg-

ments, 2°8 is also created; shown in Fig. [3.14and|Appendix H| These two segment sets each have

their own strengths and weaknesses, 208 is easier to work with, as the matrix is more manage-
able, whereas 3909*§ is significantly more powerful and able create much more complex tailored

magnetic springs.
3.11.1 Solution

The solution takes the form, § = S*df; an example df is shown in The pseudoin-

verse, ST, is obtained by way of the Moore-Penrose pseudoinverse which uses the singular value
decomposition of S. A reduction in dimensionality can be preformed at this stage by removing a
percentage, P, of the higher order singular values - the singular values represent the fundamen-
tal mode shapes of the segments. This smooths the segments and tends to reduce the calculated

quantities, ¢, at the cost of additional error. However, the reduction in quantity can be much
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Figure 3.15: a) Initial analytical solution ¢, using S3000+, for the 'monostable’ tailored magnetic
spring - discussed later. However, this solution is not manufacturable due to the fractional magnet
quantities. To condense these quantities, S is filtered, removing some of the segments, and the
problem resolved. This process is repeated until S has only a single segment remaining. Vertical
gray lines denote different Fy’s. b) Three different filters are used including: peak filter, mean
filter, and minimum filter. The peak filter removes all segments which are not local maxima or
minima, the mean filter removes all segments with quantities below the mean, and the minimum
filter removes the segment with the lowest quantity; as defined in Table [3;3'} (©[2017] IEEE

more significant than the added error. In the following section we will analyze the behavior of

the analytical solution to elucidate properties which can be used to help generate good solutions.

3.11.2 Solution Behavior

If 4 f is within the column space of S (f € C(S)) the solution § will be exact, whereas if it
is not (4f ¢ C(S)) then the solution will be the least-squares approximation. In either case, the
Moore-Penrose pseudoinverse produces the minimum magnet quantity solution, as it will contain

nothing from the nullspace of S (§ ¢ N(S)). However, S tends to have both highly dependent
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rows and columns which creates difficulty in manufacturing the solution. This is because the
solution will use not only the segments which best fit ¢ f , but also all those dependent segments
as well, requiring an excess of segments. This also tends to produce many small fractional
quantities which must be rounded to the nearest whole magnet for manufacturing; an example
g for 3999+§ is shown in Fig. and an example g for 2°S is shown in This
rounding can significantly alter the calculated force, Cf: S round(q), resulting in a solution

which is mathematically feasible but not necessarily a good solution for manufacturing.

The challenge then becomes filtering the segment set, S, to those segments which create the
desired force, ¢ f , with the fewest integer quantity segments. The most intuitive option would be
to simply remove the dependent columns. However, as there is a huge number of bases which
describe the column space of S, there is no way to know whether the chosen one will produce a
good solution; as many bases tend to produce solutions which require an excessive quantity of
magnets. Instead a good first step is to peak filter the segment set, removing those which are not
local maxima or minima within the solution, §. Since the segments of 3°°0+S overlap their neigh-
bors by up to 90%, which causes the solution to broadly distribute small fractional quantities over
large numbers of segments, the peak filter removes these highly dependent neighbors and focuses
the solution to the segments with highest quantities within their local neighborhood; as seen in
Figure[3.15p, red circles indicate the remaining segments. The problem is again solved however,
this second filtering cannot use the peak filtering technique, as the column dependence is no
longer known; this is also true for the initial filtering of 208 Instead, 3°00+S and 2°S are mean
filtered, removing all segments which have absolute quantities below the mean; as seen in Fig-
ure[3.15p, segments within the gray bar are removed. Finally, when only a few segments remain,
the segment with the lowest quantity is removed, minimum filtering; as seen in Figure [3.15b,
green star indicates the removed segment. Table |3.3| presents the specific filter equations. These
filtering steps tends to not only reduce the total quantity of magnets in the solution, but also the

effect of fractional quantities during rounding. Repeating this process several times can dramat-
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ically enhance this effect while creating a family of solutions, Q, since each step will produce a

possible solution.

Table 3.3: S Filters: Mathematical description

Name S Criteria Filter *

Peak Initial, General gn-1 < qn < qn+1
Selection qn-1 = qGn = qn+1

Mean N>25 |qn|< ~ Llgn]

Minimum N <25 qn = min{|q|}

* Filters determine which segments are removed.

Through variation of the dimensionality reduction percent, P, = {1.0,0.75,0.5,0.4}, and
evaluation points, k = {20, 30,40, 60, 80, 100,500, 1000,4000}, a family of several hundred pos-
sible solutions, Q, can be generated; see for an example. These can be rounded
and sorted by their fitness - discussed in the following section - which can yield an acceptable

solution without progressing to the numerical refinement step.

3.12 Numerical Refinement of the Analytical Solutions

The design space of 3%°9+S has extremely high dimensionality with greater than 3000 variables
(segments) accompanied by values (quantities) up to £100 or more, significant local minima,
and regions of relatively low gradient due to the high similarity between segments, all of which
can cause problems for many optimization algorithms. Any optimization technique is possible,
although, a genetic algorithm based approach is the best suited for this type of design space.
The genetic algorithm is setup with the chromosome equal to the segment quantities, g. The
initial population is composed of two parts, the family of analytical solutions and randomly gen-
erated solutions. The family of analytical solutions is used to increase the chance of convergence
and decrease the computation time. The remaining variables in the optimization are the selection,

crossover, mutation, and cost functions.
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Figure 3.16: Mutation algorithm developed around the characteristics of the custom complex

spring design methodology. The next generation is composed of individuals created by both
crossover (80%) and mutation (20%). (©)[2017] IEEE

Selection Function

The selection function uses a standard tournament approach with four individuals randomly se-

lected. The best two are then sent to the crossover function.

Crossover Function

The crossover function uses a standard scattered approach, where each gene in the chromosome

is treated separately. The corresponding gene in the child is selected randomly from one of the

parents.
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Mutation Function

The mutation function which creates 20% of the next generation, however, benefits from a non-
standard approach. Presented in Fig. the developed mutation function accounts for three
characteristics of the custom complex spring design problem including: integer values, cancella-
tion, and similar neighbors. Integer values are simply ensured by restricting the gene mutations
to addition, subtraction, or replacement by integer values. Cancellation, where some segments
are nearly canceled out by others, occurs because of the similarity between segments and the an-
alytical solution behavior. To check for this, there is a small chance that the entire chromosome
will be divided by 2 and rounded to the nearest integer. Since the cost function - discussed later
- includes the total quantity, the fitness of these individuals will be improved and propagated.
Finally, since the neighboring segments in S can overlap by up to 90%, shifting the quantity of
a particular segment to one of its neighbors can help fine tune the solution and condense the

number of different segments ultimately required. The probabilities of each step are presented in

Fig.

Cost Function

The cost function is composed of four terms which are broken up into three categories: average
error, maximum error, and manufacturing constraints. The average error terms are the root-
mean-squared error (RMSE) in the position and slope of the calculated forces, C]? =Sqg. The
maximum error term is the maximum error between the desired, df, and the calculated, "f,
forces. This term is added to encourage the solution to reach the peaks and valleys of ¢ f . Lastly,
the major manufacturing constraint, is the total number of magnets required to generate the

tailored magnetic spring. Multiplied by appropriate weights, these form the cost function as
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follows,

Cor =i R E (=i o [EE (=)

k k
max{|*f —“f1}
° pury * n 3.9
K T TR ;rq\ (3.9)

where, ¢ f; and € f; are the forces and ¢ f; and ¢ f] are the derivatives of the forces at point k. The
associated weights, wi_,4, are modified according to the application and error tolerances; how-

ever, simply varying orders of magnitude between them is sufficient to produce good solutions.

3.13 Methodology Results and Discussion

To demonstrate the capabilities of the proposed methodology a number of different tailored mag-
netic springs were designed, where the results using 2°S are presented in Fig. ,b,e and the
results using 3°°0*S are presented in Fig. —i.

The analytical solutions will always suffer from additional rounding error. The effect of
which can be seen in Fig. where Cfp and CfE represent the best fitness and lowest RMSE
solutions, respectively. The former demonstrates the manufacturable solution whereas the latter
illustrates the solution’s accuracy in reproducing the desired force, df. To eliminate the round-
ing error, the analytical solutions are numerically refined. The results of which can be seen in
Fig. where the refined solutions, CfR, have equal to or better fitness than that of the best
analytical solutions.

Using 2°S, two tailored magnetic springs are presented in Fig. ,b which may have more
practical applications for ON-OFF controlled actuators, such as shape memory alloy based mech-
anisms. These can be produced with relatively few magnet sets and exhibit both high holding
force and snapping behavior in a bistable, Fig. ,c, and a monostable, Fig. ,d, configu-
ration. Similar behavior would be very hard to achieve with traditional springs.

To compare the flexibility afforded by using either 2°S or 3°°0+S, a more complex sine wave

shaped tailored magnetic spring was designed using both sets; as seen in Fig. [3.17g,f. In both
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Figure 3.17: Each graph compares three solutions to the design of a particular tailored magnetic
spring: analytical best fitness, ¢ fp, analytical lowest root-mean-squared error (RMSE), "fE, and
the numerical best fitness, ch. The RMSE and magnet quantity are presented to highlight the
relative difficulty of the solutions, given the selected F’s. a,b) Two practical tailored magnetic
springs which can be easily achieved using magnets: bistable and monostable, respectively. ¢,d)
2D representations of possible mounting configurations for the magnet sets of the numerically
refine force © fR selected for the bistable and monostable tailored magnetic springs, respectively.
e) sine wave designed with the small segment set, 2°S. f) sine wave designed with the large
segment set, >°%0FS. g) constant force designed with the large segment set, 3°°°+S. h) ‘CMU’
designed with the large segment set, 3°°9+S. i) step force designed with the large segment set,
3000+8 e,f) presents the results of using both the small and large segment sets to design the same
tailored magnetic spring whereas g,h,i) present a range of tailored magnetic springs with varying
slopes and curvatures to demonstrate the design variability. (©)[2017] IEEE
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cases the methodology found a solution which creates the desired force ¢ f, however, 2°S does so
with 24,556 magnet sets whereas 300§ is able to achieve nearly the same result at 84 magnet
sets. This illustrates an important characteristic of this methodology, Remark 7: The quantity
of magnets or the relative difficultly in producing a particular ¢ f is a function of the similarity
between the segments and df; not the df alone. The similarity is inversely related to magnet
quantity (i.e. higher similarity equals fewer quantity). Practically, both of these would be diffi-
cult to manufacture. Therefore, other magnet configurations may need to be considered to further
reduce the magnet quantity. In this case emphasis was placed on symmetry and ease of integra-
tion into existing mechanisms which lead to the selection of cylindrical magnets displaced either

parallelly or perpendicularly from their faces.

To demonstrate the power of this methodology, the large segment matrix, 3°°+§, is used to
compute four different tailored magnetic springs including: constant force, sine wave, ‘CMU’,
and stepped force, all over a displacement of 750 um and force amplitudes of 400 g; as seen in
Fig. —i. These particular d]?’s are selected for their differing slopes and curvatures which
represent a wide range of possible solutions. The constant force and sine wave in Fig. [3.17f,g are
reproduced with relative ease as both the root-mean-squared error (RMSE) and magnet quantity
are low, whereas Fig. [3.17h,i are more difficult, requiring hundreds of magnets. The large quan-
tities required to produce the, sine wave, ‘CMU’, and step desired forces, df’s, demonstrates a

need for additional segments which can better represent these shapes.

3.14 Manufacturing Feasibility

In order to determine the manufacturing feasibility of a tailored magnetic spring, its necessary

to understand how the magnet quantity relates to the required surface area, Ay, r, for integration.
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Figure 3.18: Mounting surface area: Each magnet will occupy a region larger than its own
dimensions. The total surface area will be a function of the maximum normalized displacement,
from alignment, that a magnet can travel, P;, and a buffer region, P,, which reduces interactions
between magnet sets. Equation [3.10] takes into count both of these parameters to calculate the
estimated total surface area. (©)[2017] IEEE

Table 3.4: Estimated Areas of the Optimized Solutions

Estimated Surface Area, mm?>

. P=1 P=1 P;=0
Figure -~ Qty P,=05 P,=0 P,=0

3.17a 2 68 36 18
3.17\b 6 203 108 54
3.17lg 10 338 180 90
3.17.f 84 2835 1512 756
3.17,e 104 3510 1872 936
3.1711 460 15525 8280 4140
3.17,h 870 29363 15660 7830

Using the scenario presented in fig.[3.18] we derived an estimation of the surface area required,

d
1;~ B
Asurg = (L logr) (1 + Py +P) (14 P) Y |l (3.10)
n

where, [; and [, ¢y are the approximate average magnet size in the motion-axis and off-axis di-
rections, respectively; for cylindrical magnets [, s = [ ;. The percentage, P, is used to determine
the median magnet diameter; in this case 25% was used to ensure significant change in force
over each segment. The major assumption, and reason for the approximation, is that all the

magnet diameters are assumed to be equal to the median magnet diameter. The two additional
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Figure 3.19: In the same way as the magnet set was defined previously, so too can other inter-
action sets be defined. Shown are several different examples of basic possible interaction sets.

©[2017] IEEE

percentages of the magnet diameter are the maximum possible normalized displacement, P;, and
a buffer region, P, to reduce interaction between magnet sets; these can range from {F;]|0: 1}
and {P,|0 : 1}, respectively. Table presents three different magnet spacings including: one
half the magnet diameter spacing (P; = 1, P, = 0.5), minimum spacing (P; = 1, P, = 0), and
magnet surface area only (P; =0, P, = 0).

Rearrangement of eq. [3.10] can also yield a method for estimating the maximum number of
magnet sets, Y, |g,|, which could be mounted within an existing system. In this case, Ay, rep-
resents the surface area available to mount a tailored magnetic spring. This quick estimation can

help determine whether a tailored magnetic spring would be applicable for a given mechanism.

3.15 Extensions of the Methodology
3.15.1 Additional Interaction Types

The analytical design strategy can also be extended to interactions other than magnetic,

multis —

(3.11)

Electrostatic
Capillary
van der Waals

Other Forces

Magnetic
Mechanical Spring

121



In fact, any interaction which can be described by a force-displacement curve can be included
in the formation of S; as shown in Fig. [3.19and eq. [3.11] This in turn allows the custom com-
plex spring design methodology to utilize whatever category or combination of forces which
best fit. The challenge comes in using force-displacement relationships which cannot produce
the negative of the force, F;, by simply switching ‘polarity’, as in the magnetic case, such as
mechanical springs, van der Waals forces, and capillary forces. Remember that previously, the
calculated solution, ¢, had nothing in the nullspace of S; however, including the nullspace now
allows for modification of the quantities according to the characteristics of each interaction type.

The calculated solution, §*, now has two parts,

T
—% *

7 =G+ NS)wen-rans) |91 B G ranies) (3.12)

Free

where gr.,,, contains the quantities of the dependent variables; these quantities can be modified
freely as they are independent and arbitrary. Therefore, within the limits of the nullspace of S,
quantities can be shifted to account for certain segment properties. However, because of rounding

this may change the relative error of the calculated force, ¢ f

3.15.2 Multidimensional Magnetic Field Design

To design magnetic fields instead of magnetic forces the segment matrix must contain the result-
ing magnetic fields produced by fixed permanent magnets at specific positions, 7;, and orienta-
tions with respect to the center of the desired area or volume, as seen in Fig[3.20] The segment
matrix, /€4S, contains the field, over the desired space, of each magnet organized into a column

as,

fieldg — (3.13)

2D,3D Magnet 3 Field
2D,3D Magnet i Field

2D,3D Magnet 2 Field

2D,3D Magnet 1 Field
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(‘m_1

where each voxel has the included x,y,z-axis fields, s, = [x1,y2,21,%2,2,22, ...,xi,yi,zi]T, in col-
umn form. The calculated quantities, ¢, can now represent either the magnetic material volume,
for single dipole approximated magnets, or magnetization strength, for distributed dipole mag-
nets, depending on the problem formation. The desired field, / ieldf, is a column vector of the
desired x,y,z-axis fields configured in the same manner as the segments. The custom complex
spring design methodology is then just as applicable, however, as there is no dependence be-
tween neighboring segments, the initial peak filtering is not possible. The multidimensional
nature now increases the complexity even more, however, as before the complexity is a function

of the characteristics of the magnets used to create the desired shape and is a topic of future work.
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3.16 Adaptability of the Methodology
3.16.1 Scaling

A tailored magnetic spring is particularly beneficial in situations where significant changes in
force are required over relatively short distances. The inspiration for this work required a force
differential of 100s of grams over a displacement of 750 um. However, the displacement of
a tailored magnetic spring can be chosen to suit any application from micron scale motions in
microelectromechanical systems (MEMS) to millimeters scale motions in miniature robots to
centimeter scale motions when combined with traditional springs and theoretically even larger.
Scaling the size of the magnet sets, used to create the segments, with the desired displacement
is helpful in reducing the quantity of magnets required but not necessary for the solution. The
most important concept to remember is that, the relative difficulty of achieving a particular de-
sired force, df, is a function of the similarity between the desired force, df, and the segments
selected. If the initially chosen F;’s do not result in a feasible solution, consider creating more
complex magnet sets (different shapes, motion axes, assemblies, etc.) with greater variation in
their individual F’s. This can result in significant differences in the quantities of the magnet sets

required to create a particular tailored magnetic spring.

3.16.2 Segment Set

The strength of this custom complex spring design methodology is in the model independence
and flexibility with which the segment set, S, is created. There are only two requirements that
must be upheld: the superposition principle holds and the interaction between segments is neg-
ligible, and the segments themselves are constant. This produces almost no limitations to the
inclusion of interaction forces in S, anything from different configurations and/or shapes of a
pair of magnets to assemblies and to interactions between magnets and ferromagnetic materials
to even other possible type of interactions can be easily included. As long as the discretized

force-displacement curves can be determined, this methodology can use them to create a desired
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force, df.

To avoid excessive recalculation an improve computation efficiency, the segments need not
be directly calculated each time. Instead, high resolution F’s, over the entire range in which
forces interact strongly (= 1.5 times the magnet diameter), are precalculated and saved to create
a library of Fs. The segments are then calculated via interpolation of these high resolution Fs
from a, to b, at the same relative displacement points, k, as the desired force, df. Remark
8: Therefore, once calculated, the F’s never need to be calculated again; more importantly, this

allows for experimentally measured or computationally expensive F’s to be utilized as well.

3.17 Chapter Summary

In this chapter, we presented a design methodology for customizing magnetic springs to the char-
acteristics of SMA actuators as well as to any well-defined function of force vs. displacement to
suit any application and demonstrated the performance improvement to MultiMo-Bat. The non-
contact force and no material fatigue characteristics of permanent magnets makes them a robust
and reliable spring. The variability of the irreducible set creates a flexible design framework from
which to adapt previously developed tailored magnetic spring to new applications. However, this
design methodology is not limited to shape memory alloy and could adapt magnetic springs to
any smart actuator or joint at any scale, accommodating the specific characteristics while adding
additional features; and possibly improving the performance of all actuation systems in miniature
robots.

Only a hand full of magnet sets were used to create the mechanisms, thus facilitating the
manufacturing of the energy storage and wing lock devices. However, with the advent of print-
able magnets in recent years, even the difficulty of fabricating these tailored magnetic springs is
decreasing. In the future, as the 3D printing of magnets improves, it’s conceivable that tailored
magnetic springs with even thousands of magnets may be easily manufactured; the limit being

only the available space to position them.
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Even though the focus of this chapter has been the design of magnetic springs for SMA,
this concept can be extended to any application which requires a specific force-displacement
relationship and any type of force or combination of forces. The segments used to design the
tailored magnetic springs could just as easily represent the force-displacement relationships of
mechanical springs, capillary bridges, electrostatic interactions, or any other interaction which
can be described by a fixed force-displacement relationship. This design methodology is not just
a magnetic spring design methodology but a universal design methodology, requiring only that

the segments be sufficiently independent.
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Chapter 4

MultiMo-Bat: multi-Surface Locust
Inspired Passively-adaptable (SLIP) Foot

4.1 Introduction

Dynamic locomotion in unstructured terrestrial environments necessitates a closer look at how
animals interact with the surfaces around them. Just as humans have developed shoes for ice,
grass, wood, rock, track, slip, and stick, animals have developed similar strategies; however, as
they cannot change their shoes, their feet must be multi-functional. To continue pushing the
limits of terrestrial locomotion beyond that dictated by traditional friction on variable surfaces,
robots too need not only multi-functional feet, but feet which can also tolerate slipping.

To date there are a number of terrestrial robots including miniature jumping robots [82,
100, [176l], miniature walking/running robots [66} [85]], and advanced large-scale legged robots
[5, 119, 1133} [139], which show very high performance with relatively simple point-contact feet;
slip recovery has also been demonstrated through the use of high-performance computers, sen-
sors, and actuators [19]. However, as the robot dynamics increase, the interaction time decreases,
making active adaptability difficult, as both nature and robots have limited computational power
and actuation speed. So whereas organisms making deliberate slow steps can search for, and
properly grasp, secure foot holds [[108]], as the locomotion becomes dynamic, mechanical in-
telligence built into the structure becomes important [138]. Currently, no work has focused on

the implications of foot morphology and behavior to the friction of the foot on diverse surfaces.
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Figure 4.1: Photos of a) desert locust (Schistocerca gregaria), b) the configuration of the adhe-
sive pads and tibia spines with the leg compressed (side view), and ¢) the four tibia spines (rear
view). d) Scanning electron microscope (SEM) image of a spine tip.

Identifying morphological traits which enhance surface friction can help develop robots’ ability
to move dynamically through unstructured terrestrial environments without additional computa-
tional load.

While others have studied the desert locust’s (Schistocerca gregaria) jumping behavior from
many viewpoints, such as morphological [14, 47, 48| 57, 68]], dynamical [31]], and neurological
aspects, we are exploring the surface interactions of their feet during dynamic
terrestrial locomotion. This is because of a particular feature suggesting that these organisms
operate at the limits of their frictional capabilities on a wide variety of surfaces.

Desert locusts have developed a buckling region in their knee to adsorb jumping energy
in the event of a slip, which is used to avoid damaging the leg. We hypothesize that for natural
selection to have created such a region, slips must be very common during jumping. Further-
more, instead of reducing the jumping power to reduce the possibility of slips, a buckling region
was created to accommodate them. This feature suggests an ecological pressure to continue ad-
vancing the locust’s jumping performance and therefore the mechanisms which support it - this
makes sense, as the jumping behavior in the desert locust is used to escape danger [56] and the
hind leg morphology shows striking similarities to that of the forelegs but with adaptations for

jumping and to better interact with the surface These mechanisms and the slipping
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behavior will be the focus of this work.

We specifically explored the threat avoidance jumping behavior of desert locusts to elucidate
key morphological traits, which contribute to, and enhance, their surface friction; Materials and
methods We challenged the locusts to jump, with their maximum energy, off a
variety of both manufactured and natural surfaces and observed the interactions of the feet with
each. Desert locusts have adhesive pads on their feet [110], which they use for climbing on
smooth surfaces. However, they also posses four spines on their tibia, which we posited can

interact with the surface during jumping and enhance their friction on rough surfaces.

Scansorial robots using either spines [38, [107, [113]] or gecko-inspired adhesives [17, 55} [72}
95] have demonstrated the frictional ability of each of these attachment mechanisms on rough
and smooth surfaces, respectively. However, since the desert locust has both adhesive foot pads
and spines, we hypothesize that the its feet have been not only optimized for smooth and rough
surfaces but also dynamic attachment to each. They may however show specialization for one
or the other, so to isolate certain traits of the spines and pads, surfaces were selected with differ-
ing roughness and surface hardness, including glass, wood, sandstone, and mesh. The smooth
glass was selected to significantly reduce the spines’ ability to interact strongly with the surface,
whereas the mesh was selected to only allow spine-based mechanical interlocking. The wood
and sandstone represent potential natural materials that the desert locust may come in contact
with in their natural environment and thus show specialization. We observed both the slipping
and re-engagement behavior of the feet on each surface to determine the characteristics and prob-
ability of these events. We also analyzed the morphology of their feet for clues about how they

may interact with each surface.

As nature can alter more than just the roughness of the surface, we posited that the adhesive
pads may also show some specialization for hydrophobic, such as the leaves of Regnellidium
diphyllum, or hydrophilic, such as the leaves of Alocasia odora, surfaces [46, (73, [74]. This is

because the smooth adhesive pads of the desert locust secretes an emulsion of “lipidic nano-
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Figure 4.2: a) Breakdown of the desert locust’s foot morphology. b) Free-body diagram of the
spines and segment S1 adhesive pads. ¢) 3D Surface profilometer (Keyence - VK-X200) images
of mesh, sandstone, wood, and glass (hydrophilic). Only the hydrophilic glass surface is shown,
as the surface chemistry does not significantly alter the surface roughness. d) Roughness profiles
along with the average spine tip radius and approximate adhesive pad diameter. e) Tibia spines
with foot removed (3D surface profilometer (Keyence - VK-X200) image). f) Spine contact angle
in the sagittal-plane for, the initial, 180° to sagittal-plane, and frontal-plane angle minus 10°
configurations of the passive two-axes joint angles. g) Effective spine loading angle increase, 6y, ,
with lines at 6g; = 45°,90°. h) Normal vs. frictional load coefficient, Cyr = pcos(¢) —sin(¢)
from equation @) The two lines represent the maximum coefficient, Cyr = max, and that of
the transition between passive adhesive pad loading and unloading, Cyr = 0; passive unloading
when Cyr < 0.

droplets dispersed in an aqueous liquid” [153]] passively during the deformation of its sponge-
like cuticle, as with other insects [41]. To isolate the pad behavior, smooth glass was selected.
Through altering the surface chemistry, both hydrophobic and hydrophilic glass surfaces were

created. The slipping behavior could then be observed on homogeneous surfaces with only a
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difference in their wettability.

4.2 Locust: Morphological Results and Discussion

The desert locust (female 2.32 + 0.31 g, male 1.67 + 0.14 g; t¢(30)=10.0, p=0.00), shown in
Fig. @.Tp, has 4 spines (Figs. {.1b,c) with average tip radii of 23.3 + 13.4 um (Fig. 4.1d) and
5 adhesive foot pads (Figs. ,c). The spines (M1, M2, L1, L2) are connected to the tibia,
whereas the adhesive pads (P1, P2, P3, P4, P5) reside on segments (S1, S2, S3) of the foot, as
seen in Figs. 4.2p,b.

The selected materials include hydrophobic glass (contact angles of 94.7°/84.0°), hydrophilic
glass (contact angles of 32.6°/21.6°), wood (sawn pine), sandstone, and mesh (steel). Figure 4.2
presents 3D surface profilometer (Keyence - VK-X200) images of each surface and Fig. #.2d
presents the relative sizes of the spine tips and adhesive pads in relation to the surfaces of the
materials. The arithmetic mean area roughness, S, (asperities), arithmetic mean line roughness
discretized by the average spine tip radius, R, (friction), and height range of each material are
listed in Table The wide range of possible jumping angles requires more than the traditional
frictional model, u = 1/tan 6y, which exceeds a necessary coefficient of friction of u =1 as
the jumping angle is reduced below 6; = 45°. Thus necessitating a transition to increasing the
effective contact angle (spines), mechanical interlocking (spines), and adhesion (adhesive pads)

to combat slipping.

4.2.1 Spine: Surface Interaction

The locust’s spines protrude from the distal end of the tibia (Fig.[4.2¢) defined by two characteris-
tic angles measured from the leg’s sagittal and frontal-planes as shown in Table 4.2] Comparing
the sagittal-plane angles of the corresponding medial and lateral spines, M1, L1 (t(18)=2.44,
p=0.03), and M2, L2 (p=0.03 and t(17)=2.86, p=0.01), shows low significant differences in the
angles, whereas the frontal-plane angles only show a significant difference, albeit low, between

M1 and L1 (t(18)=2.85 ,p=0.01); indicating only minor probability of spine asymmetry. How-
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Table 4.1: Summary of surface roughness properties

Properties
S, R, * Maximum Height
Material (um) (um) (um)
Glass T 0.02 0.01 0.19
Wood (pine) 10.60 0.68 212.07
Sandstone 75.13 1.16 581.12
Screen (steel) 174.26 1.15 665.39

* Discretized by average spine tip radius of 23 um.

1The transparency and reflectivity may have added noise to the measurements.

ever, the angles do indicate that all the spine will be oriented to interact with the surface during

jumping.
Table 4.2: Spine characteristics

Angles to Leg Planes *

Spine Sagittal Plane = Frontal Plane

Ml -136.8 £9.1° 41.0 £7.9°
M2 -155.3 £9.5°  42.6 £12.6°
L2 144.1 + 8.0° 47.7 + 8.4°
L1 126.3 + 10.1° 51.2 £8.8°

* The angles are measured from the specified planes.

Figure 4.2f shows the relationship between leg, 6, spine, 65, jumping, 6;, and spine loading,
05, = 05, angles; where 05 < 0 indicates the spine tip is not longer able to interact with the
surface. Each spine is not fixed in position, but connected to the tibia by a passive two-axes joint
(Fig.[4.2e). The joints give the spines the freedom to change their sagittal-plane angle from the
initial positions (Table 4.2)) to nearly 180° (Fig. 4.2, SP=180°). This suggests that the spines
can passively locate stable positions on the surface as they are loaded. These joints also allow
for approximately minus 10° of rotation in the frontal-plane (Fig. 4.2ff, FP-10°). Therefore, as
the spines are loaded, their effective spine angle is reduced, broadening the leg angle range over

which they can interact with the surface. This joint will also include some damping, which
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can be used to reduce the impulse caused by the spine re-engaging after a slip; increasing the
chance of a successful re-engagement. Figure 4.2 shows that locusts have developed spines that
can interact with the surface even in extreme cases; for example, a horizontal jump (6; = 0° and
initial 8, = 90°) results in spine angles of Os € [38.8°,59°], permitting strong surface interaction.
Spine placement however, typically only allows the more distal medial and lateral spines to
interact with the surface.

The performance of spines is strongly related to the roughness characteristics of the surface,
spine angle Og, and spine loading angle Os;. Building off the asperity interaction model pre-
sented in [35]], we have included surfaces with overhanging asperities and, for our purposes, will

calculate an effective increase to the spine loading angle for round asperities as:
05, =cos™ (1= (PP /(1 +P)) 4.1)

where Py € [0,00] is the asperity radius as a percent of the spine tip radius and P, € [0,2] is the
asperity height as a percent of the asperity radius (Fig. #.2)g). Mechanical interlocking occurs at
Os; + 65, > 90° whereas s + 05, < 90° reduces the required friction coefficient; for example,
Sa(wood) = 10.6 um = P; = 10.6/23.3 results in effective increase in the spine loading angles
of 65, (P, =2) = 68° and 6g; (P, = 1) = 46.6° requiring a friction coefficient yu = 0.40 and
u = 0.95, respectively, for a horizontal jump (6; = 0°). A friction coefficient of u = 0.40 is
within generally achievable limits demonstrating that even at extreme jumping angles the locust’s
spines greatly enhance the surface friction. We expect the spines to find asperities with increasing
likelihood on the wood, sandstone, and mesh. The glass, however, does not produce any usable

asperities and therefore the adhesive pad performance can be isolated.

4.2.2 Adhesive Pads: Surface Interaction

Before jumping, the locust folds its foot under the tibia (Figs.[d.2p,b), which allows the adhesive
pads to interact with the surface. We posit that segment S1 is configured such that pad P1

passively preloads the second two pads (P2 and P3) during jumping. Using the morphology and
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summing the torques about pad P1 yields an expression for the torque on segment S1 as follows,

My + FysinO5ra(pcos ¢ —sing) + A pracos ¢

:Rpr2x+Rp(r3x/er)r3x 4.2)

where F} is the ankle force, My is the ankle torque, R, is the reaction force at pad P2, R ,(r3./72)
is the reaction force at pad P3, and r;, and r3, are the x-distances between pads P1-P2 and P1-
P3, respectively. The frictional, tFy sin 6y, and adhesive, 0A,, forces have been substituted in
to relate the applied horizontal force to that supported by the surface friction. The left side is
then related to the applied loads and the right side, the passive loading of the adhesive pads;
where the jumping angle range 6; € [0,90°], P1-J4 angle range ¢ € [—90°,90°] (¢ > 0 is in the
+x-direction), and the friction coefficient u determine the loading behavior.

The only way equation (4.2) can produce a negative torque, unloading the adhesive pads, is
for the normal vs. frictional load coefficient, Cyr = (1 cos ¢ —sin¢), to be less than zero, Cyr <
0; assuming the adhesion is attractive. Fig. presents the relationship between the friction
coefficient, u, and the P1-J4 angle, ¢, where the optimal P1-J, angle is ¢ = tan~'(—1/u) and
the transition between loading and unloading is governed by ¢ = tan~! u. Thus demonstrating
that the locust can preload its pads passively, as seen in Fig.[4.2h, under nearly any coefficient of
friction. The highly deformable adhesive pads makes exact measurement of the angle difficult;
however, under load, ¢ approaches zero. Applied ankle torque, My, can be used to increase the

pad loading for additional adhesion, whereas pads P4 and PS5 will generally not contribute.

4.2.3 Multi-Surface Foot

So the desert locust has developed feet for robust jumping locomotion on both rough and smooth
surfaces but with different loading conditions; the spines attached directly to the tibia receive the
majority of the jumping force, whereas the adhesive pads attached to the foot receive a much
smaller amount. Its important to note that the pads make contact with the surface first and

are slightly deformed before the spines make contact. We propose this difference corresponds
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Figure 4.3: a) Example of a jumping trial with slips highlighted, including minor asperity failure
slip and re-engagement (right foot), slip (left foot), and slip and re-engagement (right foot). b)
The percent of the jumping energy dissipated or delivered given a slip at a particular knee angle,
Ok. ¢) A significance matrix comparing all the combinations of materials divided into slip type
and knee angle, Ok, range. The diagonals are the mean values for each surface. d) Percent of
jumps where slips occur both with and without re-engagement. Note: Slip events are counted
separately for each leg.

to the particular needs of each attachment mechanism. Spines effectively increase the contact
angle between the foot and surface, reducing but still requiring traditional load-based friction;
for interlocking, the maximum friction is a function of the yield strength of the spine material.
Whereas, pad-based adhesion is a function of normal preload; however, the load required is
typically, at least, an order-of-magnitude less than the tangential force produced for flat adhesives
and greater than that for structured adhesives [70, 94, [161]. In this way, the locust may have
developed a strategy, whereby, the spines receive the majority of the force to maximize their
friction and chance of interlocking, and the adhesive pads, needing less preload, are directly

loaded with a much lower force, relying instead on the passive loading to saturate the preload.
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The combination of adhesive pads and jointed spines, as evolved in the desert locust, presents
a multi-functional foot with embodied mechanical intelligence for passive adaptation to a wide

variety of surfaces.

4.3 Locust: Experimental Results and Discussion

The locust’s feet however are not perfect, as evident by their adaptations for slipping. Fig.
presents 3 different slips within a single jump: (1) right foot minor asperity failure and re-
engagement, (2) left foot slip, and (3) right foot slip and re-engagement (Supplementary Ma-
terials Video). Using a high speed camera (VisionResearch, Phantom v641) to compare perfor-
mance, we analyzed the number of slips and re-engagements per foot over approximately 100
experimental trials for each test surface (Materials and Methods).

The experimental results are separated first into slips, where the foot leaves the surface
(termed: slip), and slips, where the foot re-engages the surface (termed: slip and re-engage).
These categories are further divided into the surface materials and the knee angle ranges at which
the slips occurred. The knee angle is divided into 4 ranges which bound the amount of jumping
energy lost, Ey: planting (Ez ~ 100%), early (Er, € [38,100]%), middle (Ez, € [0.6,38]%), and
late (Ey, € [0,0.6]%) slips; as seen in Fig. [#.3b. A planting slip occurs when the locust initiates a
jump without the feet in contact with the surface and a slip occurs before the foot comes to rest;
this unknown behavior broadens the applicability of the foot design to dynamic attachment.

Figure[d.3c presents a significance matrix, comparing all the combinations of surfaces divided
into slip type and knee angle, Ok, range. The diagonals are the mean values for each surface with
each slip on each leg counted separately; the standard deviations are generally on the order of the
means due to the high probability (1.0+0.9) of secondary slips after a re-engagement. Whereas,
Fig. presents the slip events separated in the same manner as the significance matrix, but
arranged to show the variability among the different surfaces. These two figures provide the

information necessary to make some conclusions about the adaptability and specialization of the
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locust’s foot as well as glean inspiration for concepts to improve robot locomotion.

4.3.1 Spine: Slip vs. Re-engagement

The spines are able to adapt to a variety of rough surfaces, both with roughness less than (wood
S, = 10.6 um) and greater than (sandstone S, = 75.13 yum) the spine tip radius (23.3 um),
as evident by the similar mean slips between wood (0.22+0.44) and sandstone (0.24+0.47)
(1(222)=0.3, p=0.74). However, as would be expected, the smaller asperities are less stable and
result in more slipping, as evident by the significantly different mean slip and re-engagements for
wood (1.10%1.13) and sandstone (0.56+0.89) (t(212)=4.0, p=0.00). This reinforces that spine
interactions are roughness dependent, but also that the locust’s spines are well developed to find

and hold asperities after a slip, resulting in minimal loss of jumping energy.

4.3.2 Adhesive Pads: Slip vs. Re-engagement

Re-engagement of adhesive pads posses a particular challenge, as the transition between static
and dynamics regimes tends to reduce the interaction strength, making re-engagement impos-
sible. However, re-engagement is observed in the planting, early, and middle knee angle, 6O,
ranges, with similar mean values on the hydrophobic (0.47£0.73) and hydrophilic (0.30£0.51)
(t(154)=1.8, p=0.07) glass surfaces. The locust’s leg morphology and the catapult type jump
are similar to the MultiMo-Bat, which has previously been shown to produce increasing force
over the jumping cycle, up to approximately a knee angle of Oy = 120° when lift-off occurs
[159,160]. This increase in applied force in addition to the locust’s active ankle joint, M4, may
be compensating for the reduced interaction strength, making the observed re-engagement of the

adhesive pads possible.

4.3.3 Spines vs. Adhesive Pads

The desert locust, having both spines and adhesive pads, shows specialization towards spine

base friction for jumping, as evident by the significantly lower amount of slips on the wood
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(0.2240.44), sandstone (0.2440.47), and mesh (0.0£0.0), as compared to the hydrophobic glass
(0.83+0.66) and hydrophilic glass (0.88+0.70); no slips were observed for the mesh. The sig-
nificance matrix shows pervasive significant differences in the means for early and middle slips
between rough and smooth surfaces; however, not for planting and late slips. Planting though is
unique, in that it is the most dynamic region, and the similar means suggest that both the spines
and adhesive pads have equal difficulty in successfully interacting with the surface at high veloc-
ities. The drop-off in significance in the means of late slips can be attributed to the loss of spine
interaction, due to the leg angle, and potential lift-off which occurs around a knee angle of 120°

for a catapult type jump with this leg morphology [159].

4.3.4 Creating vs. Locating Asperities

The spines show specialization towards locating asperities rather than creating them, as evident
by the decreasing number of mean slips in the first three knee angle regions for wood (1.17+1.17)
vs. sandstone (0.59+0.90) (t(210)=4.2, p=0.00) and sandstone vs. mesh (0.0240.14) (t(118)=6.6,
p=0.00), ordered from lowest to highest roughness and asperity height. We would expect a very
low number of slips on the soft wood if the locust was able to penetrate the surface to enhance
the friction. Surface profilometer (Keyence - VK-X200) scans of the wood surface also shows
no indication of penetration; however, only destructive penetration or plastic deformation would
be observed after the jump was completed. The low slips on mesh also demonstrates the rela-
tive strength and stability of these two types of mechanical interactions, mechanical interlocking

being much higher.

4.3.5 Hydrophobic vs. Hydrophilic Surfaces

The adhesive pads do not show a specialization for hydrophobic or hydrophilic surfaces as evi-
dent by the similar mean slips, 0.83+0.66 and 0.88+0.70 (t(224)=0.6, p=0.57), and similar mean
slip and re-engagements, 0.344-0.66 and 0.23+0.46 (t(212)=1.6, p=0.11); this corroborates re-

sults by [42] for climbing aphids and confirms a supposition by [[153] for locusts. Further more,
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Figure 4.4: a) CAD drawing of the SLIP foot design with the degrees-of-freedom of the spines,
Osy and Ogy, and pad, Opy, labeled. b) Photo of constructed SLIP foot. ¢) Free-body diagram
and d) the simulated jumping response of the MultiMo-Bat with integrated SLIP foot, focused on
the ground impact and resulting bouncing behavior for the planting and contact type jumps. The
geared leg joints ensure synchronization and axially applied force. e) Jumping rig for determin-
istic testing and observation of the foot-surface interaction, which is dynamically similar to that
of the MultiMo-Bat. f) Contact jump snapshots on a glass surface. g) Planting jump snapshots
on a glass surface. h) Planting jump snapshots on a sandstone surface.

this suggests that the wettability of the surface does not effect the adhesive properties during the
highly dynamic jumping locomotion. Coalescence of the emulsion can lead to a surface film
and reduce friction 44]], therefore it is most likely stable, allowing a number of capillary
bridges [16), between the foot and surface to form, enhance friction through contact pinning

and viscous forces.
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4.4 Robot: Biologically Inspired Design

While jumping locomotion does not preclude static surface engagement, locusts exhibit both
planting jumps and surface re-engaging behaviors, indicating that the locust’s foot design may
have broader applicability to robot locomotion, as these behaviors necessitate dynamic sur-
face engagement. Extracting the features and functions of the locust’s foot discussed previ-
ously, the simplest interpretation is used to develop a robotic multi-Surface Locust Inspired
Passively-adaptable (SLIP) foot for the MultiMo-Bat, a vampire bat-inspired integrated multi-

modal jumping-gliding robot [159,1160].

4.4.1 SLIP Foot

The SLIP foot, Figs. @#.4a,b, incorporates all the features extracted from the locust’s foot. The
spines are steel pins mounted at a 45° angle and attached to flexural beams (cross section 1x3
mm (w X h)) - material modulus experimentally determined in - which allow suf-
ficient freedom to move both horizontally sy = +4.8° (=1 mm) and vertically, Osy, to find
asperities and strong enough to penetrate soft surfaces to create its own asperities. The elas-
tomeric adhesive pads (Smooth-On, Ecoflex 00-20) are dry, employing instead van-der-Waals
forces to eliminate the difficultly of maintaining a fluid on the feet. The pad is symmetric about
the ankle joint, with ¢ ~ —72°, thus ensuring passive pad loading. The rotational dynamics of
the adhesive pad, Opy, and spines, Osy, are decoupled from each other as well as the leg, 6y,
allowing each to passively orient to the surface throughout the jump, including during slipping.
The loading of the spines and adhesive pad is similar to that of the locust, where the pad must be
deformed for the spines to engage the surface. However, as the adhesive pad has a thickness of 1
mm and 100% tensile modulus of 55.2 kPa, initial deformation of the distal region opposite the
spines requires little force, allowing the spines to interact immediately.

To investigate the potential benefits of an energy absorbing region, similar in function to

the locust’s buckling region [[13]], a two-body jumping simulation was developed; as seen in
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Figure 4.5: a) Photo of the jumping-gliding robot, MultiMo-Bat, with the wings removed on
the 6; = 45° sandstone surface. b) Jumping energy density set to 52.8 J/kg; complete robot
trials on flat (ABS) and angled (glass, sandstone, wood) surfaces. ¢) Jumping energy density set
to 95.1 J/kg; complete robot trials on flat (ABS), angled (wood) surfaces, and angled jumping
(ABS). Notes: Motion capture system (Vicon, Vantage) was used for positional data. Angled
jump measurements were taken at the last tracked position.

Fig.[d. 4, where the dynamic equations are shown in[Appendix M| The leg compliance caused by

the driving spring, similar to series elastic actuation [115]], provides significant energy absorption
from impacts. However, in addition, integrated into the kinematic chain of the leg and foot are
several 3D-printed ABS (Stratasys uPrintSE Plus, ABSplus) components, which have a relatively
low coefficient of restitution, COR = 0.8929; experimentally determined in This
acts as the buckling region in the locust’s leg, dissipating some of the impact energy of the
foot, ¢, which reduces bouncing, facilitating surface interaction, Fig. @; other effects such
as adhesion, interlocking, and the elastomer foot pads will add additional damping, whereas the

foot mass, mp, is directly related to the bouncing amplitude and should be minimized.

Finally, inspiration is taken from planthopper (Issus) nymphs, which use biologically created
gears [23]], to synchronize the two sides of the robot’s legs, ensuring the force produced is along

the center-of-mass axis, as seen in Fig. {.4k.
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4.4.2 Experimental Results and Discussion

To experimentally characterize the performance of the SLIP foot, a specific series of trials were
conducted at a jumping angle of 6; = 45°, at which point the necessary friction coefficient is
difficult to achieve using the traditional friction model. A dynamically similar jumping rig,
Fig. @}e, was used to facilitate observation (VisionResearch, Phantom v641) of the foot and
uniform testing compares the dynamics of the robot and the jumping rig). The
testing sequence is as follows: glass, sandstone, wood, and glass, where 10 trials are conducted
for first the planting and then contact type jumps on each surface in the sequence; where the
approximate foot impact velocity is 3.4 m/s and O m/s, respectively (Supplementary Materials
Video). The order is designed to challenge the SLIP foot, as no modifications or cleaning is
conducted between trials; the glass and sandstone can dull or damage the spines, whereas, the
sandstone and wood can contaminate and damage the adhesive. The order ensures that each
material is tested after the SLIP foot has undergone jumps which can reduce the performance of

the primary attachment mechanism.

The robot shows much more deterministic jumping behavior than that of the locust. Table
presents the behaviors observed on each material in the sequence; where all 10 jumps within
each category show the same behavior. The SLIP foot shows no slips albeit some slipping and
re-engaging is observed. The glass surface trials all present a planting slip and re-engagement
as the preload is increasing after which good surface adherence is achieved (Figs. 4.4f,g). The
planting jumps on sandstone show a behavior not observed in the locust trials, that is of repetitive
minor asperity failures over approximately a 1.5 to 2.5 cm distance (Fig. [#.4h); observed as
approximately linear scratches in the sandstone. Resulting in only a minor loss of energy. Both
jump types on wood and contact jumps on sandstone show no slipping and present the best

behavior with strong surface interaction.

Comparing with the locust trials, we would expect the best performance to be achieved on the

sandstone surface, however, the SLIP foot is supporting significantly larger loads. This results
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Table 4.3: Robot Experimental Jumping Results

Surfacef Planting Jump (n=10 ea.) Contact Jump* (n=10 ea.)

Glass Planting Slip+Re-engage Planting Slip+Re-engage
Sandstone Slip+Re-engage (Continuous) No Slip

Wood No Slip (Penetration) No Slip (Penetration)
Glasst Planting Slip+Re-engage Planting Slip+Re-engage

* Zero preload.
tListed in the experimental order.

1The foot is not altered or cleaned.

in a change in behavior where, unlike the locust, the spines are easily able to penetrate the
wood surface creating very stable mechanical interlocks. The cohesion of the sandstone surface,
which easily supported the locust’s tip loading, can however, only support the relatively low
dynamic interactions of the contact type jumps, but fails during the highly dynamic impacts of
the planting type jumps; this issue can be eliminated by increasing the number of spines to reduce
the tip loading. The observed deviation from exactly linear scratches demonstrates the spines’
ability to adapt their position and the foot’s ability to maintain surface interaction during slipping.
The SLIP foot also shows much improved smooth surface friction over that of the locust. The
similarity of the slipping behavior between planting and contact type jumps is an indication of the
importance of the passive loading behavior and not impact loading. This is because both jump
types begin with zero preload, and both require an extended preloading period before sufficient

adhesion is created to resist slipping.

It is difficult to observe bouncing as the expected size scale is relatively small, although no
obvious interface separation from the surface was observed. However, during planting jumps,
small oscillations can sometimes be observed not at the interface but in the foot itself, which
may indicate the expected minor bouncing. These oscillations are damped within a few cycles
due to the added damping of the entire kinematic chain with integrated low COR components

and the soft elastomer foot pads.

The decoupling of the rotational dynamics of the adhesive pad and spines is crucial to the
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performance of the SLIP foot; several coupled variants were tested and showed significant slip-
ping. This is primarily due to the spine friction transitioning from static to dynamic, caused by
torque oscillations produced as a result of the passive loading of the adhesive pad (Supplementary

Materials Video).

Finally, the SLIP feet were tested on the MultiMo-Bat (Fig. [4.5p) to validate the system inte-
gration and performance. The MultMo-Bat was tested first on a flat ABS surface and then on an-
gled (6; = 45°) glass, sandstone, and wood surfaces (Fig.[4.5p), where the behavior matches that
of the constrained jumping rig trials. The MultiMo-Bat produces a maximum jumping height of
2.75 m with similar jumping heights for all cases, where the jumping energy density (J/kg) is ap-
proximately equal to the jumping rig. Increasing the jumping energy density by 80% (Fig.[4.5k),
propels the MultiMo-Bat up to the maximum height of 4.52 m. Continued slipping is observed
on the angled wood surface due to the significant increase in tip loading; however, the passive
confirmation of the SLIP foot allows the MultiMo-Bat to extract sufficient energy to propel it-
self up to heights greater than 4 m. In these cases, the surfaces were angled however, Fig. [4.5c
also demonstrates that we can control the jump angle of the robot. Thus, whether the surface is
angled or the desired locomotion direction, the SLIP feet can strongly interact with a wide range

of surfaces to support dynamic locomotion.

4.5 Chapter Summary

Analysis of the locust’s slipping behavior shows how likely is to slip during dynamic terrestrial
locomotion such as jumping. However, because of this, the locust has developed a number of
impressive adaptations to hold and, when a slip does occur, to re-engage the surface, minimizing
the amount of dissipated energy and still enabling a successful jump. The locust’s foot morphol-
ogy has significant mechanical intelligence embodied therein, which provide both the spines and
adhesive pads with the necessary loading conditions to maximize their ability to contribute to the

friction on a wide variety of surfaces.
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Through inspiration from and interpretation of the locust’s morphology and behavior, we
developed a robotic foot, which is capable of passively adapting and interacting with a wide
variety of surfaces under a range of dynamic conditions from zero velocity contact type jumps
to the high velocity impacts of planting type jumps. In the event of slipping, as seen in both
sandstone (52.8 J/kg) and wood (95.1 J/kg), the SLIP foot can maintain sufficient surface friction,
propelling the MultiMo-Bat to heights greater than 4 meters. Future work will focus on a more
rigorous characterization of the individual effects of the adhesive pads and spines to surface
friction and slipping.

For a robot to locomote in an unstructured terrestrial environment, a key component is that
which interacts with the environment itself. Here we have presented not only a mutli-surface
foot but also the concepts necessary for passively interacting, through embodied mechanical
intelligence, with a wide variety of surfaces under a wide range of dynamic conditions; and
thus, as with the locust, can free up computational power for other tasks. These concepts can
be directly integrated into existing robots with point-contact type feet and the current state-of-
the-art robotic systems, as the embodied mechanical intelligence make them fully self contained;
as seen with the MulitMo-Bat, which employs them as shoes. Building on the concepts, future
work may look at adding a two degrees-of-freedom ankle joint and multi-directional adhesive
pads and spines to better align and interact with an even wider range of surfaces. This study of
the locust’s feet highlights the significance of embodied intelligence to the biological system and

hopefully inspires further study of embodied intelligence in locomotion design.
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Chapter 5

Summary

5.1 Thesis Summary

To the author’s knowledge, at the onset of this research, this is the first time integration of lo-
comotion modes has been studied for robot development. This work serves to highlight the key
abstractions associated with integrated multi-modal locomotion and the potential benefits gained
by this concept. We presented a number of different MultiMo-Bat’s with varying capabilities
from significant embodied mechanical intelligence to high energy density actuation to feet spe-
cialized for strong interaction with both rough and smooth surfaces, all of which, allows the
MultiMo-Bat to reach some of the greatest heights seen in both robots and biological organisms.
The concepts presented are not specialized to the MultiMo-Bat, but in fact, the MultiMo-Bat is
simply an application and proof-of-concept of the discovered, analyses, developed, experimen-
tally verified, and presented concepts; each of which has broad applicability within the field of

miniature robot mobility as well as the larger scientific community.

5.2 Current and Future Research
Active Control - Tail
It has been show by other groups that the addition of a tail can assist in controlling aerial phases

of the robot through shifting angular momentum between the tail and body of the robot. This

concept however, requires a tail capable of producing angular momentum on the order of the en-
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Figure 5.1: MutliMo-Bat with combined inertial and aerodynamic tail.

tire system and thus constitutes a significant additional mass. The high level of inertial coupling
between the jumping and gliding modes prohibits such an addition. Therefore, the dynamics of
the system will be used instead to increase the effect of a tail.

A tail has the potential to significantly improve the multi-modal locomotion as it can assist
during nearly all phases of operation. Through contact with the ground the tail can orient the
body prior to the jump to control the jumping direction. During the coast phase the high ve-
locity airflow provide significant potential for creating control torques and, held at a constant
angle, control forces to modify the coast phase trajectory and prepare for the coming gliding
phase. During gliding flight, the tail can be used to stabilize the glide resulting in increase glide
performance.

Development of the 1-axis tailed MultiMo-Bat, Fig. [5.1] is currently ongoing with focus
placed on determining the optimal initial angle and gliding trajectory which will be maintained
through active tail control. The tail will be co-designed along with the controller ensuring the

necessary control authority over each phase of locomotion.
Active Control - Wing Deformation

Current and future work will investigate coast and gliding phase control through wing defor-

mation. Using shape memory alloy (SMA) actuators integrated into the airfoils can allow for
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Figure 5.2: a) The current wing design produces two airfoils small fore-wing and larger aft-wing.
b) Shape is controlled by the tension profile. ¢) Magnetic wing clamps for variable deformations
without wing modification. d) Magnetic wing clamps positioned to pull on the trailing edge. e)
Expected results of the presented deformations, however, preliminary experimental results show
a reduction in gliding distance.
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lift/drag asymmetry through independent deformation of portions of the airfoils.

The original wing design remains constant, Fig. [5.2p, however, as the wing shape itself is a
function of the designed tension profile, Fig. @b, modification of the tension causes modifica-
tion of the wing shape, and thus the aerodynamic characteristics. To facilitate testing of various
control strategies, magnetic wing clamps are developed through which shape memory alloy wire
may be routed, Fig. [5.2c. The clamps are easily reconfigured without effecting the wing. The
clamps may be positioned in a number of ways however, as the center-of-mass position in rela-
tion to the leading edge has previously been shown to have a significant effect initial placement
will try to vary the leading edge position through modification of the trailing edge, Fig. [5.2d;
direct leading edge deformation is difficult as the four-bar legs come in contact with this section
of the airfoil and therefore make attachment less reliable.

Initial experiments were conducted with the configuration presented in Fig. with the
experimental deformations shown in Fig. [5.2e. However, instead of altering the heading of the
MultiMo-Bat as expected the preliminary results showed only a significant variation in gliding
distance. Therefore further study is necessary for directional control of gliding however, the
preliminary result may still be promising as the landing area may not always be observable until
the MultiMo-Bat is in the coast phase. Thus the MultiMo-Bat, on observation of a danger in
the expected landing area, could arrest its glide and parachute back to the jumping position.
Preliminary experiments also show the fore-wing as a major contributor to the gliding behavior,

therefore small variations in this wing may have more significant effects on the robot’s flight.

Active Control - High Level Tasks

Future work will investigate higher level control within the integrated locomotion design strategy
by leveraging the perspective of each mode. The latest MultiMo-Bat has an on-board controller,
radio, IMU, camera, and extension for GPS. The complete sensor suite will allow the MultiMo-
Bat to observe and measure the environment from both the elevated perspective for targeting,

path planning, and air measurements while ground level observation has the potential to capture
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Figure 5.3: Experimental wing tunnel for observation, characterization, and optimization of the
highly deformable airfoils during flight conditions.

higher resolution data about the terrestrial environment.
Enhanced Gliding Performance

Currently we are exploring methods for improving the gliding performance though characteriza-
tion and optimization of the collapsible airfoils developed in this work. The major difference be-
tween traditional and the developed collapsible airfoils is the tensioning of the wing membrane.
This creates the potential to vary the wing shape during initial design as well as dynamically due
to differing angles-of-attack (AoA) during flight. To observe the behavior in a controlled fashion
a wind tunnel, Fig.[5.3] has been developed where the aecrodynamic forces and airfoil shape can

be simultaneously measured.
Jumping on Granular Media

Currently, in addition to exploring the effects of jumping on hard surfaces, I am also considering
those surfaces which might deform under the jumping load. Granular media is such a surface and
posses a significant challenge as it acts much more like a liquid than a solid, as seen in Fig.[5.4]
but is actually neither. This difference may result in dynamic behaviors which exhibit charac-
teristic of both. Groups have studied a number of different aspect of locomotion on granular
media from both the jamming approach to encourage a more solid surface behavior to swim-

ming. However, the highly dynamic jumping behavior of the locust may elucidate additional,
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Figure 5.4: Desert locust jumping on unpacked sand where the behavior of the surface appears
to act like a liquid.
as of yet, unknown characteristic and design concepts for improving the mobility of miniature

robots.

5.3 Publications
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Appendix

Appendix A Preliminary Prototypes and Experiments

A.1 Modular Independent Jumping Mode

Initial research aimed to add a jumping locomotion mode to a previously developed wall climbing
robot, called Waalbot [95, 96]. This robot used gecko inspired fibrillar adhesive pads to climb
on smooth surfaces however, these surfaces were not continuous and therefore jumping was a

possible method for overcoming obstacles between them.

As the robot already existed the developed jumping mode was created around the necessity to
combine it with the existing system. Therefore, the jumping mode was developed to be modular
so the components could be assembled in different configurations such that their effect on the
robot was minimized. The jumping mode consists of two main subsystems: the energy storage
system and the jumping leg. To allow for maximum flexibility the connection between these
components was selected to be a cable as it could be routed as necessary to fit within the confines
of the robot. To facilitate testing, the two subsystems where combined into a self contained
robot which later saw the addition of passively deployed wings, as seen in Figs. and
However, the ability to be reconfigured was preserved throughout the development. For this
system the springs were used directly as the jumping leg and the cable directly compressed them.
The energy storage system consisted of a transmission to increase the mechanical advantage and
a cam to linearize the required torque during the energy storage process. The energy was release

at a fixed point through the removal two teeth from final transmission gear set. Once reached
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Figure A.1: The CAD model of the first generation jumper is shown with the wings in the de-
ployed and folded states. All components are manufactured from acrylic sheets with the excep-
tion of the red wing mounts which are 3D printed significantly reducing cost of manufacturing.

the cam was able to spin freely releasing the stored energy. The entire system was designed to
be miniaturized and manufactured in metal to increase strength and significantly reduce the size
allowing for easier addition to the existing robot. The current prototype is constructed primarily

from laser cut acrylic sheets to reduce cost with the wing mounts 3D printed.
Even with miniaturization the combination would have significantly reduced the performance
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Figure A.2: A photograph of the first generation jumper is shown with thin wires from the motor
attached to the feet. The robot is positioned on two conductive pads which provide power to
compress the springs. This configuration eliminates the possible effects of the power tether
during the jump and coast phases. The wing membranes are constructed from mylar sheets.

of the existing system while producing a jumping mode with performance not sufficient for
obstacles of any reasonable size. To achieve the successful combination of these two modes it

was realized that the development of an entirely new system would have been required.

This prototype demonstrated several concepts that were carried into future generation of
jumping robots. First, the use of cables to store energy in elastic elements allows for signif-
icant flexibility in the mounting of the two subsystems. Second, the primary issue with the
combination of the two modes was the added mass of the new system of which much of the sup-
port structure was duplicated. This caused a significant increase in system mass which reduced
performance of all the modes. Finally, the addition and experimental verification of passively
deployed asymmetric wings which produced directional gliding proved the potential of this con-
cept and is carried into later prototypes. Also coast phase stability was initially seen with the

addition of the wings on the prototype.
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Glide Configuration

Leg Offset COM Plane
1

'Leg Compression — -

Jump Configuration

Figure A.3: A) Concept shown with one leg in the jumping configuration and one in the glid-
ing configuration. Joints 1-4 are responsible for the leg extension/retraction whereas Joint 5 is
responsible for the transition between jumping and gliding configuration. B) Leg offset utilized
for configuration change. C) The x — z COM plane positioned at the center of the leg assembly.

A.2 Proof-of-Concept Integrated Jumping and Gliding Robot

Two prototypes have been constructed to test the viability and performance of the proposed
jumping and gliding robot concept. Each one is designed to facilitate the testing of key aspects
of the overall system.

The first prototype is designed for testing the integration strategy, coast phase stability, and
the transition from the jumping configuration to the gliding configuration (Figs. [A.3]and [A.4p).
To facilitate these experiments the overall system performance is reduced to allow for testing in
indoor confined environments. The prototype weighs 72 g and is capable of maximum jumps of
approximately 1.7 m, which is sufficient for the analysis of all aforementioned behaviors. The
additional structures required to generate the gliding mode consist of the wing membrane, carbon

fiber support, and elastic element for tensioning the wing (Fig. [A.4p). These components result
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Figure A.4: a) Prototype exhibiting both jumping and gliding locomotion modes. Shown with its
legs positioned between the jumping and gliding states. b) High performance jumping prototype.
Shown with molded joints.

Table A.1: Prototype Specification

Prototypes
Jumping and .
Subsystems Gliding Jumping
Jumping Mode Structure (g) 49 37
Gliding Mode Structure (g) 16 NA
Power Springs (g) 7 14
Energy Storage (g) 20 20
Robot (g) 92 85
Performance
Experimental Mass (g) 72 55
Lift-off Velocity (m/s) 5+ (exp), 7.1 (sim) 12.9 (sim)
Jumping Height (m) 1.7 (exp) 6+ (sim)

* Simulated values (sim) and experimental values (exp). The simulated value are calculated
using the single DOF jump phase dynamic model with the parameters for the particular proto-
type.
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Figure A.5: a) Snapshots from the jumping movie of the jumping-gliding robot in operation: a.l
Shows the end of the energy storage phase, a.2 the jumping phase, a.3 the coasting phase, and
a.4 the gliding phase. b) Earlier prototype of the robot presented in Fig.[A.4p.

in a total added mass to the system of 16 g. The prototype was tested both with, Fig. [A.5h, and
without the additional wing structures to determine the overall effect of the integration strategy.
The result is a reduction in jumping height due to the added mass however, the structure is able
to stabilize the prototype during the coast phase and the passive conversion between locomotion

modes is successfully proven.

The second prototype is designed to test the maximum jumping performance of the sys-
tem, therefore, the wing components were not included (see Fig. [A.4b). The experiential trials

(Fig.[A.5p) of the first generation of this prototype highlighted the joints as a major weak point
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of the robot. These which were subsequently switched to soft-molded joints. This prototype will
test the structural strength and behavior of the system under high loads. This is important because
the system is concerned with weight reduction and therefore must operate much closer to the lim-
its of the components to achieve maximum performance in all locomotion modes. Testing of the
individual four-bars under full load has been successful. This system utilizes optimized springs
capable of storing 3 J of energy at a minimum weight of 7 g each. This prototype weighs 55 g
and is capable of maximum jumps of greater than 6 m with the possibility of further increasing

the power.

Appendix B Derivation of the Spring Design Equations

The relationship between the yield strength and the wire diameter has been empirically deter-

mined as
R
3

where Q and b are fitting parameters associated with the material and d is the wire diameter used

Sys = £ 0d" (B.1)

to calculate the ultimate tensile stress, S, = de [101]. The ultimate shear stress is approxi-
mately equal to a constant percentage, R, of the ultimate tensile stress and a safety factor, £. The
second difference is associated with the fact that the rod is coiled and not straight which adds a
direct shear component and creates a stress concentration on the inner most edge of the cross-
section of the wire. The shear stress profile can be calculated as the sum of the torsional shear
stress plus the direct shear stress. Assuming the wire has a circular cross-section the maximum

shear stress in the cross-section of the spring is

o g SFD . 4C—1 06IS
M=RwoaB3 ™™ 4ac—4 " C

(B.2)

where F is the force at full extension of the spring and D is mean coil diameter. To account
for the curvature, Wahl’s Factor, K,,, which also includes the direct shear factor, is typically

substituted into the equation yielding the maximum stress in the coil; which is a function of the
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spring index C = D/d [101]. To ensure maximum energy storage, the maximum shear stress in
the coil is set equal to the yield stress of the material, Ty = Sy,. Then, eq. is solved for the
applied force, F, and substituted it into the standard equation for calculating the spring constant
of a helical extension spring. This combined equation can then be solved analytically for the

mean coil diameter, D, as a function of the length ratio, L,, and the wire diameter, d such that

3v/3d(173C,+10%d?)
10v/24/C1+Cy+150d2

— 2
_d+\/C1+C2+150d2 \/2C1 C, +300d2 +

b + (B.3)
L4 2076 20v6
o W0GLE 10'/3 (101/3C2 +20GL,d*(200GL, + 1257x5,,)
b= ﬂSyS 7 27 ﬂ:C3SyS
(B.4)

C; = (GL,d6 (—8(104)G2L3 +2.046(10%)GL, 7S 5 +6.642(105)7IZS§S) —3GL,d®\/37S);

1/3
¢ —1.66(1019)G3L3 + 1.231(101) G2L2 Sy + 4.184(1010)GL, n25%, + 1.634(1010)7t3S§s>

where the length ratio, L, = y/(L,A), is a function of the spring extension, y, the maximum
mounting length of the spring, L,,, and a reduction factor, A = 1 — 0, which reduces the free
length of the spring to a percentage of the available mounting length.

The final parameters for the design are the required energy, E, to be stored and the number
of springs, n, used to store it. Using eq. again, and substituting in F = 2E/(ny), the mean

coil diameter, D, can be found as a function of E and »n as

—146dE +25n7d3yS,; + \/ 4.149(105)d2E? — 4.730(10\nwd*yESy, + 62502 n2d0y252

D> —
2 800E

(B.5)
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Appendix C Airfoil CFD
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Figure C.1: Left) Relative pressure and Right) velocity and stream lines in the simulated space.
The development of the pressure and velocity distribution over the airfoil is shown through the
three subsequent angles-of-attack of 0, 4, and 6 degrees. Data generated via Comsol CFD.
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Figure C.2: Left) Relative pressure and Right) velocity and stream lines in the simulated space.
The AoAs of 45 degrees and 90 degrees demonstrate the fully stalled regime where the veloc-
ity distribution over the upper side of the airfoil approaches zero and the pressure magnitude
becomes symmetric. Data generated via Comsol CFD.
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Appendix D MultiMo-Bat CAD Drawings
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Figure D.1: Glding configuration. CAD drawings presenting the characteristic dimensions of the
MultiMo-Bat.
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Figure D.2: Jumping configuration. CAD drawings presenting the characteristic dimensions of
the MultiMo-Bat.
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Appendix E Manufacturing: Soft Molding Process

As stated throughout the work, integration inherently results in increased component functional-
ity. This tends to increase the complexity of the components and therefore the complexity of their
manufacturing. Standard machining techniques become impossible to use as they are not physi-
cally capable of creating the component features necessary. Utilizing 3D printed parts solves this
issue however; the material possibilities are limited by those available to the 3D printer. A soft
molding process allows for a much larger set of materials removing the reliance on the quality
of the 3D printer material. This process significantly reduces the cost of development as only
a single 3D printed master is required for each part. The soft molding process does reduce the
possible features which can be created however, due to the soft mold, can still create features

impossible through standard machining.

2-Part Internal Soft Mold

3D Printed and Molded Parts

3D Printed and Molded Parts

Figure E.1: a) The body component requires a two part soft-mold to produce the required fea-
tures. The shoulder (b) and the reel (¢) are shown in addition to their 3D printed masters and
soft-molds.
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E.1 Procedure

The soft-molding process begins once the component is designed as molding features must be
added to the component before 3D printing. All through holes must be removed through the
addition of thin membranes which divide the holes in half and remove the connection between
the ends for demolding purposes. The high functionality typically also results in all sides of
the component containing features and thus must be accurately molded. Therefore, the part is
suspended in the mold resulting in the necessity to add features which hold the component away
from all exterior surfaces of the mold.

The part is then secured to the base of a disposable plastic cup. Two part, high tear strength
silicone rubber is then mixed and degassed. This is then poured into the cup and degassed
again. Once cured, a razor blade is used to cut open the mold exposing the part inside. Through
deformation of the mold, the part is separated from the mold before demolding process begins.
Once all surfaces are separated from the mold, demolding is achieved by applying a force to the
underside while expanding the opening and slowly working the component out.

The remolding process is similar however a rigid material is used. Once the material is
mixed and degassed the opening of the mold is expanded and the material poured through the
opening; being careful not to create air bubbles as you pour. The demolding process is the same

as discussed above.
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o Res (min,max) = 99, 246 um; Dipoles = 3037
o Res (min,max) = 99, 246 um; Dipoles = 3037

Figure F.1: Aligned configuration of two 3.2 mm magnets showing the distribution of dipoles
within each; represented as the red and blue points. The dipole resolution is highest near the
contact point enhancing the accuracy of the calculated solution. In this case the magnets are
discretized into 3037 dipoles each.

Appendix F  Distributed Dipole Model

The magnetic force-displacement curves are calculated using a distributed amperian model (MAT-
LAB). The procedure begins by first specifying the magnet geometries; these are then discretized
into thousands of small volumes, each with a magnetic dipole at the center; as seen in Fig. [F1]

The magnetic field produced by a single dipole is derived as [52],

— — ﬁ”’ A A A A
Bu,v(ru,wmu) = % <3(mu : ru,v)ru,v - mu) (F.1)
u,v

where m,, represents the magnetic moment of a single dipole in the red (Fig. magnet and 7, ,

is the distance vector between one red and one blue (Fig. dipole. Then the force between the

167



two dipoles is calculated from the equation F' = </ (1, - B, ) as

_ 3Ho]lu|[|my |

g(?aﬁiu?’_ﬁv) - <fu,v(”ﬁu -Iﬁv) + ”ﬁu(f‘u?v : mAv)

AT||Fou||*
+”ﬁv(f'u,v'n€u) _Sf'u,v(fu,v'n%u)(fu,v'nav)> (F2)

where, m, represent the magnetic moment of a blue (Fig. dipole. The net forces between
magnets are then calculated as the sum of the forces between the set of dipoles in each magnet;
the example in Fig[F.I]requires the sum of the interaction between all 3037 dipoles. One of the

magnets is then displaced and the procedure is repeated to produce the magnetic force curves.

Appendix G Internal Energy Storage Mechanism Character-
ization

The internal energy storage mechanism with SMA actuated clutch was characterized to under-

stand its power requirements and load capabilities.

Experimental Setup

The complete internal energy storage mechanism is assembled into a MultiMo-Bat body. This
body is identical to that of the full system however it allows access and observation of the internal
component during the testing phase. The body plus overhead rod is also configured to create the
bidirectional forces, just as in the full system, while allowing the pulling force to be directed to
only one side; this facilitates experimentation and can be seen in Fig. [G.Ip. To modify the load
on the motor, a large container is connected to the main cables coming from the internal energy
storage mechanism. Though the addition of measured quantities of water to the container, the
load can be easily modified over a large range.

A power supply delivering 11 volts is used as the current source. To ensure accurate current
delivery to the DC motor the complete control circuitry including DC motor driver (pololu carrier

board, TI DRV8833 chip) with a current sensor (Pololu carrier board, Allegro +/-15.5 A ACS711
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Figure G.1: a) Power vs. load characterization of the internal energy storage mechanism, includ-
ing a linear fit to the data. b) Experimental testing setup.

chip) on the input to the motor is used. The activation and deactivation signals comes directly

from the micro-controller.

Experimental Procedure

The procedure begins with the simultaneous activation of the robot controller and the data acqui-
sition system (Labview + National Instruments: USB X series multifunction DAQ). The robot
controller waits just over 6 seconds before activating the motor. The activation lasts 3 seconds
over which the load is observed to lift off the ground. The activation ceases while data acqui-
sition continues for approximate 4 additional seconds. This provides both a zero point at the
beginning and end of the data collection. The motor was tested under 13 different constant loads
which span a large region of its operating range including: 522, 1022, 1522, 2022, 2522, 3022,
3522, 4022, 5022, 6022, 7022, 8022, and 10022 g.

Results

The characterization results in a linear relationship between the motor current and the applied
load. To calculate this relationship each applied load was tested five times. The measured data is
an analog voltage reading from the current sensor through which the current is calculated as,

Vou[ 36.7
Vee | 2

1=36.7

(G.1)
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where V,,,; is the voltage signal from the sensor and V¢ is the supply voltage [112]. The data
is then convert to power W and force N and using a least-squares approach, a linear function

y = c0+ clx was fit to the data resulting in,
y=1.41140.072x (G.2)

where x is in units of N, c0 is the y-axis intercept, and c1 is the slope.

Appendix H Small Segment Set Example

Segment Matrix

The 20 segments shown in Fig. [3.14] evaluated at k = 20 points, are combined into the S matrix
below; where each column represents a single segment with untis of force in grams. The individ-
ual segment forces are doubled representing 2 magnet sets to allow for force equalization during

manufacturing.

[—141.5 —173.2 —1859 -2339 —88.5 —107.0 —114.6 —143.2 —174.0 -215.0 -231.1 -292.2 508.5 674.0 743.2 1021.4 358.9 492.5 548.4 777.5]
—1324 -161.7 —173.5 -217.9 -734 —-885 948 —118.1 —168.4 -207.7 —223.1 -282.0 467.9 6254 691.1 956.8 336.8 465.1 518.9 740.0
—122.3 —149.1 —-159.8 -200.7 -564 —67.6 —72.4 —89.8 —162.2 —199.7 -2144 -270.6 433.6 583.9 646.6 901.2 316.6 440.0 491.8 705.5
—111.1 —1352 —1450 —181.6 —37.4 —446 —478 592 —1553 —190.8 —204.9 -258.1 403.6 547.4 607.4 852.0 298.2 4169 466.9 673.6
-98.8 —119.7 —1283 -1604 —16.6 —19.8 212 263 —147.7 —181.1 —194.3 —2448 377.0 514.8 572.4 807.9 281.2 395.5 4438 6439

—84.8 —102.5 —109.9 —-1372 5.6 6.7 7.1 88 —1393 —170.5 —182.9 —230.0 353.2 4854 540.7 767.8 265.6 375.7 422.3 616.3
—69.3 835 895 —111.3 272 325 34.8 43.1  —130.0 —158.7 —170.2 —213.7 331.6 458.6 511.9 731.1 251.1 357.3 402.3 590.4
—51.9 —-62.0 —66.4 —824 47.1 56.3 60.3 748 —119.7 —1457 —156.3 —196.1 311.9 434.0 4854 697.3 237.6 340.1 383.7 566.1

—323 386 —413 512 652 78.4 84.0 1043 —108.2 —131.5 —141.0 —176.5 293.8 411.4 460.9 666.0 225.1 324.0 366.1 543.2
—-11.1  —-133 -142 -17.6 8I.1 98.0 105.0  131.0 -954 —1155 -—123.8 —154.8 277.2 390.5 4383 636.9 213.4 3089 349.7 521.7

20g — -

§= 11.1 13.3 14.2 17.6 95.4 1155 123.8 1548 —81.1 —98.0 —105.0 —131.0 261.8 371.0 417.2 609.7 202.5 294.7 3342 501.3
323 38.6 41.3 51.2 108.2  131.5 141.0 176.5 —652 784 —84.0 —1043 247.6 3529 397.6 5842 192.3 281.4 319.7 482.1
51.9 62.0 66.4 824 1197 1457 1563 1961 —47.1 —563 —60.3 —74.8 2344 336.0 379.2 5603 182.7 268.8 305.9 463.8
69.3 83.5 89.5 111.3 1300 1587 1702 2137 =272 —32.5 —348 —43.1 222.1 320.1 361.9 537.7 173.7 257.0 292.9 446.5

84.8 102.5 1099 1372 1393 1705 1829 230.0 56 —6.7 -7.1 —8.8 210.6 305.3 3458 516.5 1653 2458 280.7 430.0
98.8 119.7 1283  160.3 147.7 181.1 1943 2448 16.6 19.8 21.2 263 199.9 291.3 330.5 496.4 157.3 2352 269.0 4143
111.1 1352 1450 181.6 1553 190.8 2049 2582 37.4 44.6 47.8 59.2  189.8 278.2 316.2 477.4 1499 2252 258.0 399.4
1223 149.1 159.9 2007 1622 199.7 2144 2706 56.4 67.6 72.4 89.8 1804 265.8 302.6 459.4 142.8 215.7 247.5 3852
1324 161.8 173.5 2179 1684 207.7 223.1 2819 73.4 88.5 94.8 118.1 171.5 254.1 289.8 4423 136.2 206.7 237.6 371.6
L 141.5 1732 1859 233.8 1740 2150 231.1 2923 88.5 106.9 1146 1432 163.2 243.1 277.7 426.0 1299 198.1 228.1 358.7

(H.1)

Desired force

The df represents the desired forces along the motion axis which creates the tailored magnetic

spring shown in Fig. b.

df':[lS0.0 137.2 127.4 1203 1162 1150 116.6 121.1 128.5 138.8 152.0 168.0 186.9 208.7 2334 261.0 291.4 324.7 360.9 400A0}T

(H.2)
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Segment Quantity

The g represents the initial calculated quantities for the tailored magnetic spring shown in Fig. b

when no dimensionality reduction is performed.

c}:[O.S -12 -03 04 -0.0 605 —56.1 —3.1 —42 377 -28.7 -2.5 -3937.2 —13697.9 194952 —2678.5 —10011.2 87547.4 —85614.9 8885.1}T

(H.3)
Family of Analytical Solutions

Varying the number of evaluation points, k, and the dimensionality reduction percent, P, can
. . . . 20
generate a family of solutions. Fig. presents 650 solutions generated from S for the monos-

table tailored magnetic spring in Fig.

Non-Rounded Solutions ‘ Rounded Solutions

N
o
o

Magnetic Force (g)

-100 b b
=== Desired MSS === Desired MSS| p
_200 1 1 1 1 1 1 1 a) _1500 1 1 1 1 1 1 1 )
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700

Displacement (um) Displacement (um)

Figure H.1: a) The non-rounded and b) rounded solutions for the monostable tailored magnetic
spring. There are a total of 650 solutions presented.

Appendix I Robot Controller

The robot controller is designed around the integrated strategy, where both mass and volume
are minimized through the development of a custom PCB. This PCB integrates a number of
carrier boards for specific functions such as microcontroller (Arduino, Pro Mini 328 or Teensy

3.1), motor drivers (Pololu, DRV8833 Dual Motor Driver Carrier), IMU (Pololu, AItIMU-10 v4
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Figure I.1: Robot controller PCB and schematic views.

Gyro, Accelerometer, Compass, and Altimeter), and wireless communication (XBee, Series 1 -
1mW with PCB Antenna).

Figure [[.1] presents the PCB design and schematic views of the robot controller which is
designed to operate on 3 series connected polymer lithium ion batteries (Sparkfun Electronics)
at a total voltage of 11.1 V. Sufficient additional I/O ports are included for camera and GPS

integration as needed.

Appendix J Experimental Testing Facility

Miniature robots and biological organisms require dedicated experiential testing areas as the
setups must remain constant throughout the testing period. The nature of complex high per-

formance robotic systems which operate very close to the structural limits of their components.
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Experimental
Testig Facility

Figure J.1: a) Inside the experimental testing facility. b) Outside the experimental testing facility.

Therefore, requiring small redesigns throughout the initial testing periods to optimize the design
before the necessary experimental trials can begin. The non-deterministic and complex behavior
of organisms requires significantly more data to formulate conclusions and their own free will re-
quires significant initial experiential observation to configure the experiential tests in such a way
which encourages the organism to exhibit the desired behavior. Both these systems can require

as long as a month or more to obtain sufficient data for proper analysis.

Observation by high speed video, motion capture, and computer vision systems are all facil-
itated by well lit uncluttered environments, Fig [J.Th. However, I had to create this environment
within a large highly cluttered room, Fig J.1b. To achieve this, first the heavily damaged and
uneven floor was sanded, leveled, and painted with a diffuse reflective white color. Diffusion

of the light minimizes the chance of bright spots, which could mask regions of the experiential
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space and hinder observation; it also help to even the lighting. I then designed a 11mx5mx5m
(LxW xH) truss structure covered first in an inner diffuse reflective and stretchable material to
further reflect light and eliminate wrinkling of the surfaces. The outer layer is designed to elim-
inate the propagation light between the inside and outside, thus eliminating shadows inside and
shielding the outside from the high intensity lights. The room is maintained as a semi-clean room
to preserve the aforementioned qualities.

The observation equipment inside consists of a motion capture system (Vicon, Vantage V5)
with 420 fps at 5 MP, high speed camera (Vision Research, Phantom v641) with 1450 fps at 2560
x 1600 pixels, and high intensity LED light sources (Messring, M=Light LED) with intensities
of constant 100,000 and pulsed 250,000 lumen. The maximum observation volume of these

systems is SmXx5SmxSm.
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Appendix K Materials and Methods

Desert Locusts (Schistocerca gregaria)

The locusts were obtained from a local pet store and housed in a terrarium with heat lamp and
plentiful food supply. Any stress or nutritional deficiency was abated by a acclimation period of
no less than 5 days, where no experimental trials were conducted. Grass was the main source of

food provided to the locusts.

Experimental Preparation of Desert Locusts

The desert locusts were transfered from their main terrarium to an empty acrylic terrarium with
a heat lamp and thermometer. The locusts, being cold blooded, were warm up to an average tem-
perature of 30.5 °C before transferring them to the testing terrarium. This process also allowed

them to clean their adhesive pads; especially important before smooth surface trials.

Experimental Setup for Capturing Locust Jumps

An acrylic box was constructed to contain the locusts after each jump, while allowing unrestricted
viewing of the event. In the center a small platform was place on which the surface and angle
could be modified for testing various parameters of the locust’s jump. The platform dimensions
were specifically selected to encourage the locust to align itself in particular directions. This

helped to improve the accuracy of the captured data.

Test Surface Preparation

The hydrophilic glass was prepared by cleaning a glass slide with varying polarity solvents; the
sequence was as follows: acetone, IPA, deionized water, and argon gas for drying. To fab-
ricate the hydrophobic glass, the surface chemistry of some of the cleaned glass slides was
altered through a silanization process as follows: air plasma, immersion in butylamine and
methoxy(dimethy) octadecylsilane, and condensation at 80 °C. The advancing and receding

contact angles were measured using a Kriiss-Drop Shape Analyzer. The wood, sandstone, and
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steel mesh were purchased from a local hardware store and cut to proper size. The wood is

smooth cut pine, chosen for its relative softness.

Imaging of Test Surfaces and Locust Morphology

The surface and locust foot morphology plots were generated with a high-resolution 3D surface
profilometer (Keyence - VK-X200) with x — axis and y — axis resolutions of 1390 nm and z — axis

resolutions of 0.1 nm.

Statistical Testing

The reported statistical values were obtained from two-sample two-tailed t-tests, where signifi-
cance is defined as p<0.05 with a null hypothesis of equal mean values. The effective degrees of

freedom were approximated with the Welch-Satterthwaite equation.

Appendix L. Locust Adaptation to Jumping

The morphology of the locust’s hind legs used for jumping, exhibit striking similarity to that of
the 4 forelegs Fig. [L.2] The forelegs also have 4 jointed tibia spines and 3 segment feet with
3 adhesive pads on the first segment, S1; however, their configurations and sizes are different.
The spines are smaller, conical shaped, and pointed more distally than in the hind legs, and the
adhesive pad have no separation between pads P1 and P2. These morphological similarities
add additional evidence to the hypothesis of the locust’s continued adaptation towards enhanced

Jjumping performance.

Appendix M Dynamics: Robot and Jump Test Rig

To analyze the potential for bouncing as the foot makes contact with the surfaces, a jumping
rig was developed which simulates the dynamics of the robot but within a more observable

configuration. The configuration, Fig. [M.3h, was designed to be dynamically similar to that
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Figure L.2: The forelegs of the locust are morphologically similar to the hind legs, albeit with
different configurations and sizes. Adding evidence to the existence of an ancestor with equal
fore and hind legs. a) 3D surface profilometer images of the underdeveloped spines and associ-
ated joints, at the base. b) Photo of the locust foreleg with components labeled.

of the robot which is governed by,
— )\ 2105
maiy =2k (17 - (%) ) (M.1)

_ 2\ 0.5
mpih = — 2k (L2 — (%) ) —kory —coip

whereas the jumping rig is governed by,

mBi"I Z—kz(rl—rz)—CQ(f‘l—i‘z) (M2)
.. 2 2\ 2\ 05 . .
mrpin =2k (L — (3) ) —|—k2(7‘1 — r2) +02(r1 — I’2) ,

where r| and rp represent to position of the two masses, main body, mp = 55.4 g, and foot,
mp = 4.8 g. The robot’s k1 =291.2 N/m and L = 135.8 mm are the stiffness of the main power
spring and the leg length, respectively. The ground interaction is governed by k> = 10° N/m and
¢ = 88.4 Ns/m, which are the stiffness and damping coefficient, respectively. Note: all values
represent half of the robot as only one leg is being tested. The ground stiffness was chosen to

be arbitrarily large compared to k| whereas the damping coefficient ¢, was calculated from the
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Figure M.3: a) The free body diagram of the jumping rig for comparison to the robot. b) Dy-
namic comparison between the jumping rig and the robot. Both the bouncing of the foot and
Jumping behavior are presented to show the similarity. Note: P=planting jump, C=contact jump.
¢) A pendulum setup was used to experimentally determine the coefficient of restitution of the
3D printed ABS plastic (Stratasys, ABSplus).

experimentally determined coefficient of restitution, COR = 0.8929, of the 3D printed ABS ma-
terial (Stratasys uPrintSE Plus, ABSplus); discussed in (Supplementary Materials [Appendix N).

A comparison of the dynamics, Fig.[M.3p, shows good agreement between the magnitude and
damping responses of the testing rig and the robot with only a small variation in the bouncing

frequency of the foot.
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Appendix N Material Properties: Experimental

Two properties of the 3D-printed ABS material (Stratasys, ABSplus) were determined experi-
mentally including: coefficient of restitution and Young’s modulus.

The coefficient of restitution was experimentally calculated by colliding two equal spheres
together and comparing the energy before and after the collision. Figure [M.3c shows the testing
setup for determining the COR of the material; where the two spheres are identical and the height
potential energy before and after the collision is used to calculate the COR, COR = 0.8929.

The Young’s modulus of the material was experimentally tested to obtain the modulus for
thin small sections. The manufacturing process of the uPrintSE (Stratasys) results in significant
differences between bulk and small sections. The test consisted of two printed cantilever beams
with dimensions (LxWxH): 40x1x3 mm and 40x3x1 mm. Each was loaded and the deformation
measured. Using the Euler-Bernoulli beam theory, the Young’s moduli for each configuration

was calculated as, 173.25 MPa and 164.77 MPa, respectively.
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