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Abstract

Minimally Actuated Dynamic Climbing in the Sagittal Plane
by
Paul Michael Birkmeyer
Doctor of Philosophy in Engineering - Electrical Engineering and Computer Sciences
University of California, Berkeley
Professor Ronald S. Fearing, Chair

This thesis explores the design of systems that can climb vertical surfaces with non-negligible
dynamics in the sagittal plane. The development of a low-dimensional model addresses a lack
of understanding of sagittal-plane dynamics during climbing in the space of reduced-order
dynamic models of legged systems. Using a construction derived from the well-known and
well-studied Spring-Loaded Inverted Pendulum (SLIP), we propose a two-legged system with
both torsional and linear compliance driven by a position-controlled rotational actuator. Two
simple foot models are considered to explore their effect on the dynamics and stability of the
system. Results of the model indicate the existence of passively stable gaits during climbing
as well as during inverted running and also suggest mechanical tuning parameters for physical
climbing systems. A robotic platform capable of producing dynamic climbing behaviors is
introduced. A reduced profile, sprawled posture, and improved internal mechanics allow the
CLASH platform to be adapted to different climbing substrates. A passive claw engagement
mechanism is proposed and tested with simulated steps to verify the design. With these
mechanisms, CLASH becomes the first robotic platform capable of climbing loose cloth and
climbs vertically at 15cm/s or 1.5 body-lengths per second. When climbing ferromagnetic
surfaces, the system is capable of climbing at 1.8 body-lengths per second. To climb smooth,
hard surfaces, a foot with a passively aligning ankle with a tendon-loaded gecko-inspired
adhesive is designed and tested using simulated steps. With these engagement mechanisms,
the system is able to climb at 1 body-length per second on acrylic with a 70° incline. A
simple foot-impact model is created to explain the robot’s inability to climb faster or up
steeper inclines due to the sagittal-plane reaction forces created during rapid running.
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Chapter 1

Introduction and Previous Work

The appeal of small, highly mobile robots is undeniable. Their size makes them easily
transported, decreases the cost of individual units, and increases their mobility compared to
larger units. The size of the systems allows them to navigate collapsed buildings or mines
in the pursuit of survivors or to be used as real-time sensing platforms in dangerous remote-
monitoring missions. The lowered cost enables large quantities of systems to be created and
deployed to enable large-scale reconfigurable mobile sensor networks, the creation of groups
of robots leveraging swarm algorithms, or the distribution as a tool for other academic
research or education.

Never before has the potential for the development of these systems been so accessible.
With consumer electronics driving down the size of sensors and processing units, increasing
computational power, improving manufacturing of small-scale components, and refining sen-
sor accuracy and precision, the advent of capable meso-scale robots seems imminent. Yet
even equipped with the most advanced modern processors and sensing suites, the utility of
a such a robot is limited without the ability to move in the world and physically interact
with it.

For mobile robots, one of the most challenging interactions is trying to move quickly and
efficiently through an unstructured environment. Traditionally, robots require many degrees
of freedom to move through their environment with a satisfactory degree of confidence and
stability. This, in turn, requires more actuators and sensors, as well as increased computa-
tional power and larger batteries to drive it all. To make robots on the order of 10 cm long,
the challenge becomes how to generate high-performance locomotion given the significant
space constraints which limit the number and size of onboard actuators, electronics, and
batteries. As the scale of mobile robots decreases, the presence of obstacles which cannot
simply be stepped over increases, driving the need to create systems capable of not only
running but also climbing.

Although engineering is a significant challenge with small systems, there are reasons
for decreasing the scale of mobile robots. Meso-scale robots can leverage physical scaling
laws that control the interaction between forces acting on the system. Inertial forces scale
with robot volume, or proportionally to L? where L is some characteristic dimension, while
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surface forces like Van der Waal’s, capillary and electrostatic forces go as L?. Thus, the ratio
of available adhesion, a surface force, to the weight is proportional to L=!. By making a
robotic platform smaller, the available adhesion should increase faster than the demands on
the adhesive and make sustainable grasps more likely.

By looking to nature, we can see many examples of small systems capable of not only run-
ning stably over rough terrain at high velocities, but also climbing [3,28,42]. This climbing
agility is one area in which animals have a significant advantage over their robotic coun-
terparts. There are many terrestrial robots that are capable of traversing obstacles on the
order of their own body height [8,31,58,69], but anything larger than that often requires a
system capable of climbing. While there are many robots capable of climbing, very few can
climb as quickly and robustly as animals and even fewer can rapidly climb surfaces which
are difficult to engage, and none can yet match the agility and adaptability of animals.

The challenge of creating robots that are as agile and elegant as biological organisms
is extremely daunting. Animals such as the cockroach or gecko have dozens of degrees
of freedom, refined sensing abilities, and highly-specialized morphologies that have evolved
over millennia to produce gaits that are efficient, fast, and robust. However, work has been
done to reduce the complexity of the roboticists’ design problem by distilling the essence of
animals’ locomotion to reduced-order models. These simple yet elegant models are created
to capture the fundamental mechanisms that produce the dynamics that we observe in the
organisms. In general, these models reduce multilegged stance to a single, equivalent leg
stance that embodies the stiffnesses and other properties of the legs.

Once these underlying mechanics are codified into these reduced-order models, the anal-
ysis of the models can inform the design of dynamic robots. Many robots have either
been directly modeled after these reduced-order models [16, 17, 54], or the models have
been heavily leveraged in the dynamic tuning of existing robots to improve dynamic perfor-
mance [8,21,31,37,44,69].

1.1 Previous Work

In the quest to create a minimally-actuated all-terrain robot that can rapidly climb sur-
faces, it is necessary to understand both the requisite dynamics for robust dynamic climbing
as well as how to construct such a physical system. Because this work is influenced by and
contributes to both of these areas, we first provide an overview of recent climbing robots
followed by a summary of the work done in biological locomotion templates.

1.2 Mobile Robots

1.2.1 Modes of Engagement

To create a system capable of climbing vertical surfaces, not only must the system be able
to perform work against gravity, but it must first be able to gain purchase on the climbing
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surface to generate the forces required to perform that work. Given the long history of
climbing robots, there are many examples of different engagement mechanisms that have
been employed to climb different substrates.

Many engagement methods are inspired by the wide range of engagement modes exhib-
ited by natural organisms. There are systems which use large engineered holds that find
stable configurations using mass shifting similar to human rock climbers [11,12]. Systems
such as Spinybot [2,43], RiSE [79], Mini-Whegs [18], and DROP [56] use claw mechanisms
to grasp hard surfaces with small asperities. An omnidirectional microspine gripper was re-
cently created that leverages the spine mechanisms of Spinybot and RiSE to create a robust,
controllable grip on rough surfaces [60]. Other systems use penetration to achieve engage-
ment [34,64]. To grasp smooth surfaces, many robots use various forms of gecko-inspired
adhesives. Stickybot [32,45], Waalbot [59], and Geckobot [82] use soft elastomer adhesives
to climb smooth surfaces.

When engineers do not consider only those mechanisms used by natural organisms, they
are capable of devising creative engagement solutions. Often these solutions are reliable but
can be restricted to specific classes of surfaces and require more power than the mechanisms
derived from the biologically-inspired solutions. If navigating certain metals, magnetic at-
tachments can be used [5,35]. Suction cups [13,68] and Bernoulli grippers [41] can also
be used on relatively smooth surfaces, but the power requirements of such mechanisms is
generally greater than passive mechanisms. A system which uses magnetorheological fluid
to sustain shear and normal stress is capable of adhering to a range of surfaces [84]. Other
robots use electrostatic adhesive technologies to generate the adhesion required for climb-
ing [63, 86].

1.2.2 Dynamic Climbing Robots

Most of the systems described above are considered quasi-static climbers. In general,
a system is considered to be running or climbing dynamically if the system exhibits either
significant kinetic energy, loss of static stability during a stride, or both. While this definition
is inexact, climbing systems that exhibit such behavior have been shown to exhibit increased
climbing efficiency as well as robustness to perturbations not seen in quasi-static climbing
systems [3,54,55,65].

The first robot demonstrated to climb dynamically was DynoClimber [16]. Modeled
after the Full-Goldman (F-G) template, as described in Section 1.3, Dynoclimber climbs
using simple hooks that engage a carpeted wall. The robot provides a physical realization to
support the stability claims derived from the analysis of the F-G model. Using a novel self-
exciting control algorithm, DynoClimber is able to climb at 66 cm /s or 1.5 body-lengths /s [54]
using one motor for each of two legs.

ROCR is another robot designed to climb carpeted vertical walls, but it leverages a
massive swinging tail to climb in a novel manner [40]. A single motor swings the tail, enabling
the robot to rotate about one foot and dynamically ascend the wall with high efficiency and
high speed (15.7 cm/s, 0.34 body-lengths/s) [65]. RiSE v3 is capable of climbing vertical
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telephone poles at speeds of 22 cm/s (0.33 body-lengths/s) using several clever design aspects
including variable gear ratio cranks and variable leg-length linkages [34].

Other robots are designed to climb between vertical walls. DSAC and DTAR both climb
by oscillating a mass side-to-side using a single actuator to create vertical climbing [20, 19].
DTAR is designed to climb vertical tubes and DSAC is designed to climb between two
parallel vertical plates. Both robots require constant motion to ascend or even maintain
vertical altitude. This is also true of ParkourBot, a system which bounces side-to-side
between verticals using spring-loaded legs to ascend [21].

While all of these systems exhibit dynamic climbing gaits as defined at the beginning
of this section, they are designed so that there is no actuation or dynamics in the sagittal
plane. DTAR has some sagittal-plane dynamics, but as it is climbing in a symmetric tube,
the system cannot fail by falling away from the surface [19]. The presence or effect of sagittal
dynamics in RiSE v3 is unclear, though the system has eight actuators to achieve climbing
on wooden poles [34].

1.3 Reduced-Order Models for Legged Locomotion

As an engineer looking to create a legged robot, the wealth of examples of highly mobile
animals in the natural world from which to draw inspiration can be overwhelming. From
basilisk lizards capable of running on the surface of water, to geckos capable of running
up vertical glass or walking on inverted surfaces, to cockroaches and cheetahs that can run
rapidly across horizontal surfaces, the range of behaviors and operating environments exhib-
ited by natural organisms is immense. For the engineer, while these systems are inspiring
in their performance, the systems themselves are impossible or impractical to recreate. The
high-power density and sheer number of muscles and actuators used as well as the sensori-
motor system which controls it are either impossible or infeasible to recreate synthetically.
Thus, the challenge then becomes how to look past the range of morphologies, body sizes, and
operating environments to understand the unifying principles which make these organisms
so effective and efficient when running and climbing.

This distinction between bioinspiration and biomimicry is important, as bioinspiration
removes the need to recreate the complexity of these systems which have evolved over millions
of years. To this end, biologists have discovered locomotion dynamics that are common to
a range of animals despite their incredibly different instantiations. This has led to better
understanding of the efficiencies and improvements that have come as a result of millions
of years of evolution. This knowledge can now be conferred to dynamic models, physical
robotic systems, and even back to subsequent biological studies [25].

1.3.1 Rigid Inverted Pendulum Model

Before exploring existing climbing models, it is worth exploring the various models for
horizontal surface locomotion. The simplest model that exists for horizontal ground loco-
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Figure 1.1: Rigid inverted pendulum model

motion is a rigid inverted pendulum model which addresses sagittal-plane dynamics [14].
Shown in Figure 1.1, the body is modeled as a point mass on top of a massless rigid leg with
an ankle modeled as a pin joint. Kinetic energy is exchanged for potential energy during
the first half of the stance, and returns to kinetic energy in the latter half. While the model
doesn’t describe key aspects of walking animal locomotion data, it has been leveraged with
great success in several engineered systems, including passive-dynamic walkers [49].

1.3.2 The Spring-Loaded Inverted Pendulum (SLIP)

The SLIP model, shown in Figure 1.2, is an evolution of the rigid inverted pendulum
model that explains sagittal-plane dynamics on a horizontal surface. Unlike the rigid inverted
pendulum, it has been verified to model the sagittal-plane motions of a wide range of animals
[9,23,36]. The addition of compliance creates the possibility of an aerial phase in addition to
the stance phase. This creates a hybrid dynamical system in which the dynamics are defined
by two distinct sets of differential equations, one for stance and one for the ballistic aerial
phase determined by the legs touchdown (TD) and liftoff (LO) events. The stability of the
SLIP model has been established by multiple analyses investigated using numerical methods
and return maps [26,27,77]. This model has received much attention for its simplicity and
dynamic properties in addition to its descriptive power and utility in informing the design
of numerous running and hopping robots [1,8,15,31,37,44].

1.3.3 Clock-Torqued SLIP (CT-SLIP)

A recent evolution of the SLIP model is the clock-torqued SLIP model [73]. Here, the
SLIP model is modified to include a hip actuator with intra-stride control parameters as
well as damped legs. These additions allow the model to explain the dynamic stability of
a SLIP-like system over a wider range of relevant body parameters, including transitioning
from rest to steady state. The inclusion of an actuator to the sagittal dynamics of the SLIP
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Figure 1.2: Spring-Loaded Inverted Pendulum model

model is a distinctive addition from previous work and one which is leveraged in the climbing
model presented in Chapter 2. It is this actuator which enables the system to add energy
into the system during locomotion - a necessity for climbing.

1.3.4 The Lateral Leg Spring (LLS)

Where the aforementioned models deal with sagittal-plane dynamics, animals exhibit
significant lateral dynamics during locomotion that are not captured by the SLIP models
[71,72]. The LLS model addresses these horizontal plane dynamics through a construction
shown in Figure 1.3. Here, the legs are oriented out from the body laterally, and the system
bounces from side-to-side, planting one foot until liftoff then switching immediately to the
opposite foot. Stability analysis reveals partial asymptotic stability. More recent work has
incorporated yaw moments and an algorithm to control heading [51], as well as analyzing
the stability of lateral dynamics on inclines using linear leg actuation [70].

1.3.5 Full-Goldman Model

The first template created to understand dynamic climbing, the Full-Goldman model
considers the dynamics of a climbing system in the plane of the surface [3,28]. Spurred by
the similarity between the dynamics observed in geckos and cockroaches running on vertical
surfaces, the F-G model was hypothesized as a template to capture the common dynamics
in the plane of the surface. DynoClimber was modeled after the F-G template, providing a
physical anchor that demonstrated that stability predicted by the F-G template is preserved
when embodied in a physical system [16,17].

The F-G model is the only previously-existing model to examine dynamic climbing sta-
bility, but it does not consider sagittal-plane dynamics that result from a non-planar system.
To create a system that preserves horizontal locomotion performance gained from sagittal
dynamics but gains the ability to climb quickly and robustly, the understanding of sagittal-
plane dynamics while climbing needs to be improved.
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Figure 1.3: Lateral Leg Spring model

The goal of the work presented in this dissertation is to demonstrate both a theoretical
and physical path toward high-performance climbing. To support the former, in Chapter 2
we present a new reduced-order model that is the first to address the dynamics and stability
of a SLIP-like legged system on inclined, vertical, and inverted surfaces. We examine the
ground reaction forces and COM dynamics of such a system, the loads required by the
adhesives, and consider the system’s stability to perturbations.

In Chapter 3 we present a robot transmission which serves as the foundation for rapid
climbing of cloth and smooth hard surfaces in Chapters 4 and 5, respectively. In Chapter 4,
we present a passive spine foot mechanism that is capable of sustaining tensile normal loads
through a stroke but can easily disengage at the appropriate retraction angle. This allows
the robot to climb loose and supported cloth at high speeds. In Chapter 5, we introduce
a new leg and ankle design which allows for rapid passive engagement of a gecko-inspired
adhesive to enable rapid climbing of near-vertical hard smooth surfaces. Appendix A shows
the same robot platform adapted to rapidly climbing ferromagnetic surfaces. We summarize
the contributions in Chapter 6 and suggest opportunities to further the understanding of
sagittal-plane dynamics while climbing and develop more robust all-terrain robots.

1.4 Contributions

This work makes the following contributions:
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e Spring-Loaded Adhesive Pendulum - a reduced-order dynamic climbing
model - A simple model that predicts qualitatively similar dynamics to those seen in
animals. Climbing performance is examined as a function of system parameters. Sys-
tem stability is analyzed and found to be stable over a range of speeds and stiffnesses.
The model is also used to predict high-performance running on inverted surfaces. Two
different adhesive foot models are used in the analysis.

e CLASH - A lightweight, low-profile minimally-actuated climbing platform
- The design and kinematics of a lightweight, low-profile robotic platform driven by a
single DC motor to produce a sprawled alternating tripod gait for climbing applications.
The design improves body dynamics, mass distribution, and modularity to serve as the
platform for subsequent climbing experiments.

e Rapid vertical climbing of loose cloth - The design and implementation of a robot
capable of climbing loose vertical cloth. A passive claw-based engagement mechanism
is presented, and experimental data of its performance are provided. The system is
capable of climbing loose cloth at 1.5 body-lengths per second, making it one of the
fastest climbing robots in existence.

e Dynamic climbing of near-vertical hard surfaces - The design and implementa-
tion of a remote-center-of-motion ankle and tendon foot design which enables dynamic
climbing of near-vertical hard surfaces. Measurements of the foot performance are
provided. The system can climb acrylic at 75 degrees above vertical and is the first to
dynamically climb hard smooth surfaces. A simple dynamic impact model is introduced
to improve understanding of performance limitations.
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Chapter 2

Dynamic Climbing Model

To improve our understanding of dynamic climbing of a legged system, we developed
the first low-dimensional model that provides insight into the challenges associated with
sagittal-plane dynamics during climbing. The model presented in this chapter leverages a
construction similar to that seen in SLIP and CT-SLIP, yet demonstrates ground reaction
forces qualitatively similar to those observed in climbing geckos and cockroaches when rapidly
climbing [3,28]. The model provides the framework for analysis of basic requirements of
adhesives for climbing, and also exhibits passive stabilization. The adhesive models generated
for this model also allow for the first look at the dynamics required for running on an inverted
surface. Two different foot models are considered. The first is modeled after the adhesives
found in geckos and gecko-inspired synthetic adhesives [7,29, 33,50, 53,61], and the second
is defined to be a generalized controllable adhesive.

2.1 Spring-Loaded Adhesive Pendulum (SLAP)
Model: Definition

The Spring-Loaded Adhesive Pendulum, or SLAP, model seen in Figure 2.1 consists of a
two degree-of-freedom mass with two legs attached to a hip located at the COM of the body.
As a result, the pitch angle of the system is not considered for this initial climbing model.
More detailed models incorporating tails or multiple hips capable of producing moments
are important to the complete understanding of dynamic climbing but should be considered
once the dynamics of this simpler model are better understood. The system climbs a surface
with angle v from vertical. We assume that the legs and feet are massless, a practice that is
well established in other legged dynamic models [9,10,28,51,70,71,72,73]. This assumption
is derived from the fact that individual leg masses in cockroaches represent less than 2%
of the total system mass, but it has the added benefit of reducing the dimension of the
model. Previous studies of rapidly-climbing cockroaches have suggested that the stance
tripods of the animal can be well-represented by a single effective leg [23,24], and this model
follows the standard practice of approximating multiple-leg stances as one such effective
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Figure 2.1: Diagram of Spring-Loaded Adhesive Pendulum model

leg [10,16,17,71,72,73].

We define a global coordinate system, E; and E,, to be fixed at the base of the climbing
surface, and this is used to define the gravitational field. As seen in Figure 2.2, the COM
position is defined by r in the inertial frame. A local coordinate frame, e; and es, is fixed at
the COM of the system and is parallel with the climbing surface, which is rotated from Eq
by angle . The eq-e5 frame is used to decompose fore-aft and normal phenomena. The e ;-
eyi frame offers a convenient coordinate system for describing the linear and torsional forces
that the system experiences due to the leg and hip forces for the i*" leg. The commanded
position of the i** leg is 6; and is defined clockwise from es.

A single cycle of a foot consists of a touchdown event (TD), stance phase, liftoff event
(LO), and flight phase. The massless feet make contact with the surface without impact,
and the foot acts as a frictionless pin joint during stance. Because the system must be able
to generate normal forces that accelerate the system toward the surface, foot liftoff is not
strictly defined as when the leg length reaches nominal length, as in SLIP and LLS [9,71,72].
Instead, the LO events are defined according to the engagement mechanism that the model
uses, as explained in Section 2.3.

A rotational actuator is placed at the hip so that the model will be able to perform work
to climb in the presence of gravity. While the CT-SLIP uses a proportional-derivative motor
controller and a rigidly coupled leg [73], this model uses a functionally similar torsional spring
in series with the output. For these studies, damping is not considered and the rotational
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Figure 2.2: Notations used in the SLAP system.

Table 2.1: SLAP PARAMETER DEFINITIONS

ke Linear leg stiffness

k., Torsional hip stiffness
6  Rotational velocity

~  Surface incline

1 Leg angle from surface
0; Desired leg angle

speed is held constant throughout a single simulation, though future studies could implement
the Buehler-clock controller used in the CT-SLIP model without fundamental modifications.

2.2 Body Dynamics

The change in dynamics associated with the transition of the system to stance and aerial
phases results in a hybrid dynamical system with different states for foot one or foot two in
stance, both in stance, or neither in stance. In all instances, the COM translations are given
by Newton’s second law:

2
i=> F,—gE, (2.1)
i=1

where F; is the net ground reaction forces of the i** foot and ¢ is the gravitational constant.
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Figure 2.3: Free body diagram of the forces acting on the leg and the COM.

The free body diagram in Figure 2.3 shows the ground reaction forces on the COM when
a single foot is in stance. The leg is assumed to be linearly compliant but torsionally rigid
to decouple the linear and tangential components. The force F¢ along the foot-hip vector e,
is created by a passive linear spring. F is defined as

Fe=ke(Go—¢) e (2.2)

where k¢ is the linear spring constant, ¢y is the nominal leg length, and the actual leg length
( is defined as

r-e;

pr— pr— . pumy 2.
C=la =r-ec= 2 (23)
where e
=7 —tan"t ——— 2.4
p=m o (r—q)-e (2.4)

The force F, created by the hip torque is tangential to the leg along e,;. The torque
is generated by a difference between the desired leg angle dictated by the actuator angle
output at the hip and the actual angle created by the leg. The force on the COM resulting
from the hip torque F, is defined as

F,= Eew = %(sin@b e + cos es) (2.5)

where

Thus, for a single foot in contact, the resultant force acting on the COM is defined as

2

Z(FT’i €y i + FC,i ecﬂ') — gE2 (27)

=1

where F; is zero if the i** foot is not in contact.
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Figure 2.4: Comparison of stable regions for feet with frictional contacts (a), magnetic feet
with frictional contacts (b), and the shear-induced adhesive foot model (c¢). The anisotropic
gecko-inspired adhesive is capable of generating large shear forces and adhesive normal forces
when pulling down and towards the rear of the system, but can generate only friction in the
opposite direction. The maximum fore-aft force in quadrant I and IV is determined by the
maximum shear stress of the material. Table 2.2 defines the limits in the four quadrants.

2.3 Foot Models

We propose two different foot models that enable the SLAP to climb inclined, vertical, and
inverted surfaces. For both models, when the foot is engaged with the surface, they function
identically - as a frictionless pin joint fixed to the wall. Also, TD is defined identically for
both feet models as

r-e; —(psinyy=r-e; + (ycos) =0 (2.8)

Instead, it is the conditions that define LLO from the surface for each foot that characterize
and distinguish them.

One model, referred to as the force-based LO model, has a defined space of ground
reaction forces possible that allow for stable grasping of the surface. If the ground reaction
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Quadrant | Normal Force F - e; | Fore-Aft Force F - e, LO Condition
I1I <0 <0 Always
v <0 >0 F-es < —tana F-e;
1I >0 <0 F-ea > uF-e;
I >0 >0 F-e; >F, ..

Table 2.2: Lift-off conditions for the gecko-inspired adhesive model.

forces required of the foot during stance ever leave the space of acceptable ground reaction
forces, the adhesive fails and the foot releases from the surface. In particular, we consider
the space of stable forces of a generalized gecko-inspired adhesive [7,45,52,81], shown in
Figure 2.4. Here, a positive fore-aft force (F;-es > 0) allows the adhesive to sustain a
tensile normal force (F;-e; < 0) that is linearly dependent upon the fore-aft force. A
negative fore-aft force is only permitted in the presence of a compressive normal force, and
here the limitation is that which is imposed by friction. Thus, if the ground reaction forces
required by the foot ever leave the shaded region in Figure 2.4, the adhesive will fail and the
foot will instantaneously return to the angle dictated by 6#;. Note that the failure mode in
quadrant I and II is sliding rather than vertical liftoff, but that the model treats it similarly
to liftoff. When the foot fails in quadrant IIT or IV, the foot lifts from the surface and goes
to the commanded position given by 6; instantaneously because the foot is massless. When
the foot slides in quadrant I and II, the model assumes no kinetic friction and thus goes
to the commanded position given by 6; instantaneously as well. Also, the area of the foot
is assumed to be such that maximum shear stress of the adhesive is never reached during
stance. Given the forces exhibited by the SLAP model in Section 2.5 and the forces which
the gecko-inspired adhesive in Chapter 5 is capable of sustaining, this assumption is justified.
Table 2.2 summarizes the conditions for failure used for the gecko-inspired adhesive model.
This model takes tan a as an input, which in turn defines the maximum tensile normal load
the adhesive can bear given a shear load before failing.

The second foot model considered is referred to as the clock-driven LO model. This
model is a generalization of an adhesive that can be switched on and off by the system, such
as an electrostatic adhesive [47,63,86] or a foot with the ability to generate internal forces
that aid in grasping and releasing [45,46]. For this work, we considered the switching event
of the adhesive to be a function of the output angle of the rotational actuator #; rather than
other conditions such as ; or the COM motion. If the system is operating as one driven by
a central pattern generator (CPG) [22,48,73], then having the control of the foot dictated
by such a CPG suggests that control should rely upon the phase of the system, given here
as ;. Further studies could incorporate additional control strategies to the CPG given such
additional state feedback [39,67]. Using a clock-based LO, the foot releases the surface when
the rotational hip input reaches the predefined angle (6; = 0,.cjease), Which is not necessarily
equivalent to the actual angle of the leg due to the torsional hip.
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Table 2.3: PROPERTIES OF MODEL ROBOT

m, mass 0.019 kg

Co, Nominal Leg Length | 0.025 m

6, Angular Velocity 2m{1 — 16} radians/s
k¢, Linear Stiffness ﬁimd

k., Torsional Stiffness | 9- 10_2%

2.4 Simulation Methods

The inclusion of hip actuation and gravitational force in the model breaks conservation
of energy and angular momentum about the foot and makes analytical solutions to the
dynamics of the system impractical. Therefore, numerical simulations are performed using
the conventions described above within the MATLAB Simulink environment using the ode45
Runge-Kutta solver with variable time steps.

The parameters given as inputs to the model include body mass m, uncompressed leg
length (o, linear leg stiffness k., torsional stiffness k., initial displacement and velocity of
COM along e¢, and initial fore-aft velocity along e,;. For the gecko-inspired adhesive foot
model, the maximum shear-to-normal ratio tan(«) is given, and for the clock-driven release
model, the rotational output angle at which the foot is released, 6,¢cqse, 1S given.

The parameters used to test this system were based on the robot design featured in
Chapter 4 and can be found in Table 2.3. Mass and uncompressed leg length remain constant
through trials and are set as m = 0.019 kg and (y = 0.025 m, respectively. While the mass
and leg length are dependent upon the specific realizations of the design presented in Chapter
3, there are engineering constraints associated with building robots at the scale of this work
that bind these relatively tightly and thus will not vary significantly from these values as
the design changes. Rotational speeds 6 were varied from 1Hz up to 16 Hz, the maximum
realizable with the physical system presented in Chapter 3. Torsional hip stiffness of the
model robot was calculated using the measured leg deflection under static load of the robot
when the leg is at mid-stance. Similarly, the linear stiffness was experimentally found at mid-
stance. Because the system dynamics are expected to be sensitive to these stiffnesses, and
because these stiffnesses are easily modified through variation of leg material or morphology,
a wide range of stiffnesses were tested in numerical simulations. Unless otherwise noted,
stiffnesses k¢ and £, spanning three orders of magnitude and centered roughly at the values
presented in Table 2.3 are used for the simulations. Unless otherwise noted, k. from 0.1%
per tripod up to 100% per tripod and k. from 0.005—" per tripod up to 5-2"— were used.

radian radian

2.5 Results

The requirement of the feet models to generate tensile normal forces led us to create
the two considered foot models which rely upon ground reaction forces or rotational output
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3

Figure 2.5: A stride of the SLAP model climbing a vertical surface (v = 0). (1) The system
at touchdown. (2) The system at mid-stance. The unloaded foot continues to follow the
prescribed foot trajectory while the foot in stance deflects under load. (3) The system at
liftoff. The loaded foot has continued to deflect during stance. (4) The system at the next
touchdown. The system is in an aerial phase between (3) and (4).

angle position to define LO events. This differs from previous dynamical models that have
LO when the ground reaction forces go to zero. While the inclusion of tensile forces was
necessary to produce the desired climbing behavior, the breaking of symmetry that results
was predicted to create quasi-periodic, chaotic gaits [30,73]. As will be seen in this section,
this was in fact the case. Although many gaits are practically stable in the sense that they
reject perturbations to converge to some quasi-periodic behavior, finding fixed points of the
system for a set of parameters that results in chaotic gaits is often impractical or impossible.
Therefore, initial conditions are chosen based on fixed points for similar gaits that do con-
verge. While this generates a conservative determination of which parameters yield stable
gaits, it only fails to consider those parameters which are incapable of rejecting perturbations
from their own steady state gait or those for which the chosen initial conditions lie outside
of the basin of attraction for that system. To reduce the frequency of this latter occurrence,
a range of initial conditions was tested for each parameter combination to determine if any
resulted in successful climbing.
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Figure 2.6: Normalized climbing speed of model on a vertical surface using the gecko-inspired
adhesive model where tan o = 0.4. Successful climbing gaits were only observed for 6 above
2m - 12”“1%. Velocities are normalized by the product of the angular velocity of the legs and
the leg length. Larger, warmer dots indicate a faster normalized average climbing velocity.
tan o = 0.4 yields few parameters which result in successful climbing.

2.6 Gecko-Inspired Foot Model

In this section, the SLAP model is simulated with the force-based release foot model
configured to mimic the performance currently achievable by the gecko-inspired synthetic
adhesive from [6], which can sustain an adhesive normal load of up to 0.4N in the presence
of a shear load of 1N. Thus, for these trials, unless otherwise noted, tan o = 0.4.
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An adhesive with tana = 0.4 produces very few trials capable of rapidly climbing a
vertical surface given the search methods outlined in Section 2.5. The average climbing
velocity achieved for each configuration over a range of linear stiffness k¢, torsional stiffness
k., and angular velocities 6 on a vertical surface is presented in Figure 2.6. The velocity
of the system is normalized to the maximum fore-aft leg velocity during the stride, 6 - (.
The larger, warmer-colored dots indicate successful parameter combinations that create gaits
with fore-aft velocities approaching 6 - ¢o. The small, cooler dots are typically gaits that fail
by falling off of the climbing surface or having the COM hit the surface. Leg frequencies from
1Hz to 16Hz were considered, but only the higher frequencies shown in Figure 2.6 resulted
in stable gaits.

As previously mentioned, gaits of the SLAP model can be practically stable but exhibit
chaotic behavior. To demonstrate this, we define the stride-to-stride Poincaré return map
P which evolves the system from the one leg touchdown until the next touchdown of the
same leg. The return map P effectively fixes one dimension of the system, allowing the
system state to be entirely described by the system fore-aft velocity, normal velocity, and
the leg angle at TD. By examining the intersection of the system state with this section, we
can observe the evolution of the state at TD as shown in Figure 2.7. Here, k; = 1.9307%,

k, = 0.2321T£17;n, and 0 = 27 - 14”“!%. Over a 20-second simulation and 300 TD events, the
system exhibits an initial transients but doesn’t converge to a fixed point, instead behaving
as a chaotic attractor.

Despite a prevalence of chaotic attractors, there are still system parameters which exhibit
convergent, stable gaits. When £k, is changed from 1.9307% to 5.1795%, the system converges
to a period-1 gait as shown in Figure 2.8. In this case, the stability of system is amenable
to the well-established practice of finding the Jacobian of the Poincaré map from which
the eigenvalues can then be computed [20,51,57,72,73]. The rate of convergence can be
found by considering the magnitude of the maximum eigenvalue as this is associated with
the eigenvector which will be slowest to converge in the system.

For the system presented in Figure 2.8, the fixed point of the system is found numerically
by allowing the system to evolve until the intersection of the state evolution with the Poincaré
section are within 0.1% of each other for four consecutive intersections. The average of the
final four states is then used as the fixed point of the system around which P is linearized. The
normal velocity, fore-aft velocity, and the angle of the leg at TD are individually perturbed
by 2% of the fixed point values. The resultant evolution of the state to each perturbation is
then used to compute the Jacobian of the return map about the fixed point. The eigenvalues
of the linearized map DP are approximated by finite-differencing methods similar to those
seen in [74,75,76]. For this parameter set, the maximum eigenvalue |\4.| is numerically
found to be 0.1872, well under the |A,4.| > 1 threshold which indicates an unstable fixed
point.

Examining high-speed gaits shows a smooth, undulatory COM translation as seen in
Figure 2.9. Here, the system exhibits a transient due to an initial condition perturbed from
the fixed point, similar to that used in the computation of the eigenvalues of the linearized
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Figure 2.7: System state at TD events on a vertical surface with the gecko-inspired adhesive
model exhibiting a chaotic attractor. The axes are chosen to be the TD leg angle v, the
normal velocity at TD, and the fore-aft velocity at TD as the system dynamics at TD are
fully defined by these values. (a) and (b) show two perspectives of the chaotic attractor
whose states remain in a roughly planar space of states in the TD state space. Red dots
indicate the state at TD of foot one, and blue dots indicate foot two.
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perspectives of the states at TD to better convergence. Red dots indicate the state at TD
of foot one, and blue dots indicate foot two.
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Figure 2.9: The COM translation of the system on a vertical surface (7 = 0) with the gecko-
inspired adhesive foot model. The normal axis is magnified to better show normal motion.
(a) Initial conditions produce a significant transient in the COM that stabilizes. (b) A closer
look at the the COM translation of the system. Red dots show the state of the system at
TD events.

Poincaré map. Figure 2.10 shows the ground reaction forces that this gait produces. In this
stable gait, the TD initiates a compressive force away from the wall while the leg produces
a positive, forward fore-aft force. The fore-aft force saturates before mid-stance, but the
normal forces become tensile and accelerate the body back towards the wall. When the leg
is behind the hip, the normal load on the adhesive exceeds the available adhesion and causes
disengagement of the adhesive.

We note that the shape of the ground reaction forces here are qualitatively similar to those
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Figure 2.10: The ground reaction forces (a), normal and fore-aft velocities (b, ¢), and normal
and fore-aft positions (d, e) of the model using the gecko-inspired adhesive climbing a vertical
surface. (a) Fore-aft forces are green and normal forces are red. Negative normal forces
indicate pulling towards the surface. The rapid fall in forces is due to overloading of the
adhesive which results in the foot releasing the surface. (b) shows that the system is traveling
towards the wall at TD. (c) shows fore-aft deceleration during flight.
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Figure 2.11: (a) The COM of the system from a failed vertical climb. The simulation stops
when it determines the system has failed irrecoverably. (b) The state evolution of failed
climb. Small red dots mark TD events as in (a). The state starts at the large red dot and
continues along the path until the red cross when the simulation stops due to failure. (c)
The normal velocity and normal displacement at touchdown shows the unstable nature of

the gait.
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observed in rapidly climbing geckos [3]. The fore-aft force is always positive, accelerating
the COM upward during stance. Before mid-stance, both the fore-aft force of the model
and the gecko saturate before dropping to zero. The normal force has twice the frequency
of the fore-aft force and begins by accelerating the system away from the surface. In the
latter half of the stride, the ground reaction forces accelerate the system back toward the
surface. Several limitations in the model, as discussed in Section 2.8, create a duty factor
significantly lower than measured in the organism. This, in turn, requires a larger shear
force relative to the system body weight. The model is also less elegant than the organisms,
generating significantly larger normal forces during stance.

Trials that fail often do so in a manner similar to that in Figure 2.11. In this plot of
the state at TD, the system appears to settle from its initial condition toward an attractor
similar to that seen in Figure 2.7 or Figure 2.8. Note that the plot in Figure 2.11 uses
normal distance rather than leg angle at TD to improve visualization. Rather than settling
to a stable point or into a chaotic attractor as in those examples, the system behaves as a
saddle point and becomes unstable after the initial transient. The rotational input creates
an unstable growth of normal kinetic energy at touchdown over time. There is an exchange
of normal velocity at touchdown with normal distance from the surface at a frequency slower
than the leg frequency. Eventually the velocity of the system away from the surface is such
that a single stance cannot accelerate it back to the surface, causing the system to fail.

If we allow the gecko adhesive to have a value of tan o > 0.4, then the space of stiffnesses
ke and k; and angular velocity 0 that result in successful climbs increases significantly.
Figure 2.12 demonstrates the effect of increasing tana to 0.5, 0.6, and 0.7. The ground
reaction forces and stability of these systems are largely the same as those shown above for
tana = 0.4. It is not an unreasonable to assume these adhesive properties are possible, as
there exist gecko-inspired adhesive feet capable of achieving shear-to-normal ratios of nearly
1:0.6 [32] and geckos themselves exhibit a ratio of 1:1 [4].

Relaxing the adhesive load required for climbing by using an incline of v = —5° as seen
in Figure 2.13g resulted in significantly more stable gaits for tan o = 0.4. Figure 2.13 shows
the climbing performance of the system when tested over a range of running frequencies 6,
linear stiffnesses k¢, and torsional stiffnesses ;. The velocity of the system is normalized to
the maximum fore-aft leg velocity during the stride, 9. Co. Viewed in this manner, one can see
that the performance improves nonlinearly with running frequency, performing significantly
worse at slower frequencies and quickly saturating at a normalized velocity around 0.8 at
higher rotational velocities.

Examining high-speed gaits on this incline shows a smooth, undulatory COM translation
as seen in Figure 2.14. Figure 2.15 shows the ground reaction forces that this gait produces.
While these forces are very similar to those shown in Figure 2.10, this gait is highlighted
because of the interesting behavior at the end of the stroke when the normal load causes
the adhesive to disengage. Because of the assumption that the foot is massless, the foot
then ‘bounces’ and instantaneously moves to the position dictated by the rotational output
0, creating a sort of stick-slip behavior. In Figure 2.15, this actually causes the foot to
re-engage the surface although the leg is then loaded in compression rather than tension.
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Figure 2.12: A comparison of the performance of the SLAP model on a vertical surface as
the shear-to-normal ratio defined by tan « is increased for 6. Velocities are normalized by the
product of the angular velocity of the legs and the leg length. Larger, warmer dots indicate
a faster normalized average climbing velocity.
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Figure 2.13: Normalized climbing speed of model on 85 degree incline with a gecko-inspired
adhesive with properties similar to that used in Chapter 5. Velocities are normalized by the
product of the angular velocity of the legs and the leg length. Larger, warmer dots indicate
a faster normalized average climbing velocity.
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Figure 2.14: The COM translation of the system on a v = —5° surface with the gecko-
inspired adhesive foot model. The normal axis is magnified to better show normal motion.
(a) Initial conditions produce a significant transient in the COM that stabilizes. (b) Shows
a closer view of the COM translations. Red dots show the state of the system at TD events.
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Figure 2.15: The ground reaction forces of the model using the gecko-inspired adhesive as
the foot contact climbing an 85-degree surface. Fore-aft forces are green and normal forces
are red. Negative normal forces indicate pulling towards the surface. The rapid fall in forces
is due to overloading of the adhesive which results in a slip. The forces after the rapid drop
in forces are compressive when the foot re-engages with the surface after the slip.

2.7 Phase-Based Release Foot Model

The results in this section feature the SLAP model using the clock-driven release foot
model. This foot model makes the assumption that the foot is firmly attached to the surface
until the system releases the foot instantaneously. The performance, dynamics, and stability
of the system are explored over the range of linear and torsional stiffnesses presented in
Section 2.6. The model is also tested on an inverted surface to determine what parameters
yield high-speed inverted running and to explore the dynamics and stability that result from
this locomotion mode.

2.7.1 Vertical Climbing

Figure 2.16 shows dependence of climbing performance upon the model parameters.
Because multiple release angles were tested for each combination of k¢, k., and 9, each
data point represents the best climbing trial across four different release angles: 0,.cjcase =

%T’T — 15 %”, ?jf + 755 ?jf +Z}. As with the SLAP model with the gecko-inspired adhesive foot
properties, high-speed dynamic climbing requires a minimum rotational velocity 6. Similarly,
the space of leg stiffnesses that yield stable climbing gaits increases as the driving frequency
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Figure 2.16: Normalized climbing speed on a vertical surface with the controllable phase-
release adhesive versus leg frequency. Velocities are normalized by the product of the angular
velocity of the legs and the leg length. Larger, warmer dots indicate a faster normalized
average climbing velocity. The space of torsional stiffnesses k, that yield successful runs
The sensitivity to linear
stiffness is much lower than the sensitivity to the torsional stiffness.

covers almost a full order of magnitude at higher frequencies.
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Figure 2.17: Typical ground reaction forces of the model using a controllable adhesive run-
ning on a vertical surface. Fore-aft forces are green and normal forces are red. Negative
normal forces indicate pulling vertically towards the surface. The initial foot touchdown
decelerates the body and accelerates the body away from the surface. Halfway through the
stride, the body is accelerated forward and back toward the surface.

increases.

The ground reaction forces created by a single successful high-speed gait are shown in
Figure 2.17. The shape of the forces during stance is similar to that seen in Figures 2.10
and 2.15. The fore-aft force is always positive, though it is less flat than those created by
the gecko-inspired adhesive foot model. The normal force begins positive (compressive) but
then goes negative (tensile) near mid-stance. Viewing the COM translations in Figure 2.18a
reveals that the COM is traveling back toward the surface when the foot in stance releases.

Figure 2.19 shows the relationship between the normalized average climbing velocity and
k; when k; and 0,cjeqse are varied with a 15Hz rotational frequency. This data reveals a
strong dependence of climbing performance upon k, and 6,..c.se and a comparatively weak
dependence upon k. Often climbing performance doesn’t change while varying k¢ over three
orders of magnitude for a set k, and 6,.eqsc. A k; of 0.232 Tgl?;“n is able to achieve high
speed across nearly all combinations of k¢ and 8,¢jeqse considered.

It is possible for the SLAP model to produce stable climbing gaits without normalized
climbing velocities near 1. In Figures 2.13 and 2.16, there are parameter sets which create
gaits approximately half as fast as the maximum linear leg velocity. Slower stable gaits are
observed in parameter sets with lower torsional stiffnesses compared to the stiffnesses which
generate faster gaits. In these cases, the torsional spring deflects more to generate the forces
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Figure 2.18: The COM translation of the system on a vertical surface with the clock-driven
release foot model. The normal axis is magnified to better show normal motion. (a) Initial
conditions produce a significant transient in the COM that stabilizes to a periodic gait. (b)
Shows a closer view of the COM translations. Red dots show the state of the system at TD
events.



CHAPTER 2. DYNAMIC CLIMBING MODEL

(radians)

release

0

(radians)

release

0

(radians)

release

)

(radians)

release

0

(radians)

release

0

Nm
(a) 0.005 radian
3'. . . L] . . . .
L] . . L] . L] . .
2.5
2 . . H. L) I‘ i . . :
10° 10' 10°
Linear Stiffness (N/m)
Nm
(C) 0.0232 radian
3 (] L] .
[ ] ° ° o
2.5
2 . . H. L) I‘ o L] :
10° 10' 10°
Linear Stiffness (N/m)
Nm
(e) 0.1078 Nm_
00 000 0600
25. 000 0 0 O
’ o 0
2 L ] [} [ 3 (] .HH‘ L] L] ?
10° 10' 10°
Linear Stiffness (N/m)
Nm
(g) 0.5 radian
3te . . . ° . . ®
. . . . . . L L
2.5
e o e o o o
20 0. 00 0
10° 10' 10°
Linear Stiffness (N/m)
. Nm
(1) 2.3208 Tadian
3t . . o . . . N
2.5
. . [ ] L . (] [ £ ]
2 . . : H. L IHH‘ L] [ ] :
0 1 102

10 10
Linear Stiffness (N/m)

0.5

0.5

0.5

0.5

0.5

0

(radians)

release

0

(radians)

release

)

(radians)

release

)

(radians)

release

)

(radians)

release

)

32
Nm
(b) 0.0108 Nm_
3¢ @ e e e e . * 1
L] L . . . L] L .
2.5 0.5
2. . . L) o L] . .
10° 10" 10°
Linear Stiffness (N/m)
Nm
(d) 0.05 radian
3le ® L 2 J !
° ]
2.5 0.5
o o o
2. . . L) . L] . .
- =0
10° 10' 10°
Linear Stiffness (N/m)
Nm
(f) 0.2321 _Nm_
3le . . . . ° . * 1
25........ 05
t 000000
00000000l @
10° 10" 10°
Linear Stiffness (N/m)
Nm
(h) 1.0772 =
/DU R R |
° [ ] [ [ [ ° . .
2.5 0.5
[ . . L . L] . L ]
2t® i LY N
10° 10" 10°
Linear Stiffness (N/m)
: Nm
(-]) 5 radian
e e e e e e W
2.5 0.5
L} (3 . L) ° [ ] [} .
2. L 3 [ 3 [ . L] L3 .
0 1 10

10 1
Linear Stiffness (N/m)

Figure 2.19: Normalized climbing speed of model on a vertical surface with the clock-based
controllable adhesive vs. torsional stiffness, linear stiffness, and 6,45 Velocities are nor-
malized by the product of the angular velocity of the legs and the leg length. Larger, warmer
dots indicate a faster normalized average climbing velocity. The stiffnesses in (e) and (g)
have large windows of 6,.¢jcqse Which result in effective climbing.



CHAPTER 2. DYNAMIC CLIMBING MODEL 33

required to maintain steady-state velocity in the presence of gravity. This increased deflection
during stance creates a shorter effective stroke, reducing the average velocity. Despite the
larger torsional spring deflections, these slower gaits still exhibit ground reaction forces very
similar to those observed in Figures 2.10 and 2.17.

As we expect from previous dynamical systems studies and the gecko-inspired foot model
results from Section 2.6, the SLAP model with the clock-based release foot model exhibits
both quasi-periodic chaotic gaits as well as stable periodic gaits. For those gaits that converge
to a fixed point as numerically computed in Section 2.6, analysis of the linearized Poincaré
map yields |A\pqee| = 0.55 for the typical gait shown in Figure 2.18.

2.7.2 Inverted Running

In this section, the SLAP model with the clock-driven release foot model is examined
while running on an inverted surface as seen in Figure 2.20. A similar exploration of the
space of model parameters to that seen in Figures 2.13 and 2.16 was used to find stable
running gaits of the inverted SLAP. For initial trials, the same set of 0,¢cqsc values were
used (Oreteqse = {2F — &, 37 37 4 10 ‘%” + £}). The results of this search can be found in
Figure 2.21. In these scenarios, only the fastest systems with stiff linear springs were able
to successfully run across the inverted surface.

Figure 2.20: Diagram of two-legged dynamic climbing model running on an inverted surface
(7 = 90°).

Examination of the best clock-driven release angles reveals that larger 6,..jcqse values result
in better performance. Because these gaits are at the edge of the original values tested, a

larger set is introduced to see an increased range that results in more stable gaits. Thus,
the set of tested 0,c0qsc values is expanded to a range from %’r to 221—(?. Allowing for larger,

later release angles creates a larger space of linear and torsional stiffnesses that result in
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Figure 2.21: Normalized climbing speed of model on an inverted with a controllable adhesive
with original parameter set for 0,..cq.s.. Velocities are normalized by the product of the angu-
lar velocity of the legs and the leg length. Larger, warmer dots indicate a faster normalized
average running velocity.
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stable gaits, as shown in Figure 2.22. Since the latter half of stance generates normal forces
into the surface, a larger release angle gives the system more time to perform work against
gravity and accelerate toward the surface. At 15Hz, the best gaits are those with a torsional
stiffness of 0.232 'r'é\c[l?;n and a 0,.ceqse Of m, implying the leg position commanded for release
is directly backwards. Figure 2.23 shows the dependence of performance upon 6,..cqse and

k..

The ground reaction forces generated by the best inverted running simulations reveal
interesting and somewhat familiar results. Figure 2.24 shows the ground reaction forces
of a typical gait. When the foot touches down, the leg generates a decelerating fore-aft
force. Halfway through stance, the fore-aft force becomes positive and accelerates the system
forward. This pattern has the same frequency and phasing as the fore-aft forces seen in SLIP
dynamics when running on flat surfaces. The normal forces required to stay on the surface
depart from SLIP, beginning compressive then going sharply negative to accelerate towards
the surface. The system then enters an aerial phase, during which the velocity toward the
surface is required to ensure the next foot has a chance to reach the surface. Typical COM
motions that result from inverted running are shown in Figure 2.25. As with the other
incline foot models tested, the COM can exhibit both chaotic, quasi-periodic and periodic
gaits. |[Apnae] = 0.3168 is found for a typical stable periodic gait, here ks = 1.9307%,

ke = 0.2321-8m = o . 1579490 and 0, egse = T

radian’

2.8 Discussion

With the reduced-order SLAP model, our goal is to create a framework to inspire and
guide future dynamic climbing studies as well as a tool which legged robot designers can
leverage in the creation of future dynamic robots with adhesive feet. All previous reduced-
order incline running or climbing models look only at dynamics in the plane of the climbing
surface [16,28,55,70]. This leaves these models unable to inform the requirements of adhesives
or judge the response to perturbations in the sagittal dynamics. The SLAP model preserves
much of the simplicity of LLS, SLIP, and other reduced-order models while incorporating
two adhesive foot models as well as the means of adding energy to the system through a
rotational input.

The generalized controllable adhesive model presented in Section 2.7 represents an adhe-
sive capable of generating normal and shear forces whose maximum stress is never exceeded
during a stride but can be controllably released at any rotational output set point. Exam-
ples of adhesives in this class include switchable electrostatic adhesives or feet with grasping
mechanisms leveraging opposing toes with gecko-like or claw-based engagement mechanisms.
The shear-induced adhesive in Section 2.6 is used to evaluate the performance of the SLAP
system when equipped with an adhesive similar to those currently available and used in
physical robotic systems.

Stable gaits are shown to exist for the SLAP model for rapid frequencies but not for
slower leg velocities. While it is known that many animals and robots alike can climb
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Figure 2.22: Normalized running speed of the SLAP model with the clock-based release foot

—_
e}
[

Torsional Stiffness (N m/radian)

10
Linear Stiffness (N/m)

|
D

—_
()

0

2

(e) 13 Hz

10 [ ] [ ] [ ] { } L } { } [ )
[ ] L ] [ ] L ] L ] ..
000000 -

0h=++- 000

Torsional Stiffness (N m/radian)

0

1 10°
Linear Stiffness (N/m)

0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2

36

100 e .0 .0 0 0.0 0. 0
e o o o 0o 0 O
® ©6 o o o 0 O O
1010000000 - O

Torsional Stiffness (N m/radian)

1072

[=]

-1

—_
)

|
)

—_
(=)

10
Linear Stiffness (N/m)

(f) 15 Hz

o o o 0 @ ()

Torsional Stiffness (N m/radian)

0 2

1
Linear Stiffness (N/m)

0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2
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by the product of the angular velocity of the legs and the leg length. Larger, warmer dots

indicate a faster normalized average running velocity. With the extended space of 6,¢jcase,

the space of linear stiffnesses that result in stable running is increased significantly.
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Figure 2.23: Normalized running speed of model on an inverted surface with the clock-
based controllable adhesive vs torsional stiffness, linear stiffness, and 0,.cqse. Velocities are
normalized by the product of the angular velocity of the legs and the leg length. Larger,
warmer dots indicate a faster normalized average running velocity.
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Figure 2.24: Typical ground reaction forces (a), normal and fore-aft velocities (b, ¢), and
normal and fore-aft positions (d, e) of the model using a controllable adhesive running on an
inverted surface. (a) Fore-aft forces are green and normal forces are red. Negative normal
forces indicate pulling vertically towards the surface. The initial foot touchdown decelerates
the body and accelerates the body away from the surface. Halfway through the stride, the
body is accelerated forward and back toward the surface.
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Figure 2.25: The COM translation of the system on an inverted surface (v = 90°) with the
clock-driven release foot model. The normal axis is magnified to better show normal motion.
(a) Initial conditions produce a significant transient in the COM that stabilizes. (b) Shows
a closer view of the COM translations. Red dots show the state of the system at TD events.
Note that the y-axis is inverted to more intuitively display the data as a positive normal
direction is actually away from the surface, which in this case is directed down the page.

vertical surfaces or walk on ceilings are speeds slower than those predicted by the model,
the collision of the COM with the climbing surface that typically results from these gaits
cannot be accounted for and thus aren’t considered. The behavior of these gaits are also not
particularly relevant for the purpose of these studies.

The presence of stable but chaotic gaits makes traditional stability analysis difficult, but
even these chaotic gaits exhibit robustness to initial conditions outside of their quasi-periodic
steady state gaits. The presence of some stable, period-1 gaits allows for well-established
methods using linearized Poincaré maps to determine that vertical climbing gaits using both
a gecko-inspired foot model as well as a generalized adhesive model are passively stable on
vertical and even inverted surfaces. Unstable gaits result from system parameters that cause
an unstable growth of normal kinetic energy at touchdown that is created by the coupling
of the rotational output and the system dynamics. Eventually these systems are unable to
generate the tensile forces required to keep the system on the surface.

The utility of the model could be improved through the addition of a Buehler clock as
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was introduced to SLIP in the CT-SLIP model [73]. This would allow the swing phase of the
legs to be reduced, decreasing the time between the stances. Currently, a typical duty factor
for the SLAP model on a vertical surface with § = 27 - 155~ is around 15%. Therefore, to
counter the constant force due to gravity, the average fore-aft force required by a single foot
is ig = 3.3 times the body weight. Indeed, this is the case for the ground reaction forces seen
in Figures 2.17 and 2.10. By reducing the aerial phase and increasing the duty factor, these
large forces can be brought down to levels more like those seen in biological organisms [3,28].
By increasing 0,..cqse for the inverted trials, the duty factor was increased to approximately
30%.

Through both the vertical and inverted climbing simulations, the performance of the
SLAP model is robust to large ranges of linear stiffnesses but sensitive to the torsional
stiffness. In addition, torsional stiffnesses k. with values around 0.1 to 0.2- CJL\;:Z” are found to
consistently give the best climbing performance. The resonant frequency for a mass on the
end of a rod with a torsional spring on the other end is

Wn, 1 |k,
fn = =\ T (2.9)

where I is the moment of inertia. For a point mass, the moment of inertia is given by
I=m-: lfeg. It is interesting to note that for k, = 0'23217"5\;1‘%’ the most common k, of those
tested to produce high-speed gaits for vertical and inverted climbing, the resonant frequency
is approximately 22Hz. For k, = 0‘1078rglﬁn7 the resonant frequency is approximately 14.6
Hz. These are at or just above the highest running frequencies tested, which also happened
to yield the best climbing dynamics. Future studies of SLAP derivatives could combine the
functionality of a Buehler clock with this idea of resonant operation to determine if a stronger
link between system resonance, operating frequency, and performance can be established.

Unlike the ground reaction forces observed in the organisms, the ground reaction forces
of the SLAP model do not return to zero smoothly before disengagement. Currently, the
foot models used for the SLAP model have no mechanism for gradually releasing a foot from
a surface, however it is unclear if this would make a difference in the observed dynamics.
The gecko-inspired force-based model fails because the adhesive is overloaded by the forces
demanded by the leg position and body dynamics. Because the relationship between the
maximum normal force is linearly dependent upon the shear force, including a virtual peel-
ing motion of the foot will not create a smooth disengagement. Including some linear leg
actuation, as seen in [70], that could prescribe a leg trajectory not constrained to circular
orbits may allow the model to gradually reduce the ground reaction forces on an individual
foot.

It is hoped that the SLAP model will serve as the foundation for a dynamic template,
which, according to [25], is the simplest model capable of recreating the ground reaction
forces and COM dynamics of a targeted behavior - rapid climbing with sagittal dynamics
in this case. Despite its shortcomings, this model still manages to recreate a similar ground
reaction force shape and phasing to those observed in organisms. In order for the SLAP

model to truly serve as a template and evolve from being merely a descriptive model, the
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template should suggest testable control strategies as well as have the ability to be anchored
in more detailed morphological and physiological models. Already the SLAP model suggests
control strategies based upon the leg release angle, and the evolution to include a Buehler
clock control would add another control input that is hypothesized to improve performance.
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Chapter 3

Mechanical Design of Hexapedal
Climber

In this chapter, we present the design of a lightweight, high-power density, low-profile
scaled smart composite microstructure (SCM) [38,85] transmission that serves as the foun-
dation of the Climbing Autonomous Sprawled Hexapod (CLASH) platform also featured
in Chapters 4 and 5 as well as Appendix A. The system is driven by a single brushed DC
motor, similar to SCM robots DASH and DynaRoACH [8,37]. The SCM process allows
the platform to be small and lightweight to leverage the scaling laws mentioned in Chapter
1 [38]. Because previous SCM robot designs exhibited significant sagittal-plane accelerations
which threatened to overload available adhesives, one goal of the design presented here was
to reduce out-of-plane accelerations of the COM. The design succeeds in this goal while
moving the COM to improve pitching moments and heading stability. The design creates
an alternating tripod gait, chosen because of its static stability during stance on horizontal
surfaces, added redundancy for generating adhesive forces, and demonstrated performance
in an earlier design with similar body size and actuation [8].

Great effort was made to minimize the number of actuators required by the design to
produce an effective and efficient gait. This was done for several reasons. First, having a
single drive actuator improves power density of the system. For a multilegged system with
one motor per leg, each motor does positive work only during stance. Thus, assuming a 50%
duty factor, each motor only contributes positive work for approximately 50% of each cycle.
Second, by having a single drive actuator, for the same mass one can have a larger, more
efficient DC motor. Third, having a single main drive actuator has the potential to simplify
control. It generates the primary mode of locomotion while smaller, lightweight actuators
can be used to direct the work of the main actuator to produce turns or other behaviors [37].



CHAPTER 3. MECHANICAL DESIGN OF HEXAPEDAL CLIMBER 43

3.1 Prior Design: DASH

Early work in meso-scale robot design using the SCM process led to the creation of the
Dynamic Autonomous Sprawled Hexapod (DASH) [8]. This design was the first SCM-made
robot to use a DC motor as the main drive actuator and was able to run at 1.5 meters
per second, or 15 body-lengths per second. Its sprawled posture made it stable to roll
perturbations and capable of running over rough terrain and in granular media [66]. The
morphology of the system combined with the advantages derived from the manufacturing
process enable it to survive impacts at its own terminal velocity.

3.1.1 COM Motion

Due to its great success on horizontal locomotion, DASH was initially explored as a
platform for vertical climbing trials. However, the operation of the DASH transmission
created large accelerations on the COM in the sagittal plane that made adhering to the wall
more difficult [6,62].

To create the alternating tripod gait used in DASH, the system is designed such that the
circular motions of the output stage of the DC motor moves linkages in a circular motion
in the sagittal plane. It is this circular motion of the linkages which drive the hips and
legs. See [8] for specific implementation details. The motion of the linkages during operation
are apparent when viewing DASH from the side, as in Figure 3.1. To move in this circular
motion, forces in the sagittal plane must be applied to the linkages. Because the drive linkages
represent approximately half of the total system mass, the forces required are significant
when operating at high angular velocities. To remain on a vertical surface in the presence of

A T
| | ~ |

o~
— -

H ) H 8 )

Figure 3.1: Model of DASH body transmission during operation at four different points
in a stride. The top horizontal linkage moves vertically during operation, creating normal
accelerations of the center of mass. Arrows show the progression of the system during
operation.
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such normal accelerations would require significant additional adhesive forces beyond those
required to overcome ground reaction forces and pitching moments. And because the masses
of these robots are small at around 15-25 grams, the drive linkages will typically represent a
large fraction of the total mass and create non-negligible COM oscillations during operation.
Thus, the accelerations created by the mere operation of an SCM transmission must be
designed in these systems to minimize the negative impact on body dynamics and adhesive
loading.

3.2 CLASH Design

3.2.1 Design Considerations

CLASH was designed to address the shortcomings DASH faced when climbing. As DASH
was not originally envisioned for climbing applications, concerns such as placement of the
COM to control pitching moment and stability while climbing were not considered. DASH
had a COM located forward and high vertically as this was found experimentally to be
better suited for rapid horizontal locomotion, but the resulting dynamics were unsuitable for
climbing.

The COM placement on a climbing robot is critical to improve yaw stability and reduce
the adhesive load required. Placing the COM closer to the climbing surface linearly reduces
the pitching moment on the body and thus reduces the tensile load on the feet. Moving the
COM towards the rear of the robot has been previously shown to create yaw stability in a
climbing system; [16,17,28] demonstrated that by having the COM below the effective foot
purchase, it is possible to gain passive heading stability using a simple open-loop controller.

As discussed in Section 3.1, while SCM robots are lightweight and power dense, the trans-
missions often have COM accelerations that result from drive linkages with non-negligible
mass. While actuators other than DC motors may be able to reduce the COM accelerations
inherent to a transmission, DC motors have been shown to be an excellent choice for sys-
tems at this scale [80]. Thus, for reasons discussed in Section 3.1, the circular output of the
motor and circular motion of the drive linkages should be oriented in a manner that reduces
normal accelerations. For this reason, the design of CLASH is constructed such that the
drive linkage is driven parallel to the climbing surface.

3.2.2 Mechanical Design

The SCM design which incorporates the above design considerations is shown in Figure
3.2. The system is 2 cm tall, 5 cm wide, 10 cm long, and weighs 10.8 grams with the motor
installed. The addition of a 60 mAh lithium polymer battery and electronics adds 2.9 grams,
and an optional tail adds 1.3 grams. The CLASH platform uses a single drive actuator to
achieve the high-power density required for climbing and maintains the alternating tripod
gait of its predecessor. The sprawled posture it generates allows the system to maintain a
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Figure 3.2: CLASH transmission with no legs attached. White leg press-fit connectors allow
the legs to be quickly and easily replaced. A tail can be included without modification to
the transmission.
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Figure 3.3: Motion of the legs in the x-y plane is achieved by moving the drive linkage in
the middle in the x-direction. The grounded linkages are coupled rigidly to the motor case.
Each pair of opposing hips is driven in a similar manner, though the middle legs are mirrored
from the front and rear legs.

low profile and pitching moment during climbing. Sprawled posture has also been shown to
yield passive stability even when using open-loop commands |8, 16,28, 70].

To minimize accelerations of the COM out of the plane of the surface, CLASH uses a
DC motor mounted orthogonally to the climbing surface, with the bottom of the motor flush
with the belly of CLASH and the top output gear assembly located dorsally. Referring to
the coordinates defined in Figure 3.2, the final stage of the output gears moves in the x-y
plane, i.e. parallel to the foot-contact surface, driving the top drive linkage in both x- and
y-directions.

The hip mechanism, abstracted in Figures 3.3 and 3.4, was designed to be driven by
displacements of a drive linkage in the x- and y-directions as in Figure 3.5. In these figures,
the grounded linkages in Figures 3.3 and 3.4 are rigidly coupled to the white-highlighted
linkage in Figure 3.5 in which the motor casing is mounted. The bold linkages in Figures
3.4a and 3.4b are driven by the output of the motor, which is connected to the red linkage
in Figure 3.5.

When the motor drives the linkage along the y-axis, the motion drives opposing pairs of
hips as shown in Figure 3.4. For the front and rear hips, the mechanism is driven as in Figure
3.4a with the grounded linkage flush with the belly. For the middle hips (Figure 3.4b), the
drive and grounded linkages exchange vertical positioning. This causes the middle legs to
move in the opposite direction from the front and rear legs as is required for an alternating
tripod gait. To achieve motion of the legs in the x-direction, the x-directed motion of the
motor output drives the front and rear pairs of hips as shown in Figure 3.3. The middle legs
have a similar mechanism but simply mirrored across the sagittal plane. In this way, the
circular output of the single drive motor drives all six legs in an alternating tripod gait. The
hips have a fore-aft angular sweep of 4+/ —23° centered orthogonal to the sagittal plane. The
hips have a normal sweep of +/ — 25° centered on the horizontal plane. Viewed from above
as in Figure 3.5, the drive linkage, as well as the COM, moves primarily in the x-y plane.
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Figure 3.4: Kinematic drawings show how the legs are raised and lowered by moving the top
drive linkage (bold) along the y-axis. The motor is mounted to the grounded linkage while
the output of the final gear stage drives the top linkage. (a) shows how front and rear legs
are driven, and (b) shows how the mid-legs are driven. The grey rectangle is the side view
of the four-bar mechanism in Figure 3.3. Linkages are dashed to not obscure other linkages.
They do not collide when realized in three dimensions. (c) is a view of CLASH from the
same perspective as (b).
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Figure 3.5: CLASH body motion during operation, viewed from above. Legs are attached to
the transmission to highlight resulting leg motions. The motor is mounted to a linkage that
runs down the middle of the robot, highlighted in light grey. The output of the motor drives
the linkage highlighted in red, rotating in a circular output dictated by the motor (indicated
with arrows). Resulting leg motions are also shown with arrows. Body motion is confined
to the x-y plane. (a) to (d) show linkages at 90° increments of the transmission.
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The total system height of CLASH is 2 c¢m tall, reduced from 5 cm in DASH. The motor
is mounted in the center of the robot, lowered down the z-axis to be flush with the bottom of
the robot. The battery is placed low along the center of the body, encased by the structure
to protect it (Figure 3.6). Alternatively, the battery can be placed on a tail that extends
below the body, as in Figure 3.7. The placement of these elements in the robot brings the
COM to approximately 6 mm above the bottom of the robot, reduced from an average of 30
mm above the bottom of DASH. The design also consolidates the mass of the system to a
single element of the drive transmission. This reduces the x- and y-displacement of the COM
motion during locomotion and thus further lowers the accelerations caused by the operation
of the differential drive mechanism.

(a)

Figure 3.6: Battery placement in CLASH. There is space along the spine of CLASH to house
a 60mAh lithium polymer battery to power the system. The battery placement is low and
toward the rear of the system to promote a lower pitching moment and passive heading
stability. (a) looks at the battery from the side of the system. (b) looks at the battery from
the bottom of the robot. Arrows highlight the battery in the structure.



CHAPTER 3. MECHANICAL DESIGN OF HEXAPEDAL CLIMBER 20

Figure 3.7: When a tail is used with the system, the electronics and battery can be mounted
on the tail, further reducing the pitching moment and moving the COM toward the rear of
the system.

To demonstrate the improvement in the COM dynamics produced by the linkage motions
during operation, both DASH and CLASH were mounted to a 6-axis force-torque sensor
(ATI Nano 43 F/T sensor) and operated at a motor frequency of 17 Hz. The experimental
setup is shown in Figure 3.8a. The average magnitude of the normal force generated by
CLASH is 85 mN, or roughly half of the body weight; the average normal force magnitude
for DASH is 283 mN. The peak-to-peak normal forces are also 2.6 times larger in DASH than
in CLASH. By reducing the normal accelerations of the COM caused by the drive linkages
in the transmission, the CLASH platform increases the likelihood that a chosen adhesive will
be able to sustain the normal forces required to remain attached to a surface.

3.3 Conclusions

In this chapter, we present an SCM transmission that serves as the foundation for the
work presented in Chapters 4 and 5 and Appendix A. The body and transmission successfully
reduced the mean magnitude of the COM accelerations out of the plane of the climbing
surface by 70% from the DASH design and static pitching moment is reduced by 80%. It
maintains a low mass, moves the average COM position to only 6mm above the surface, and
reduces the profile of the robot. The reduced profile, in addition to lowering the gravitational
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Figure 3.8: Measuring normal forces generated by body dynamics without ground contact by
mounting to force torque sensor (a). Sensor is tared to remove body weight. (b) Comparison

of forces of CLASH (solid line) to DASH (dashed line).

pitching moments, may also improve mobility by allowing it to navigate smaller openings.

By incorporating a press-fit connector into the hips (Figures 3.2 and 3.4¢), this same
transmission can easily be tested with different legs and attachment methods without mod-
ification of the body and transmission presented in this chapter. The kinematics of the hip
mechanisms presented here prescribe the angular rotations of any attached leg. As such, any
leg and foot design that is used must be capable of performing well in an alternating tripod
gait defined by the rotations prescribed by the CLASH mechanism.



CHAPTER 4. CLOTH CLIMBING 52

Chapter 4
Cloth Climbing

In this chapter, we present the design of passive claw mechanisms which enable CLASH
to become the first robot to climb loose vertical cloth. Previous robot designs, including
those presented in Chapter 1, have all relied upon rigid or rigidly backed surfaces to be
able to climb. The system presented here has the advantage of low mass and a low profile
which limits the cloth deflection created by the reaction forces of the system, allowing it to
climb cloth without sensors to determine the surface orientation. A passive foot mechanism
utilizing microspines sustains tensile loads during stance yet provides low resistance during
retraction to facilitate smooth and efficient climbing. The single DC motor of CLASH
provides a feedforward clock-driven gait which enables CLASH to climb cloth vertically at
15 em/s (1.5 body-lengths per second). CLASH equipped with passive microspine feet can
be seen in Figure 4.1.

4.1 Foot Design

Great effort was taken to create a foot design for climbing cloth surfaces which can
function without additional actuators. Passive mechanisms minimize total system mass and
maintain high power density in the system by minimizing the number of actuators and
necessary control electronics. Passive mechanisms also have the ability to respond faster to
external stimuli as they do not have feedback control delays and actuator response times;
instead, they depend on the mechanics and dynamics of the structure. However, without
actuation, a mechanism must not only engage and disengage passively, but it must also
tolerate a wide range of approach angles, surface curvature, and retraction angles as there is
no control to compensate for such realities.

Because the unloaded leg motions of CLASH are entirely determined by the kinematic
structure, the loading and unloading directions relative to the surface during climbing can
be loosely bounded. Using the SLAP model with the clock-driven release foot, we consider
the commanded foot velocities relative to the inertial reference frame of the climbing surface
to estimate what those loading and unloading directions are during steady state. Figure
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Figure 4.1: CLASH equipped with microspine feet capable of climbing loose and rigidly-
backed cloth surfaces.

4.2 shows the commanded foot velocity relative to the climbing surface for a representative
climbing simulation. At TD (I), the foot is moving into the surface and forward vertically
relative to the surface. The commanded foot position then begins to move down relative
to the surface and goes from moving into the surface (II) to pulling away from the surface
(III). For parameter sets that result in high-speed climbing such as the one shown in Figure
4.2, the normal-to-fore-aft velocities of the commanded foot position at LO were near 2:1.
Referring to Figure 4.2, this corresponds with ¢ = 120°. Thus, the target design for a
passively disengaging foot is one which can sustain tensile normal loads for ranges of loading
directions given from I-IV in Figure 4.2 but removes easily when loaded near V.

The foot mechanism used by CLASH (Figure 4.3) consists of a four-bar mechanism with
the top linkage grounded on the leg and the bottom linkage extending forward with embedded
spines. The mechanism is designed to move the instantaneous center-of-rotation of the spines
beneath the plane of the climbing surface. Having the center of rotation beneath the climbing
surface causes the spines to rotate in the opposite direction, as shown in Figure 4.3c. In a
passive foot, having the center of rotation above the surface would cause the spines to roll
away from the surface during stance, increasing the likelihood that they will lose engagement
with the surface as illustrated in Figure 4.4. When CLASH’s spines have penetrated the
cloth, the foot rotation causes the spines to hook the fabric and pull the robot towards
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Figure 4.2: Velocity of foot set point relative to the inertial frame of the SLAP model with a
clock-driven release foot when climbing a vertical surface. Blue dots (V) indicate the relative
foot velocity at TD, and green dots (I) indicate touchdown. (I) The foot is moving into and
up the surface. (II) The foot velocity is still into the surface, but now moving down relative
to the surface. (IIT) The relative velocity is down and away from the surface, accelerating
the system into the surface. (IV) and (V) The system continues to be pulled into the surface
until the release setpoint is reached. The ratio of the normal-to-fore-aft velocities that are
associated with lift-off can be determined by ¢. Velocities are normalized by the maximum
foot velocity magnitude 6 - Co.
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Figure 4.3: Kinematic drawings with corresponding photos of the four-bar foot mechanism
on a metal mount. The grounded linkage is where the mechanism attaches to the leg. (a,
b) When not loaded, the spines angle slightly downward to facilitate penetration at impact.
The coordinates in (a) correspond with those in Figure 4.1. (¢, d) When loaded during
stance after engagement, the foot deflects slightly under the load and rotates the spines up,
hooking the cloth to generate tensile normal forces. (e, f) When the foot is retracted, the
spines easily collapse and rotate downward to be easily withdrawn from the cloth. (g, h) A
four-bar mechanism with locked joints serves as the control to compare during force testing.
Note how the cloth is being pulled up as the foot is retracted.

the cloth surface, increasing normal force during the stroke. The passive Shape-Deposition-
Manufactured SpinybotII foot nearly eliminates the unwanted passive rotation of the spines,
and both the SpinybotIl and RiSE groups mention that the opposite spine rotation, achieved
here in the CLASH foot, would be beneficial in passive engagement for climbing [43, 64].
During foot touchdown and stance, the feet are expected to be pressing down and against
the climbing surface, with some preload required to embed the spines and tensile forces to
keep the robot from pitching backward during stance (Figure 4.3c). In these situations, the
foot mechanism will deflect as seen in Figure 4.3d. At the end of stance, CLASH will raise its
foot from the surface, and the ground reaction forces will be primarily in the normal direction
as the cloth impedes the retraction of the spines (Figure 4.3e). The four-bar mechanism was
designed to reduce resistance when retracted nearly orthogonally to the surface; when the
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Figure 4.4: Kinematic drawings comparing a how the CLASH claw foot mechanism compares
with a simple passive hinge above the climbing surface. (a) and (d) show the unloaded
configurations of the simple hinge and the CLASH design, respectively. (b, ¢) When loaded
during stance after engagement, the CLASH foot rotates toward the cloth, hooking the cloth
and pulling the robot toward it. This rotation also allows for tensile normal forces to be
sustained without failure. The passive foot rotates away from the surface such that tensile
ground reaction forces will result in failure. (c, f) When being unloaded, the CLASH foot
enables the spine to orient orthogonally to the surface for easy retraction. The simple foot
design does not facilitate easy retraction.

i —_— —

load is oriented in this direction, the foot mechanism moves through a geometric singularity
and collapses to a configuration in which the spines are more orthogonally oriented where they
offer little pull-out resistance (Figure 4.3f). Although the mechanism may deflect through
a singularity, the stored elastic energy in the deflected flexures restores it to the unloaded
configuration when the load is removed. The direction of the loading vector determines
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whether the foot will deflect to the configuration shown in Figure 4.3c or in Figure 4.3e.

4.2 Foot Performance

To test foot-ground reaction forces, load-drag-pull step tests were performed on a custom
built force displacement apparatus (Figure 4.5a) which consists of two main components.
The first is an acrylic chuck used to hold the foot that is attached the force torque sensor,
a goniometer (Newport GON-U-60) and two linear slides (Newport 423 slide). The second
component is a custom built aluminum frame used to hold the substrate. This frame is
mounted on two perpendicular stepper-motor-controlled linear stages (Zaber T-LSR 150B)
and a second goniometer. The entire apparatus is mounted on an air table (Newport VH
series) to dampen vibrations. This force displacement apparatus enables testing to be per-
formed in a repeatable manner and various foot designs to be directly compared with each
other.

Load-drag-pull steps (Figure 4.5b) were performed on the force displacement apparatus
under displacement control for two foot designs; the first, a flexure-jointed four-bar as found
on the CLASH robot, and the second, a control foot with fixed four-bar joints. Each foot
was tested on a cloth substrate at a variety of pull-off angles, 6, that simulates the robot
running at a variety of speeds.
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Figure 4.5: (a) The force-displacement apparatus used to test the different foot designs. Feet
were mounted on a force sensor and simulated steps were performed on a cloth substrate
under displacement control. (b) The simulated step taken by the foot showing the varying
pull-off angles that correspond to different running speeds.
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Figure 4.6: An example plot of shear and normal forces during a simulated step for the

CLASH and control foot. Note the larger normal engagement force and faster disengagement
of the CLASH foot.

An example load-drag-pull cycle for the CLASH foot and the control foot (Figure 4.6)
shows that during the load phase, the claws start to engage the cloth, and the shear and
tensile normal forces increase. For the CLASH foot, the four-bar mechanism hooks and pulls
against the fabric causing a larger tensile normal force than the control foot. During the
drag phase, the foot engages further with the cloth. Since the control foot is very stiff, it
experiences a much higher shear force as the claws fully engage and the fabric pushes against
the foot structure. During the pull phase, the CLASH foot disengages rapidly due to the
four-bar mechanism, as is seen by a decrease in the normal force. However, as the control
foot disengages, the normal force increases as the entire foot structure cannot bend to release
as the CLASH foot can. Once the claws finally release, the foot rapidly releases the surface
and the forces return to zero.

To compare the design of Figure 4.3 with the target retraction angle of ¢ = 120° deter-
mined by the analysis of the SLAP model presented in Section 4.1, normal pull-off forces
were compared to the control foot at pull-off angles of 170°, 150°, 130° and 110° (Figure
4.7). At high angles (¢ = 170°), the control and CLASH foot both decrease rapidly, showing
that the feet can easily disengage from the surface because the retraction angle corresponds
approximately with the angle of the spines relative to the surface. However, for ¢ = 150°
and ¢ = 130°, the control foot cannot easily disengage from the surface like the CLASH
foot can. This is seen as a large increase in the normal force during retraction of the control
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Figure 4.7: Normalized forces during the pull-off phase for the CLASH and control foot for
a variety of pull-off angles. As the pull-off angle decreases, the control foot requires a large
increase in the normal force to disengage, whereas the CLASH foot disengages with a much

lower force, a trait necessary for effective climbing.

foot. Without the four-bar flexure in the CLASH foot, large normal forces are required to
disengage the foot at low speeds, which makes climbing very difficult. When ¢ = 110°, the
CLASH foot still retracts more easily than the control foot, but it resists disengagement in
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Table 4.1: Comparison of Comparable Climbing Robots Using Mechanical Engagement

CLASH | Spinybotll [2] | Mini-Whegs [18] RiSE v3 [34] | DynoClimber [16] | ROCR [65]
Size (cm) 10x10%2 58x27 8.9x5.4x3 70x51.5 40x11.6x7 46x31.1
Mass (g) 15 400 87 5400 2600 550
Mode of engagement Spines Spines Velcro Claw Claw Claw
Tested Media loose cloth | brick, stucco | rigidly-backed fabric | wooden pole carpeted wall carpeted wall
Vertical Speed (body- 1.5 0.04 0.28 0.3 1.5 0.34
lengths s71)
Number of Actuators! 1 7 1 9 2 1

INone of the robots presented above have demonstrated turning. CLASH would likely require an additional actuator to be
able to turn.

order to continue to generate tensile forces to keep it on the surface until the retracting angle
increases further.

4.3 Climbing Performance

CLASH was tested on a piece of cloth draped over the edge of a table, thus constraining
it only along the top edge. Figure 4.8 shows frames from these trials where CLASH climbs
up this loosely hanging cloth. In these trials, CLASH is not equipped with either rear legs
or a tail. On this vertical cloth, CLASH achieves a forward velocity of approximately 19
cm/s, though its vertical velocity up the cloth is approximately 15 cm/s. These correspond
to 1.9 and 1.5 body-lengths per second, respectively.

CLASH was also tested on fabric draped over a cushioned surface with an incline varying
from 85° and 90° above horizontal. In these trials, CLASH was equipped with stiff leg design
from DASH on the rear hips, neither with any engagement mechanism. The front four legs
were equipped with the four-bar foot mechanisms. CLASH was also given a passive, rigid tail
to which the electronics were mounted. In these trials, CLASH was able to achieve vertical
velocities of approximately 24 cm/s.

4.4 Discussion of Results and Conclusions

CLASH achieves a vertical climbing rate of 15 cm/s on loose cloth and 24 ¢cm/s on near-
vertical draped fabric, velocities that are comparable to the current fastest legged climbing
robots when normalized by body length [54]. To the authors’ knowledge, this is the first
robot capable of climbing loose cloth, and its speed is comparable to DynoClimber which
had set the current benchmark for vertical climbing when normalized by body length [54].
CLASH only requires the four-bar foot mechanisms on the front and middle legs to achieve
climbing, and thus the rear hips can be equipped with stiff, oar-like legs originally used in
the DASH design [8].
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(c) t = 0.6s (d) t =1s

Figure 4.8: A sequence of frames from a video of CLASH climbing a loose vertical cloth
demonstrating vertical climbing at 15 cm/s.

Figure 4.7 shows that the passive foot design of CLASH provides both enhanced tensile
forces during stance and lower pull-off forces relative to the maximum tensile force during
stance over the control foot. The foot increases the range of possible pull-off angles of the
foot from the surface when compared to the rigid control foot. The retraction angle of the
foot from the cloth surface not only depends on the leg trajectory and cloth curvature, but
it also depends on the forward velocity of the robot. The motion of the foot relative to the
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Figure 4.9: A sequence of frames from a video showing CLASH climbing rigidly-backed cloth
climbing at approximately 9.5 cm/s.

ground is the difference between the foot motion relative to the body and motion of the body
relative to the ground. Therefore, if the robot is climbing more slowly, the pull-off angle will
be closer to vertical. However, when moving quasi-statically, the system has periods when
both tripods are in stance and thus decreases the likelihood of failure by falling off of the
surface.

Numerical simulations of the SLAP model with stiffness parameters similar to those
measured in CLASH suggest that high-speed runs with a clock-based controller result in
foot retraction angles of approximately ¢ = 120°. This gives the system sufficient time to
generate tensile forces to bring the system back toward the surface for the next engagement.
The four-bar foot presented in this chapter enables easy retraction at relative angles ¢ > 130°,
a value close to that recommended by the SLAP model.

A control foot is tested and yields low pull-off forces when the pull-off angle ¢ is aligned
with the spines and thus nearly parallel to the surface ¢ = 170°. However, it generates large
pull-off forces once ¢ decreases. The four-bar foot mechanism presented in this chapter allows
low pull-off forces for the desired angles ¢ > 130°. For angles ¢ < 110°, the foot mechanism
requires much more tensile normal force to move through the geometric singularity for easy
retraction, enabling the foot to sustain large tensile normal at these angles. Being too
easily removed could also make climbing difficult as it may not permit the robot to generate
the required normal forces to overcome the gravitational pitching moment. However, as
the foot mechanism is withdrawn at angles ¢ < 110°, as would be the case when falling
down the surface, the mechanism resists retraction and generates significant tensile normal
forces. The foot design in CLASH does not use multiple actuators to disengage, such as
seen in SpinybotlIl or RiSE, and does not require rigid, flat surfaces as with DynoClimber,
MiniWhegs, or WaalBot 1II.

CLASH with claws does not climb as well as predicted by the SLAP model for several
reasons. First, despite demonstrating easy retraction for most strides, there are occasions
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when either the spine doesn’t retract or another feature on CLASH becomes ensnared in
the climbing surface. Redesigning CLASH to remove sources of these unintended grasps of
the surface would improve performance. Also, when the tension in the fabric is low due to
lightweight cloth and short cloth lengths, the force required to extract the spines from the
cloth can be sufficient to pull the cloth up with the foot rather than extract. In this case,
forward progress is impeded because not every stride results in a touchdown further up the
climbing surface.

Because CLASH can use rigid rear limbs, future work will try to use these rear legs
to maintain horizontal running performance. Initial observations do not suggest dramatic
improvements in climbing performance with the inclusion of a tail. The design allows room
for tails, and the electronics may be moved to the tail to allow for lower and more posterior
center of mass. Future work should explore the use of tails to determine their utility in
stability and turning, as suggested by biological studies [42].

The coauthors of this work created the apparatus required to perform simulated steps and
record force data during those steps using the claw foot mechanisms. The coauthors also
generated some the figures of this experimental setup as well of the data collected for the foot
performance.
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Chapter 5

Running Up Hard Vertical Surfaces

This chapter presents work enabling CLASH to climb hard, smooth, near-vertical surfaces
using externally developed gecko-inspired adhesives. While climbing cloth as in Chapter 4
presents challenges associated with an unstructured surface, the penetration-based engage-
ment mode is straightforward and the surface compliance reduces normal ground reaction
forces at foot impact. We present the design of a remote-center-of-motion ankle (RCM)
which allows the foot to passively conform to a surface in the roll degree-of-freedom with low
work performed on the foot. Although this structure provides roll conformation, it is rigid to
loads in the fore-aft direction. This creates an effective coupling between the adhesive and
the COM. A compliant support with an elastic tendon introduces a degree-of-freedom that
enables pitch conformation to the surface. Controlled loading experiments demonstrate that
the ankle is capable undergoing large deformations to achieve conformation with the climb-
ing surface without significantly effecting the maximum available adhesion possible from the
adhesive. Climbing experiments were conducted which demonstrate climbing with signif-
icant sagittal-plane dynamics on near-vertical surfaces. A simple foot-impact model was
created to understand the robot’s inability to climb vertical surfaces. CLASH equipped with
the RCM ankle and gecko-inspired adhesive is shown in Figure 5.1. With the RCM ankle,
gecko-inspired adhesives, tail, electronics and a 60 mAh lithium polymer battery, CLASH
has a mass of 19 grams.

5.1 Leg and Ankle Design

The kinematics of the hips in CLASH dictate that the legs move through an elliptical
path during locomotion with significant yaw and roll deflections on the legs as described in
Chapter 3. If an adhesive foot were rigidly mounted to the end of a simple leg as in Figure
5.2a, the yaw displacement would result in the adhesive twisting and shearing at the ground
contact and likely result in failure of the adhesive. To remove this yaw deflection of the foot,
a simple parallel four-bar leg structure is introduced. The leg structure, as seen in Figure
5.2b, enforces the constraint that the foot remain parallel with the orientation of the robot.
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Figure 5.1: CLASH equipped remote-center-of-motion ankle that enables dynamic climbing
of near-vertical smooth surfaces.
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Figure 5.2: The claw-equipped CLASH used a traditional oar-like leg that goes through
significant yaw deflections during stance (a). A four-bar leg linkage is used to keep the foot
oriented parallel to the body and reduce twisting of the adhesive on the surface (b).

During climbing, the foot will approach the surface with a range of roll and pitch angles
due to leg rotations dictated by the CLASH transmission as well as variable surface angles
and body orientations during climbing. Figure 5.3 shows an ankle that allows the foot to
roll relative to the leg, allowing the foot to adapt to a range of roll angles during touchdown
and stance. The design is based upon an isosceles trapezoid four-bar mechanism that creates
an instantaneous remote center-of-motion at point O in Figure 5.3a [87]. The RCM of the
ankle is designed to be near the surface of the adhesive (Figure 5.3b). This allows the
adhesive to not translate laterally as it is rotates into alignment with the surface. If the
center-of-motion were above the surface, the adhesive would slide laterally along surface
for the foot to rotate into alignment. Alignment without translation is crucial to achieving
passive alignment. Without an actuated ankle, the work required to do this translation
would prevent alignment and engagement of the adhesive.

Another critical reason for the ankle RCM to be at the surface is to prevent peeling mo-
ments from disengaging the foot during the stroke. Having the ankle rotation axis coplanar
with the surface prevents a peeling moment from arising, and therefore full contact is always
retained between the foot and the surface [33,83].
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Figure 5.3: (a) The ankle is an isosceles-trapezoid four-bar that creates a remote center-
of-motion at O. (b) The remote center-of-motion is designed to be at the bottom of the
adhesive. (c¢) This mechanism allows the foot make coplanar contact with the surface and
reduces roll peeling moments.

Figure 5.4: The gecko-inspired adhesive foot and RCM ankle joint.
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5.2 Adhesive Foot Design

5.2.1 Gecko-Inspired Adhesive

Gecko-inspired adhesives have been proposed for use in all-terrain robots due to their
ability to adhere to a variety of surfaces in a controllable manner conducive to climbing
[50,53,61]. Specifically, gecko-inspired adhesives allow for modulation of normal adhesive
force through the application of a shear force, which facilitates easy detachment of the feet
at the end of the stroke [29]. Such a gecko-inspired adhesive was leveraged in this work.

The adhesive created in the Biomimetic Millisystems Laboratory and used in CLASH is
explained with permission from Gillies [7] to understand the performance and constraints of
the adhesive. The adhesive consists of an 18x15 mm pad of microfabricated PDMS ridges,
using techniques similar to those developed by Sitti [78] and Hawkes et al [33]. The ridges,
seen in Figure 5.5, measure 80 um wide by 330 pm high, and are spaced 300 pm apart.

The adhesive performance of the microridge adhesive was determined using a custom force
displacement apparatus in a manner previously discussed in Chapter 4. Rigidly mounted
adhesive samples with two different patch sizes (10 x 10 mm and 15 x 18 mm) were tested
with a simulated load-drag-pull step under displacement control at speeds ranging from 1
mm/s to 20 mm/s. Figure 5.6a shows force versus time for an example trial of one foot.
Engagement starts with a pre-load of the patch, followed by dragging the patch into a sheared
state. Once the patch is sheared, the foot is pulled to a normal tensile force that will keep

Figure 5.5: An image of the gecko-inspired adhesive taken from a scanning electron micro-
scope.
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Figure 5.6: (a) Force versus time of the gecko-inspired adhesive foot undergoing a load-drag-
pull simulated step at 1 mm/s. (b) The same load-drag-pull step in force space showing the
limit point of the gecko-inspired adhesive foot.

the robot adhered to the surface during the stroke. Once the stroke is completed, the shear
force is released and the normal force returns to zero, facilitating easy removal of the patch
and the end of the stroke. Figure 5.6b shows the example trial in force space. Noteworthy is
the lowest normal force maintained while under shear. Drawing a line from the origin to this
point gives the lower limit surface of the adhesive, which acts as a useful tool to determine
if the adhesive will be able to hold the robot to the surface. In practice, the adhesive should
be able to maintain contact with the surface as long as loads placed on the foot are within
this limit surface.

Figure 5.7 plots the limit surface for the flat-mounted adhesive. The best flat samples
maintain 0.4 N of tension under 1 N of shear, giving a tana = 0.4 as defined in Figure
2.4. The adhesive is able to maintain loads far in excess of the robot weight; up to 1 N of
shear force compared to 0.19N robot weight, giving a safety factor of 5 for a single foot in
contact. This safety factor is critical for rapid climbing, because the adhesive pads must
also withstand the dynamic forces of the robot. Engagement and adhesion were noted to be
independent of step velocity which is another necessary attribute for rapid vertical climbing.

5.2.2 Effective Loading

Given the performance of the adhesive detailed above, the engineering challenge becomes
utilizing the adhesive to its fullest extent to maximize possible climbing performance. The
adhesive is rigidly mounted on an SCM-compatible cardboard backing and attached to the
ankle by a thin latex strip and a thin polymer loop, as seen in Figures 5.4 and 5.8. A rigid
backing is chosen because it transfers the load evenly across the adhesive. The latex strip
and thin polymer loop are designed so that during loading, the polymer loop complies in the
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Figure 5.7: A plot of the limit surface of 10x10mm samples (green circle) and 15x18mm
adhesive samples (blue square).

normal and pitch direction in a manner that promotes engagement of the adhesive pad. This
normal and pitch compliance work in conjunction with the previously mentioned four-bar
ankle to allow the foot to make coplanar contact with the surface, while preventing peeling
moments from disengaging the foot during the stroke. Coplanar contact is important to
engage all of the terminal features of the adhesive.

(a) (b)

PET latex Bl S

m— ———

Figure 5.8: Side view of the CLASH foot. (a) The polyethylene terephthalate polymer loop
offers a compliant constraint that keeps the rigidly-backed adhesive attached to the RCM
ankle but complies in the normal and pitch directions. (b) When loaded, this polymer loop
shears with high compliance, allowing the latex tendon to bear most of the load during
stance.
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Once engaged, the adhesive pad is loaded through the latex strip, which is mounted low
and near the center of the adhesive pad, and acts as a tendon in a similar manner to the foot
designed by Hawkes et al [32]. Attaching the tendon low results in a low pitching moment,
and mounting it near the center ensures symmetric loading on the patch to prevent other
peeling moments. Under loading, the thin polymer strip unfolds to ensure it does not apply
a peel moment to the foot and the latex strip stretches. This stretching is important because
due to the dynamics of the running robot, the legs undergo kinematic oscillations and im-
pulses. Without the compliance of the tendon, these rapid kinematic motions would quickly
overload the adhesive capabilities of the foot, and the robot would fall. This stretching also
allows the robot to catch a slip or arrest a fall by accelerating the system from free-fall over
a larger time and distance, once again ensuring that the adhesive pad is not overloaded.

5.3 Results

5.3.1 Foot Performance

The goal of the RCM foot presented in Sections 5.1 and 5.2 was to create a complementary
set of mechanisms that enable a foot to rapidly align with a surface and effectively utilize
the gecko-inspired adhesive outlined in Section 5.2.1. Figure 5.7 demonstrated the maximum
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Figure 5.9: A plot of the limit surface of 10x10mm samples (green hollow circle), 15x18mm
adhesive samples (blue square) and gecko-inspired adhesive feet (red filled circle).
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Figure 5.10: (a) A plot of the performance limit of a foot aligned to the test surface and
misaligned by 10 and 15 degrees. (b) A plot of the performance limit of 10x10 mm samples
(green circle), 15x18 mm adhesive samples (blue plus) and gecko-inspired adhesive feet (red
star).

performance observed in the gecko-inspired adhesives when all surfaces are manually aligned.
When adding the RCM ankle and the tendon loading mechanisms, the total foot adhesion
possible is shown in Figure 5.9. Here, the best foot maintains 0.37 N tensile with a 0.9 N
shear load, which corresponds with tan a = 0.41. This indicates that the ankle is successfully
able to limit the peeling moments on the adhesive that might otherwise cause the foot to
disengage at lower normal forces.

5.3.2 Climbing Performance

Figure 5.10 shows the performance of the ankle when intentionally misaligned with the
surface prior to a load-drag-pull test. The foot is able to maintain loads even when engaged
under a severe roll misalignment of 10 and 15 degrees. Under these misalignments, the
generated normal adhesion drops less than 10% from the aligned feet. This is also important
because due to the rapid motion of the legs and variation in the gait, the feet must be able
to maintain an adhesive force even under severe misalignment.

For the climbing trials with the gecko-inspired adhesive feet, a large plate of smooth
acrylic is used as the climbing surface. Starting at an incline of 30 degrees above horizontal
and incrementing the angle by 10 degrees, CLASH is operated at a range of frequencies to
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Figure 5.11: (a) The maximum climbing velocity achieved at a given angle of the smooth
acrylic above horizontal. (b) The stride frequency of the robot when it was climbing with
the maximum achieved velocity.

Figure 5.12: Superimposed frames of CLASH climbing a 70 degree incline slope at 10 cm/s.
The robot had an initial yaw offset but passively corrected its heading during the climb.
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Figure 5.13: Contrast-enhanced frames from high-speed video of CLASH climbing a 70
degree incline at 10 cm second™! showing (a) one leg tripod touching the ground, (b) an
aerial phase, and (c) the second leg tripod touching down.

determine a maximum climbing velocity. The maximum climbing velocity and the stride
frequency associated with that velocity are shown in Figure 5.11. CLASH achieves speeds
above 10 cm second ™! up to an incline of 70 degrees (Figure 5.12). Failure to climb an 80-
degree incline prompted trials at 75-degree incline to better determine the current limitation
of the system. At 75 degrees, CLASH climbs at approximately 1 cm second .

Figure 5.11a shows that the maximum velocity decreases approximately linearly as the
incline increases. However, the frequencies associated with these velocities have a nonlinear
inverse relationship with the incline angle.

While climbing up near-vertical inclines, CLASH exhibits a gait with small aerial phases.
Figure 5.13 shows an aerial phase during 10 cm second™! climb up a 70-degree incline from
a high-speed video. To the author’s knowledge, this is the steepest climbing to exhibit aerial
phases or significant sagittal-plane dynamics. Even at these fast operating frequencies and
aerial phases, the feet provide rapid reengagement with sufficient adhesion and shear force
to continue climbing.
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5.4 Discussion of Results

The SLAP model of Chapter 2 demonstrated that only a small space of parameters for a
system with body mass, leg length, and adhesive properties similar to those of the robot in
this chapter can result in high-speed, stable climbing. The torsional and linear stiffness of
the system presented here are near but outside of that successful space. Indeed, to improve
climbing speed over a significant space of parameters in the SLAP model with the adhesive
properties demonstrated in Section 5.2.1, the engagement problem had to be relaxed by
decreasing the angle of the surface below vertical.

The SLAP model predicts faster climbing than observed in CLASH despite the latter
climbing on inclines. Designed to be the simplest model that captures the body dynamics and
ground reaction forces seen in geckos when climbing dynamically, SLAP neglects some of the
non-idealities present in the physical CLASH system. As mentioned in Chapter 3, the COM
dynamics that result from the operation of the CLASH transmission have been significantly
mitigated but have not been removed entirely. The measured out-of-plane accelerations of
the COM increase the normal load required by the feet. The model also assumes initial
conditions with some initial fore-aft velocity while the robot trials all start from a resting
state. The addition of a Buehler-clock enabled the SLIP model to stably accelerate from
rest [73], suggesting a route for future work which might inform how to stably progress from
a resting state to dynamic climbing. A failure from the dynamics during such a transition
could also prevent the study of steady-state climbing in the robot.

The SLAP model also makes the assumption that the feet of the system have negligible
mass relative to the total system mass. The RCM ankle and feet mechanisms presented
here for aligning the adhesive with the surface add 4 grams to the total system mass and
represent more than one quarter of the total system mass. To gain a better understanding
of the effect of non-negligible foot mass on system dynamics, a simple model of the robot
using a spring-mass-damper system (Figure 5.14a) was developed to explain the maximum
climbing velocity dependence on surface angle observed in Figure 5.11b. We assume that at
the instant one tripod leaves the ground, the second tripod is traveling towards the surface
with some initial velocity, z,, with the mass of robot, m, and stiffness and damping, k£ and

c representing the overall stiffness and damping of the transmission and legs. Using 7 = %t,

T = k*gc? 1 = ﬁcx and 2 = 1i to non-dimensionalize the terms, this system can be

described by the following ODE:

C2 2

N P
b= kmm—f—cos(@) (5.1)

Once solved, this reveals the well-known damped oscillation seen in Figure 5.14b. Of im-
portance for dynamic climbing is the point of maximum outward force on the mass system
caused by the robot “bouncing” off the wall. This maximum outward force increases mono-
tonically with the initial inward velocity of the mass, &,, which is correlated with the overall
running speed. If this maximum outward force overcomes the maximum normal adhesion of
the feet, they will detach from the wall and the robot will fall. Thus, as the robot velocity
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Figure 5.14: (a) Model used showing robot mass, m, and leg stiffness and damping, k and
¢, at the instant a tripod contacts the ground. (b) Non-dimensionalized impact forces upon
touchdown for two different running speeds, with one resulting in loss of contact. (c¢) Given
a certain maximum adhesive force, the climbing velocity, z, must decrease as slope increases
to maintain contact with the wall.

increases at a given angle, it will reach a threshold where the robot will bounce and fall off
the wall. For the above analysis, a maximum normal adhesive is given by the product of the
body weight with the normal-to-shear ratio tan o = 0.4 found from the data of Figure 5.9.
This threshold is less critical at lower angles, where the component of gravity into the
surface is large, and helps to maintain foot contact with the wall. However, as the slope
angle increases, the contribution from gravity is reduced, and the threshold is reached at a
lower velocity. Figure 5.14c¢ shows that given a certain maximum adhesive force, the climbing
velocity must decrease as surface angle increases to maintain contact with the wall.
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This model also shows the importance of tuning the robot stiffness and damping. If
the robot is too stiff or underdamped, the wall reaction forces become much larger, and
the adhesive limit is overcome at much lower velocities. The stiffness parameters here are
fundamentally the same as those used in the SLAP model presented in Chapter 2 and could
be combined in a climbing model with adhesive feet with non-negligible mass.

5.5 Conclusions

Although measured foot adhesion forces should theoretically be great enough to prevent
detachment from the wall under ideal conditions (Figure 5.9), it is possible that the normal
adhesion is not great enough to prevent pitch-back of the robot during vertical running,
as evidenced during running experiments. Our analysis describes one such possible failure,
where the impact velocity causes the foot to rebound off the surface. Since higher adhesive
strength may prevent this, future foot designs will concentrate on improving the normal force
capability of the adhesive. Increased adhesive strength has also been suggested to increase
the space of leg stiffnesses which result stable climbing gaits in SLAP.

Another possible failure mechanism may be that the dynamics of high-speed running
cause alterations in the gait which prevent the feet from properly engaging. Moving a
massive foot on a compliant leg with intermittent ground reaction forces introduces unmod-
eled deviations from the unloaded quasi-static foot trajectories. This is a more challenging
problem that may require more careful tuning of the foot-leg mechanism and more precise
tracking data.

In addition to the failure to prevent pitch-back, CLASH could either fail to climb verti-
cally due to either a power limitation or a shear force limitation, although there is evidence
against both. The ability of CLASH to rapidly climb vertical loose cloth (Chapter 4) and
magnetic surfaces (Appendix A) shows that the robot is not limited by the available power.
Also, it does not appear that CLASH is limited by the available shear force. When single
feet are mounted to a controlled stage, shear forces approach 1N, more than five times the
weight of the robot (Figure 5.10a). When integrated into a climbing robot, the feet generate
large shear forces when they rapidly arrest the falling robot on a near-vertical surface. The
rapid arrest stretches the latex strip, reducing the instantaneous load on the adhesive and
often keeping the load within the force limits. The ability of the latex to stretch during
loading may also allow load-sharing between the feet, similar to the load sharing within a
single foot demonstrated by Asbeck et al [2].

CLASH exhibits several interesting behaviors during climbing. CLASH is observed to be
stable in yaw; CLASH repeatedly orients itself after a misstep introduces a yaw perturbation.
CLASH was designed with most of the mass located toward the rear of the system, including
the motor, battery, and electronics to create a stable body pendulum [17]. Serial compliance
in the transmission allows the legs to quickly advance their phase and regain purchase if
one tripod loses contact suddenly. This occurs because the forces on the feet load the serial
compliance in the transmission, effectively creating a phase lag between the motor position
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and actual leg position. A sudden loss of shear load releases the stored energy and accelerates
the legs forward quickly and engages the next tripod sooner than otherwise.

This compliance also has the effect of reducing the stride length as the shear load due
to gravity increases with increased incline. This variable stride length may explain why the
velocity increases at a faster rate than the motor frequency as incline decreases (Figure 5.11);
with a fixed stride length, they should increase at the same rate.

CLASH has an aerial phase during climbing at inclines up to 70 degrees. Aerial phases
are not observed in other climbing robots, including DynoClimber and ROCR, which largely
ignore motions in the sagittal plane. When CLASH is tuned and adapted to vertical surfaces,
it is expected to maintain an aerial or pseudo-aerial phase similar to those seen in geckos [3].

The limitations on stride frequency and thus climbing velocity from the model proposed
in Figure 5.14c shows a strong behavioral correlation with the observed climbing velocity
limitations in Figure 5.11b. The actual robot performance does not reach the limitations
suggested by the model, likely due to unmodeled phenomena such as transmission dynamics,
perturbations from missteps, or asynchronous foot touchdown or pull off. Also, there is an
increasing risk associated with loss of contact as the incline increases for which the model
does not account. At or near vertical, a failure due to a foot rebounding off of the surface
will cause the robot to fail. A foot rebound at lower angles results in intermittent contact
and less positive work on the system but is not catastrophic in the same sense.

The coauthors of this work created the gecko-inspired adhesive used for this climbing sys-
tem, developed the apparatus required to perform simulated steps and record force data during
those steps, and contributed to the design process and assembly of feet used by in the climbing
experiments. The coauthors also generated figures used here showing the performance of the
ankle design presented in this chapter.
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Chapter 6

Conclusion

This work has explored the challenges of dynamic climbing with non-neglible dynamics in
the sagittal plane through numerical dynamic models as well as through meso-scale robots.
We developed the Spring-Loaded Adhesive Pendulum (SLAP) model, which builds upon the
SLIP model by incorporating a clock-driven foot position that adds energy to the system
and two different adhesive foot models. Climbing speed and body dynamics are explored
for the different foot models, and the system is shown to be passively stable when climbing
vertical surfaces. The SLAP model also exhibits dynamic running on an inverted surface.
A clock-driven feed-forward position control exhibits passive stability when running on an
inverted surface.

A novel meso-scale legged robotic platform is created to enable dynamic climbing on
cloth and smooth acrylic. The CLASH platform uses a single DC motor to drive all six legs
in a sprawled alternating tripod. The low profile of the system reduces pitching moments,
and the internal dynamics were engineered to minimize out-of-plane accelerations to relax
the loads on the adhesive. A passive spine foot was presented that generates sustainable
tension during stance but disengages easily when retracted at the desired liftoff angle. This
foot enables CLASH to climb loose and rigidly-backed cloth at speeds comparable to the
fastest legged climbing robots when normalized to body-length. A remote-center-of-motion
ankle with a synthetic gecko adhesive loaded via elastic tendon is presented and is shown
to conform to a range of angles while maintaining nearly ideal performance of the adhesive.
With this foot, CLASH was able to climb 70° acrylic at 10 cm/s while exhibiting significant
sagittal-plane dynamics.

Prior to the work presented in this dissertation, all dynamic legged climbing models
and dynamically climbing robots were designed to remove sagittal-plane dynamics from the
design challenge. These models and systems have contributed greatly to the understanding
of climbing dynamics, but ultimately robots that must navigate and climb obstacles in
unstructured environments will not often encounter planar surfaces. Legged systems that
use SLIP-like dynamics during horizontal locomotion may be able to modify their existing
dynamics to scale vertical surfaces as well. For these systems or for those systems which must
climb over uneven terrain, the understanding of sagittal-plane dynamics will be necessary
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for success.

6.1 Future Work

Despite the progress presented in this dissertation toward generating robust climbing sys-
tems, further work is needed to create a foundation for future systems and models upon which
further understanding and performance can be achieved when rapidly navigating surfaces
with adhesive feet.

6.1.1 SLAP Development

The SLAP model of Chapter 2 is a new framework for furthering the understanding of
sagittal-plane dynamics with locomotion modes that require adhesion for stable gaits, but
its morphology is fundamentally similar to the SLIP and CT-SLIP models for horizontal
locomotion. As such, some of the recent advances in the understanding of SLIP may be
applicable to the SLAP model. The introduction of a Buehler clock to the SLIP model
increased the range of stable operation and showed stability through transition from resting
[73].  The inclusion of a Buehler clock to the SLAP model could bring the duty factor
closer to 50% without significantly impacting the stance dynamics, making the system more
directly comparable to available data on dynamic climbing in organisms. Adding mass to the
feet or adding more detailed foot models might enhance the model’s fidelity, although the
added complexity would change the nature of the model from a low-dimensional template.
The model could also be considered in parallel with the F-G model in a manner similar to
that which brought together the ideas of SLIP and LLS for horizontal locomotion [75]. The
incorporation of pitch dynamics using a variable-center-of-pressure method similar to work
done on LLS could be applied as well [51].

6.1.2 Anchoring the SLAP Model

A method of achieving high-performance dynamic climbing would be to create a physical
system that anchors the SLAP model [25], as has been done with the Full-Goldman template
through the Dynoclimber system [55]. To anchor the SLAP model with the clock-driven re-
lease foot model, an early anchor could leverage controllable adhesives such as thin films of
electrostatic adhesives or gripping feet on easily-grasped surfaces such as carpet or stiff wire
mesh. An understanding of pitch dynamics or designing the system to be independent of
pitch would be necessary. The physical anchor could then be used to explore the implemen-
tation of future control algorithms and provide feedback to the SLAP template as well as
studies of dynamic behavior in animals.
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6.1.3 Continued Development of Vertical Climbing

Although the minimally-actuated CLASH platform presented in Chapter 4 and Chapter 5
was able to rapidly climb challenging surfaces, improvements to climbing speed and demon-
strations of climbing robustness can be better explored. Improved release of cloth would
improve climbing performance and predictability. Reduced foot mass to mitigate ground
reaction forces at touchdown on hard surfaces and enhancements to the gecko-inspired ad-
hesive appear to be the most straightforward approaches to improving performance on hard,
smooth surfaces. Dynamic tuning, guided by further analysis of the SLAP model, could
yield climbing speed and robustness improvements while also providing further validation of
the model.

6.1.4 Multimodal Systems

The ultimate goal of a highly-mobile robot is to achieve all-terrain mobility. It is well
established that sagittal-plane dynamics impart efficiencies and stability to legged systems
while running horizontally, and the SLAP model shows passive stability from sagittal dy-
namics when climbing and running on an inverted surface. Creating a system that can take
advantage of such COM motions during horizontal, vertical, and even inverted locomotion
would represent a large increase in performance over any current climbing robot.

6.1.5 Testing Biological Hypotheses with Robotic Platforms

The meso-scale robotic platform presented in this work is easily modified and controlled.
Different legs are shown to be interchangeable on the same chassis to enable climbing on
different surfaces, but the leg strokes and general morphology can also be easily changed
with the SCM process leveraged in the designs presented here [38]. This makes the robot
an excellent, adaptable platform for those working at the intersection of integrative biology
and robotics to quickly and inexpensively test hypotheses about animal locomotion.

It is a sincere hope that the work presented in this dissertation will provide the inspiration
as well as design tools and insight to lead future engineers and scientists to create the high-
performance, all-terrain robotic platforms that remain just outside of our current abilities.
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Appendix A

Magnetic Climbing

Magnetic feet simplify engagement and allow CLASH to rapidly climb a vertical surface
to study climbing dynamics and the effects of kinematics and transmission design on the
dynamics. It was previously shown that the SCM transmissions of robots such as CLASH
and DASH contribute significant forces on the body while climbing and thus have significant
impact on body dynamics [6,62].

The magnet foot design is similar to that seen in [5], with six 0.012 g 3 mm diameter
neodymium magnets oriented in a hexagonal pattern within a rubber flap. This is attached
on the front edge of the foot to create a peeling motion during liftoff. The hexagonal pattern
has a single magnet near the base of the flap; when the peel begins, it must overcome the
attractive force of a single magnet, resulting in a smoother peel [5]. The peeling crack
propagates along the flap until it terminates with a single magnet. This minimizes the final
pull-off force and the impulse associated with the final release of the foot. Because a magnet
does not have the controllable shear-induced normal adhesion exhibited by the gecko-inspired
synthetic adhesive, the peeling release reduces the instantaneous pull-off force to keep the
total normal load under the available adhesion.

Unlike the gecko-inspired adhesive foot, the magnetic foot is designed to be planar. Thus,
the RCM ankle is not necessary for this foot and instead has a revolute joint designed within
the plane of the foot. The magnetic foot is designed to use the parallel four-bar leg design
seen in Figure 5.2.

For the magnetic foot trials, the robot was equipped with four magnetic feet on the front
and middle legs and non-magnetic frictional feet on the rear legs. In these trials, CLASH was
able to climb vertical surfaces at 18 centimeters second ™! with stride frequencies between 5
or 6 Hz (Figure A.2), making it the fastest legged climbing robot relative to body length. At
higher frequencies, the body dynamics cause one of the magnetic feet to peel prematurely,
causing the robot to roll about foot still in contact, which prevents future touchdowns and
leads to complete loss of contact. With these feet, CLASH is also able to climb up the
underside of a magnetic surface inclined at 60 degrees above horizontal (Figure A.3).
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Figure A.1: Closeup of magnet feet on CLASH.

Figure A.2: Superimposed frames of CLASH climbing a vertical metal cabinet at 18 cm
second ~1.
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(b) t = 2.27s

(d)t="72s

Figure A.3: A sequence of frames from a video showing CLASH climbing an inverted metal
surface 60° above horizontal using the magnetic feet.
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