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Abstract

Mobile robot designers are increasingly searching for inspiration and design cues from
biological models. Biomechanical studies of running animals underscore the impor-
tance of the passive properties of muscles, tendons and other elements of the muscu-
loskeletal system. These elements play significant roles in self stabilization and elastic
energy storage, resulting in smoother and more efficient locomotion. Although the
animals’ systems are extremely complex, they frequently behave as though following a
simpler dynamic template when executing repetitive motions, as in walking, running
or climbing. Consequently, for operation under limited circumstances, a bio-inspired
robot often needs only to match a simplified approximation to the animal’s behav-
ior. This observation motivates the use of under-actuated compliant mechanisms, in
which a modest number of independently controlled actuators are augmented with
passive compliant elements. The resulting mechanisms can execute periodic trajec-
tories that are functions of external loads, as well as actuator inputs, to approximate
the behaviors seen in nature.

Underactuated compliant mechanisms also afford practical advantages to the robot
designer. The elastic elements provide a lower mechanical impedance and allow for
better force control when paired with geared servo motors. They also increase the
physical robustness of the mechanisms and isolate the motors from shock when un-
expected impacts occur.

Guided by these considerations, this thesis explores a particular class of under-
actuated compliant mechanism that is particularly suitable for the legs of small bio-
inspired robots. The thesis begins by establishing the general motivation, terminol-

ogy and analysis framework for this class of mechanism. The subsequent chapters

v
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explore applications of the approach through three bio-inspired robots. The compli-
ant mechanisms used in each of the three robots are created using a multi-material
rapid-prototyping process, Shape Deposition Manufacturing, which allows hard and
soft materials to be combined in a single structure.

The first of three robot examples is iSprawl, a cockroach-inspired hexapod with
compliant, underactuated legs. Passive hip joints and a light and flexible push-pull
cable transmission in the axial direction allow the legs to cycle very rapidly for a 14Hz
stride frequency. Tuning of the leg properties, based on high-speed video observa-
tions and force measurements, allowed the speed of iSprawl to increase from five to
fifteen body-lengths per second. The second bio-inspired robot example is Spinybot,
a hexapod that climbs rough surfaces including stucco, concrete and brick walls using
toes with miniature spines. An underactuated leg mechanism cycles the toes through
a sequence of contacting the wall, engaging the spines, applying loads, disengaging
the spines and repositioning the foot at each step. Nonlinear compliances in the toe
linkages help to distribute forces and keep the spines engaged for reliable climbing.
The third robot is Stickybot, a gecko-inspired quadruped that climbs smooth vertical
surfaces using directional dry adhesion. Stickybot contains several types of under-
actuated mechanisms in its body, legs and toes. At the smallest length scale, the
undersides of the toes are covered with a unique material called directional polymeric
stalks, inspired by the directional setae and lamellae of the gecko. The combination
of directional adhesion and a hierarchy of compliant mechanisms allows Stickybot to
distribute forces evenly over the toes and to attach and detach its feet from surfaces
with a minimum of effort. The result is very smooth, gecko-like climbing, achieved

with a simple control system.
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Chapter 1

Introduction

1.1 Motivation

Golfers and tennis players are often taught to “Swing with the body.” One of the
interpretations of this concept is that players should transfer the energy from the
body to the club or racket while keeping their arm muscles passive. During the initial
acceleration period, kinetic energy, initiated with motions of the legs and torso, is
transmitted to the tip of the club or racket through the musculoskeletal structure
and realizes a high velocity at the distal end. Throughout this period, arm muscles
are in tension but do not actively impart motions. At first glance, this advice may
seem counterintuitive, as the muscles in the arms, wrist and hand are smaller, closer
to the club or racquet, and presumably capable of finer control than those in the torso.
Indeed, in an expert’s swing, a higher impact can be achieved by actively providing
additional speed and stiffening distal muscles at or just before impact. However,
many beginners and intermediate players are prone to exert undesirable forces in the
distal muscles, producing a slower tip velocity or less accurate positioning.

For beginners, the best swing often can be achieved by focusing on big muscles
in the body with a minimum of control in the arm and hand, relying on natural
power transfer through the passive dynamics of arm structure as shown in Fig.1.1.
This passive swing regime may be related to the intrinsic characteristic of the muscle.

According to A. V. Hill’s equation of the force-velocity relationship of muscle [116],
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Figure 1.1: A good golf swing requires little distal motion during the acceleration
period. The relative positions of the club, arm, and shoulder remain at almost the
same configuration during downswing, when most of energy is transfered from the
legs to the arms. A major portion of the power is gained from the uncoiling motion
of the upper body and the torso from (a) to (b). At the body configuration shown (a),
the shoulder and the wrist muscles are fully stretched, which is the best position to
transmit large forces (and one of the worst positions to actively generate contracting
forces). (c)(top) shows the rough trend of muscle force-speed relationship based
on A.V. Hill’s equation; (c)(bottom) shows the length-tension relationship of active
(stimulated) and passive (unstimulated) skeletal muscle [115, 59|

the maximum tension on muscle can be much higher when the muscle is extending
or resisting motion than that when it is actively contracting. Therefore, even a small
muscle can transmit a large amount of energy as long as it is not contracting but
extending or resisting, as seen in Fig.1.1(c). Taking advantage of this characteristic,
it may be that the players are maintaining a higher tension when they keep their arm
muscles passive than when they try to actively move them during the swing. Alterna-
tively, it may be that with little time to respond, beginners are better off adopting an
appropriate passive compliance in the arm and allowing an open-loop force/motion
trajectory to guide the hand. Also, keeping the arm muscles passive may improve

swing consistency, since we need to pay attention to only a few muscles to control a
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Forelimb

Plantar fascia

(@) (b)

Figure 1.2: (a) Long ligaments, tendon and small pennate muscles in the horse’s
leg are morphologically advantageous for a faster stride and elastic energy storage.
(b) Ligaments are part of the construction of the human foot and provide additional
compliance in walking and running. The drawing shows the plantar fascia, one of the
tissues supporting weight, and storing and releasing energy, in human locomotion.

complex system and the passive arm behaves in a predictable way. Additionally, the
arm muscles are less prone to fatigue when they work passively since their metabolic
energy consumption is significantly lower than normal operation [5]. For these par-
ticular tasks where the motion is rather simple and energetic, some muscles perform
better behaving as passive elements.

The passive role of muscle is also apparently crucial in legged locomotion. Smaller
distal muscles with tendons and ligaments enable much more efficient locomotion
by providing elastic energy storage and passive stabilization. The gastrocnemius
muscles of many ungulates have long tendons which, as basic elastic elements, provide
shock absorption and energy storage (Fig.1.2). Biologists present evidence of the
importance of tendon elasticity in many vertebrates. The horse gastrocnemius tendon,
significantly longer than the muscle, stores energy in a similar way to a spring in
cyclic locomotion [4]. Similarly, kangaroo rats [20, 3] exhibit elastic energy storage in
tendons of the gastrocnemius muscles. In the running turkey, the amount of energy

recovered by tendons is bigger than that of active contraction of the gastrocnemius
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CHAPTER 1. INTRODUCTION 4

muscle [106]. These examples attest to the importance of compliance and energy
storage in the musculoskeletal system.

The musculoskeletal system is not only elastic, but visco-elastic, which is useful for
the stabilization of locomotion. For example, the energy dissipation in the exoskeleton
of an insect contributes to its stability when running over rough terrain [81, 53, 90,
89]. Biological observations indicate that cockroaches run over rough terrain without
significant speed reduction and without significant changes in the EMG signals to
their leg muscles [48]. In other words, dynamic adjustment of the motor control
pattern is not required to maintain stability. The effect can be thought of as similar
to well-tuned automobile suspension, which soaks up bumps without throwing the car
off course. According to Full and Farley [48], “Many think that the brain is issuing
orders and commands. But we believe the nerve system can only make suggestions,
which are compromised and reconciled with the mechanical system’s own mind.”

Insect morphology seems to have several advantages in conjunction with the “pas-
sive muscle” concept. Proximal muscles are usually bigger and stronger and distal
muscles are lighter and smaller. First, the low mass of the distal leg reduces the
acceleration torque required at the hip joint. With a smaller rotational inertia about
the hip, the legs can also achieve a faster return motion and, hence, a higher stride
frequency resulting in faster and more efficient running [88]. In addition, a lighter
distal leg dissipates less energy through impacts. Upon contact with the ground, the
kinetic energy of a colliding mass (e.g. the foot) is dissipated through forms of heat,
vibration, and sound. Thus, a smaller and lighter distal leg can create smoother

motion and a more efficient transformation between kinetic and potential energy.

1.2 Biologically-inspired compliant underactuated
design

In comparison to the use of passive mechanisms in animals, the traditional approach to
robot actuation and control has followed a very different path. The most commonly

used actuators are electromagnetic motors which, although well suited for precise
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CHAPTER 1. INTRODUCTION 5

control, have severe limitations in terms of shape and power density. In addition,
because electric motors are ill suited for low speeds and high forces or torques, they
require transmissions with large speed reductions when connected to the joints of a
robot. The transmissions typically reduce the overall efficiency and result in large
reflected inertias (proportional to the square of the speed ratio) at the tips of the
legs. An alternative solution for power transmission has been devised using cable
mechanisms [107] for smoother force response and removal of backlash. However, the
problem of reflected inertia remains and the mechanics of routing cables around joints
and keeping them tensioned properly can lead to complex designs.

In addition to limitations in actuation, the control and sensing capabilities of
robots are impoverished in comparison to those of animals. Robotic sensors are
inferior, with lower dynamic range and sparse distribution in comparison to their
natural counterparts. Conventionally, sensing and controlling each additional degree
of freedom is expensive. The complexity of supplying power and signals to the joints
of a robot grows at least as the square of the number of actuators. These limitations
reduce the dexterity of robots and prevent them from responding gracefully to high
speed landings and unexpected contact loads. To overcome these limitations, passive
mechanical properties can be advantageous. For example, compliance in the leg can
help to accommodate and moderate the complicated dynamic interactions of the
foot with the environment without requiring extra actuators, sensors and controlled
degrees of freedom at the ankle or foot.

Interestingly, some biologists believe that simplified models can accurately de-
scribe the behavior of complex biological systems in routine, steady-state operation.
There is some indication that biological systems, although they are incredibly com-
plex in comparison to the most sophisticated robots, are often controlled to behave
as though they were simple, or as though they were following a relatively simple
“dynamic template.” Cavagna introduced the spring-mass model [29] for legged-
locomotion. The relationship between the effective stiffness of legs and gait is detailed
by a simple spring leg model [87]. Blickhan describes extensive work on a spring-mass
model for running and hopping [24]. The concept of a dynamic ”template and an-

chor” provides a more generalized methodology [51] for explaining why animals may
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)

Biological SLIP (Spring Loaded Inverted Implementation to robot
observation Pendulum) model

Il ereyad

Figure 1.3: Biological observation leads to the hypothesis of a simplificd dynamic
model, the spring-loaded inverted pendulum, which can be applied to a robotic system
[50].

control complex musculoskeletal systems to behave like simpler systems. By seeking
synergies and symmetries [105], the “template” can suggest a generic, reduced model
that helps to implement the main principles and motion control strategies. The “an-
chor” guides low level strategies for embedding templates in elaborated models that
reveal more details of locomotion.

As an extraordinary example of the potential of simplified passive mechanisms, in
Paralympics competitions, a lightweight compliant prosthetic foot has been designed
to enable amputees to run as fast as normal athletes [93]. In 2008, runner Oscar
Pistorius was denied a shot at the Olympics due to the “unfair advantage” in speed
and energy consumption afforded by his prosthetic carbon-fiber feet [2]. In this ex-
ample, although the prosthetic leg cannot replace all the functions of a biological leg,
it approximates the passive functions of muscle and tendon for energy storage and
stabilization during running to afford an advantage.

In summary, there are strong motivations to identify passive mechanical systems
that can reduce the total number of actuators and thereby simplify the overall con-
trol problem while helping to maintain stability. As animals exploit the mechanical
characteristics of tendons and ligaments, running robots need to incorporate passive
compliance in their legs in order to smooth the ground reaction force and achieve
efficient locomotion. An additional advantage is that passive compliant mechanisms
are often physically robust — certainly more robust than corresponding mechanisms

with stiff links and multiple small actuators. For limited tasks, such as running or
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CHAPTER 1. INTRODUCTION 7

walking, simple underactuated mechanisms can approximate the passive functions of
the biological models and even exceed their performance.

In recent work, robotic designers, drawing upon an understanding of biomechan-
ics, have been implementing passive features in their designs to compensate for the
limitations of actuators and control systems. Pratt shows that the advantages of serial
compliance in actuator design include improved shock tolerance, lower reflected in-
ertia, accurate and stable force control, and a capacity for energy storage [101, 102].
The resulting designs sustain less inadvertent damage to the environment and the
machine when unexpected contacts or loads occur. Several multi-legged robots have
been developed using serial passive elastic elements as replacements for actuated de-
grees of freedom. For example, Rhex[108] utilizes rotational actuators with axial
(radial) compliance in its legs. The Spraw! robots [30, 74] have prismatic actuators
for leg extension and passive hip joints. Puppy [66] presents dynamic running with
active shoulder actuators and passive knee joints. Scout 2 [100] has axial prismatic
compliance. These robots are all examples of the succcessful exploitation of passive
self-stabilization characteristics of compliant leg design, roughly analogous to biolog-
ical examples utilizing muscles and tendons ror running.

Another class of passive design is the differential mechanism, which is often used in
robotic and prosthetic grippers to approximate human grasping without recourse to
many independently actuated degrees of freedom. One early underactuated prosthetic
hand was designed with sensory feedback control [117]. Its simple elastic coupling and
underactuated fingers helped to reduce the control effort of users. Hirose introduced
the “Active Cord Mechanism” (ACM), composed of serial linkages controlled by one
cable actuated in a coupled mechanism [64, 63]. By taking advantage of a differential
system, the serial links can passively conform to an object and distribute the force
over the contact surface. In a more recent prosthetic hand design, additional springs
between linkages help balance forces along the fingers, helping them to conform to
objects [27]. In the palm of this hand, a differential mechanism distributes the overall
grasp force between fingers so that the entire grasp can be accomplished with a single
actuator [84]. In other work, the forces and kinematics of multi-phalanx underactu-

ated finger systems have been studied in detail [22, 23]. In the arca of mobile robots,
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Figure 1.4: A design process for bio-inspired robots

an innovative passive “legged wheel” design is found in the Shrimp robot [112], capa-
ble of rolling across highly unstructured terrain without costly sensors and feedback

control.

1.2.1 Bioinspired design process

As indicated in Figure 1.4, the process of bio-inspired robot design begins with the
careful study of exemplars from nature. However, transferring ideas from the biolog-
ical world to the mechanical design space is more involved than simply reproducing
the physical structures found in animals. Bio-inspired robot design requires multiple
interdisciplinary processes, including defining the design goal, searching for biological
analogies, extracting general principles from observations, and implementing those
principles in an iterative process of design, evaluation and refinement.

As a starting point, the design goal for the robot needs to be clearly defined. The
inspiration may stem from a designer’s curiosity about how some animal accomplishes
a particular feat, such as scampering up a vertical wall. The next stage is to identify

multiple examples from nature and to learn about the structures, materials, control
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systems and behaviors that allow them to accomplish desired functions. Conversa-
tions with biologists are invaluable for identifying a range of animal examples and for
pointers to the literature concerning their morphology and operation. Although the
animal examples are generally impressive, it is important to remember that nature
does not produce optimal solutions in any formal sense. Rather, nature works on the
principle of what is “good enough” to afford a competitive advantage. In addition,
the structures observed in animals are typically required to fulfill many functions in
addition to those of interest to the designer. For example, one cannot take a dog’s leg
as the ideal model for running given that the dog uses its leg for many other functions
too. Sometimes, comparing homologous features among several species helps to re-
move bias from the interpretation. Through cautious observation and reasoning, we
can extract hypotheses about the principles that govern the animals’ behavior and
performance. The next step is, selectively, to implement the principles in a robot.
Since mechanical components differ from biological organisms, the principles need to
be adapted in an artificial design space. It is not desirable to simply replace the
biological features with mechanical counterparts since artificial design elements differ
greatly from natural ones. The underlying functional principles need to be extracted
from biology, digested by the designer and reincarnated. Modification of the principles
through subsequent experimentations and analysis will ultimately provide refinement

of the principles, and will accordingly improve the final design.

1.3 Thesis Overview

The approach taken in this thesis follows the general pattern of Figure 1.4. The
work is restricted to a particular class of robotic applications and mechanisms, as
defined in Chapter 2, which introduces a framework for describing and analyzing
compliant, quasi-static underactuated mechanisms. The next chapters provide several
detailed examples of the approach. Chapter 3 focuses on the design and analysis of
a bio-inspired running robot, highlighting its unique power transmission system and
underactuated leg design. The robot’s legs are made out of a combination of hard

and soft polymeric material and are tuned for smooth and fast running. Chapter 4

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 1. INTRODUCTION 10

focuses on Spinybot, an exterior-wall-climbing robot which utilizes micro spines with
a soft, independent suspension system. Spinybot’s underactuated legs are designed
to change their compliance as the feet travel along a trajectory, to facilitate engaging
asperities on the surface and to distribute the climbing loads. Chapter 5 focuses on
Stickybot, a robot that exploits directional dry adhesion for climbing smooth surfaces.
It has four limbs and 12 actuators, presenting a highly underactuated system with
over 30 degree of freedom for distributing the forces. Directional Polymeric Stalks
(DPS) are designed for generating directional adhesion that allows control of adhesion
according to the direction of loading. The last chapter concludes with a summary of

the ideas presented as well as future work.

1.4 Contributions

The main contribution of this thesis is providing novel design ideas for legged robots
with compliant, underactuated mechanisms. Inspired by flexible biological structures,
the mechanisms allow passive adaptive behavior, self-stabilization and force distribu-

tion. The main accomplishments of this work are:

e design, analysis and testing of a novel biologically inspired compliant suspension
system for a running robot that allows it to run faster than any other hexapod

for its size, in terms of body-lengths per second;

e design and analysis of a new bio-inspired compliant suspension for the Spinybot
climbing robot that allows it to achieve a desired foot trajectory, with desired

ratios of compliances at various points along the trajectory;

e design of new bio-inspired compliant mechanisms for Stickybot that allow it to

interact with vertical surfaces, distributing the forces evenly among the feet;

¢ design of a novel bio-inspired compliant under-actuated system that allows each
of the toes of Stickybot to attach and detach and to achieve an approximately
uniform pressure and shear stress distribution, in order to maximize the benefits

of directional dry adhesion.
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Before going into the details of each of these robotic systems, I present, in the
next chapter, a framework for the definition and design of compliant under-actuated
robotic mechanisms that is generally suitable for small legged robots moving at mod-

erate speeds.
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Chapter 2
Compliant underactuated systems

Before diving into detailed descriptions of various underactuated mechanisms in bio-
inspired robots, it is useful to define “passive underactuated mechanisms” and to
establish a notation and framework for describing such devices and their behavior.
Following these definitions, this chapter proposes a design procedure that can be
applied to a particular class of compliant, underactuated mechanisms associated with

the limbs of bio-inspired robots.

2.1 Scope of the problem

The term “underactuated” is used to describe systems that have passive degrees of
freedom. Most conventional robotic systems employ actuators at every joint, rigidly
attached to the respective linkage such that the kinematic configuration is fully defined
by the positions of the actuators. Unlike conventional mechanisms, underactuated
systems include passive joints that allow for additional degrees of freedom. There has
been significant research on the behavior of the dynamic coupling between actuated
linkages and free pivot joints [7]. Utilizing similar concepts, highly energy-efficient
bipedal robots are presented as a successful implementation of passive dynanics by
virtue of dynamic coupling among under-actuated leg linkages [86].

The robot appendages presented in this thesis constitute a special class of underac-

tuated mechanisms. They involve passive compliance at every joint, usually in series

12
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CHAPTER 2. COMPLIANT UNDERACTUATED SYSTEMS 13

with a small position-controlled servo gearmotor. They are small and light weight
(e.g. in comparison to the robot body) so that the leg inertias have little effect on the
dynamics of the robot. The velocities are generally low (on the order of centimeters
per second), which further supports a quasi-static analysis in which damping and
acceleration forces are ignored.! Accordingly, when analyzing the trajectories and
behaviors of the limbs, it suffices to focus on their compliance and kinematics.

For the robots described in the following chapters, compliance is realized by a
layered rapid prototyping process called Shape Deposition Manufacturing (SDM)
[120, 21], which permits multiple grades of polymer to be incorporated in a single
structure. Regions with soft, elastomeric polymers create localized compliant joints;
stiff polymers (sometimes reinforced with carbon fibers and other fabrics) play the
role of rigid links. Because the compliant regions are much softer than the stiff re-
gions, this thesis uses a lumped-parameter model of passive compliance instead of
a continuous elastic model. Finally, because the small robots use servo gearmotors
with relatively high gear ratios, operated under position control, it is a reasonable
approximation to assume that all compliance is due to the passive compliance in the
joints. Where it is necessary to achieve an approximation to force control at a joint,
the solution is to put an elastomeric element in series with the gearmotor and to
monitor its compliant deflection, adjusting the commanded position of the gearmotor

accordingly.

Assumptions

To summarize, the main assumptions and limitations associated with the design of

bio-inspired appendages in this thesis are as follows:

e The problem of determining the forces on the legs is quasi-static, since the
inertial and damping forces of the legs are small in comparison to those of the
robot body. The forces applied to the leg consist of actuator forces and contact
forces. Passive damping may be present in the legs, but does not produce large

enough forces to affect the compliant deflections.

1The one exception to the low-speed assumption is Sprawl, but in this case the legs are so light
that their inertial forces are still small compared to those of the robot body.
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Serial Rotational
torsion actuator: 0,
Prismatic spring: S, 1
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spring: S;
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Figure 2.1: An example of an underactuated leg of a bio-inspired robot: the number
of degrees of freedom describing the position and orientation of the foot in the plane
is three, but there are five parameters needed to define the state of the loaded system.

o The actuators are stiff, position-controlled devices that follow a commanded
trajectory. In practice, they have some servo compliance, however this compli-
ance can be lumped into the passive compliance in series with each actuator at

the joint.

e The leg compliances are concentrated at discrete locations and the compliance at
each location is fixed so that a constant coefficient, lumped-parameter analysis

applies.

o The leg mechanism is a statically determinate system, with a single contact,
typically at the foot in normal operation. Therefore, if the contact forces at the

foot are known, the compliant deflections of the leg can be calculated.

e The interaction with the ground is treated as a point contact without slip.
Where the contact is clearly not a point, as in the case of Stickybot, the ankle

is a free spherical joint so that no torques are transmitted between the leg and

the ground.
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Figure 2.2: Trajectory of a leg in 2-dimensional space (left) and corresponding periodic
actuator input (right).

Notation

The following notational conventions will be used in defining and analyzing compliant,

underactuated robot limbs:

e 0, represents the state of the ith joint actuator, which can be a linear or angular

value depending on whether the actuator is rotational or prismatic.

¢ S; represents ith joint compliant deflection with respect to an unloaded con-
figuration. S; can represent a rotational or linear deflection, depending on the
type of joint. For example, S; for joint 2 in Figure 2.1 is rotational and S3 is
linear. If a joint has an actuator, but negligible compliance, then S; = 0 for
that joint; conversely, if a joint is purely passive, as in the case of joint 2 in
Figure 2.1, then 6; = 0 and S; fully describes the state of the joint.

e jc; represents the magnitude of the compliance (inverse of stiffness) at the ith

joint. It can represent either a rotational or linear compliance.

e For the coordinate frames, subscript b represents the body coordinate frame
(X»,Ys) attached to the hip joint where the leg is attached to the body. Sub-
script f represents the foot coordinate frame attached to the foot. Its orienta-

tion is the same as that of the distal link of the leg. Subscript ¢ represents the
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ground coordinate frame attached to a foothold in the ground with an absolute

orientation such that Y, is perpendicular to the ground.

o Three different trajectories are defined: the unloaded trajectory, r,, represents
the foot trajectory that is created by the actuators when there are no external
forces, such as contact forces. Thus, all S; = 0 for the unloaded trajectory.
The nominal trajectory, r,, represents the trajectory of the foot when the robot
is under operation with the ideal environment (e.g. running on flat ground or
climbing a smooth wall with no disturbances). The adapted trajectory, r,, is the
actual foot trajectory under real operation. It deviates a small amount from the
nominal trajectory due to disturbances from imperfections in the environment

or system.

e The jacobian matrix, .J, in this chapter relates joint space to ground space,

defined in the ground coordinatc frame.

2.1.1 Definition of an underactuated compliant system

An underactuated mechanism is defined as a system for which the number of param-
eters required to determine the entire static state of the system exceeds the number

of actuators.

Number of independent actuators: A
Number of parameters to define the static state of the system : P
Fully-actuated system A > P
Underactuated system A < P

In other words, an underactuated system still has degrees of freedom with the
actuators fixed. Figure 2.1 shows an example of an underactuated leg mechanism.
It has three joints: joint 1, joint 2 and joint 3. Each joint angle (or extension in
the case of a prismatic joint) is defined by a combination of the actuator input and

the deflection of the associated passive element. The leg requires five parameters
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(61, 63,51, 52,53) to define its full configuration with respect to contact forces, al-
though it has two actuators. Even if this mechanism had an actuator at joint 2,
making every joint actuated, we would still consider it as an underactuated system
because the serial compliance at each joint provides an additional degree of freedom.
The state of the leg is defined by five parameters; however, the passive degrees of
freedom, S — i, are coincident with the joints so that the relationship between joint

velocities and tip velocity can be written as follows:

6, + Sy i
J 52 =1y
93 + 53 ¢

Because of the compliances, if the actuator positions are fixed, the leg configura-
tion will change when different forces are applied to the tip of the leg. Conversely,
it is possible to vary the actuator positions so that the foot position and orientation
remain fixed when varying loads are applied to it. For example, the prismatic ac-
tuator 65 in Figure 2.1 can extend by Al to account for a compression of the serial

compliance, S, in response to a force directed along the distal link.

2.1.2 Foot trajectory

Figure 2.2 shows the position vector of the foot in two-dimensional space with respect
to the body coordinate frame, denoted by 7(t) = [z, ¥,].
The actuator input é(t) = [64, bs, .., 6,] is a periodic function with period T.

(t) = 0(t + T)

The unloaded position and orientation of the foot are functions of the actuator inputs:

[7(t), 6] = F(8(t))
The compliance matrix for the leg is dependent on leg configuration, thus it is function
of 6(t).

-

c(e()
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Figure 2.3: (a) Trajectory of hip joint observed in the ground coordinate frame.
In the case of a running robot with compliances, the trajectory of the hip joint is
usually concave during the stance phase. (b) Correspodning trajectory of the foot in
a coordinate frame attached to the hip joint.

Given periodic actuator inputs, the foot follows a periodic trajectory. The position
along this trajectory can be parameterized by (0 < 8 < 27) where § is the arc length.
Thus,

[7(t), ¢] = f(B)

As mentioned earlier, the unloaded foot trajectory describes the motion of the
foot without external forces. The robots in operation, however, constantly interact
with environment. Compliances in legs undergo deflection in accordance with body
dynamics. The foot path deviates from the unloaded trajectory in balance with
ground reaction forces, which affect the body motion of the robot. The foot position

vector is a function of the sum of actuator inputs and compliant deflections:

[ 01(t) + Su(2)
B2(t) + Sa(t)
[7(t), 8] = f( . )

6,(t) + Si(t) |
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Figure 2.4: Comparison between unloaded and loaded trajectory. When there is no
external force on foot, the foot follows the unloaded trajectory. During stance phase,
the foot follows the inverse of the hip joint trajectory with a ground reaction force in
the body coordinate frame.

Where Si, 55, .. are nominal compliant deflections with respect to unloaded state:
S =jei - 7

where 7; is joint torque (or joint force in a prismatic joint) and je; is the compliance
at the ith joint. Note that the compliance is often substantial, so that the S; may be
comparable to the 6;.

Under steady conditions, ignoring disturbances, the modified foot trajectory is
called the nominal trajectory. Because we are assuming steady conditions, this tra-
jectory is also a repeating periodic function and can be described in terms of a single

parameter so that we have r,(3).

During stance, the nominal trajectory may differ significantly from the unloaded
trajectory. Assuming that the foot makes a point contact with the ground and does
not slip, the nominal foot trajectory is approximately the inverse of the hip trajectory

with respect to the ground. Thus, the foot position trajectory with respect to the
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ground is given by

77(B) +§R(B) - 75 (8) = *(r)y
where the nominal trajectory of the foot with respect to the hip is o7 #(8) and the hip
joint position respect to the ground is 97(3). The product § R(3) - °7;(3) represents
the position of the foot with respect to the hip, transformed to the ground coordinate
system. If the ground coordinate frame is embedded at the foot contact location, and
the body does not appreciably pitch or roll, then g(r) s should be equal to zero and
we can write

o75(0) 2 =7 (5).

For walking robots, the body trajectory with respect to the ground follows a convex
curve during the stance phase. For a running robot, the body trajectory with respect
to the ground follows a concave shape during the ground phase. Figure 2.3 shows
typical body motion in a running robot and the nominal trajectory.

Figure 2.4 shows a typical running robot’s nominal trajectory deviating from an
unloaded trajectory during the stance phase. During the flight phase, r,(8) = r.( ),
assuming that the inertial forces due to the leg masses are neglegible. During the
ground phase, 7,(5) # r.(5).

In practice, the robot is subject to perturbations. The adaptive trajectory r,(3)
represents the leg trajectory in real operation. It deviates from the nominal trajectory
in response to disturbances caused by irregularities in the ground height, inconsistent
foot contact, etc. We assume that the deviation from the nominal trajectory is
relatively small so that a linear analysis can be applied to the corresponding additional
deflections, 4.5;.

2.1.3 Compliance matrix

The general normal form of the compliance matrix in robotics is introduced in [83],
representing responsive characteristics of the system at a given configuration. The
compliance matrix calculation for a robotic gripper is derived by Cutkosky and

Kao[38]. The compliance matrices provide useful tools for analysis of the desired

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 2. COMPLIANT UNDERACTUATED SYSTEMS 21

F(p)) =1x,.y,]

Nominal
trajectory

Unloade
trajectory

Figure 2.5: Compliance matrix in the body coordinate frame and in the foot coordi-
nate frame

grasp force and stability of a hand. Compliance matrices in different coordinate sys-
tems can be related to each other in terms of the Jacobian matrix[38] provided that
the deflections are small. The derivations of compliance matrices for a leg follows the
procedure presented in the literature [38].

Because compliances are lumped at the joints, the compliance matrices are diag-
onal in joint space:

C; = dia(jei, jea, ...j¢p)
A joint torque vector 7 causes deflection in the joint compliance vector S=[S; S,
A
CjT = S

As noted earlier, the nominal loaded trajectory may deviate significantly from
the unloaded trajectory, in which case the torques and forces at the joints must be
calculated accounting for the deflected configuration of the limb. Focusing on the

nominal trajectory, small relative motions of the joints produce small displacements
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of the foot with respect to the nominal trajectory:
Jog=90X

where J(0) is the (configuration dependent) Jacobian matrix. Conversely, the forces

at the joints are related to those at the tip as:
ot = JTOF

where 67 = [ 611 072 ... 07,]7.

Given the definition of a compliance matrix we can write

6S = Cjor = C;JT6F
J6S = JC;JTSF
§X = JC;JTSF.

By inspection of the equation above, we see that the compliance matrix in the work

space of the foot is
C=JC;J" (2.1)
where
Czx Czy Cazo

C= Cay Cyy Cyo

Cz¢ Cyp Cog

Figure 2.5 shows the compliance matrix in the body frame and the equivalent
compliance matrix in the foot coordinate frame, °C and /C respectively. The rela-
tionship the between two frames is described by vector r(3) = [z, ., ¢], which gives
the position and orientation of the foot coordinate frame with respect to body. A

cartesian coordinate transformation matrix R [37] for this planar case is:

cos(¢p) sin(¢) z, - sin(¢) — y, - cos(¢d)
R= 1 —sin(¢) cos(¢) x,-cos(p)+ yr- sin(p) (2.2)
0 0 1
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Transforming compliances between frames

Velocities and small motions can be transformed between frames as Vy = {: R-V,and
0Xs = {: R - 0 X, respectively. As a reciprocal relationship, it can be shown through

the conservation of virtual work that F, = RT . F;. Combining these relationships we

have:
§X;=1R-6X,={R-(Cy 6F)
={R-Cy ([RTsFy)
= Cf . (st
(2.3)
or
Ci={R-Cy-IRT 2.4
f b b

2.1.4 Compliance Superposition

Compliance superposition is useful for design of an underactuated leg. One reason
for using compliances instead of stiffnesses is that compliances add in series along a
serial kinematic chain. Figure 2.6 shows how each compliance adds up to the total
compliance. Where there are springs in parallel, the effective compliance of each
element is calculated by temporarily fixing the other compliances to be zero. If other
compliant elements are fixed, the system has only one degree of freedom and the
compliance matrix element is easily calculated. This method is valid only when the
design of interest is a statically determinate system.

An leg example is depicted in Figure 2.7. Following our procedure, the foot

compliance matrix is

C=JC;JT

where,
Cj = dz’a(jcl,j02,j03, ]Cn)
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C.+C

Figure 2.6: Compliance calculation for combination of springs, by superposition.

To compute the compliance matrix for joint 1, other jc; are temporarily set to
ZEro:
le = dia(jcl, 0, O, 0)
Cy = JCuJ .
For each joint, C;1,Cj2,C;3,Cj4...Cy, exist. We assume there are no freely pivoting
joints, so Cji is never infinite (in other words, the leg always returns to an equilibrium
configuration in the unloaded state). However, it is possible for some joint that

Cji = 0, which causes no numerical difficulties. The total compliance matrix is

C=C1+Cy+Cs+...+C,
= JCjuJT + JCjJT + JCj3JT + .. 4+ JCnJT
=J(Ci1 +Cja+ Cjz + .. + Cjn)JT

= JC;J7. (2.5)
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Ctotal F = 6X

Clotal = C1 + C2 + C3

Figure 2.7: Compliance superposition in 2-D linkages

2.1.5 Design procedure of compliant mechanisms in bio-inspired

robots

In this section, we introduce the compliant leg design procedure, following the no-
tation just introduced and using the design of a compliant leg for iSprawl as an
illustrative example.

For the leg compliance design, a simple procedure is introduced:
1. Identify desired behaviors of the designated mechanism.
2. Identify desired norminal trajectory to acheive desired behaviors.

3. Specify compliance matrices for one or more points of interest along the trajec-

tory.

Figure 2.8 shows an example of a compliant mechanism applied on the running
robot, iSprawl. It has two kinematic degrees of freedom which correspond respectively
to hip rotation (S;) and a prismatic joint (62, Ss) along the leg. The hip joint has a
rotational spring with compliance, jc;, and the prismatic joint has a linear compliance,

jco, in series with the actuation.
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{Impact) (Thrusting) {end of stroke) (retraction)

Figure 2.8: (left)Schematics of iSprawl leg. Rotational hip joint is passive and pris-
matic joint is actuated with serial axial compliance. (right) Sequence of the leg
movement.

The desired behavior is not simply defined by mimicking the natural model. The
simplified robot model lacks many features of the animal and therefore its mechanical
requirements may be different. In the case of iSprawl, a desired behavior is to create
a smooth body trajectory. The behavior of the center of mass represents a large por-
tion of the overall behavior. The trajectory of the center of mass contains information
about the transformations between gravity, kinetic and elastic energy. My operating
hypothesis for iSprawl was that a smooth trajectory of the center of mass results in
smaller accelerations in the vertical direction during the stance phase, since the ac-
celeration is the second derivative of the position curve. The smaller the acceleration,
the smaller the vertical force and the less the frictional losses throughout the power
transmission path. In addition, the center of mass trajectory of any legged robot
should follow a certain periodic curve, which can be expressed by a Fourier series. To
minimize acceleration, the curve should have low magnitudes for any high frequency
term in the Fourier expression. Ideally, for minimum acceleration, the center of mass
trajectory needs to follow a smooth sine wave matching with stride frequency.

As shown in Figure 2.3, the desired nominal trajectory is obtained from the body

trajectory. The desired nominal trajectory of the foot during stance phase is a sine
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wave, smoothly continuing from the end of the parabolic curve associated with the
flight phase. (The flight phase is the phase between the stance phases of the two
tripods. In practice, iSprawl drags its rear legs slightly so that it never becomes fully
airborne.)

To specify the compliances along the desired trajectory, the compliance matrix is
calculated. If the Jacobian matrix is known, we can simply calculate the compliance
matrices. In this simple example, the Jacobian matrix and compliance matrices for

iSprawl are:

Leos¢p  sing
J = Lsing —cos¢
1 0
q 0
c=1""" ]
0 Jeo

The compliance matrix in the work (ground) space is therefore:

C=JcC;J*
jerL?(cosd)? + jea(sing)? —je1LPcospsing — jeasingcosd  jeyLeosd
C = | —jeiL%cospsing — jeasingcosp  jey L (sing)? + jea(cose)? —jc1Lsing
jeiLeosod —jcyLsing je

At impact, as the leg angle, ¢, is close to 90 degrees, the compliance in the
vertical direction, (Cy, = jc; L*(sing)? + jca(cos)?), is dominated by the compliance
in the cable, jco, as shown in matrix above. In mid stance, the vertical compliance
is a combination of the rotational and prismatic compliances. At the end of stroke,
the axial compliance contributes little and the rotational compliance dominates the
vertical compliance as the cos¢ term becomes small. The compliance matrix in the
body coordinate frame is dependent upon the leg configuration, which changes over
the stride as the Jacobian varies with leg angle.

We can obtain useful information from the compliance matrix in the work space.
However, for best performance, the process requires iterative tuning to adjust the

compliances in the joint space. The additional analysis is introduced in Chapter 3.
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2.2 Differential system

A differential system is a particular class of underactuated mechanism that is used
in applications such as the differential drive of an automobile, or a rocker-bogie sus-
pension, to distribute the force or torque. Since it automatically distributes the force
mechanically, it requires no sensory feedback and accordingly has no control delay.
A rocker-bogie design enables a wheeled robot to traverse rough terrain[112]. Figure
2.9 shows a schematic drawing of a rocker-bogie linkage and an equivalent hydraulic
system. A compound differential system can couple more than two degrees of frcedom
through one actuator. In most cases, the sum of displacements of the subordinate de-
grees of freedom equals the displacement of the upper level degree of freedom. In the
case of a bio-inspired robot, the extra unactuated degrees of freedom in a differential

allow it to adapt to the environment.

Dypperpor = a1 X dpor1 + a2 X dpopa + ... + an X dporn

The equation above shows how the subordinate systems share the displacement,
where ay,as,..a,, are determined by the geometry of the design.

One disadvantage of differential systems is the uncertainty of position when there is
no reaction force on both ends. For example,when there is no interaction between the
system and environment. In order to compensate for this drawback, return springs
are often used to maintain a default position, somewhat compromising the force

distribution as shown in Figure 2.9(C).
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Figure 2.9: Rocker-bogie linkage system and hydraulic differential
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Chapter 3

iSprawl: running with passive

dynamics

This chapter describes the design features that underlie the operation of iSprawl, a
small (0.3 Kg) autonomous, bio-inspired hexapod that runs at 15 body-lengths/second
(2.3 m/s). These features include a tuned set of leg compliances for efficient running
and a light and flexible power transmission system. This transmission system permits
high speed rotary power to be converted to periodic thrusting and distributed to the
tips of the rapidly swinging legs. The specific resistance of iSprawl is approximately
constant at 1.75 for speeds between 1.25 m/s and 2.5 m/s. Examination of the
trajectory of the center of mass and the ground reaction forces for iSprawl show
that it achieves a stable, bouncing locomotion similar to that seen in insects and in
previous (slower) bio-inspired robots, but with an unusually high stride frequency for

its size.

3.1 Introduction

In recent years a number of robots have been developed that draw their inspiration

from running arthropods or insects including Sprawlita [30], Scorpion [76], Whegs

30
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[103] Mini-Whegs [95] and RHez [108]. When insects are moving rapidly they typi-
cally employ an alternating tripod gait and rely heavily on passive mechanical prop-
erties to achieve dynamic stability. The sprawled posture with large forces in the
horizontal plane, and the compliance and damping in the limbs and joints, serve as
“preflexes” [82] that promote stable running and rapid recovery from perturbations
[77, 89].

In the case of the Sprawl family of robots, the main principles adapted from

insects, the cockroach in particular, are:

¢ 3 bouncing, alternating tripod gait based on a substantially feed-forward motor

pattern [53],

e limb specialization in which the rear legs primarily accelerate the body while

the front legs decelerate it [49],

e legs that generate ground reaction forces directed from the feet through the hips
[49],

e “hip” joints with significant passive rotational stiffness and damping that help

stabilize the gait and recirculate the legs during the swing phase [56, 90, 77].

The Sprawlrobots are fabricated using a multi-material rapid prototyping process,
Shape Deposition Manufacturing [30, 120], that makes it possible to achieve local
variations in structural compliance and damping and to embed components such as
sensors and actuators for increased ruggedness. Like their exemplars, the Spraw!
robots are capable of fast locomotion over rough terrain and of executing rapid turns
by changing leg thrust angles [85].

The robots can run without any proprioceptive or exteroceptive feedback; however,
the addition of ground contact sensors allows the stride period to adapt automatically
to changes in terrain or slope [32] and the addition of antennae allows the robots to
follow walls at running speeds [36]. A closer look at the dynamics of the running
robots reveals motions and ground reaction forces similar to those found in insects
and other small animals. This locomotion pattern has been termed SLIP (spring

loaded inverted pendulum) in the literature and is seen in many running animals [51].
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Figure 3.1: «Sprawl: a fully autonomous hexapedal robot driven by an electric motor
and flexible push-pull cables.
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A limiting factor in the design of the previous Sprawl robots has been their use of
pneumatic pistons for propulsion. Although electric motors are ubiquitous in small
robots, pistons were chosen for the Sprawl! robots as powerful, compact linear actu-
ators. The main disadvantage to pneumatic pistons is that they virtually preclude
autonomous operation. The volume of compressed gas needed for 10 minutes of op-
eration is such that a gas storage tank would be too heavy to carry on board. Clearly
this is a problem since for practical application legged robots need to be power au-
tonomous.

In this chapter, we examine an independent version of the Sprawl robots utilizing
electric propulsion. The incorporation of a new power transmission system, lithium
polymer batteries, and a redesigned set of complaint legs have enabled #Sprawl! to
run autonomously at speeds of over 15 body-lengths/second (2.3 m/s). Despite sig-
nificant changes in the actuation and force generation mechanism, we show that by
appropriately tuning the passive compliance in the legs the fast, self-stabilizing be-
havior of the robot is preserved. This invariance to actuation scheme underscores the

generality of the locomotion principles encapsulated in the Sprawl family of robots.

3.2 Mechanical Design of :Sprawl

The most challenging aspects of utilizing electrical actuation for the Sprawl! robots
are converting continuous rotation to periodic thrusting and incorporating sufficient
flexibility into the power train to accommodate the repositioning of the legs. Several
schemes were investigated before settling on the system presented in this chapter.
One major concern is power density, for which it is desirable to use a single
high-speed electric motor as the primary actuation source. For large robots, the
actuator energy can be stored elastically and periodically released, as in the case of
the Bow Legged Hopper [26] and a number of subsequent legged robots (e.g. [96]).
At the scale of «Sprawl however, it becomes easier to store kinetic energy. This is
the approach shown in Figure 3.2, in which a rotating double crank-slider mechanism
stores rotational kinetic energy and converts it to alternating push-pull motions for

each tripod of legs. As discussed in Appendix A.1, the total rotational kinetic energy
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is approximately equal to the power consumed per stride while running.

The push-pull actions must also be distributed to the tips of the flexible, swinging
legs. One possible solution is to employ liquid using a master/slave piston arrange-
ment and flexible tubes. An carly variant named “Aquasprawl]” employed this method
and achieved speeds of 3 body-lengths/second. A lighter and more efficient alterna-
tive is to use flexible cables in low-friction sleeves, as shown in Figure 3.3. By adding
rigid elements to both ends of the shaft and tube, the cables are able to thrust as well
as pull. The end result is that the legs of iSprawl have a very low rotational inertia

and a passive swing frequency of 45 Hz.

Flexible
ables

(

Geared
Motor

Figure 3.2: Power transmission system for #Sprawl. A double crank-slider is used to
store and convert the rotational energy from the motor to linear oscillations.

As in previous Spraw! robots, iSprawl incorporates underactuated leg mechanisms.
The motions of the legs back and forth with each step are achieved passively by
operating the robot as a resonant system. During each stance phase the hip springs
(flexures) are loaded by the motion of the body. During the swing phase this stored
energy is used to reposition the legs to their nominal orientation. In addition, remote
control servos are mounted at the hips of the middle legs to change the equilibrium leg

angles to effect turns, as motivated by the results of [85]. The physical specifications
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Figure 3.3: Power transmission system for @Sprawl. Schematic sketch shows the
flexible and rigid sections of the push-pull cables.

for iSprawl are given in table 3.1.

3.2.1 Leg trajectory

As seen in Figure 3.4, the nominal foot trajectory significantly differs from the un-
loaded trajectory, which is a straight line with respect to the (rotating) hip coordinate
frame. As described in the previous section, iSprawl’s underactuated leg design in-
corporates a single actuated degree of freedom and a passive rotational visco-elastic
hip joint. Compliance in the direction of thrusting is dependent on the extension of a
rubber tube that is spliced into the flexible sleeve that guides the push-pull cable. Ro-
tational compliance is realized in the flexure of the SDM leg. For better performance
of the robot, the compliance needs to be tuned properly because it affects the body
dynamics and causes variations in ground reaction forces. Tuning of the compliance

is described in the next section.
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Nominal
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Adaptive
trajectory

TR

Ground
phase

Figure 3.4: Schematic of the leg design of iSprawl shows the unloaded trajectory and
nominal loaded trajectory of the foot. Flexible polymeric joints provide rotational
compliance. Axial compliance is realized with a rubber tube in the sleeve that guides
the cable, as shown in Figure 3.5
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Table 3.1: Physical Parameters for iSprawl
Body size 155 x 116 x 70 mm (excluding cables)
Body mass 0.3 kg (including batteries and servo circuit)
Maximum speed 2.3m/s (15 bodylength/s)
Stride frequency 14 Hz
Power consumption | 12 W
Motor Maxon A-max series, 6Watt; 22 mm dia.
Rated voltage : 6V (actual = 22V)
Rated torque : 7.36mNm at 6V
Rated current : 756 mA at 6V
Actual speed : 21384 rpm at 22V

Gear head 19.8:1, Maxon ¢24 spur gear
Timing belt 3.2 mm wide, 9:7 speed ratio
Legs Polyurethane 72DC and 90A

from Innovative Polymers Inc.
Servo motors Hitech H5-55 (1.3 Kgcm)
Typical leg motion | 25 mm stroke, 25° swing
Battery 6 pack lithium polymer

(3.7 x 6V, 250 mAh per pack)
Battery life approx. 5 min. at running speed

3.3 Tuning Parameters for Smooth Open-Loop Run-
ning

When first assembled, Sprawl achieved speeds of approximately 5 body-lengths/second.
Review of high-speed video of its motion on a treadmill revealed numerous sources of
inefficiency, including excessive and irregular pitch and roll oscillations and bouncing
and slippage of the feet. These effects were gradually reduced by adjusting the center
of mass location and the equilibrium angles of the front, middle and rear legs follow-
ing a procedure similar to that of [34]. At this point it became clear that foot contact
forces were increasing too rapidly after initial contact, causing abrupt changes to the
momentum of the robot and reducing efficiency. The effect is not surprising given that
we have replaced a compliant force actuator (pneumatics) with a fixed displacement

actuation from the slider-crank mechanism. To achieve a smoother, more SLIP-like
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Hip servo set equilibrium
configuration of leg

Figure 3.5: Schematic of the leg compression spring design utilizing a tension spring in
the flexible sleeve around the push-pull cable. Also shown are the frictional dampers
(on front and middle legs).
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motion, it was necessary to add tuned axial compliance to the push/pull cables, as

shown in Figure 3.5.

3.3.1 Desired Leg Extension Profile

The hypothesis used in tuning the axial leg compliances is that the ideal motion of
the robot is a smooth low-amplitude oscillation in the vertical plane and a nearly
constant forward velocity, as indicated in Figure 3.6. The constants used in these
calculations are listed in Table 3.2. As described in the example in Chapter 2, the
desired behavior is to achieve a smooth center of mass trajectory, approximating a
gentle sinusoidal curve. The desired leg trajectory is easily achieved by inverting the
desired body trajectory. Since the forward velocity is assumed to be contant, instead
of comparing desired trajectories, we can use the desired leg extension profile in a

rotating reference frame.

Table 3.2: Parameters for Single Analytic Leg Model in Figure 3.6

0; 70° Leg initial angle

05 45° Leg final angle

f 14 Hz | Leg oscillation frequency
v 2.3m/s | Body forward velocity
Pnom | 35mm | Nominal body height
Ah 1mm | Change in body height

We begin by assuming that the height, h, of the body follows a sinusoidal path:

h(t) = Pom + AR sin(2r 2f t) (3.1)

where hyop, is the nominal body height, Ah is amplitude of oscillation, and 2f is the
body oscillation frequency (the body’s vertical oscillation frequency is twice the leg

actuation frequency). The initial leg length, Lg, is given by:

Lo = hpom/sin(6;) (3.2)
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Figure 3.6: Schematic of the desired leg extension profile needed to produce a sinu-
soidal trajectory of the center of mass during stance. Dashed line shows trajectory
that would occur without compression assuming that the foot stays in contact to the
ground based only on a kinematic relationship. (In practice, the body trajectory will
not exactly follow this kinematic approximation. In particular, the transition between
the end of the dotted curve and the solid curve would not be as abrupt.)
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Figure 3.7: The theoretical and experimental leg extension profiles for iSprawl! run-
ning at 2.3 m/s. Also shown are the path of the COM and the extension of the axial
spring for each case. The dashed line in the analytical plot shows COM trajectory
that would occur without any spring compression. Curves for the measured leg ex-
tension and COM trajectory represent averages of three successive strides shown in
gray dots.
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where ¢; is the leg angle at touchdown. The horizontal position of the body at

touchdown is given by:

X; = Lgcos(6;) (3.3)

and the forward position as a function of time is given by:

X(t)=vt (3.4)

which assumes a constant horizontal velocity, v. (This is a reasonable assumption as
the actual forward speed varies by less than 3 percent over a stride.)

For the leg to remain in contact, the desired leg length, Lp(t), is given by:

Lo(t) = \/h(t) + (z: + x(t))* (3.5)

For 1Sprawl the unloaded leg extension trajectory, Lynicadea(t), which is a function of

the crank-slider mechanism (see Appendix A.1 for details) can be approximated as:

Lintoaded(t) = Ag sin(2m ft) + Lg (3.6)

where Ag = 12.7mm. The leg compression, L, is given by:

L.s (t) = LO + Lunloaded(t) - LD(t) (37)

The solution of these equations yields the maximum leg spring compression during
stance AL = max(Ls(t)) = 4mm.
The body oscillates vertically at a frequency of 2f = 28 Hz, leading to a peak

vertical acceleration of:

humaz = A2 2f)? (3.8)

and a maximum vertical ground reaction force of:

Fhmaz = mg + mAh(4r f)? (3.9)
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With a body mass, m, of 0.31 kg the maximum predicted force, Fj, mqz, is 12.2N,
which correlates well with the peak measured ground reaction forces found in section
3.3.4. The peak force occurs at a leg angle, 8, of approximately 55°, about half
way through stance. Although the leg is not a free pin joint due to rotational hip
compliance, we assume that the force is acting primarily along the axis of the leg.

Thus the effective whole body leg spring constant should be:

_ 12.2 N/sin(55°)

k
dmm

= 3.7 N/mm. (3.10)

The front legs have the largest contribution (roughly 50%) to the vertical stiffness
of the tripod. Accordingly, springs with a stiffness of 1.7 N/mm inserted into the legs
were found to give best performance. Note that to achieve the effect of a compression
spring in series with the push-pull cables, it was actually easier to insert a corre-
sponding tension element (a short section of latex rubber tubing) into the otherwise
inextensible sheaths (Figure 3.5).

Figure 3.7 shows the theoretical and the measured leg and body trajectories for a
single stride. The trajectories for the measured case were obtained by filming «Spraw!
at 500 frames/second as it ran on a treadmill. The estimated positional accuracy is
£ 0.1 mm. The dark lines represent the desired leg extension profile during contact,
and the thin lines represent the trajectory of the center of mass. The dashed segment
of this line in the analytical plot indicates the center of mass trajectory that would
occur without the leg spring, whose compression is indicated by the dashed line at
the bottom of the plot. The experimental data show that both the leg extension and
center of mass trajectories match the model predictions closely. The experimentally
measured axial spring compression is slightly smaller than the predicted value. This
is compensated for by the inherent elasticity of the push-pull cable system. We note
that the actual ground contact is slightly delayed with respect to the predicted value
due to some backlash in the transmission system.

Adding axial compliance to the legs increased the robot’s speed by 50%. It also
reduced mechanical failures and produced a smoother period-1 gait.

In addition to tuning the axial compliance of the leg extension system, it was

necessary to adjust the rotational compliance and damping of the passive hips. As
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Figure 3.8: Running speed of iSprawl vs. stride frequency

with the earlier iSprawl robots, the legs are multi-material structures of hard and
soft urethane. If the urethane flexures are too stiff, the legs do not flex enough and
the stride length is reduced; if they are too soft the robot stumbles and loses open-
loop stability [34]. Empirically, rotational stiffnesses of approximately 72 Nmm for
the front legs, 54 Nmm for the middle, and 36 Nmm for the rear legs were found
to give best results. In earlier Sprawl robots, the inherent visco-elasticity of the
soft urethane provided adequate damping; for iSprawl it was necessary to add small

friction dampers to the front and middle legs, as can be seen in Figure 3.5.

3.3.2 Performance

Figure 3.8 shows the relationship between the robot’s forward velocity and its stride
period. The normal operation point for the robot is at 14-15 Hz, which corresponds

to a speed of about 2.3 m/s. The relationship between forward speed and actuation
frequency is nearly linear above 4 Hz, with no perceptible change in the motion

pattern.
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Another value that has been used to measure locomotion speed in a scale indepen-
dent manner is the Froude number, F', a dimensionless value that relates the inertial
force to gravitational force or alternatively the translational kinetic energy to the
gravitational potential energy of the system. The Froude number is typically defined

asl:

U2

4

where v is the velocity of locomotion, g is the gravitational constant, and [ is a

F

characteristic leg length, often taken in running robots as the distance from the hip
to the ground. Alexander and Jayes [6] have shown that a wide variety of animals
transition their gait from a walk to a trot at Froude number of 0.3 to 0.5 and a trot to
a gallop between 2 and 3. iSprawl exhibits a gait transition from walking to running
(as defined by the phasing of its kinetic and gravitational potential energy) at about
3.5 Hz and Froude number of 0.36. When running at its nominal frequency of 14 Hz,
it has a Froude number about 10.8.

iSprawl’s top speed of 2.3 m/s is about 15% slower than the current fastest au-
tonomous hexapedal runner RHez, but as iSpraw! is only about 1/3 as long, its speed
relative to size (body-lengths/second) is much larger. The performance of iSprawl
is the same whether running on a treadmill or on paved surfaces. It easily traverses
obstacles less than 2 cm high. In soft terrain, the robot becomes mired due to its
small feet. Perhaps a better comparison would be to Mini- Whegs [95], which at 0.09
m long and 0.150 kg is a little more than half the size of iSprawl. Mini- Whegs uses
rimless “wheel-legs” as its appendages, which enable it to climb over relatively larger
obstacles, but it runs at a slower relative speed. In addition, the thrusting legs of
iSpraw!l allow it to make more rapid turns (turn radius of 1.5 vs. 2.5 body-lengths

for Mini-Whegs) at speeds below 1 m/s.

! The original Froude number, in hydrodynamics, is defined as F = v/+/gl, but this form is used
in biomechanics literature
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Figure 3.9: Electrical power consumption of iSprawl without load and with running
load.

3.3.3 Energetics

Since the power supply contributes a relatively significant portion of total mass, en-
ergy efliciency is of crucial importance for autonomous legged robots. With the switch
from a pneumatic to an electro-mechanical actuation scheme, a significant energetic
improvement is realized. Furthermore the precise measurement of the total power
consumption is straightforward.

Figure 3.9 shows the total power consumption while running on a treadmill and
the non-productive power consumption (i.e., while running in air) as a function of
stride frequency. The latter data set should be taken as a lower bound because the
transmission forces, and the corresponding friction forces, are higher when the robot
is in contact with the ground.

When driven at low frequencies iSprawl’s power consumption has a larger relative
variation since the required motor torque fluctuates throughout the stride. Beyond
5 Hz, the robot runs with a stable gait and a constant power consumption which is

linearly proportional to stride frequency. At its top speed iSprawl has enough battery
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Figure 3.10: Specific resistance vs. speed for iSpraw! running on smooth terrain.

life to run continuously for about 5 minutes.

For comparison with other legged robots, Figure 3.10 shows the specific resistance,
P(v)/mgv, as a function of speed, where m is the mass of the robot, v is the forward
velocity and P(v) is the total electrical power consumption. For the preferred running
speeds of iSprawl, corresponding to stride frequencies above 7 Hz and speeds above 1
m/s, the specific resistance is nearly constant at 1.75. This value is comparable to that
of other running robots, although higher than the most efficient of them [100, 119].
Looking again at Figure 3.9, we observe that half the total power is consumed in
the motor and transmission system, which suggests that specific resistance could be
improved with a more efficient motor and gearbox and with an effort to reduce the

sliding friction in the cables.

3.3.4 Ground Reaction Forces

A final subject of comparison among iSprawl, the earlier Sprawl robots, and insects
is the pattern of ground reaction forces (GRF). The pattern seen in insects is that

the front legs provide a braking force at the start of each step while the rear legs
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Figure 3.11: The vertical and horizontal individual leg ground reaction forces for a
cockroach and Sprawlita [4] and for iSprawl, in comparison to the idealized SLIP
model [9].

provide most of the forward propulsion at the end of each step (taking touchdown
as the beginning of the step). The middle legs provide a mixture of propulsion and
braking [49]. In addition, the front legs, being most nearly upright, have the largest
vertical and smallest horizontal forces. The top two rows of Figure 3.11 show the
averaged GRFs for a cockroach running and for Sprawlita, one of the first Sprowl
robots with pneumatic pistons (from [30]). These patterns are similar except that
the rear legs of the robot produce a negative horizontal force (drag) at the end of each

stride rather than at the beginning as with the insect. The data for iSpraw! were
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taken with the robot running at 2.3 m/s over an ATI Omega force plate, and the
signal was conditioned in the same manner as in [30]. The resolution of the sensor is
at least 1/40 N in the vertical, and 1/80 N in the ground plane. The force pattern for
iSprawl is similar to Sprawlita, with a couple of noticecable differences: the front legs
provide less braking force and the rear legs have less drag. The reduction in parasitic
foot drag is partly responsible for the greater speed of iSprawl. While the net drag
of the feet is considerably less than in previous Spraw! robots, the tail of the robot
still makes intermittent contact with the ground. The non-zero integral of the leg

horizontal forces in iSprow! is mainly due to this drag force.

3.4 Summary

The development of a light and flexible power distribution system has allowed the
creation of an autonomous, biologically inspired hexapedal runner. A comparison of
the locomotion dynamics of the electrically powered iSpraw! and the pneumatically
driven Sprawl robots shows that despite the difference in actuation schemes, both
robots demonstrate comparably fast and stable running with an open-loop actua-
tion pattern. This suggests that the key design principles embodied in the Sprawl
robots (namely: sprawled for-aft posture, thrusting legs, and passive hip joints with
rotational compliance and damping) may have practical utility beyond this family
of robots. A comparison of the leg extension profiles and ground reaction forces be-
tween the electric and pneumatic variants of the Spraw! robots shows that despite
small differences, the essential motions and forces for fast and stable locomotion have
been preserved.

We also found that when the passive properties of the robot, including the center of
mass location, leg equilibrium angles, and leg stiffnesses were adjusted empirically for
smoother running, the robot was able to run more than twice as fast. A more detailed
tuning of the leg impedance may result in even faster and more stable running.

In comparison to other legged robots, iSprawl achieves an exceptionally high speed
and Froude number, chiefly by virtue of having an extremely high stride frequency for

its size. A comparison with running animals is somewhat more complicated. iSprawl’s
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Froude number of 10.8 is one at which most animals would have switched from a trot
to a gallop. There are some notable exceptions such as elephants, which “Groucho-
run” with Froude numbers as high as 3.4 [65] and cockroaches, which continue to use
an alternating tripod gait for Froude numbers as high as 6-7 [52]. However, like other
animals, cockroaches do not achieve their highest speeds by continuing to increase
stride frequencies beyond the normal rate used for running [52]. Rather they increase
their effective stride length via aerial phases. In contrast, iSpraw! runs with a stride
frequency comparable to that of a mouse although it has a body weight comparable
to that of a well fed rat [62]. In comparison to other robots and to animals, iSprawl
is capable of high stride frequencies chiefly because of the very low rotational inertia
of its legs. This, in turn, is a direct consequence of having a single actuation source
mounted in the body, with reciprocating motion directed to the feet via push-pull
cables. Indeed, given the passive 45 Hz swing frequency of the legs, the maximum
running frequency could, in theory, be even higher if a different motor and battery

source were used.
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Chapter 4

Spinybot: Climbing with compliant

microspines

A new approach for climbing hard vertical surfaces has been developed that allows
a robot to scale concrete, stucco, brick and masonry walls without using suction or
adhesives. The approach is inspired by the mechanisms observed in some climbing
insects and spiders and involves arrays of microspines that catch on surface asperities.
The arrays are located on the toes of a robot and consist of tuned, multi-link com-
pliant suspensions. This chapter also discusses toe suspension properties to conform
to surface irregularities and to distribute climbing loads among many spines. The
principles are demonstrated with a new climbing robot, SpinybotlIl, that can scale
a wide range of exterior walls, carry a payload equal to its own weight, and cling
without consuming power. The research on SpinybotII has been a joint work with
Alan Asbeck and his contribution on initial ideas of foot manufacturing, the linkage

design, and spine scaling analysis are gratefully acknowledged.

4.1 Introduction

In recent years, there has been considerable progress in small, legged robots that can
run rapidly and stably over rough terrain [31, 108, 104, 47]. Climbing and maneuver-

ing on vertical surfaces presents a more difficult challenge, one that robots are just

ol
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beginning to address. Small robots that can climb a variety of hard and soft surfaces
unobtrusively and cling for extended periods of time without high power consump-
tion would be beneficial for applications such as surveillance or the inspection of
hard-to-reach locations.

Previously developed climbing robots have generally employed suction cups [78,
80, 127], magnets [18, 122] or adhesives [43, 44] to cling to smooth vertical surfaces
such as windows and interior walls. None of these approaches is suitable for porous or
dusty exterior surfaces such as brick, concrete, stucco or stone. Other climbing robots
employ hand and foot holds in the manner of a human climber [19, 25]. A recent
innovation employing a controlled vortex [1] to create negative aerodynamic lift has
been demonstrated on brick and concrete walls with considerable success. However,
this approach consumes significant power (including when the robot is stationary),
unavoidably generates noise and is more difficult to adapt to non-flat surfaces such
as window ledges and corners.

When we look at animals that exhibit agility on vertical surfaces, we find a variety
of methods employed [28]. Larger animals such as cats and raccoons have strong claws
that can penetrate wood and bark surfaces. Tree frogs and many insects employ sticky
pads [45, 46]. Geckos and some spiders utilize large numbers of very fine hairs that
achieve adhesion via van der Waals forces on almost any kind of surface [15, 72, 9].
Other insects, arthropods and reptiles employ small spines that catch on fine asperities
[40]. All of these approaches are worthy of examination for climbing robots. However,

dry adhesives and spines are particularly attractive for hard, dusty, exterior surfaces.

4.2 Spine and Surface scaling

Insects and arthropods that climb well on vertical surfaces often have legs equipped
with large numbers of small, sharp spines. At a larger scale, geckos that frequent
rock surfaces such as cliffs and caves have small claws on each toe in addition to their
dry adhesive structures [125]. Unlike the larger claws of a cat, spines do not need
to penetrate surfaces. Instead, they engage small surface asperities. Several studies

in the biology literature have considered the problem of spine/surface interaction.
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Dai et al. [40] present a planar model of spine/asperity contact and compute the
maximum load per spine as a function of spine strength, relative size of the spine tip
versus that of an asperity, and coefficient of friction. As expected, for rough surfaces
the mechanical strengths of the spine and asperity become the limiting factors; for
smoother surfaces friction is more important, and the ability to pull along the surface
is much reduced.

Given the general correlation in nature between spine or claw size and animal
size, we ask: for a climbing robot of a certain size, how large should the spines be?
For a 0.4 Kg robot we might expect spines or claws similar to those seen in squirrels
or large climbing lizards. However, this argument ignores the point that spines of
hardened steel are much stronger and stiffer than their natural counterparts. If the
strength of the spine/asperity contact were not a constraint, the spines should be as
small as possible.

The reason behind this argument is that many natural surfaces, and some man-
made surfaces such as concrete and stucco, have an approximately fractal surface
topography [35, 60, 61] so that characteristic surface features (asperities) can be
found over a wide range of length scales. Following the arguments of Dai et al. [40]
for spines of a certain tip diameter, d;, we are interested in asperities of average
diameter d, > d;to obtain effective interlocking. Given the self-similar nature of
fractal surfaces, we can expect the density of such asperities to grow at least as
1/d? per unit area of the wall. In practice, there is a lower limit to the useful spine
dimensions. When steel spines catch on asperities on concrete or stucco, the contact

typically fails in one of three ways [10]:

o plastic failure of the base of the spine in bending,
e excessive elastic rotation of the spine tip causing it to slip off the asperity,

e brittle failure of the asperity itself.

In each of these cases, if we take a dimension such as the spine tip diameter,
ds, as a characteristic length and scale everything uniformly, then the maximum

load of the spine/asperity contact increases as d? (see Appendix A.2 for details).
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SpinybotlI employs two rows of spines on each foot, each spine having a tip diameter
of approximately 25 ym. The maximum force per spine /asperity contact is 1-2 N, and
the probability of finding useable asperities per square centimeter of wall is high. To
summarize the preceding arguments, as spines become smaller the robots can ascend
smoother surfaces because the density of useable spine/asperity contacts increases
rapidly. However, the feet need larger numbers of spines because each contact can
sustain less force. In order to make use of large numbers of spines, the first two design

principles behind climbing with microspines are therefore:

e ensure that as many spines as possible will independently find asperities to

attach to,

e ensure that the total load is distributed among the spines as uniformly as pos-
sible.

The design of feet that embody these principles is described in next section. In
addition, as with any climbing robot, it is important to keep the center of gravity as
close to the wall as possible and to avoid imposing any forces or moments at the feet
that could lead to premature detachment. The features of SpinybotIl that achieve

these effects are described in Section 4.5.

4.3 Toe and Foot Design: Promoting Attachment
and Load Sharing

The feet on SpinybotII represent the sixth generation of a compliant, spined design.
Each foot contains a set of ten identical planar mechanisms, or “toes.” Each of the
toes is a compliant multi-bar linkage, independent of its neighbors and able to stretch
parallel to the wall under a load. Thus, if a toe catches an asperity, neighboring toes
are not prevented from catching their own asperities because they will continue to
slide down the wall as the caught toe stretches. Figure 4.2 shows a side view of the
robot on a concrete wall and a detail of a single foot, showing several of the planar toe

mechanisms, each of of which bears two spines (several of which are visibly engaged).
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Figure 4.1: Profile photograph of typical spine, with shaft dia., d = 270um and tip
radius r; = 10um, engaging a rough profile of 80 grit aluminum oxide sandpaper.
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TFigure 4.2: Picture of upper section of Spinybotll on concrete wall and detailed view
of several spines independently engaging asperities on the concrete surface.
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Figure 4.3: Photograph and equivalent elastic linkages for one toe of the climbing
robot. Linkage at left shows the deflected position for a 40g load, superimposed on
the undeflected position (shown in dotted lines). Key to labels: 1. 200 mm diameter
spines (inside dotted circles), 2. tendon for applying loads, 3. soft urethane flexure
permitting travel in y direction, 4. buckling flexures with large compliance value in
the —x direction under compression, lower compliance under tension, 5. primarily
rotational flexure for the proximal spine, 6. buckling/lift-off flexure for proximal
spine.
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The mechanisms are created using a rapid prototyping process, Shape Deposi-
tion Manufacturing [92, 21| that permits hard and soft materials to be combined
into a single structure. In the present case, the white and grey materials are hard
and soft urethanes, of 75 Shore-D and 20 Shore-A hardness, respectively (Innovative
Polymers Inc.). The resulting structure can be approximated as an elastic multi-link
mechanism, as shown in Figure 4.3.

The spines are approximately 1.5 mm long with a 200 um shaft diameter and
10-35 pm tip radius. They are embedded directly into the hard white links during
the SDM process. The soft urethane flexures provide both elasticity and viscoelastic
damping. They permit greater extensions without failure than miniature steel springs
(as were used on some of the earlier foot designs).

Following the approach from Chapter 2, for small deflections, the linear and ro-
tational compliance of each spine in the two-dimensional cartesian coordinate plane
can be modeled using a 3x3 compliance matrix, C, taken with respect to a coordinate

system embedded in the spine:

Cox Czy Czx¢
Czy Cyy Cyp

Cap Cyo Coo

At initial contact, we require that ¢, be very big for displacements in the —z
direction, so that a large number of toes can conform to uneven surfaces without
requiring a significant normal force. This is accomplished through the flexures at the
end of the toe (labeled 4. in Figure 4.3), which are designed to buckle so that they
have a very high compliance for —z deflections. For small tensile loads on the foot
(in the +z direction), some toes will still be compressed from the foot’s engaging
motions. ¢, should still be big in this case so these compressed toes do not push
the foot away from the wall. This presents a design compromise since a smaller ¢,
will move the spines back to the wall more quickly if they should slip and undergo
a “skipping over the wall” phenomenon. Finally, for large tensile loads, c;, should
be small so the toes can disengage from the wall. This is also accomplished with the

flexures at the end of the toe.
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Table 4.1: SpinybotII Toe Compliance Matrices

Outer Spine: Inner Spine:
6.612 0.725 -0.0197 [ 727 0.909 —0.0312
0.725 1.45  0.00209 0.909 6.36 —0.00282
| —0.0197 0.00209  1.11 | —0.0312 -0.00282 1.72
Units: C Matrix:
[ mm/N mm/N  rad/N [ Cor Coy  Cao
mm/N mm/N  rad/N Cay Cyy Cyo
| rad/N rad/N rad/Nmm | Czp Cyp Coo

At the same time, ¢, should be moderate, as it represents a trade-off. A softer Cyy
allows each toe to stretch more in the longitudinal direction to increase the probability
that it will catch an asperity during the downward stroke of the foot; but if ¢,y is too
big, the mechanism will require an excessive stroke length to support a given load.
In essence, these factors determine the “asperity search length” for the downward
stroke of the toe. At the same time, ¢, should be small so that stretching in the y
direction does not cause the spines to retract. The c,4 and ¢, terms should also be
small and, preferably, slightly negative so that displacements in the z or y direction
are not accompanied by anticlockwise rotations in the (z,y) plane that would lead to
premature disengagement.

The compliance matrix C' was measured on a Spinybot toe, for both the outer
and inner spines, relative to the outermost hard member of the toe. The compliances
were measured around an operation point of (-0.13cm, 0.13cm) in the (x,y) directions.
The results are shown in Table 4.1, and they can be seen to generally correspond to
the desired values as discussed previously.

The toe mechanism shown in Fig. 4.3 was also modeled using Working Model™™
software (MSC Inc.), and the various linear and rotational compliance elements were
adjusted to match bench-top test results of SpinybotII toes. The results are summa-
rized in Table 4.2. The mechanism is designed so that initial contact at the inner,
or proximal, spine actually forces the distal spine slightly outward (+z direction) to
increase the probability that it will also contact an asperity.

Once one or both spines have contacted the wall, the toe can apply a force that
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Table 4.2: Compliances and Damping Parameters for Toe Linkage

Location Parameter in kinematic model

(numbered | ¢ = linear compliance element

label, b = linear damping element
Fig. 4.3) ¢; = rotational compliance element
3. ¢ = 16.7 mm/N
b=0.1 Ns/m
¢t =2 rad/Nmm
4. ¢ =111 mm/N in tension

¢ = 20 mm/N in compression

b= 0.02 Ns/m
5. ¢ =1 mm/N
b =0.001 Ns/m
¢; = 10 rad/Nmm
6. ¢ = 16.7 N/mm
b= 0.1 Ns/m

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 4. SPINYBOT: CLIMBING WITH COMPLIANT MICROSPINES 61

is mainly vertical, with a small inward (+) component to help the robot climb. Fig.

4.3 shows the effect of a typical 40 gram load sustained by one toe in climbing.

4.4 Underactuated leg design

An important observation of agile scansorial animals like geckos is that they employ
multi-level conformability (e.g. lamellae, toes, and limbs) and redundancy (multiple
pads per toe, multiple toes per foot, and multiple feet in contact) for reliable climbing.
The same principles have been found necessary for SpinybotIl. Accordingly, the entire
foot mechanism is mounted on a prismatic joint with an elastic suspension that allows
it to move up to 1 cm in the distal (+y) direction (see Fig. 4.4). In addition, the
entire foot assembly is spring loaded by a second elastic element behind the pivot,
where it is connected to a rotary RC servo motor. The result is an under-actuated
R-R-P serial kinematic chain that traces a loop trajectory, as shown in Fig. 4.4, when
the servo motor rotates back and forth. After some experimentation, the best elastic
elements were found to be 6.4mm diameter elastic bands commonly used for dental
braces.

Following the framework introduced in Chapter 2, each SpinybotII leg is an un-
deractuated linkage system. The first joint, 64, is rigidly attached to the R-C servo
motor. The second joint, Sy, is a passive prismatic joint (an elastic band) as a part of
the four bar linkage. This elastic band provides tension selectively according to the
configuration. The third joint, Ss, is a prismatic joint that passively helps promote
force distribution among the legs. The trajectory of the foot is generated by rotation
of the first joint, in combination with contact forces. Unlike cursorial robots, climbing
robots cannot produce large forces against the wall surface. Accordingly, the com-
pliance in the normal direction must be high. In the case of SpinybotlI, the second,
rotary joint temporarily becomes a free joint at the start of the stance phase to ac-
commodate this requirement. In Chapter 5, it will be seen that Stickybot exhibits a
very soft, nonlinear compliance in the normal direction for the same reason.

The design of adaptive underactuated legs for climbing robots is closely related to

adhesive or attachment properties of the feet. The spines exhibit a highly directional
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tip trajectory y

un-actuated
prismatic
joint

elastic
band

Figure 4.4: Side and plan view of one foot containing ten toes. The toes can deflect
independently of each other. In addition, the entire foot can displace in the distal (y)

direction due to an un-actuated prismatic joint.
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Joint 1(8,)
Joint 2
() @{‘f
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Elastic band
Contact (Joint 3: (S,)
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C \, No tension
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(Free Hang)
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Figure 4.5: The sequence of motions is accomplished using an underactuated mech-
anism consisting of a single rotary RC servo motor and an elastic band that is taut
while the foot is disengaged. Top: Tension in rubber band helps engagment of spines
to asperities. Middle: When the foot is engaged, the loose elastic band prevents
forces that would push the robot away from the wall. bottom: A hard stop causes
the leg to lift off the wall as the servo rotates upward, with the elastic band keeping
the leg pushed against the hard stop.
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behavior; they generate large forces parallel to the wall and small inward forces when
properly loaded. The SpinybotII leg is designed to utilize this directional character-
istic to facilitate attachment and detachment. Upon engagement, the normal force is
a function of the compliance in the leg and the preload of the elastic band. The com-
pliance is high, so that minor variations in the position of the robot with respect to
the wall produce only small variations in the normal force. Instead, the normal force
is mainly a function of the preload in the elastic band, which is adjusted by choosing
a band of a particular length and controlling the amount that it is stretched. Once
the foot has engaged some asperities, the nominal trajectory of the foot deviates from
unloaded trajectory resulting in forces.

The transition between one set of feet and the next is somewhat tricky. For secure
engagement, the preload in the passive linkage plays a crucial role. However, this
preload can cause the body to be pushed away from the surface after full engagement
because previously attached feet become detached and stop providing a pull-in force.
In Figure 4.5, the rubber band applies forces normal to the surface for only short
period of time during engagement and becomes loose to remove undesirable reaction
forces.

In summary, recalling the design process introduced in Chapter 2, we have several

steps involved in designing the SpinybotII leg mechanism:

1. Identify desired behaviors of the designated mechanism
2. Identify desired norminal trajectory to acheive desired behaviors

3. Specify compliance matrices of points of interest along the trajectory.

The most important desired behavior is to achieve straight, stable and reliable
climbing. This, in turn, requires (1) minimum reaction forces in the normal direction
and (2) keeping the entire mass of the robot as close as possible to the wall at all
times. In order to satisfy these conditions, the desired trajectory of the leg should be a
nearly straight line along the wall. For this loaded trajectory, the desired compliance
in normal direction to the wall needs to be large. (The actual SpinybotII leg has

infinite compliance just after engaging the feet.) The compliance in the vertical
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direction, which is a combination of toe compliance is chosen to distribute the forces
among the feet, especially when there is sudden movement such as slight slip.
The first joint, §, has no compliance, and we have two compliant joints, S, and

S3. The Jacobian matrix for these joints is:

0 1
J=1 133 0
0.133 0

The dimensions are mm for length and radians for angle. The compliance matrix at

40 0
C; =
0 6.3

the desired configuration is:

C=Jc;JjT

63 0 0
C=1| 0 7075 707

0 7.07 0.078

In this leg compliance matrix, ¢,, is much bigger than c¢,,. This enables an
extremely soft suspension in the normal direction to the wall so that the variation
of the preload on engagment is small. As mentioned earlier, we tune the preload by

changing the length and the pre-stretch of the rubber band.

4.5 Body Design: Promoting Load Sharing and
Stability

The robot utilizes an alternating tripod gait, similar to that found in climbing insects
(see Figure 4.6). At any time, the robot is ideally clinging by three feet. Like many
climbing animals, the robot also has a tail which reduces the forces required at the
front limbs to overcome body pitch-back from the wall. This pitch-back moment is

produced by gravity acting at the center of mass, which is located approximately 2 cm
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Table 4.3: Spinybotll Specifications
Mass 0.4 Kg
Max payload 0.4 Kg
Climbing speed 2.3 cm/s
Distance: COM to | 2.0 cm

wall surface

Batteries lithium polymer
total 340 mAh, 7.4 volts
Processor 40 MHz PIC
Servo motors 0.37 Nm torque
(7 total)
Camera 0.02 Kg

outward from the wall. The weight of the robot, including lithium polymer batteries,
wireless camera, and PIC microprocessor is 0.4 Kg. It can carry an additional payload
of 0.4 Kg while climbing.

The climbing speed is quite slow (2.3cm/s) but can easily be improved upon with
the addition of structural damping in the limbs and toe suspension. On initial contact
of each foot with the wall, the spines and leg as a whole oscillate as underdamped
structures. Such oscillations reduce the probability of engaging useful asperities as
the spines are stroked along the wall. The addition of structural damping will greatly
improve climbing performance and permit climbing at greater speeds. Higher perfor-
mance motors may also be desirable.

While the main concern for vertical climbing is to avoid pitching back from the
plane of the wall, it is also important to maintain rotational stability in the plane
of the wall so that momentary slips to not become catastrophic. As seen in Figure
4.6 the center of mass of SpinybotII lies within a polygon of contacts when three feet
are attached to the wall. If only two feet are attached, the center of mass generally
remains within the polygon of contacts, due to the elongated body design. Also, as
observed in climbing insects and reptiles, the legs have a slight inward pull toward

the centerline of the robot. This arrangement reduces the upsetting moments (in the
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Figure 4.6: Photograph of Spinybotll wall and diagram of climbing mechanism. Each
set of three legs is attached to a mechanism that allows the robot to “ratchet” its way
up the wall with an alternating tripod gait. A long tail helps to reduce the pitching
moment. The center of mass (COM) is within the polygon of contacts, to minimize
yawing rotations in the plane of the wall.
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Table 4.4: Effect of Scaling Parameters on Toe Compliances. Desired suspension
compliances in the z- and y-directions (i.e., 1/k,, and 1/k,,, respectively) vary as a
function of robot weight, spine size and number of spines. The values in the table show
how the compliances should be varied to maintain a constant z-direction compliance
for the entire foot, and appropriate displacements in the y-direction, to engage most
of the spines while not over-extending them. Usually the required number of toes n
depends on the spine size, leading to n & 1/7, for a constant robot mass.

Compliance (1/k) | Normal Direction | Axial Direction

Number of toes n “1/n “1/n
Robot mass m constant ~1/m

Spine tip radius r, constant “rs

plane of the wall) about the center of mass, should one of the legs momentarily lose its
grip. If one of SpinybotII’s three attached feet loses its grip, the robot will continue,
usually only suffering from a slight change in heading; if multiple feet lose their grip
it falls.

4.6 Discussion

SpinybotII climbs reliably on a wide variety of hard, outdoor surfaces including con-
crete, stucco, brick, and dressed sandstone with average asperity radii >25 pym. The
essential principles behind its operation include using many miniature spines with a
compliant suspension that ensures that the load is shared uniformly among them.
The same principles can also be applied to larger robot platforms. Desired spine tip
radius is a function of average asperity size for the surfaces to be climbed and not of
robot size.

A more challenging problem is to tackle rough or corrugated surfaces or, in general,
surfaces that have roughness comparable to spine length. Either the feet and toes
must have enough “suspension travel” to accommodate the contours of the surface
or they must have an additional active degree of freedom, like the toes of geckos or
the tendon-actuated tarsus of insect legs. On contoured surfaces it should be possible

to exploit internal “grasp” forces, in a manner similar to that used by robots that
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climb with hand-holds and foot-holds [25, 19], for additional security. The compliant
suspension of the spines will become an increasingly difficult design challenge as
spines are made smaller: smaller spines necessarily have a smaller clearance, possibly
preventing them from reaching deep holes in the surface while maintaining a favorable
loading angle.

Another challenging problem is to climb surfaces with much lower roughness than
concrete or sandstone, such as polished stone or interior wall panels. For smooth
panels the average asperity radius may be on the order of a few micrometers, requiring
spine tip radii of perhaps 1 um. These extremely small spines will be over 100 times
weaker than the spines on SpinybotIl and a large number of them will be required,
unless the overall mass of the robot can be reduced correspondingly. Going still
smaller, we approach the dimensions of the hairs that are being investigated for
synthetic dry adhesives [9, 91, 114, 57]. At the smallest scales, hairs utilizing adhesion
have two advantages over microspines or nanospines: they are less sensitive to the
local surface normal distribution and they are loaded primarily in tension, rather than
in bending.

For a given surface, at a small enough length scale, the surface will appear fractal.
For length scales smaller than this, the number of asperities per unit area will grow
as 1/r?. Since the spine strength grows as 72, we hypothesize that the total weight
that can be sustained per unit of surface area using spines is approximately constant.
This weight per unit area number will depend on the distribution of surface normal
angles, which is related to the surface’s fractal dimension.

An interesting question is whether some combination of spines and adhesive hairs
will ultimately prove most effective for scaling a variety of hard vertical surfaces.
Different surfaces have different distributions of surface normal angles. Spines perform
best on surfaces with normal angles close to 90°, while dry adhesives do best on
smoother surfaces with normal angles closer to 0°. To be able to climb the widest

variety of surfaces, both spines and dry adhesives could be used.
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Figure 4.7: Photograph of new toe design. For heavier robots, this toe design is
thinner and studier at higher forces. Flexure(white part) angle is aligned in various
angle from bottom structure such that the toe produce nonlincar stiffness.

4.6.1 Adapting Spines to Heavier Robots

The design principles above can be readily applied to other robot platforms, with
some adaptation required to accommodate larger loads. As discussed in the previous
section, the desired spine tip dimensions are primarily a function of the surfaces to
be climbed, and not of robot size. Consequently, for a given spine size, a heavier
robot requires more spines per foot and the risk of spine failure (or surface failure) is
greater. In other words, it is more essential to load the spines uniformly. The loading
problem is complicated by the need to tune the compliances of the toes based on total
robot weight and total number of spines, as discussed in Section 4.3. The toes also
need to stretch independently of their neighbors to ensure that each spine has a high
probability of engaging asperities and to ensure load sharing. Consequently, it does
not suffice simply to make the toes robust and stiff.

Fig 4.7 shows a new toe suspension design with a 200um spine. The number of
spines per unit width is higher than previous design because the thickness of the toe
is 0.8mm which is slightly thinner than Spinybot’s. Also, this design excludes the

buckling flexure, which tends to buckle out of the plane in a thinner toe design, and
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employs mutiple flexures for both normal and tangential compliances. Flexures in the
back (right side in the picture) participate less when the tangential force is relatively
low and produce more resistance force as the tangential force increases. This non-
linear effect allows each toe to carry higher forces and keep a low stiffness for small
deflections, facilitating force distribution. A soft polyurethane layer at the bottom of
the structure provides adhesion when the foot is brought into contact with smooth

surfaces. This toe design allows a 4kg robot to cling to surfaces such as a stucco wall.
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Chapter 5

Stickybot : Climbing with

Directional adhesion

Stickybot is a bio-inspired robot that climbs smooth vertical surfaces such as glass,
plastic and ceramic tile at 4 cm/s. The robot employs design principles adapted from
the gecko including a hierarchy of compliant structures, directional adhesion, and
control of contact forces to achieve control of adhesion. In this chapter, I describe the
design and fabrication methods used to create under-actuated, multi-material struc-
tures that conform to surface roughness ranging from centimeters to micrometers. At
the finest scale, the undersides of Stickybot’s toes are covered with arrays of small,
angled polymer stalks. Like the directional adhesive structures used by geckos, they
readily adhere when pulled tangentially in the direction that the stalks are inclined;
when pulled in the opposite direction, they release. Working in combination with the
compliant structures and directional adhesion is a force control strategy that balances

forces among the feet and promotes smooth attachment and detachment of the toes.

5.1 Introduction

Mobile robots that can climb and maneuver on vertical surfaces are useful for inspec-
tion, surveillance, and disaster relief applications. Previous robots capable of climbing

exterior building surfaces such as stucco and brick have utilized microspines similar

72
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Figure 5.1: Stickybot, a new bio-inspired robot capable of climbing smooth surfaces.
Inset: detail of toes curling to facilitate detachment.

to those found on insects [10, 109] or a controlled vortex that creates negative aero-
dynamic lift [1]. Smooth vertical surfaces have been climbed using suction [79, 127],
magnets [17, 121], and pressure-sensitive adhesives (PSAs), such as tape [42, 118].
PSAs exhibit high adhesion on smooth surfaces but foul easily and require relatively
high forces for attachment and detachment. Some researchers have circumvented this
problem by using spoked-wheel designs that allow the detachment force at a receding
point of contact to provide the necessary attachment force at the next [42]. Wet
adhesive materials have also been employed, drawing inspiration from tree frogs and
snails [33]. All of these solutions have been successful, but are limited in their range

of surfaces. To develop a robot capable of climbing a wide variety of materials, we
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have taken design principles adapted from geckos. The result is Stickybot (Fig. 5.1),
a robot that climbs glass and other smooth surfaces using directional adhesive pads
on its toes.

Geckos are arguably Nature’s most agile smooth surface climbers. They can run
at over 1m/s, in any direction, over wet and dry surfaces of varying roughness and
of almost any material, with only a few exceptions like graphite and Teflon [11].
The gecko’s prowess is due to a combination of “design features” that work together
to permit rapid, smooth locomotion. Foremost among these features is hierarchical
compliance, which helps the gecko conform to rough and undulating surfaces over
multiple length scales. The result of this conformability is that the gecko achieves
intimate contact with surfaces so that van der Waals forces produce sufficient adhesion
for climbing [11].

The gecko’s adhesion is also directional. This characteristic allows the gecko to
adhere with negligible preload in the normal direction and to detach with very little
pull-off force, an effect that is enhanced by peeling the toes in “digital hyperextension”
[12].

A consequence of the gecko’s directional adhesion is that it must control the
orientation of its feet when ascending or descending. In addition, the gecko controls
the tangential contact forces to achieve smooth climbing with minimal pull-off forces
[13].

In the following sections, I discuss hierarchical compliance, directional adhesion
and force control for climbing in more detail and describe how they are implemented
in Stickybot. I also provide details of the design and fabrication of Stickybot’s feet
equipped with arrays of directional polymer stalks (DPS). I present the results of ex-
periments to confirm the DPS directional behavior and describe the controller used to
ensure that they are loaded appropriately. I also present a comparison of attachment
and detachment forces for Stickybot climbing with directional versus non-directional
adhesives, illustrating the advantages of the former. I conclude with a discussion of
some of the limitations of the current Stickybot technology and plans to overcome

them for faster, more robust and more dirt-tolerant climbing in the future.
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Figure 5.2: Modulus of bulk material and feature size of distal end of different struc-
tures. Microstructured geometries can lower the overall stiffness of bulk materials
so that they become tacky. This principle allows geckos to use (-keratin for their
adhesive structures. At smaller scales, tip geometry plays a less important role in
adhesion forces, for a given bulk material modulus.

5.2 Adhesion and Compliance

When two surfaces are brought together, adhesion is created via van der Waals forces.
Since van der Waals forces scale as 1/d® where d is the local separation between
two flat surfaces [67], it is critical for the surfaces to be within an order of 10s of
nanometers of each other. Pressure-sensitive adhesives (PSAs) accomplish this with
a soft layer that flows and conforms to the surface, thus maximizing the contact area.
PSAs can provide sufficient adhesion levels for a robot to climb a wall [42, 118], but
they have several disadvantages compared to the hierarchical compliant structures
used by geckos. To adhere to rough surfaces an additional layer of conformability is

usually required, which is why high performance adhesive tapes for relatively rough
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surfaces often have a backing layer of soft foam [99]. Substantial preloads in the
normal direction are required to achieve adhesion and large forces are also required
for detachment, leading to inefficient climbing. In addition, PSAs quickly become
contaminated with dirt and lose their stickiness.

To overcome the limitations of PSAs, there has been recent interest in creating
synthetic “dry” or “self-cleaning” adhesives that do not foul over time. These adhe-
sives use stiff, initially non-sticky bulk materials in combination with microstructured
geometries to conform to surfaces. Figure 5.2 shows some adhesive solutions ordered
in terms of feature size, effective modulus and general trend of shape sensitivity based
on size. For a material to be considered tacky, its effective modulus must be less than
100kPa [11, 39, 14]. This “tack criterion” comes from the need to conform intimately
to a surface in order for van der Waals forces to become significant. The gecko con-
forms to surfaces despite having a relatively high bulk material stiffness (=~ 2GPa for
(-keratin) [11] by using a hierarchy of microstructures consisting of lamellae, setae,
and spatulae. This hierarchical geometry lowers the effective stiffness of the whole
structure to make the system function like a tacky material without causing fouling.
A fibrillar structure also helps force distribution by splitting contact surfaces.

Several types of synthetic dry adhesives have been manufactured, including arrays
of vertically oriented multiwall carbon nanotubes [124, 126] and polymer fibers [58,
73, 97, 113]. These adhesives use stiff, hydrophobic materials and have achieved
useful levels of adhesion, but only with careful surface preparation and high normal
preloads.

An alternative method to creating adhesives is to start with a somewhat softer
material on the order of 300kPa to 3MPa. These materials can employ larger feature
sizes and still conform to surfaces because they are softer to begin with. Unlike dry
adhesives, these materials will attract dirt; however, in contrast to PSAs, they can be
cleaned and reused. One such example is a microstructured elastomer tape [41, 98].

In addition to the cffective stiffness of the corresponding structure, the size and
shape of the contacting elements are important in sustaining adhesion [8, 54, 55, 58,
75, 123]. For a given loading direction, having a special tip geometry is benificial to

reduce stress concentration, thereby increasing the adhesion of a single distal element.
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Interestingly, at smaller scales, tip geometry is less important than at larger scales
since less deformation energy is required to conform and achieve a desired stress
distribution across the contact surface. Therefore, for smaller sizes, sensitivity to tip
geometry is relatively low but for larger features the tip geometry dramatically affects
adhesion, at constant bulk material stiffness. Figure 5.2 (top) shows the general
tendancy of shape sensitivity. The arrows from three different examples indicate
only the tip size, independent of their Young’s modulus. At relatively large tip sizes (
O(100pm) ), the optimal tip geometry, where stress is uniformly distributed along the
contact area, has a theoretical pulloff force of 50-100 times that of a poor tip geometry
[54]. A softer material for the tip reduces deformation energy and decreases the shape
sensitivity but increases the chances of fouling and clumping. In order to achieve a
balance among prevention of fouling and clumping, low effective stiffness, low shape
sensitivity and a wide range of possible loading conditions, it is advantageous to have
smaller tips. These considerations help to explain the evolution of extremely small
distal structures, such as the spatulae with dimensions of a few hundred nanometers,

on the gecko.

5.2.1 Hierarchical Conformability in the Gecko

For climbing rough surfaces such as cave walls and trees, many levels of conformability
are required. In the gecko, the flex of the body and limbs allows for conformation
at the centimeter scale. The body presses flat against curved surfaces to reduce the
pull-in forces needed to prevent pitching back. At the scale of a several millimeters,
the toes conform independently to local surface variations. The bottom surfaces of
the toes are covered with lamellae that conform at the millimeter scale. The lamellae
consist of arrays of setal stalks, as shown in Figure 5.2 and 5.3. The consequence of
the gecko’s hierarchical system of compliances is that it can achieve levels of adhesion
of over 500kPa on a wide variety of surfaces from glass to rough rock and can support

its entire weight in shear from just one toe [16].
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Figure 5.3: Hierarchy of compliant structures in the gecko for conforming at many
length scales. (From [14], reprinted with the permission of K. Autumn).

5.2.2 Hierarchical Conformability in Stickybot

Stickybot uses an analogous, albeit much less sophisticated, hierarchy of conformable
structures to climb a variety of smooth surfaces (Fig. 5.4). At the body level, Sticky-
bot has 12 servo-motors and 32 degrees of freedom, making it highly underactuated.
The structures of the torso, legs and feet are manufactured using Shape Deposition
Manufacturing [21, 120] with two grades of polyurethane (Innovative Polymers: 72
Shore-DC and 20 Shore-A hardness). The upper and lower torso and forelimbs are
reinforced with carbon fiber, making them the strongest and stiffest components.
The middle of the torso is designed as a compromise between sufficient compliance
to conform to surfaces and sufficient stiffness so that normal forces of approximately
+1N can be applied at the feet without excessive body torsion.

The feet of Stickybot consist of four segmented toes molded with two grades of
polyurethane that sandwich a thin polyester fabric (Fig. 5.5). The fabric flexes easily,
but is relatively inextensible so that it transmits shear stresses across the surface of
the foot to avoid the buildup of stress concentrations, and subsequent peeling, at the

proximal regions of the toes.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 5. STICKYBOT : CLIMBING WITH DIRECTIONAL ADHESION 79

Serial )
compliance g Flexible
with force body

articulation

sensor

Lo

Double
differential
system for toe
actuation

Directional
Polymeric

Underactuated Stalks

cable-driven toe

Figure 5.4: The elements of Stickybot’s hierarchical compliance over a range of length
scales.

The bending of the toes allows them to conform to gently curved surfaces (r > 5cm,
where r is the radius of curvature) and to peel backward in a motion that approximates
the digital hyperextension that geckos use to facilitate detachment. The action is
created using a servomotor connected via push-pull cables in sleeves, attached to a
rocker-bogie linkage located at the foot (Fig. 5.6).

The profile of the steel cable running along the topside of each toe is calculated
to achieve a uniform stress distribution when the toes are deployed on a flat surface

(Fig. 5.7). Assuming an approximately uniform toe width, the sum of the forces in

the y direction is given as:

Tsinf —Tsin(f+068)+ Fn =0 (5.1)

where T is the force acting along the cable, ¢ is the angle of the cable with respect
to the horizontal, and Fy is the normal force acting on the bottom of the toe. To
ensure uniform attachment of the foot, a constant pressure on the bottom of the toe

is desired:
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Figure 5.5: Schematic of cross section view of Stickybot toe fabricated via Shape
Deposition Manufacturing.

T (sin (0 + df) —sinf)  Fy
dz C dx
Expanding the term sin (0 4+ df) and assuming that df is small such that cosdf = 1

~ and sin df = df yields:

=o0. (5.2)

cos 0df = %dm. (5.3)

Integrating both sides and solving for 6 gives:

§ = arcsin (%) . (5.4)

The slope of the cable profile is thus:

d
% = tan (arcsin (%ﬁ)) . (5.5)
Integrating with respect to z yields the profile of the cable:
T ox\?
0--T - (2, 5.0
y(@)=-=\1- (5 (56)

which is simply a circular arc with radius 7'/o.
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Figure 5.6: Two stage differential system actuated by a single push-pull actuator. It
facilitates conformation on uneven surfaces and distributes the contact forces among
four toes.

At a scale of less than hundreds of micrometers, Stickybot conforms to the surface
with synthetic adhesive patches (Figure 5.5). Currently, the best results have been
obtained using arrays of small, asymmetric features made out of polyurethane or
silicone rubber with a modulus of elasticity of 300 — 500kPa (Fig. 5.8). For climbing
robots, loading in the tangential dominant. Therefore, the tip geometry needs to be
designed for distributing the tangential load. This requirement limits the available
size over which we can control the tip geometry. The bulk material modulus is chosen
for low normal effective stiffness and enough range of motion in loading direction

to accommodate imperfect alignment between the toes and the climbing surface. A
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Figure 5.7: Details of nomenclature used to calculate cable profile of the toes.
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Figure 5.8: Anisotropic stalks comprised of 20 Shore-A polyurethane. Stalks measure
380 pm in diameter at the base. The base angle is 20° and the tip angle is 45°.

detailed description of the directionality of the patches is given in the following section,
including the manufacturing process and importance of the anisotropic geometry.
We are currently investigating alternate manufacturing methods that will yield finer

feature sizes and comparable adhesion with stiffer materials.

5.3 Directional Friction and Adhesion

As discussed in [12], the gecko’s toe structures are only adhesive when loaded in a

particular direction. Moreover, the amount of adhesion sustained is a direct function
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of the applied tangential load. In other words, the gecko can control adhesion by con-
trolling tangential forces. The anisotropic adhesion results from the gecko’s lamellae,
setae, and spatulae all being angled instead of aligned vertically. Only by pulling in
the proper direction does the gecko align its microstructures to make intimate contact
with the surface.

Directional Polymer Stalks (DPS) were designed and manufactured to create an
adhesive that is also directional like the gecko’s system. DPS are made out of a soft
polyurethane (Innovative Polymers, IE-20 AH Polyurethane, 20 Shore-A hardness,
E =~ 300kPa) and are shown in Figure 5.8. Later DPS are made out of silicon
rubber which is more durable and produces more consistent adhesion force although
its adhesion is lower than polyurethane. Because of the complexity of the gecko
hierarchical system, the initial bulk material can be quite stiff; however, DPS begin
with a fairly soft material that is already marginally sticky. Geometric properties
were determined empirically, drawing inspiration from the shapes of gecko setae. Not
having fine distal structures like spatulae, the DPS need low stiffness tips in order to
make contact without high normal preload. The sharp and thin (< 30um) tip shape
of DPS is designed to create a softer effective stiffness when pulled parallel to the
angle of inclination.

The overall mold to create DPS consists of three parts. The middle mold is made
out of Delrin, which has good machinability and relatively low surface energy so that
it does not bond to the curing polymer. First, V-shaped grooves are made in a 1.6mm
thick Delrin sheet as shown in Figure 5.9. Before the drilling process, the top mold is
fabricated by casting silicone rubber on the middle mold. On the 45° slanted surfaces
and at a 20° tilted angle, 380um holes are made in a hexagonal pattern, maximizing
stalk density. The bottom mold is made out of a wax that has the Stickybot toe
pattern.

Before pouring polymer, the middle and bottom mold are assembled. After pour-
ing polymer on this assembly, the top mold is applied, squeezing out any excess
material. The DPS array is released after curing by disassembling the molds. An
alternative manufacturing method has also been used to create softer and smoother

tip surfaces. Instead of using a top mold, excess polymer is simply wiped off of
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Figure 5.9: Molding process used to fabricate anisotropic patches. Mold is manufac-
tured out of hard wax and then filled with liquid urethane polymer. A cap eliminates
contact with air and creates final tip geometry.

the 45° sianted surfaces and the polymer is exposed to air during curing. Exposure
to atmospheric moisture during the cure creates softer and stickier tips. However,
this method is less desirable because it is difficult to control the moisture-induced
softening. The wiping process is also labor-intensive.

The DPS were tested using a three-axis positioning stage and a six-axis (ATI
Gamma Transducer) load cell in order to study their adhesive characteristics. The
stage was able to control motion of the DPS in the normal, tangential (fore-aft), and
lateral direction of the DPS (Fig. 5.9). The load cell was used to measure the pulloff
force when the patches detached from a glass substrate. Patches of the DPS were
brought into contact, preloaded, and then pulled away from the glass at different
departure angles. When the patches are pulled in directions along the stalk-angle
they exhibit moderate amounts of adhesion. When pulling in the opposite directions,

adhesion disappears and Coulomb friction is observed.
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Figure 5.10: Comparison of the frictional-adhesion model [12] and the Johnson-
Kendall-Roberts (JKR) model [69] with pulloff force data from a single toe of Stick-
ybot’s directional adhesive patches (513 stalks). (A) When dragged against the pre-
ferred direction, the directional patch exhibits friction and no adhesion. (B) When
dragged in the preferred direction, the directional patch demonstrates adhesion pro-
portional to the shear force, albeit with saturation at the highest levels (unlike gecko
setae). (C) The frictional-adhesion model has an upper shear force limit. In compar-
ison, the JKR model shows the typical behavior of an isotropic elastic material with
adhesion.

Data from the tests are shown in Figure 5.10 for the normal-tangential plane,
plotted in force-space. Figure 5.10 also shows the frictional adhesion model, which
has been proposed in [12] as a simple way to describe the macroscopic gecko adhe-
sion system, and the well-known isotropic Johnson-Kendall-Roberts (JKR) model for
elastomers [69]. The JKR model provides a relationship between the contact area

and the normal force for a frictionless contact. To generate the curve in Figure 5.10,

the contact area was first calculated as a function of normal force and then a uniform
shear strength was assumed across the contact area in order to arrive at a shear force
limit, essentially relaxing the frictionless requirement after determining the contact

area. While this may be a rough approximation, it is able to provide a qualitative
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picture of the forces that can be sustained by contacts fitting the JKR model. The
frictional adhesion model has been scaled to fit the data from the DPS patches and the
JKR model has been scaled for comparison purposes. Mathematically, the frictional

adhesion model is given by:

Fy>-1F Fr<0
M= { ’ (5.7)

Fy > —tan(a*)Fr | 0< Fr < Fgn
where o* is the critical angle [12], p is the coefficient of friction, Fr is tangential
(shear) load, taken positive when pulling in the adhesive direction, and Fy is the
normal force, taken positive when compressive. The limit, F,,,q., is a function of the
maximum shear load that a gecko or robot can apply, the material strength, and
the shear strength of the contact interface. Equation 5.7 shows how the maximum
adhesion is directly related to the amount of tangential force present.

The curves in Figure 5.10 are the respective two-dimensional limit curves for the
contact, i.e. the limiting combinations of normal and tangential force that will cause
the contact to fail. The DPS show behavior similar to the frictional adhesion model
for the gecko and are clearly anisotropic with respect to adhesion. The DPS data also
resermnble data that would be obtained for peeling a sticky, elastic tape as described in
the Kendall peel model [70]. In this case, although the toe patches are not peeled like
a tape from one edge, the individual stalk tips do peel like tape of tapering thickness.
However, the behavior of the DPS arrays at the origin (approaching zero tangential
force and normal force) is closer to that of the frictional adhesion model than the
Kendall tape peeling model.

Figure 5.11 shows the corresponding pulloff force data for the DPS in the normal-
lateral plane. Not surprisingly, the DPS show symmetric behavior when pulled in
the positive or negative lateral direction. The amount of adhesion depends on the
amount of tangential loading that is also present. Taken together, the two data sets
in Figure 5.10 and 5.11 represent slices of a convex three-dimensional limit surface in
force space. Forces within the limit surface are safe; forces outside the surface will
cause failure through sliding or detachment.

A consequence of the directional behavior of the DPS array is that the amount of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 5. STICKYBOT : CLIMBING WITH DIRECTIONAL ADHESION 87

5 r L
®  Tangential Force~0N
4 Tangential Force ~ 1.5 N

Normal Force (N)
N

Lateral Force (N)

Figure 5.11: Pulloff data for the DPS patches in the normal-lateral planc. Data is
shown for two different levels of tangential force, approximately 0 N and 1.5 N.

adhesion can be controlled by changing the tangential force. To increase the available
adhesion, the robot can pull harder in the tangential direction. Conversely, to facil-
itate smooth detachment the robot can unload the foot in the tangential direction,
approaching the origin in Figure 5.10. In contrast, an isotropic elastic material de-
scribed by the JKR model is difficult to detach smoothly because maximum adhesion
is present when the tangential force is zero.

More generally, the directional adhesion in geckos and Stickybot requires different
force control strategies than isotropic adhesion. A simple two-dimensional model
can be used to illustrate the difference. Figure 5.12 shows schematically the optimal
tangential forces at the front and rear feet of a planar gecko or robot perched on
surfaces of various inclinations. There are three equilibrium equations in the plane
and four unknowns, corresponding to the magnitudes of the normal and tangential
forces at each foot. The remaining degree of freedom is the magnitude of the internal
(compressive or tensile) force, parallel to the surface, between the front and rear feet:
Fri = Fry — Fry. The internal force can be adjusted to keep each contact within
its corresponding limit surface. Let F; = [Fr;, Fiv;] be the contact force at the it

foot. The contact model can be defined by a parametric convex curve R(z,y), with

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 5. STICKYBOT : CLIMBING WITH DIRECTIONAL ADHESION 88

waadp  Anisotropic Adhesive Y
Isotropic Adhesive / l
m—)- .

R

Figure 5.12: Schematic of optimal tangential forces for a planar two-legged climber
under isotropic versus anisotropic adhesion at different inclinations. Arrow directions
and magnitudes shown in proportion to optimal tangential forces (dot represents zero
tangential force).

points F = [Fp, Fiy] lying inside the curve being stable contacts. The distance any

particular foot is from violating a contact constraint is then:
d; = min([[F; — Rz, y)|])- (5.8)

For a model with two feet in contact with the surface, the overall stability margin
becomes d = min(dy, dy), where d; represents the front foot and d, represents the rear
foot.

Results of optimizing stability for the planar model using both the contact models
given in Figure 5.10 are given in Figure 5.12. On vertical surfaces the front foot must
generate adhesion to prevent pitch-back. The anisotropic model predicts that the
front foot should bear more of the weight, since increasing tangential force increases
available adhesion. The opposite is true for the isotropic model, namely that the rear
foot should bear more weight because tangential forces on the front foot decrease
adhesion. On inverted surfaces, the isotropic model predicts zero tangential forces
since gravity is pulling along the normal, maximizing adhesion. Alternatively, the
anisotropic model cannot generate adhesion without tangential forces and in this case
the rear foot must be reversed and both feet must pull inward to generate tangential
forces that will produce enough adhesion for stability. Interestingly, the anisotropic
model also predicts the same foot reversal strategy is optimal on level ground, which
would increase the maximum perturbation force that could be withstood. The pre-
dictions of the anisotropic model qualitatively match observations of geckos running

on walls and ceilings and reorienting their feet as they climb in different directions
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[13).

5.4 Distributed Force Control

5.4.1 Distributed Force Control in the Gecko

As the previous section suggests, unlike a walking or running quadruped, a climbing
gecko or robot must pay continuous attention to the control of internal forces whenever
its feet are in contact with the climbing surface. In the gecko, it has been observed that
even at speeds of over 1m/s, attachment and lift-off are smooth, low-force events[13].
The gecko does not need to produce decelerating contact forces while climbing, but
it does need to adjust the orientation of its feet as it maneuvers, to ensure that toes
are always loaded in the proper direction for adhesion. On overhanging surfaces the
body-oriented lateral forces are high, as one would expect, and directed inward toward
the center of mass. Geckos can also use their tails to affect the dynamic force balance.
If the front feet lose their grip, the tail immediately presses against the wall and the

rear legs provide the necessary pull-in force [13].

5.4.2 Distributed Force Control in Stickybot

To achieve smooth engagement and disengagement and control of internal forces,
Stickybot employs force feedback in the tangential (fore-aft) direction, coupled with a
grasp-space stiffness controller. The control is implemented in hardware using a single
master microcontroller (PIC18F4520) and four slave microcontrollers (PIC12F683)
connected using an I2C bus. The master microcontroller runs the control code and
outputs the twelve pulse-width-modulated signals to independently control each of
Stickybot’s servos (two servos for each leg and an additional scrvo for flexing the
toes). Each slave microcontroller reads and digitizes the analog force sensor data
from a single leg and transmits that digital data to the master over the I°C bus.
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5.4.3 Leg compliance design for force control

Geckos exhibit dynamic climbing, involving extensive usage of body articulation and
fluctuation of kinetic energy. However, the desired behavior of the Stickybot is smooth
and reliable quasi-static climbing. In order to minimize the contact forces on the feet,
a nearly constant speed is desired with minimum fluctuations in force in the vertical
and normal directions. Therefore, the desired trajectory of the body is straight line
with respect to the ground coordinate frame. As shown in Figure 2.3, the desired
nominal trajectory of the foot is obtained from the body trajectory. In this case, the
desired foot trajectory is also straight line.

The Stickybot legs have three degrees of freedom with two actuators. In tangential
(fore-aft) direction, R/C servo motors control force with serial compliance. A pair of
magnets and a Hall effect sensor allow for mapping from deflection of the compliant
element to force. In the normal direction to the surface, wing motors control foot posi-
tion with serial compliances as shown in Figure 5.13. Fore-aft motion is accomplished
with a parallelogram linkage. The upper link of the parallelogram is a prismatic joint
with an internal spring, which provides the dominant lateral compliance of the leg.
The lateral compliance is large enough to account for the deviation between the de-
sired straight-line trajectory of the foot with respect to the body and the arc traced
by the parallel linkage. Ideally, an additional actuator would be required in the lateral
direction to control all three force components at the foot.

In the sagittal plane shown in Figure 5.13, compliance is crucial for achieving the
desired behavior. The tangential compliance needs to tuned to provide the desired
amount of deflection from gravity and to actively distribute the forces among the
legs. The normal compliance in wing degree of freedom allows for the reliable control
of the preload for the DPS. This is the most critical part of the force control system
for reliable climbing. The DPS require a small, but repeatable amount of preload
in the normal direction to engage the surface reliably. If the applied preload is too
large, it will tend to push the robot away from the wall and disengage the other
attached feet. Unlike the case in motion over level ground, vertical climbing requires
continuous attention to the ratios of forces in the normal and fore-aft directions. In

operation, one Stickybot foot can create about 20g of normal force without disturbing
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Figure 5.13: (left) Stickybot loaded and unloaded foot trajectories are shown in the
sagittal plane(y-z), (right) Schematic representation of the wing compliance and the
force-deflection relationship for a linear spring as compared to the preloaded case.

the balance of the body, whereas the typical vertical force per foot is around 200g
which is a half of the body weight.

In order to assure reliable attachment of feet, a reliable preload force is required.
From this standpoint, the compliance in the wing direction should be large so that
minor variations in the attitude of the body and the distance between the body and
the wall do not produce significant variations in the normal force. However, if the
compliance is very soft, there is a large wasted motion in loading up the compliance
until the desired value of force is achieved and in unloading it as the foot is detached.
A solution to this problem is to use a soft extension spring, in series with the wing
actuator, with a fixed preload such that the spring only starts to stretch when a
certain force level is exceeded. The relationship between force and wing compliance
deflection is shown in Figure 5.13. The shaded band indicates the desired range of
force in the normal direction.

Following the notation introduced in Chapter 2, we can calculate the Jacobian
matrix for the leg. Here, we assume that the ankle is a spherical joint and we ignore

the rotation of the foot:
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2 0 0
J=10 50 0
0 0 50

The joint space compliance is given as

5 0 0
C;=10 00011 0
0 0 2.8

The dimensions are mm for length and radians for angles. Therefore, the compliance

matrix in the work space is

C=Jc;J*
20 0 0
C=1]0 28 0
0 0 100

5.4.4 Force Sensors

Stickybot’s force sensors are located on its shoulder joints (Fig. 5.14) and measure
the deflection of an elastomeric spring via a ratiometric Hall effect sensor (Honeywell:
SS495A). The Hall effect sensor outputs an analog voltage as a function of its position
between two anti-aligned magnets. This analog voltage is digitized and run through
a software low-pass filter at 50Hz.

The mapping from tangential force to sensor output is affected by the nonlin-
earity of the viscoelastic spring and the Hall effect sensors’ output as a function of
displacement. In addition, as Stickybot’s limbs rotate, both tangential and lateral
forces can contribute to the displacement in the compliant element. However, due
to the computation and space limitations of Stickybot’s master microcontroller, the
control law simply models the mapping as a linearization about zero force and zero
displacement. Figure 5.15 provides a comparison of the tangential force sensor output

with the tangential and lateral contact forces for two successive contact periods, as
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Figure 5.14: Stickybot leg compliances are shown in the dorsal plane (x-y). The tan-
gential force sensor measures deflection of serial compliance element at the shoulder
joint.
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measured by a vertical force plate mounted to the same six-axis load cell used in the
previously described pulloff experiments. The figure shows that the tangential force
sensor tracks the tangential forces relatively closely and that the lateral forces are

small because, unlike the gecko, Stickybot cannot reorient its feet.

5.4.5 Force Controller

When multiple limbs are in contact with the climbing surface, Stickybot’s controller
must consider how to coordinate them while continuing its vertical motion. This
presents two different and sometimes contradictory goals: force balancing and leg
positioning. In order to handle this tradeoff, Stickybot’s controller implements a
grasp-space stiffness controller [71]. Since Stickybot uses servomotors that only accept

position commands, the stiffness control law is given as:

Yemd (t) = y& (¢ (1)) + C (£ (1) — fa (¢ (1)) (5.9)

where yemq is the vector of stroke servo commanded positions, yg is the feed forward
position command (open loop gait), C is the compliance matrix, f is the vector

of force sensor readings, fy is the vector of desired tangential forces, and ¢ (t) is a
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Figure 5.15: Unfiltered tangential force sensor readings compared to tangential and
lateral forces measured using a force plate mounted to a load cell.

function that maps from continuous time into periodic gait phase. While a diagonal
compliance matrix, C, would result in independent leg control, during stance it is
defined as:

C=G1C,G (5.10)

where Cg # I is a diagonal gain matrix and G is the grasp matrix given as:

1 1 1 1

11 -1 1 -1
G=- 5.11
211 1 -1 -1 ( )

1 -1 -1 1

The grasp matrix is comprised of four independent “grasp modes”, or ways to
linearly combine the force sensor data. The first row in G corresponds to summing
the tangential forces (Fig. 5.16). The second row corresponds to a measure of the
sum of moments about the center of mass (the difference between total tangential
force on the left and right limbs). The third and fourth rows are chosen such that G
is orthogonal, thereby leaving four independent modes of control. The chosen values

for those rows correspond to fore-aft and diagonal coupling of the limbs respectively.
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Figure 5.16: Schematic used to generate values for the grasp matrix

The implementation of stiffness control in grasp space creates a framework for force
distribution. By increasing the compliances of all but the total-tangential mode, the
robot will evenly distribute the forces between feet and achieve force balance while

remaining stiff to variations in loading.

5.5 Results

Stickybot is capable of climbing a variety of surfaces at 90° including glass, glossy
ceramic tile, acrylic, and polished granite at speeds up to 4.0cm/s (0.12bodylengths/s,
excluding the tail). The maximum speed of Stickybot on level ground is 24cm/s and
is limited by the speed of its actuators (Table 5.1).

Figure 5.17 presents typical force plate data of Stickybot climbing vertical glass.
The left side shows data from the rear left foot and the right side displays data from
the front right foot. Forces are in Newtons and time in seconds. Data from two
successive runs are shown to give an indication of the repeatability.

Section A (0 to 1.5 scconds) represents the preloading and flexing of the foot.
There is almost no force in the lateral (X) direction during preload. The tangential
force (-Y) is increasing. Although each foot would ideally engage with negligible

normal force, there is a small amount of positive normal force during engagement.
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Figure 5.17: Force plate data of rear left foot (left) and front right foot (right) of
Stickybot climbing with a 6s period at a speed of 1.5cm/s. Data filtered at 10Hz.
Two successive runs are shown to illustrate repeatability.

Weight transfer between diagonal pairs also occurs during section A.

Section B represents the ground stroke phase. There are equal and opposite forces
in the X-direction for the front right and rear left feet, indicating that the legs are
pulling in toward the body. This helps stabilize the body and is similar to the lateral
forces exhibited in geckos (and in contrast to the outward lateral forces observed
in small running animals such as lizards and insects) [13]. The Y-direction shows
relatively steady tangential force, and the Z-direction indicates adhesion on both the
front and rear feet. Note that this differs from gecko data, in which the rear feet

exhibit positive normal force [13]. This is due to the fact that Stickybot uses its tail
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Figure 5.18: Comparison of normal force profiles of anisotropic and isotropic patches
on a climbing robot. Point A on the curves refers to the preloading phase of the cycle.
Point B highlights when the foot is in the adhesive regime during a stroke. Points
C and D are when the foot is unloaded and detached, causing large normal forces in
the case of the isotropic patch.

to prevent the body from pitching back, and geckos usually use their rear feet.

In section C, Stickybot releases the feet both by reducing the tangential force
(Y) and by peeling (utilizing digital hyperextension). Both the front and rear feet
exhibit low detachment forces in the Z-direction, especially the rear foot. We note
also that the transition between B and C is accompanied by a temporary increase in
adhesion (-Z force) and subsequent decrease as the opposite diagonal feet come into
engagement.

Figure 5.18 shows a comparison of the force data for climbing with directional ver-
sus isotropic adhesive elastomeric pads. In this test, the isotropic pads were composed
of arrays of pillars connected by a thin outer membrane of soft polyurethane (Innova-
tive Polymers: 20 Shore-A hardness) to increase the contact area on smooth surfaces.

The data for three successive cycles are shown to give an estimate of cycle to cycle
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variability. In each case, the robot cycled a single leg through an attach/load/detach
cycle using the same 6-axis load cell as in the previous tests. The other three limbs
remained attached to the wall. As the plots show, the isotropic patches required a
somewhat larger normal force (A) to produce comparable amounts of combined tan-
gential force and adhesion for climbing (B). The unloading step for the anisotropic
patches (C) is accomplished rapidly and results in negligible detachment force as the
leg is removed. In contrast, the isotropic patch requires a longer peeling phase (C)
and produces a very large pull-off force as the leg is withdrawn. This large detach-
ment force was the main limitation of the isotropic patches, producing perturbations
that frequently caused the other feet to slip.

Fig.5.19 shows the tangential and normal contact forces exerted by Stickybot’s
front left foot during one climbing step. The limit surface provides useful information
in planning force trajectories for the feet during an attachment, loading and detach-
ment cycle. Stickybot only controls internal forces in the tangential direction, and
because we are climbing vertically, the lateral forces are negligible. Therefore, only
the tangential-normal cross section of the limit surface is shown. Also, when climb-
ing, Stickybot generally does not achieve a full normal preload to obtain maximum
adhesion as shown in Figure 5.10. The characteristic angle, o, in the fourth quadrant
slightly increases as the preload increases. Consequently, we assume that a* =~ 15°,
consistent with a light preload whereas the maximum angle is 25°. A nominal force
cycle starts with a modest preload (A) to bring the DPS patches into good contact
with the climbing substrate. However, the normal force should not be so large that
it tends to push the robot off the wall. The shear forces are then increased (A-B) so
that the available adhesion also increases for the stance phase (B). Toward the end
of the stance phase, the opposite (right) front foot requires an initial normal preload,
which increases the required adhesion at the left foot (C) to maintain equilibrium.
When it is time to detach the foot, the shear load and adhesion are simultaneously
reduced (C-D) and transferred to the right front foot. Because the limit surface of
the DPS intersects the origin, the foot can be released effortlessly and smoothly (D),
with little energy expended in detaching it from the surface. The actual forces for a

typical cycle are plotted in Figure 5.19 and labelled with respect to idealized cycle
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Figure 5.19: Tangential and normal contact forces of StickyBots front left foot during
one climbing step. Approximate (Eq. 1) contact limit surface for one foot based on
tests of individual DPS patches is also shown. Initial normal preload (A) brings DPS
patches into contact with the climbing substrate and then increasing tangential force
allows the foot to sustain the required adhesive loads (A-B). At the end of stance (B)
the right front foot is brought into contact, increasing the adhesive force at the left
foot (C). Smooth detachment is achieved by moving the contact force to the origin
in force-space and intersecting the limit surface (D).

(A-D). The only significant differences are due to dynamic effects when the opposite

foot is coming into contact (B-C) and at liftoff (D).

5.6 Discussion

Taking cues from geckos, Stickybot uses three main principles to climb smooth sur-
faces. First, it employs hierarchical compliance that conforms at levels ranging from

the micrometer to centimeter scale. Second, Stickybot takes advantage of directional
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Table 5.1: Physical Parameters for Stickybot
Body size 600 x 200 x 60 mm (excluding cables)
Body mass 370 g (including batteries and servo circuitry)
Maximum speed | 4.0 cm/s (0.05 bodylength/s)
Servo motors Hitec HB65 x 8 Hs81 x 4
Batteries lithium polymer x2 (3.7V, 480 mAh per pack)

adhesion that allows it to smoothly engage and disengage from the surface by control-
ling the tangential force. This prevents large disengagement forces from propagating
throughout the body and allows the feet to adhere themselves to surfaces when loaded
in shear. Interestingly, the motion strategy for engaging adhesives is similar to that
used for microspines [10]. Third, Stickybot employs force control that works in con-
junction with the body compliance and directional adhesive patches to control the
tangential forces in the feet.

Some of Stickybot’s directional adhesive patches have been in continuous use for
over 6 months without significant loss in performance; however, because the DPS are
made from a polyurethane that degrades with time, their sharp geometric features will
eventually dull and the patches will begin to lose some of their adhesive performance.
As discussed in Section 5.2, the DPS use relatively large feature sizes and a soft
material and therefore require periodic cleaning with a lint roller to maintain enough
performance to allow Stickybot to climb well. Another limitation is that the stalk
tips can fold on themselves; however, in this case, they can be reconditioned via a
more thorough cleaning with soap and water.

The introduction of better adhesive structures with improved hierarchical com-
pliances will allow Stickybot to climb rougher surfaces and yield longer climbs with
an increased resistance to becoming dirty. A first priority is to create DPS arrays of
smaller stalks and a correspondingly stiffer, more durable and dirt resistant grade of
polymer. Other improvements include improved force control and more attention to
the gait and control of internal forces. Additional sensors in the feet should allow

the robot to detect when good or poor contact has been made, which will improve
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the reliability of climbing on varying surfaces. Additional degrees of freedom in the
body should allow the robot to master vertical-horizontal transitions and other dis-
continuities. Once the climbing technology is understood, the ability to climb smooth
surfaces will be integrated into the RiSE family of robots in an attempt to design a
machine capable of climbing a wide variety of man-made and natural surfaces using

a combination of adhesion and microspines [109].
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Chapter 6

Conclusions

6.1 Summary

Flexible musculoskeletal structures are one of the “functional principles” of biological
models that can inspire designers to create legged robots that are faster, lighter, more
robust and easier to control than their traditionally-designed predecessors. Biological
study provides numerous examples of the passive roles of muscles, ligaments and
tendons.

Although the biological structures found in animal legs are exceedingly compli-
cated, the behavior of these structures often suggests simplified templates that are
practical for robotic implementation. For limited tasks, under limited operating con-
ditions, a passive mechanical system can approximate the behavior of the biological
counterpart well enough to allow a small robot with a simple control system to per-
form impressive feats such as running at 15 body-lengths/second or climbing a sheer
wall.

An approach is presented in this thesis for the design of compliant leg structures,

suitable for application in small robots. The procedure consists of:

1. Bio-inspiration and observation, typically drawing from multiple animal exam-

ples;

2. abstraction, and hypothesis of a desired behavior consisting of a periodic loaded
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trajectory and compliance matrices at one of more points along the trajectory;

3. design of robot limbs that approximate the desired behavior through a combi-
nation of a small number of position-controlled degrees of freedom and discrete

passive compliant elements;
4. analysis and verification that the robot performs as desired;
5. refincment of the trajectory, limb kinematics and compliances as needed.

Following this approach, three bio-inspired robots were designed and presented
as examples. First, several design features for autonomous running robots were pre-
sented. The iSprawl hexapod was introduced, drawing upon the general design of a
previous series of running robots. A novel flexible power transmission using push-pull
cables was presented. Working with the new power transmission system, compliant
underactuated legs were designed and tuned for fast and smooth running. The tuning
process was based on motion tracking results from a high-speed video camera in com-
bination with ground forces measured using a force plate. The result of the tuning is
smooth running at 2.3m/sec corresponding to 15 bodylengths/sec.

A second robot, Spinybot, was presented as an example of using compliant link-
ages to allow small spines to engage asperities (small bumps or pits) on the surface
of a vertical wall. The design of Spinybot was inspired by the way in which cock-
roaches and other insects climb vertical surfaces. The design principles behind the
suspensions for the arrays of spines on the toes of Spinybot include provisions for
conforming to non-flat surfaces with minimum preload and distributing loads among
many spines. The highly under-actuated legs of Spinybot are designed to achieve a
particular trajectory that helps spines to gently touch the wall and scrape downward
until they engage an asperity. Subsequently, the toes become stiffer as the foot starts
to support the vertical load of the robot. Spinybot climbs reliably on a variety of
hard, outdoor surfaces including concrete, stucco, brick, and dressed sandstone with
average asperity radii >25 um.

The final example of bio-inspired underactuated design is Stickybot, which is

capable of climbing smooth vertical surfaces using van der Waals forces. Stickybot is
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inspired by the gecko, and adopts several of the design principles that allow geckos to
climb. Among the most important of these are: a hierarchy of compliant structures
to conform to surfaces at multiple length scales from centimeters to micrometers;
directional adhesion that allows smooth attachment and detachment; a force control
scheme that distributes loads among the feet and works with directional adhesion to
control the adhesive forces via control of tangential forces at the feet.

Stickybot employs multiple levels of underactuated compliant mechanisms to dis-
tribute forces at the levels of the legs, toes and stalks on the undersides of the feet.
Stickybot’s feet are covered with directional polymer stalks, a unique, tapered elastic
structure that conforms to flat surfaces without producing large stress concentrations
at the leading edge, which would cause peeling and premature detachment. The toes
of Stickybot contain an embedded fabric that is flexible but relatively inextensible,
again to avoid the buildup of shear stress concentrations at the proximal regions of
the toes. The actuation of the toes is accomplished with a push-pull cable mechanism
(derived from iSprawl) that achieves an approximately uniform normal stress when
the toes are brought into contact with a surface. Again, this helps to prevent stress
concentrations and premature detachment (by peeling) of the feet. As consequence
of these various innovations, Stickybot can climb smooth surfaces such as glass, tile

and plastic at 4-6cm/sec.

6.2 Future directions

For better performance in various tasks, there are several directions for future research
on compliant underactuated mechanism design. First, the compliances should ideally
be adjustable during operation. For example, for a running robot such as iSprawl, a
significant improvement in the performance may be possible by adapting the stiffness
of the rotary and axial elements according to the phase of the leg. When the robot
legs are thrusting, the compliance should be moderate so that there is not too much
wasted motion. Conversely, when the legs are dragging, the compliance should be
very high. This effect could possibly be obtained by using nonlinear compliances.

However, for a wider range of tasks, which may include climbing over obstacles or
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up steep slopes, the values of the compliances should be dynamically adjustable for
best performance. In an analogous application, recent research has shown that pros-
thetic knee joints with adjustable levels of stiffness and damping are preferable for a
range of conditions including walking and climbing up or down stairs. Unfortunately,
the implementation of variable-compliance elements introduces significant complexity,
particularly at small scales. This remains an area for future work.

Further development of the methodology on compliant mechanism design is an-
other area of research. The approach taken in this thesis permits a rapid cycle of
design, fabrication, testing and analysis. However, the critical step of synthesizing
particular structures requires considerable intuition and experience. A first step could
be to automate the parametric redesign of leg structures, tuning them in response
to the information obtained from testing and analysis. Unfortunately, it is still not
easy to identify the optimal ground reaction force profiles that will lead to the best
performance of a robot in a desired task. Once the desired ground rcaction profile
has been identified, it is more straightforward to adjust the design parameters such
as the link lengths, compliances, etc.

Another future direction of the research will be improvement of the adhesive stalks,
DPS, for adhering to a wider range of surfaces. The current DPS produce useful
adhesive forces on contact with materials having a narrow range of surface roughness,
and they need regular cleaning to maintain performance. DPS lack the hierarchical,
nano and micro-scale structure of real gecko lamellae and setae, which permit adhering
to rough and dirty surfaces without frequent cleaning. Therefore, the main goal of
future directional adhesive research is to develop a hierarchical structure, integrating
smaller fibrillar structures onto bigger, DPS-like, stalks to expand the applicable
range of surfaces. Other future directions of DPS research include optimization of
the tip geometry for more reliable attachment and directionality and exploration in
materials science to achieve better self-cleaning. This research requires a fundamental
understanding of the behavior of structured materials over a wide range of length
scales and the development of novel manufacturing technologies that integrate meso-
scale and sub-micrometer fabrication. This research may lead to a vast expansion of

capabilities for bio-inspired designs, as we very gradually approach the complexity of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 6. CONCLUSIONS 106

the structures found in nature.
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Appendices

A.1 Crank-Slider Kinematics

Figure A.1: Schematic of Crank and Slider

By inspection, the slider-crank equation is

X(t) = acos(wt) + bcos(arcsin(% sin(wt)))

107
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where

w=94rad/s
a=12.7mm
b =38 mm

d =20 mm

For these values, the stroke is an approximately sinusoidal motion of amplitude 12.7
mm.
The kinetic energy stored in the double crank and slider mechanism can be cal-

culated from the physical parameters:

I, = 1177.4 gmm?(for both cranks)
Iy = 2908 g mm?®(each connecting rod)
my = 4.32 g (each connecting rod)

Mslider = 6.48 g.

However, the total rotational kinetic energy is dominated by the motor inertia, I, =
409 g mm?, at wy, = 2239 rad/second:

1
Elinetic = 5 mwm? = 1 Joule

or about equal to the energy consumed per stride.

A.2 Spine Failure Modes

The spine/asperity contacts have three primary failure modes.
1. The spine fails plastically at its base due to tensile stress from bending.
2. The spine deflects elastically such that it slips off the asperity.

3. The asperity fails, typically as a particle becomes unbonded from the

surrounding matrix.
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Figure A.2: Curved beam with variables used in spine failure mode analysis.

The first mode of failure is due to the tensile stress at the base of the spine. For
a long curved spine, the maximum stress is essentially the same as it would be for a

straight cantilever beam [111]:

Mc  32fld 1

o
Omag = —= = = X (uf Ezconst)

where

f = force exerted on tip of the spine
d = diameter of cross section of spine

I = equivalent beam length.

The second mode of failure is excessive tip rotation. Here we can apply Cas-
tigliano’s Theorem to solve for the tip deflections and rotations for a curved spine
[111]. Applying a dummy end moment, M, and solving for the end rotation, o, we

obtain:
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a=0U/oM

R2
= 5p7[2Fy + (2F; + F,(n + 20))cos(5)
1

+(=2F, + Forr + 2F:8)sin(6)] o«

if B = const. al given 3, F, and F, Al
d Yy

(see figure A.2).

The third mode of failure is that the asperity itself may break off. The literaturc on
surface failure or erosion (e.g. [94, 110]) for cementitious materials such as concrete,
or rock with hard crystals in a weaker matrix, generally starts with the Hertz stress

distribution at the contact [68]. The maximum pressure is at the center of the contact

patch:
Pmaz = 3f/2ma? = (6 fE?/n3R%)1/3
where
a = (3fR/AE)/
E=(Q-u)/Es+ (1~ p3)/E,
(LR =1/rs+1/ry)

and the subscripts s and a refer to the spine tip and asperity, respectively.

The worst case tensile stress is at the periphery of the contact patch:

or = ((1 ~ 2u2)Pmaz)/3

The actual failure will depend on the local stress state, number of cracks and fracture
toughness of the material. However, it will be a function of the maximum tensile

stress. Therefore we can write that
fmae = [(7Omaz/ (1 — 2u2))*(1/2E7)| R?

The quantity in square brackets is a constant depending on the materials so that, in
the end, the maximum sustainable load is expected to vary as the square of the radii

of curvature of the spine tip and asperity.
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A.3 R, and R, Calculation

The linear roughness R, was calculated by

1 & -
R, = ¥ Z abs(x[t] — T)

1=1
and RMS roughness R, was calculated by

where z[¢] is the height of point ¢ in the profile, Z is the average height of the
profile, and N is the number of points in the profile.
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