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Abstract

Legged robotic systems have made great strides in recent years, but unlike
wheeled robots, limbed locomotion does not scale well. Long legs demand
huge torques, driving up actuator size and onboard battery mass. This
relationship results in massive structures that lack the safety, portabil-
ity, and controllability of their smaller limbed counterparts. Innovative
transmission design paired with unconventional controller paradigms are
the keys to breaking this trend. The Titan 6 project endeavors to build a
set of self-sufficient modular joints unified by a novel control architecture
to create a spiderlike robot with two-meter legs that is robust, field-
repairable, and an order of magnitude lighter than similarly sized systems.
This thesis explores how we transformed desired behaviors into a set of
workable design constraints, discusses our prototypes in the context of the
project and the field, describes how our controller leverages compliance to
improve stability, and delves into the electromechanical designs for these
modular actuators that enable Titan 6 to be both light and strong.
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Chapter |

Introduction

The invention of the wheel over ve thousand years ago was a turning point in
human civilization and technology, one that continues to drive the development of
infrastructure to this day [1]. Even with vast road networks, half of the terrain on
Earth is inaccessible to wheeled systems, which fail without traction, a consistent
path of support, su cient ground clearance, or in the presence of large obstacled.|
Years of engineering and optimization in pressurized tires, passive suspensions, and
tank treads have re ned the wheel for rugged o -road mobility, but where wheels falil,
walking succeeds.

Many of the bene ts o ered by limbed locomotion for automated exploration of
unstructured terrain stem from the ability to choose advantageous footholds rather
than requiring a continuous rolling path. The traversable terrain for a wheeled
system is limited by the worst features along a given path; i.e. a single gap, ledge,
or protruding obstacle larger than the wheel diameter will prevent forward motion.
However, a legged system can opportunistically choose its ground contacts, so it is
limited by the best possible features along a given patl3][ This means that a legged
system can straddle chasms, climb stairs, and step over hazards to reach its goal
much better than a wheeled system of the same size. As long as there are enough
discrete footholds within the reachable workspace of the legs, arbitrarily complex
terrain becomes navigable. Additionally, when crossing terrain with fragile formations
or vegetation, rolling locomotion can be mutually destructive to the environment and
the drivetrain. By choosing foot placement to avoid plant life or interesting ground

1



[. Introduction

features, legged explorers are much more valuable in minimally-invasive study of
densely populated ecosystems.

Modern eld robotics are generally wheeled or tracked systems, but after four
decades of development, platforms that instead rely on legged locomotion are beginning
to leave the laboratory. These walking robots have shown resilience to obstacles
through mechanically intelligent design4] or robust control architecture p], but can
still be stymied by obstacles larger than the leg or ooded areas expected at disaster
sites or remote biomes. Navigating these conditions requires high ground clearance,
and a wide base of support, and an expansive leg workspace to reach for sparsely
available footholds; motivating the design of long-legged sprawled-posture hexapods
such as AMBLER [g] and ATHLETE [ 7]. However, these behemoths weigh in at
2500 kg and 850 kg respectively, making their deployment impractically slow and
dependent on vehicles to transport the robots to their starting points. Placing the
robot as close as possible to the goal before deploying under its own power in a search
and rescue scenario can save critically valuable time, so ease of transport and setup by
available teams must be prioritized§]. Yet even a robotic system optimized for rough
terrain locomotion and deployability won't be selected for a rescue team's limited
kit if there isn't a robust methodology for repairs in the eld. Modular architectures
such as those demonstrated on the Uni ed Snaké8][and RoboSimian 10] simplify
eld repairs with minimal time, expertise, and tooling required.

Here | present Titan 6 (a concept model of which is shown in Figure 1.1), a large,
lightweight, modular hexapod designed for maximum terrain navigability which can
be easily deployed and repaired deep in the eld. By developing a long-legged system
with such strict mass requirements, we introduce adverse mechanical properties such as
exible body structures and actuators working near saturation limits, thus invalidating
certain assumptions fundamental to existing legged robot control. Titan 6 relies on
dynamic controllers and specialized gait design to traverse complex environments
and perform mapping or reconnaissance tasks with human supervision. Titan 6 was
designed with a modular approach to improve eld repairability and recon gurability,
even though a monolithic solution would be much easier to design. In this thesis |
explore the advantages and disadvantages of such a system, delve into mechanical
design and controls solutions, present results of experiments, and propose a path

2



I. Introduction

forward for future generations of giant-spider walking robots.

Figure 1.1: A conceptual model of the Titan 6 robot showing approximate scale and
modular design.

1. Survey of Legged Robotic Systems

Evolution has produced a plethora of biological legged systems optimized for a
spectrum of locomotion strategies, inspiring roboticists to respond with a similarly
diverse array of walking robots. Insects4], birds [12], reptiles [L3], and mammals 4]
have all served as inspiration for robotic locomotion, and legged robots are showing
potential for locomotion across natural and man-made surfaces. Now these robots in
turn serve as inspiration for Titan 6, providing lessons learned and results to inform
our design of the electromechanical system and the control architecture.

LWhile Titan 6 has six legs rather than eight, it is biomechanically most similar to a spider due
to the ratio of limbs to body size and radial hips located on the cephalothorax. Bioinspiration for
Titan 6 came from Artema atlanta of the Pholcid family of arachnids, commonly known as \cellar
spiders" or \daddy long-legs" [11].
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Legged robots are easily categorized by number of legs, intended use, weight class,
or actuation method, but in the context of Titan 6, it is most prudent to classify
these systems by the stability criteria of their motion. While most can walk with a
variety of footfall patterns, their motions are inherently either statically stable or
dynamically stable.

Quasi-Static Walkers

Statically stable systems tend to have many points of ground contact that are spread
over a wide area. This provides a large support polygon for stabilizing the body, even
when some of the legs are in swing. These robots rely on the fundamental assumption
that the support provided by the ground reaction force to the feet is constant over
time and can be adequately resisted by the leg actuators. This leads to the conclusion
that most gaits employed by these systems can be generated kinematically frame-
by-frame, where the robot's state at any time is independent of prior time steps and
the state is stable if the center of mass lies in the support polygon. While Titan 6
is geometrically akin to these systems (shown in Figure 1.2), early iterations use a
fundamentally di erent control scheme because the suspended body is subject to
destabilizing oscillations while a subset of the legs are in swing, making the motions
time-dependent and quasi-dynamic.

Figure 1.2: Size comparison of sprawled posture walking robots.
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Table 1.1: Quasi-Static Walking Robots Considered During Titan 6 Design

Name Year Legs Length Mass Speed Use Case
(m) (kg) (M=)
PV-II [15] 1979 4 0.9 10 Unavailable Climbing
Stairs
AMBLER [6] 1989 6 2.5 2500 0.0067 Planetary
Exploration
Dante Il [16] 1999 8 1.31 770 0.01 Rappelling
Slopes
ATHLETE [7] 2009 6 2.08 850 03 Personnel
Transport
Snake 2015 6 0.43 8 0.05 Modularity
Monster [17] Research
MAX [18] 2017 6 2.25 60 0.073 Ultralight
Locomotion

The lengths provided here represent the sum of the individual link lengths of each leg.
Y PV-Il uses a tether for o -board power and control so this gure does not account for the full
mass.
Z ATHLETE uses wheeled feet to achieve this speed on at ground, its ambulatory speed is
signi cantly slower.
X Snake Monster has modular legs which can have variable multiplicity and length, the case considered
here is its usual rough-terrain walking con guration.

Dynamic Hoppers and Runners

Dynamic robots are in a constant state of falling over; executing gaits that take
their inertial models into account to use their legs to push o and catch themselves
repeatedly. These robots must be considered in the context of their prior actions
and current velocities to determine the stability of a motion. Some dynamic systems
are unable to form a stable support polygon in any upright con guration, so they
must rely on in-place gaits to balancel9. With dynamic balancing fewer legs are
needed and the robot can use reactive control to reject disturbances or correct error.
Additional legs improve payload capacity or allow for quasi-static gaits speci c to the
use case. Titan 6 has enough legs to maintain static stability, but requires a similar
reactive control scheme while walking as it is executing a controlled fall during a step,
discussed further in Chapter V.
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Table 1.2: Dynamic Running Robots Considered During Titan 6 Design

Name Year Legs Length Mass Speed Use Case
(m) (kg) (M=)

Raibert 1983 1 0.5 17 2.2 Balance and
Hopper [20] Hopping

BigDog [5] 2008 4 1.2 109 2.0 Superior Outdoor
Locomotion

StarlETH 2012 4 0.49 23 0.7 Versatile
[21] Locomotion
MIT Cheetah 2013 4 0.7 33 12.6 Fast
[14] Running

Atlas [22] 2015 2 0.94 155 0.4 DARPA Robotics
Challenge

ATRIAS [19] 2015 2 1.25 62 5.7 Simpli ed Bipedal
Walking

Spot [23] 2016 4 1.1 25 1.6 Inspection and
Security

The lengths provided here represent the sum of the individual link lengths of each leg.
Y The Raibert Hopper and the MIT Cheetah used tethers for o -board power and control so this
gure does not account for the full mass.

Hybrid Systems

Rugged legged robots with low centers of mass are much less concerned with balancing
in an upright posture and can fall outside of this classi cation model. RHex is a prime
example of such a system; as a hexapod primarily utilizing an alternating tripod gait,
RHex is statically stable p4]. Despite its su cient polygon of support, periods of
ight in the gait cycle and distinct landing and push o phases of contact make its
motion markedly dynamic. The Spring Loaded Inverted Pendulum Model is similar

to the dynamic control of the Raibert Hopper, and the six legs act in tripods as two
virtual legs except when steeringZ5]. However, dynamic gaits are not always used

in extremely rough terrain, where slower gait options use the low body for ground
contact to scramble over obstacle2f]. The exhibition of dynamic gait behaviors
with statically-stable body manipulability indicate that both RHex and Titan 6 are
gquasi-dynamic hybrids. Indeed, it is clear from the above prior work that both the
large leg workspace of a sprawled-posture static system and the speed of a dynamic
system are necessary to meet mobility requirements set for Titan 6.

6



I. Introduction

2. Titan 6 Project Requirements

Titan 6 was initially proposed with a set of outcome expectations ranging from critical
to reach goals 27]. Based on results of early experiments, the team solidi ed these
goals into a list of requirements, which narrowed the design space, but were key to
realizing a large, fully-modular, deployable hexapod. Below is a summary of the most
in uential system requirements realized as technical speci cations.

Architecture:  The system must be a two meter tall, sprawled-posture hexapod
capable of rough terrain locomotion with a small payload. The nominal height of the
system can be less than two meters during locomotion, but must be able to raise the
body up to this height to gain vantage of its surroundings. The robot must be capable
of stepping over barriers at least one meter high and crouching behind barriers with
all components fully hidden below one meter. This is largely a function of the leg
kinematic design, discussed in Chapter Il. The system must be strong enough to
carry a set of cameras and LIDAR for observation, localization, and mapping, which
is estimated to be 2.5 kg.

Modularity: ~ The robot's actuation must be fully modular, with as few distinct
components as possible to minimize number of spare parts needed to repair the
robot in the eld. The legs must be identical and symmetric and all actuators must
be identical and self-su cient. Each actuator must have its own computation and
power source such that there are no central points of potential electrical failure. This
distributed power and control ensures that a single failure in any actuator circuit
would be contained to that joint without crippling the rest of the system. Actuator
or leg replacement must take less than two minutes. A reach goal includes designing
a quick-connect actuator that can be swapped with no tools required.

Deployability:  In addition to robust locomotion at 1.5, the system must be
eld deployable by a team with intermediate technical knowledge and limited human
carrying capacity. The system must disassemble or fold into containers with total
volume less than 1.0 mand mass less than 70 kg total. The system should be safe for
nearby operators such that no exposed component should exceed €0Qgenerate live
electrical current, or be sharp. Pinch points should be clearly annotated and avoided
where possible. The system must be protected from expected outdoor hazards and
rated at least IP52.
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3. Overview of Modular Actuators

Modular actuators are the key to building recon gurable systems quickly and iterating
rapidly towards an optimal solution 28]. This has been the philosophy of the
Biorobotics Lab since the development of the modular architectures used in early
snake robots; eventually leading to the Snake Monster rob@ff]. A similar approach
has been successfully employed by JPL's Robotic Vehicles Group to build RoboSimian
[10], Surrogate [29], and Ice Worm [30] using interchangeable joint modules.

A highly articulated robotic system takes years to design and build using conven-
tional, monolithic design principles, and mechanical augmentations or con guration
updates take months. By developing a consistent set of modules that use a unifying
electrical architecture, a common communication protocol, and a standardized Appli-
cation Programming Interface (API), joints can be added or removed from a robot
with minimal hassle, reducing recon guration or repair times from week scale to
minute scale. Once an architecture is established, a library of both passive and active
modules can be developed and integrated seamlessly into the system. While Titan 6
is modular primarily for expeditious repairs, recon guring the robot by altering link
lengths for speci ¢ deployments could improve performance over the generalized form
presented here.

Figure 1.3: Comparison of existing modular actuator self-su ciencies with desired
capabilities for a Titan-6 joint.



I. Introduction

The main drawback of modular architectures is the addition of redundant mass.
Each module requires a mechanical connection and an electrical connection, which
can cost more volume and weight than a streamlined system with integrated actuators.
Modules can have varying degrees of self-su ciency as illustrated in Figure 1.3, but
the basic components that make up a module are a control board, motor, transmission,
output shaft, internal sensor package, casing, and connector ports. These are discussed
in detail in Chapter Il and | present our designs in Chapter IV. As intrinsic capabilities
of the modules become more extensive, the robot as a whole relies less on centralized
infrastructure; Titan 6's modules require no central sensor network, computer, or
power source.



I. Introduction
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Chapter I

System Speci cation

Titan 6 was designed using a top-down approach that rst speci ed the leg and body
geometries before exploring the individual module design space for the links and
joints. By using the system requirements to generate the robot geometry and justify
the required joint speeds and torques, it is guaranteed that the module design is
capable of meeting the overall project goals. This chapter lays out the system-level
and joint-level requirements speci cation processes used to navigate the design space.

1. Leg Kinematics

For any walking robot, the leg kinematics determine the reachable end-e ector
workspace, the mass distribution for balance, and the torque pro les expected at the
joints during motion. These factors must be considered while choosing the number
and relative orientations of the joints in a leg and while optimizing the link lengths
between them. With the exception of a small body structure to a x the hips together,
Titan 6's long, modular legs make up the entire system's mass, power draw, and cost,
making the leg structure even more critical for this robot.

Titan 6's legs are serial chains of actuatotsand rigid links that transform input
jointangles,~=[ 1::: 5], to foot positions, x = [X;y;Z; «x; y; .]”. In the absence

Lparallel leg linkages have proven e ective in smaller dynamic robots such as Minitaur31] and
GOAT [32], but these leg structures can seriously impede foot placement on rough terrain where
the linkage beams may make unintentional ground contact. These were disquali ed early in the
design process because they are not suitable for sprawled posture legs.

11



Il. System Speci cation

of redundant joints or singularities, anN -degree of freedom (DoF) leg will have an
N -DoF workspace for the foot, up to 6-DoF. For example, even with step-shaping
linkages, Dante II's footstep locations are constrained along a 1-DoF pathd], and
RoboSimian's 7-DoF legs can reach any position and orientation in a 6-DoF workspace
[10].

Based on this fundamental reasoning, three rotary joints can be arranged to
provide the largest possible workspace volume in which to nd footholds with the
minimum number of joints. The orientation of the foot in the workspace is largely
unimportant for ball feet with assumed point contacts, so the 3-DoF kinematics
only consider the position of the foot asx = [x;y;z]”. The selected kinematic
con guration, shown in Figure 2.1 is common and has been proven on many of the
systems described in Chapter 3.

Figure 2.1: Generalized kinematic model of the Titan 6 legs with joint names and
parameters called out, adapted from33] (left) and an early CAD model of a Titan 6
leg with link names called out (right).

Notably, the base joint axis of rotation is parallel to gravity when the robot's body
is level, so it is largely exempt from using power to maintain a standing position when
level. Similarly, the knee joint's torques are kept low when the tibia is near vertical
and the robot is standing still. The long tibia link keeps the body and all actuators
with sensitive electronics suspended up to a meter above the footholds to prevent

2PV-II, Snake Monster, and MAX use this leg con guration in a sprawled posture; StarlETH
and Spot use this con guration in an upright posture.

12
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contact with oodwaters or debris. A full kinematic description of the various Titan
6 prototypes is provided in Appendix A.

2. Body Kinematics

The body of Titan 6 must provide a rigid structure to mechanically x the base joints

of each leg together and to mount a payload. The legs are arranged in a hexagonal
pattern with the home position radially outward from the center (each 60from its
neighbors) to maximize reachable area and minimize workspace overlap between the
legs. Unlike other systems with centralized sensor clusters, computation, and power,
these components are distributed to each modular joint, keeping the suspended body
mass low. Mass in the knee and tibia of a leg in stance is directly supported by the
ground, reducing loads on hip and knee joints. This mass distribution does increase
leg inertia, compounding the energy expended to swing the leg, but this factors in
mostly for dynamic running gaits, which would not be required of Titan 6 to meet its
speed requirements.

There are three important reference frames when considering the body kinematics
of Titan 6; the world frame, the body frame de ned as shown in Figure 2.2, and
the leg frames centered at each numbered vertex. Each leg frame z-axis is aligned
with the axis of rotation of the base joint (parallel to the body z-axis) and the x-axis
aligned with the home position of the base joint.

Figure 2.2: Titan 6's body layout with robot body frame and leg numbers called out.

13
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3. Joint Requirements Calculation Tool

Like any system, legged robots face design choices based on competing mass, speed,
size, and torque trade-o s B4]. For example, with actuator power kept constant,
joint speed and torque are inversely proportional, and raising actuator power requires
increasing actuator mass, which in turn increases the torque requirements to resist
gravity. Increasing walking speed can be accomplished by extending the femur link
or reducing the transmission ratio of the actuator, but each solution drives up torque
requirements. The viable design space shrinks drastically when considering larger
legged robots; remaining designs often tend towards high-mass, low-speed designs not
suitable for Titan 6. Navigating these relationships to nd the optimal ratios is an
underconstrained problem that can seem intractable without the aid of computational
tools.

In order to more accurately determine the torques and rotational speeds Titan
6 needs at the joints to accomplish body-level tasks, a full kinematic study was
performed in simulation and extended to form the codebase for the Hexapod Actuation
Calculator App. This custom-developed tool allows a user to specify the physical
parameters of a hexapod robot and a set of performance requirements, and it returns
the torques and speeds needed for each joint to execute the desired behavior. It is
intended to be used iteratively early in the design process to determine the viability
of mass distributions and leg lengths, and was used extensively during the actuator
selection process for Titan 6. Though the use case is constrained to hexapods with
3-DoF legs, it may prove useful in future robot development and is available from the
MathWorks File Exchange or from the MATLAB Add-On Explorer.

Assumptions, Inputs, and Outputs

The tool is designed for rapid iteration and approximate estimates of joint require-
ments; dynamic loads and inertial forces are not considered. These would require 3D
component models or mass moment of inertia matrices, which are not available during
early development. Instead, by assuming each de ned component is a point mass
with a gravitational force that acts downward at its centroid, the calculations are far
simpler and can use a static model of the robot from Chapter I. The time-discretized
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con gurations are independent of one another, with current force entirely dependent
on the current joint angles and robot geometry, not velocities or accelerations.

The preprogrammed gaits will always walk forward and keep the body level to
the planar ground. When determining the step trajectory for a swing leg, the robot
always takes the largest possible step while respecting the joint limits, and uses a
minimum jerk trajectory to move between points. While a minimum jerk trajectory
is not necessarily as time-e cient as ramp-up or uniform trajectories, it makes the
quasi-static assumption more realistic by keeping the inertial e ects minimized [35].

The tool expects a full geometric description of the robot leg via its Denavit-
Hartenberg link lengths and o sets. The foot, tibia, knee, and femur are de ned as
distinct distal masses, and the body, payload, base, coxa, and hip are lumped into
the aggregate body mass. The tool infers the properties of the robot from this single
leg input assuming all legs are identical and the body is arranged as described above.
The user can specify a desired walking speed, terrain grade, slope approach angle,
body height, and gait. While the entire robot is taken into account for gait generation
and mass e ects, the outputs only describe the user-chosen leg. Outputs include the
maximum angular velocity and torque expected from each joint to execute one gait
cycle.

Grasp Map Forces

The robot's foot locations are key factors in determining the ground forces each stance
leg must react to hold the current body pose. These forces must counteract gravity
and balance torques about the body to maintain static equilibrium, which can be
solved as a linear system fon stance legs with Eq. 2.1, where]]; is the x position

of the ith foot in the robot's body frame, F; is the vertical force on theith leg, and

m, is the mass of the robot. This system has one solution with three stance legs
su ciently spread about the robot, and a least squares solution distributes the load
in the case ofn > 3 stance legs. This force calculation is known as a grasp map or
force closure 36] and considers pose adjustment as self-manipulation using the legs as
a hand would use ngers to manipulate an object. Early experiments with the Titan

6 robot veri ed that this provides a decent, computationally-inexpensive estimate of
the gravity forces on each stance foot, but each leg has signi cant distal mass that
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must be accounted for with Jacobian-based methods.

2l bl P 20
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Torque Calculations

The derivative of a leg's forward kinematic map yields the Jacobian, denotel ),
which maps joint velocities, -, to foot position velocities,x (Eq. 2.2); its transpose
maps end-e ector forcesf, to joint torques, (Eq. 2.3). This relationship allows
the simulator to apply the gravity reaction force from the grasp mapkFy, to the kth
stance foot through the leg Jacobian by Eq. 2.4/ = O for swing legs). Similarly,
the distal weights of the leg components are applied at the appropriate locations
along the legs via intermediate Jacobiansl)( ), wherei = [1;2; 3; 4] corresponds to
the femur, knee, tibia, and foot respectively. The slope geometry is incorporated via
a rotation matrix, R}, that describes the gravity vector in the body frame.

x=J()- (2.2)
~=J()fF (2.3)
2 3 2 3
0 0
~= J(yrR*§0d+” piOrrR 8 o (2.4)
Fk =1 m;g

The resulting vector, ~, yields the joint torques in thekth leg needed to support
the robot's mass in the current pose with the given geometric de nition. By passing
through each set of joint angles in the automatically-generated discretized gait
trajectory, a time-dependent torque function for each module is generated.
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Example

The Hexapod Actuation Calculator App was run hundreds of times to determine
viable actuator masses, torques, and speeds. Since many behaviors and stances need
to be considered to provide a complete picture of the robot's joint requirements, a
suite of tests are required to fully evaluate a design. Figure 2.3 shows the Graphical
User Interface (GUI) with a set of example input values for a Titan 6 prototype, and
Figure 2.4 shows the returned plots and actuator speci cations for that case.

Figure 2.3: The application GUI that allows users to input geometric and behavioral
parameters to a simulated hexapod.
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Figure 2.4: Output plots from the calculator showing the automatically-generated
step trajectory in joint space, the required joint velocities though the gait, and the
calculated joint torques to resist gravity.
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Chapter Il

Actuator Technology

Actuators embody one of the fundamental concepts of robotics; linking code and
the physical world. They have been developed to use various physical driving forces,
materials, and properties and exist at any size from smaller than a single célll[

to larger than a building [38]. Some include sensors, computer interfaces, or linkage
mechanisms, but at the core of an actuator is the power train: storage, conversion,
and transmission. These components are the basic building blocks needed to make
up a self-contained robotic actuator, and must be carefully designed for e ciency,
cost, weight, and compatibility when building a robotic system. This is especially
true for a modular system such as Titan 6, which uses a single actuator design for
several joint applications with varying requirements. The following is a general survey
of actuator technology studied for Titan 6 and the factors considered in context of
a modular legged robot. The section follows the path of energy through the power
train shown in Figure 3.1, identifying the options considered for each component and
the associated bene ts and drawbacks for Titan 6.

1. Energy Storage

An actuator exists to release energy in a controllable manner, but that energy can be
stored e ectively in several common mechanisms. Many modern eld robots remain
tethered to o board power supplies for consistent control and easy retrievad9|, and
microrobotic systems are often unable to store su cient power onboard, preferring
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external magnetic actuation fi0]. However, these systems are not capable of free
exploration without existing infrastructure, so we will only consider viable onboard
storage solutions, especially those that are highly energy dense and realizable in
distributed system. Key characteristics of such systems are discussed below.

Figure 3.1: A block diagram showing the path of energy through a modular actuator
where input powerP;, electronics powerP,, conversion e ciency n, transmission
e ciency ¢, heat output rate Q, and output power P, are all time-varying.

Energy Storage Concepts

Reusability: Some means of energy storage can be reused inde nitely with no
change in performance, such as a weight raised in a gravitational eld, whereas
burning gasoline to release chemical energy can only be done once. Most methods
fall somewhere on this spectrum, with performance depreciation over time and use.
Generally, it is important to consider the energy storage reusability in context of
the robot lifetime as a whole and the acceptable upkeep costs to keep the system
operational. Additionally, actuators that are easy to access with minimal system
down-time may be able to tolerate single-use replaceable power storage, but Titan
6's limited deployment mass requirement includes replacement power storage.

Discharge Rate: Actuators usually have time-varying energy requirements based
on their controllers and uses. An energy storage method must be compatible in both
Continuous (the long-term draw of the actuator exerting its nhominal force) and
Peak (the short-term draw of the actuator during periods of high-exertion) cases.
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A system that cannot release enough power at peak will be the limiting factor in
actuator performance. Additionally, it is important to consider what happens when
the actuator out-draws the energy storage mechanism; it could simply limit output,
cause a brown-out that results in a system restart, or cause a dangerous reaction in
volatile systems. An energy storage method's continuous and peak discharge rates
must be well matched with the rest of the actuator - meeting or exceeding power
draw expectations while remaining safe for components in the path of energy ow
described in Figure 3.1.

Capacity: The capacity of an energy storage mechanism is simply the amount
of energy stored when fully charged, which directly a ects how long the system can
operate. This can be generally measured in Joules or Watt-hours (or Amp-hours
for batteries), but is often more useful in the context of the system, such as in
hours of operation or range. Most power storage systems are easily scalable, such as
batteries connected in parallel or fuel tanks, but adding capacity increases system
mass, leading to nonlinear scaling in operation time. In a legged robot, increasing
mass also increases actuator torque, drawing more power and increasing cost of
transport, which may result in a poor return on investment for additional capacity.

Volatility: ~ Storing large amounts of power is inherently dangerous, and systems
with high capacity must be handled with care to avoid releasing that energy in an
unsafe manner for either the system or nearby operators. It is often the case that
the most power-dense or e cient methods of energy storage are the most volatile,
as minimizing activation energy improves e ciency but increases the likelihood of
unintended activation. Explosions and res, as demonstrated in Figure 3.2, are often
the result of energy storage systems that are allowed to discharge through unintended
paths, such as a pressurized tank puncture, shorted battery cell, or spark in a fuel
tank. Volatility encompasses the likelihood of these issues and the danger posed by
byproducts of a compromised system, such as heat or toxic gaséH.[ The working
conditions of the robot must be compatible with the volatility of the storage system,;
disqualifying more volatile methods when the robot expects shock or heat exposure.
The ideal power storage system is safe for the expected operation of the robot and
resilient to minor operator error without catastrophic failure. Volatility concerns are
important to consider for Titan 6, which experiences impact accelerations with each
step and should survive in the case of a fall from its full two meter height.

21



l1l. Actuator Technology

Figure 3.2: The 2016 RoboSimian battery re caused by thermal runaway that
destroyed most of the robot body during unsupervised charging, an example of
storage volatility in Li-lon batteries, adapted from [42].

Specic Energy: When designing a power storage system for a legged robot,
it is critical that the mass is minimized. Each method of energy storage has an
associated speci c energy, measured ﬂ% and energy density, measured ilﬂ]]—3. This
characteristic is often steeply inversely related to those listed above as well as sharply
correlated with cost 3. Additional infrastructure for recharging, volatility safety,
and energy conversion all contribute to the mass considered in an actuator's energy
density. The goal of energy storage design should be to maximize speci c energy such
that volatility, reusability, discharge rate, and capacity requirements are met.

Mechanical Storage

The most e cient actuators are ones that don't incur losses by converting from
chemical or electrical energy to mechanical work, which can be achieved by harnessing
potential or kinetic energy directly. These systems include energy stored in a gravita-
tional eld, compressed gas, wound spring, or the inertia of a ywheel, and can result

in e ciencies near 100%. Fully mechanical power storage and actuation has been
proposed where electrical alternatives are impossible, such as the surface of Venus
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[44]. However, these storage solutions su er from di culty in controlling bidirectional
motion since mechanical switches must be used to divert the ow of energy. For
example: a wound clock spring can provide consistent power to a mechanism over
time, but the transmission becomes prohibitively complicated for more controlled
time-varying position output. Since most mechanical storage options have low speci c
energy, they are not well suited for bulk storage, but the ability demonstrated in
Figure 3.3 - recovering and intelligently redirecting mechanical energy over time with
minimal conversion losses - would be a useful augmentation in the joints of a legged
robot.

Figure 3.3: A wound clock-spring that can dissipate stored energy consistently over
a long period of time, from §5] (left), and a combination series-spring and clutch-
operated parallel spring mechanism that can store and release energy based on current
applied joint forces, from [46] (right).

Combustible Fuel Storage

Despite being highly volatile, not reusable, and polluting, combustible fuels are the
clear winner among well-established methods when optimizing an energy source for
speci ¢ energy. As shown in Table 3.1, conventional liquid fuels far surpass even the
most advanced battery power in terms of how much energy can be stored in a given
mass and volume. Though chemical bonds e ciently store energy, extracting that
energy and converting to useful work via combustion is ine cient and requires signi -
cant heavy machinery. Unlike the high e ciencies of mechanical or electrochemical
energy conversion, internal combustion engines are unable to harness most of that
energy for useful work, releasing 60% to 80% as heat. The most e cient engines
operate near 50% e ciency, but most are closer to 25% [47].
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Combustible fuel energy storage has great potential in monolithic, centralized
power systems, as demonstrated on BigDog][and ATHLETE [ 48], but does not
distribute to multiple smaller systems well. Scaling down engine sizes results in further
e ciency loss and quickly becomes impossible at the scales needed for individual
robotic actuators. This means that a robot running on combustible fuel needs a
central gas tank and engine that can generate electricity at a huge e ciency loss
or must use distributed transmissions, such as hydraulics, to move the energy from
storage to where it is needed.

Table 3.1: Energy Density of Storage Methods [49]

Storage Method Speci ¢ Energy % Energy Density %
Clock Spring 0.0003 0.0006
Lead-Acid Battery Cell 0.14 0.36
NiMH Battery Cell 0.25-04 0.493-1.55
Alkaline Battery Cell 0.48 1.3
Flywheel 0.36-0.5 Unavailable
Li-lon Battery Cell 0.46-0.72 0.83-3.6
Jet A Fuel 42.8 33
Gasoline 46.4 34.2

Electrochemical Storage

Recent developments in battery chemistry have made cells cheaper, more scalable,
less volatile, and extended their lifetimes50]. It is now possible to design custom
battery packs using well-characterized cells as building blocks to achieve desired
voltage, discharge rate, and capacity. The convenience of a power storage system that
is highly adaptable in form factor, reusablé,and maintains steady output voltage
cannot be understated. Additionally, while electricity is not inherently required by
actuators, it is required for onboard computation and computer-managed sensing
and control. Unless a system is generating electricity by siphoning energy from the
active power train, a battery is required to keep the robot's brain alive. Having a
single power storage architecture for both actuation and control is mass-e cient and
minimizes complexity.

10nly certain chemical cell compositions are rechargeable, such as Li-lon, NiMH, and Lead-Acid.
Alkaline and primary zinc-air cells are disposable after a single use.
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Though battery cells come in many chemical compositions, Li-lon célls par-
ticular have gained immense popularity in robotics for their high speci c energy
relative to other chemistries (see Figure 3.4). In addition to being lighter than NiMH
or Lead-Acid cells, Li-lon cells have low internal resistance, which allows them to
discharge safely at much higher peak rates. Though these cells are volatile and
extremely dangerous in thermal runaway, they are well studied and can be kept
reasonably safe with standard safety equipment and careful handling. Optimized
cells designed speci cally for certain robot applications are reasonable in some cases,
but standardized cells, such as 18650 and 21700, are mature technology and widely
available. They can be combined in series or parallel to assemble custom battery packs
with desired voltage and capacity with intermediate battery management circuitry.
Titan 6's distributed power storage system would bene t from a customizable form
factor to t in available space in leg links rather than a bespoke body cavity for
centralized power storage. Figure 3.5 compares the characteristics of batteries and
other energy storage methods, summarizing the rationale for choosing Li-lon cells.

Figure 3.4: A Ragone Plot of commonly used battery chemistries, showing the
signi cant advantage of Li-ion cells for high speci c energy, from [50].

2The Lithium-lon family encompasses a large subset of Lithium-based battery chemistries
including Lithium-Polymer (LiPo), a popular variant that can be packaged in a wider variety of
form-factors.

25



l1l. Actuator Technology

Figure 3.5: A comparison of some representative energy storage architectures where
all values are relative and the ideal system spans the perimeter of the radar.

2. Motors

Since it is impractical to store kinetic energy in its raw form with high speci c energy
mechanisms, an actuator needs a motor to convert the stored energy to mechanical
work. This component is the heart of an actuator, the actual interface between control
signals and physical e ects. Motors can convert any type of energy to mechanical
energy, but the most common is the electric motor, which pushes electric current
through coils of wire to induce magnetic elds and generate a torque about a shatft.
While engines and motors that convert other forms of energy are interesting, this
section will focus exclusively on electric DC motors, which are the most relevant to
the Titan 6 project.

In general, the torque of a DC motor is determined by the current drawn through
the coils and the speed is determined by the voltage. All motors can be modelled
with a speed-torque curve that indicates the viable operating conditions for a certain
motor design subject to the applied voltage, as shown in Figure 3.6. While these
curves provide a good idea of the expected outputs with the recommended motor
inputs, they are usually based on the rated power and inherent heat dissipation of the
motor itself. Using a standard motor model in Egs. 3.1 and 3.2, it is clear that the
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performance of a motor in terms of speed and torque can be improved by increasing
applied voltage and applied current beyond the nominally stated values. However, to
do so safely it is critical to avoid overheating the motor with the additional input
power, which is why custom heat dissipation in an actuator is critical to improve
performance.

Figure 3.6: An idealized speed-torque curve for a motor showing multiple curves for
varying voltages.

Table 3.2: Motor Model Parameters

Name Symbol
Applied Voltage Vi ()
Applied Current i(t)
Internal Resistance R,
Winding Leakage Inductance La
Speed (t)
Torque m(t)
Speed Constant Ks
Torgue Constant Kq
V(D) = L)+ R0+ ko) (3.1)
m(t) = kii(t) (3.2)
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These models and parameters are crucial for selecting the best motor for a given
task, but there are critical characteristics of di erent motor designs that can seriously
a ect the performance of an actuator. Though multiple motors may meet speed
and torque requirements, it is important to consider the importance of position,
velocity, and torque control resolution for the application as well as form factor, mass,
e ciency, and motor lifetime. For this reason, the rst step in motor selection is to
determine the type of motor and winding style to be used.

Types of Motors

All types of DC motors have the same main components. Thatator is the portion
that remains xed to the base, usually with electrical connections to thenotor
driver , an electrical device that regulates input voltage and current to turn the rotor.
The rotor or armature is concentric with the stator and rotates when voltage is
applied, turning the shaft, the mechanical coupling used to attach a transmission.
Most motors keep their rotors and stators constrained with bushings or bearings set
into the casing, which usually includes mount points to the stator; the shaft support
and housing together are known as th&zame .

Brushless: These motors, also known as interior permanent magnet DC motors,
are commonly used in robotic applications for their smooth output. As shown in
Figure 3.7, the rotor consists of a ring of permanent magnets aligned with radial
poles alternating N-S outward orientation. The stator consists of a series of coiled
wires, which produce a localized magnetic eld when powered. Each time a subset of
coils, or phase, is powered, the magnets on the rotor will turn the shaft to align the
magnetic elds. By sending current through the coils in the appropriate order at the
proper frequency, the motor driver can create smooth rotational speed trajectories
[51]. This controller is often aided by an encoder or hall-e ect sensor to indicate the
position or speed of the shaft.

Brushless motors can produce high speeds and high torques with tuned magnetic
forces from the coils, but require complex and sometimes costly motor controllers.
These motor controllers can draw lots of power and require separate cooling systems,
which can be a major drawback of using brushless DC motors. However, they o er long
lifetimes, fantastic controllability, and are readily available from many manufacturers
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with huge variety in form factor and speed-torque capabilities. Rotational friction

is minimized because there are no electrical connections between rotor and stator,
and the coils are located in the stator, shortening the path of residual heat out of the
motor into the surroundings. Some brushless DC motor models are frameless; doing
away with the shaft, bearings, and casing to save weight. A motor cannot operate
without a frame, so the components must be built into the actuator to constrain the
stator and rotor, but this can reduce weight in highly optimized systems.

Figure 3.7: Down-shaft view of a three-phase brushless DC motor, with radial
permanent magnets arrayed on the rotor and coils arrayed on the stator, from [52].

Brushed: Brushed motors are able to do away with the complicated motor
control circuitry by using a commutator on the shaft andbrushes on the stator
that mechanically switch the current path to provide the alternating magnetic elds
from the coils to drive the motor. By placing the permanent magnets in the stator
and the windings in the rotor, as shown in Figure 3.8, the angular position of the
rotor ensures the current is owing in the proper direction to generate the desired
torque. Because frequency of the coil switching is not coupled to logic circuitry as it
would be with a motor controller, brushed motors are very good at hitting high speeds
with minimal control e ort. However, the brushes must maintain sliding contact
with the commutator, and friction can degrade the electrical connection over time,
shortening the lifetime of the motor p3]. This style of brushed DC motor is often
the least expensive motor option.
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Brushed motors can be wound in several di erent ways to produce di erent
behavior characteristics. The permanent magnets in the stator can be replaced by
additional wire coils to generate a magnetic eld that is variable with the current
applied. In shunt-wound motors, the stator coils are connected in parallel to the
rotor coils, signi cantly improving speed control, but can reduce the torque applied.
Series-wound motors connect these two sets of coils in series, which can improve the
torque output because the current through both sets of coils can be increased together,
causing higher driving magnetic eld torques. The eld coils can be split between
series and parallel wirings to improve the high-speed control while maintaining high
torques, as is the case isompound-wound motors [54].

Figure 3.8: Exploded view of an external permanent magnet brushed DC motor, from
[55].

Stepper: A stepper motor is a specialized type of brushless DC motor that is
designed in such a way that the rotor always moves in discrett#eps to specic
positions. This is achieved with a \toothed" permanent magnet encoder that has 50
to 100 alternating N-S poles and similar \toothed" coils in the stator. The result
is a system with some large number of discrete equilibrium positions for the rotor
that can be e ectively stepped through by activating the stator coils in sequence, as
shown in Figure 3.9. Some stepper motors add toothed permanent magnets to the
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stator as well, allowing them to hold the current step without power. This makes
stepper motors very useful for precise, open-loop position control, because the shaft is
guaranteed to be in exactly the commanded position. However, a stepper motor can
skip steps if the rated torque is exceeded, which can accumulate error very quickly
and potentially shorten the motor's lifetime [56].

Figure 3.9: A simpli ed four phase stepper executing three steps by powering each of
four coils in order, with the wedge indicating change in angle, adapted from [57].

Stepper motors can be unipolar or bipolar, which corresponds to the ability to
pass current in di erent directions through the coils to reverse the magnetic eld
in the stator. While unipolar motors are less expensive and have simpler control
circuitry, bipolar stepper motors have signi cantly better torque ratings. Some
stepper controllers support microstepping, which allows for up to sixteen substeps
between full steps, which can increase positional resolution and reduce resonance
problems but signi cantly lowers holding torque [58].

Stepper motors are the only option when considering open-loop position control
for systems that run for a long time with high precision requirements, such as the
joints of a leg. They can be made to handle extremely high torques by stacking rotor
magnets and stator coils axially, and well tuned controllers have impressive speed
ranges. Additionally, holding position without added brake or clutch components can
be highly advantageous for legged robots that need to stand for extended periods of
time, which would normally draw nearly as much power as walking. However, stepper
motors require massive frames to house components in exact relative locations and
the magnetic stator alone can have mass on the order of comparable non-stepper
motors. They also react poorly to dynamic or shock loading experienced by leg joints,
since these can skip steps without any sensor to acknowledge the error.
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Scaling E ects and Limitations

Motor torque generally scales linearly with mass, which is usually advantageous for
industrial uses and wheeled system§89]. Unfortunately, this is an unfavorable trend
for legged robots, which are extremely mass conscious and torque limited. Scaling
up motors to provide additional power is infeasible for a legged robot such as Titan
6, especially because that additional power must be drawn from similarly scaling
energy storage. Titan 6 must optimize its actuators for torque-density rather than
power-density, and the motor selection process is key to pushing performance limits.
While motors get better every year, there are fundamental limitations on DC
motor torque density. Solving the Maxwell-Ampere Equation (Eg. 3.3) for a coil of
wire like those found in a DC motor shows that coils of wire emit magnetic elds with
strength proportional to the number of wraps and the current running through them
(Eqg. 3.4). This presents a problem as thicker wire is needed to carry more current,
but fewer thick wire coils can tin a given volume. Currently, motor performance is
limited by the state of material science; as wires are able to carry more current with
less internal resistance and as magnets become stronger motors will improve. Given
current motor technology that focuses on power-density, we must optimize actuator
torque-density through transmission design instead.

Table 3.3: Magnetic Field Equation Parameters

Name Symbol
Magnetic Field B
Core Permeability
Current Density J
Core Permittivity "
Electric Field E
Number of Coils Nc
Current I
. G
r B=J+ @t (3.3)
B = N (3.4)
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3. Transmissions

While the energy storage and energy conversion methods have huge implications
on the power and mass of an actuator, transmission selection can give an actuator
unique properties speci c to its use case. Transmissions are principally used to
convert high-speed, low-torque motion from a motor or engine output to more useful
speed-torque ranges or to transfer mechanical energy from where it is generated to
where it is used. The output can take the form of rotational or linear motion, and
often incurs e ciency losses in the transition. Some transmissions are variable, such
as those in automobiles which can vary the direction and speed of the output shatft,
but these are out of the scope of this section, since variable transmissions are usually
too large or complex for individual small actuators. The transmissions discussed here
are all xed-ratio and designed to be paired with an electric motor unless otherwise
noted. The chief attributes of the ideal transmission are de ned and compared below.

Table 3.4: Transmission Equation Parameters

Name Symbol

E ciency
Transmission Ratio N
Backlash

Power

Inertia

Torque/Force
Rotational/Linear Position

1 (3 |

Transmission Concepts

E ciency: The e ciency of a transmission, , is simply the ratio of power
at the input to the power at the output, shown in Eq. 3.5. These values can be
simply calculated as the product of torque and speed for the bare motor shaft and for
the output transmission, and are often prede ned for each transfer component in a
transmission. Typically, involving more energy transfers lowers the overall e ciency
since each adds opportunities for friction or heat loses. E ciency is usually dependent
on input speed, load torque, temperature, and lubrication but does not consider
transient spin-up loads or inertia of the transmission.
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8
_ Po _ <= for rotational output (35)
Pt EoXe  for linear output '

Ratio: The transmission ratio,N, describes the relationship between input and
output speeds, shown in Eg. 3.6. It is unitless in rotational output cases and usually
described in length per revolution for linear outputs. A ratio ofN < 1 has an output
faster than the input and is known as geared up; the opposite is known as geared down.
Actuators for use in robotic joints are almost always geared down to reduce motor
speeds from raw values in the thousands of revolutions per minute (rpm) to more
useful speeds. The ratio is also used to describe the output torque of a transmission,
but Eq. 3.7 (derived from Eq. 3.5 and 3.6) also takes the e ciency into account since
some torque is lost to internal friction.

N = (3.6)

< 4 |4

o -

i (3.7)

Backlash: Every instance of two mechanical components moving past each
other requires some gap in between to allow unimpeded motion. Narrowing this
gap increases friction loses, prevents lubrication from entering, and can cause a
transmission to seize or bind. This inevitable gap is the source of backlash, the
small amount of play in the output shaft present when the input is held still. Typically
backlash is small, measured in fractions of degrees or millimeters, but each moving
transmission component adds a small amount of system backlash, shown in Eqg. 33.8.
This idealized equation only models the kinematic component of backlash, though
there are signi cant negative e ects of backlash on the dynamics of a robot limi&(].
This motion is completely uncontrollable from the input, so it adds uncertainty to
output position that can only be measured with an output encoder. Backlash can
be mediated with consistent torque in a chosen direction on the output, since the
components will always be forced to the same side of the gap. This can be achieved
by selecting trajectories that avoid direction changes or with a mechanical preload

3Nk+1 indicates the transmission ratio starting from the kth component to the output shaft in a
transmission with n components.
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to bias the backlash in one direction. However, these trajectories are rarely viable
in legged robots and preload springs add friction that reduces e ciency. Systems

with high backlash often see noisy motor signals and generate vibrations when output
direction changes as the system slips brie y as the backlash bias ips. Many groups

have tried to mitigate or model backlash using a variety of methods with some success,
though many incur signi cant mechanical [61] or programmatic complexity [62].

X 1
b= bk Nk+1 (3.8)
k=1

Backdrivability: ~ The rotor of a non-stepper motor can be easily turned in the
absence of powered holding torque. This is known as backdriving, which essentially
turns the motor into an electric generator by forcing current through the coils via
the turning armature. Some transmissions are similarly backdrivable, allowing an
unpowered actuator to be rotated manually. This implies that a legged robot using
backdrivable actuators must constantly expend power to stay standing, even when
not moving, whereas a nonbackdrivable actuator would be able to stand unpowered.
However, a fully backdrivable system is much more robust to mechanical failures
due to impacts. When a legged robot collides with an obstacle, a nonbackdrivable
system has the worst possible load path, starting in the leg link and going through
the entire structure and every component in the transmission system, which is rigidly
xed by the nonbackdrivable component. This can shear o gear teeth, strip lead
screws, or break bearings, whereas a fully backdrivable actuator would simply resist
the motion until the motor torque was overcome, keeping the loads on the power
train low. Backdrivability is largely a binary feature based on the most resistant
component, but some transmission designs are marginally backdrivable.

Transparency: A transmission's transparency quanti es the ease of energy ow
between the motor and the output shaft and is typically tied to its backdrivability.
Whereas backdrivability indicates the steady-state torque on the output shaft required
to turn the motor shaft, transparency is related to the transient spin up torque.
Systems with high transmission ratios have low transparency as a result of the
re ected inertia of the actuator, calculated in Eq. 3.9. In these systems every turn
of the output shaft corresponds taN turns of the rotor, which can take signi cant
energy to spin up to speed. High transparency actuators have gear ratios néar= 1,
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and have bene ts such as viable torque sensing via measuring motor current draw
and high bandwidth control [63].

Jo= N2J, (3.9

Rotational Output Transmissions

Direct Drive:  The trivial transmission, or direct drive, has many intruiging
properties and advantages over high ratio actuators, and has been e ectively used in
limbed robots for over thirty years. The original CMU Direct Drive Arms [64, 65
proved that specially designed motors without transmissions are able to match
performance of similar size conventional actuators for precise position control in a
robotic limb. Parallel-mechanism legs such as those on the Minitaus]] or GOAT leg
(see Figure 3.10)32] have proven the advantages of current-sensing proprioception.
These systems have the bene t of perfectly e cient transmissions with no backlash and
very high backdrivability and transparency. The actuators can be made space-e cient
without bulky gear trains and the resulting system is extremely fast.

However, these actuators are extremely power hungry, drawing signi cant current
to hold relatively small torques without the aid of a high transmission ratio, and can
move faster than would be safe on a long-legged robot, wasting the upper bandwidth
of motor control. Motors are most e cient when operating in high-speed, low-torque
regimes, which is only reachable using large transmission ratios. As as result, the
thermal cost can prohibit desired trajectories or behaviors which may burn out the
motor more quickly than a motor operating in a higher e ciency regime. Cogging, in
which the permanent magnets in the rotor prefer to sit in discrete stable equilibria
when interacting with the ferrous core of the stator, can be a pervasive issue in direct
drive control as well.

Quasi-direct drive can shift an actuator's working regime to higher speed and
lower torque and alleviate many of the problems posed by pure direct drive. In
these systems a low ratio (kK N < 10) planetary gearbox is combined with a motor
designed for direct drive applications to retain the high-transparency, low backlash
bene ts but give the motor a torque boost. Unfortunately, as the ratio increases so
does the proprioceptive noise, and even with a torque increase of 10x, a quasi-direct
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drive actuator would need a prohibitively large radius to meet Titan 6's speci cations
(the torque required by a Titan 6 joint is similar to that of the CMU Direct Drive
Arm's fourth joint, which had a transmissionless motor with a 0.238 meter diameter
and 19.6 kg mass [64]).

Figure 3.10: A Tiger Motor designed for direct drive applications, fromef] (left),
and the GOAT leg which used three direct drive actuators to power a parallel leg
mechanism for dynamic movement with proprioception, from [32] (right).

Parallel Shaft Gear Trains: ~ The most common transmission for electric motors
in robotic applications makes use of parallel shaft gear trains, in which a pinion
gear on the motor shaft drives a larger gear to decrease speed and increase torque.
Chaining compound gears together can provide any desired ratio, though these are
typically in the range of 10< N < 1000. They also have the benet of being
extremely simple to design and cheap to produce, having been the industry standard
for decades. However, as the number of gears in the train increases, the actuator
e ciency decreases, backlash increases, and transparency decreases. Stiction, or
startup friction, can also become a problem in gearboxes, requiring messy lubrication
or expensive bearings to reconcile. Parallel axis gear trains are convenient for modular
packaging as they are compact and able to adjust the placement of the output shaft
relative to the motor, as demonstrated by the USnaked] and SEA Snake Modules
[67] in Figure 3.11.
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Figure 3.11: The gear train used in the SEA Snake Module spread out (left) and in
context in the compact modular packaging, from [67] (right).

Skew or Perpendicular Shaft Gear Trains: Worm gears, bevel gears, and
screw gears are all useful for transferring motor torque to output shafts at odd
angles. This is useful for legged robots that can pack the motor into the leg links
and still achieve rotation about an orthogonal joint. It is important to note the tight
shaft alignment tolerances with these gears, making highly customizable gearboxes
expensive to manufacture. Worm gears can provide much higher single-stage gear
ratios than standard gears, but worms are completely nonbackdrivable. These have
been used e ecively in compact modular systems such as Samb68|[and the
Biorobotics Lab's Tread Module, as shown in Figure 3.12.

Belt and Chain Drives:  Timing belts and drive chains can act as replacements
for parallel shaft gears in larger actuators. The main bene ts of these transmission
are their extreme exibility in output shaft location, ability to withstand some
misalignment, and resilience to particulates that can cause grinding in gears. Backlash
is particularly poor in actuators that use belts that are not prestretched or chains
without tensioners, with loosening causing problems over time as the materials age.
These drives can be designed with some inherent compliance from the stretching of
the belt of chain tensioner, but this correlates to poor positional accuracy under load.
Overall, these transmissions can be useful for simple, low cost systems, but are not
particularly well suited for compact actuators.
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Figure 3.12: The worm gear used in the Tread Module (left) and the full Tread Module
with four orthogonal outputs driven by one motor and a combination transmission of
parallel axis gears, skew axis gears, and belt drives (right).

Axial Compound Drives: Planetary gears, can achieve high single-stage gear
ratios in small packages that stack axially along the motor shaft. They generally
have lower backlash and higher e ciency than traditional spur gears, which makes
them a fantastic candidate for modular actuatorsgq9. However, these are achieved
by balancing gear separation forces with multiple planet gears driven by the sun or
ring gear, which compounds the re ected inertia of the transmission and complicates
the nonlinear dynamic actuator model T(]. Planetary gears can be mounted in one
of three ways: planet carrier xed, ring xed, or sun xed. The mounting strategy
a ects the transmission ratio as shown in Eq. 3.16.This presents an interesting
opportunity for a variable-transmission compact actuator, but this is out of the scope
of the Titan 6 project.

Cycloidal drives are extremely compact transmissions that can generate high
ratios for torque dense actuators. They are theoretically backlash free and usually
operate near = 0:93. However, unlike planetary gears that are inherently balanced,
the eccentric bearing and cycloidal disc can generate vibrations and wear on the
system. A multistage cycloidal drive can help to balance vibrations, but exacerbates
problems with the outer casing exing [71]. This exing is often di cult to account

4Planetary gears must be designed such thaliing = Tsun + 2 Tpianet -
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for as it is directly correlated with the desired output torque of the actuator. Even
made of hardened steel, casings may need to be thick enough to o set the compact
and lightweight bene ts of cycloidal drives. If not properly supported, this exing
will introduce backlash into the drive. Initial testing with custom low-pressure angle
3D printed cycloidal drives for Titan 6, shown in Figure 3.13, yielded positive results,
but shoring up casing designs to account for high internal loads eventually showed
that these would be too large and heavy for legged robot use.

Harmonic drives work on the same principle as cycloidal drives, rotating an inner
shape to match a toothed circular spline. However, harmonic drives are able to
accomplish this with an elliptical wave generator and toothed ex spline rather than
sliding cycloidal discs, which lowers the inertia of the transmission and is vibrationally
balanced. The main drawbacks are design complexity and hyper-tight tolerances,
which leads to high costs, long lead times, and inability to customize drive form factor
for speci ¢ uses because manufacture is limited to a handful of companies that are
often saturated with orders. However, the transmission ratio of both cycloidal and
harmonic drives is solely dependent on the number of teeth on the splines (Eg. 3.10),
so they are highly customizable within a given form factor. These have become the
gold standard transmission for limbed robotic actuators that require high repeatability
with high torque density. Harmonic drives are compared to each other form of rotary
transmission in Figure 3.14, illustrating why they are promising for Titan 6.

Figure 3.13: A 4:1 planetary gear stage (left), 65:1 cycloidal drive (center), and 100:1
harmonic drive, from [72] (right), considered for Titan 6 use.
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Table 3.5: Transmission Ratio Equation Parameters

Name Symbol
Transmission Ratio N
Number of Gear Teeth T
Radius r
Number of Pins P
Number of Lobes L
8
1 for direct drive
2 for spur, bevel, screw, and worm gears
1
[—i for belt and chain drives
- _Tring_ for planetary gears with xed carrier
N=Ee T P Y9 (3.10)
o i for planetary gears with xed ring
1+ % for planetary gears with xed sun
P L ; :
_w for cycloidal drives
- % for harmonic drives

Figure 3.14: A comparison of the available rotational output transmissions where all
values are relative and the ideal system spans the perimeter of the radar.
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Linear Output Transmissions

Lead Screws: Crankshafts, rack/pinions, cams, linkages, and many other trans-
mission designs have been e ectively used to operate linear actuators, but lead screws
remain the most common mechanism to convert rotational motion to controlled
linear output. While the actuator structure stays consistent, lead screws are highly
customizeable in radius, length, thread pitch, number of starts, and material and
can be optimized for a desired actuator strength and speed. The lead determines
the transmission ratio and e ciency according to Egs. 3.11 and 3.12, and the force
output is determined by the geometric and material properties in Eq. 3.13. Low
pitch lead screws are particularly ine cient, but are completely nonbackdrivable and
excellent for positional accuracy with high resolution. High pitch screws are more
e cient and backdrivable in some cases, but do not have the high force output usually
required of a linear actuator. Ball screws are an improved form of lead screw that use
ball bearings to mitigate friction with the screw, increasing e ciency and minimizing
backlash but increasing cost and weight.

Lead screw linear actuators are often used in statically stable robots bearing
high loads, such as MAX 18]. These systems make use of precise positioning and
nonbackdrivability to move rotary joints with basic linkages and avoid using energy
unless moving. Walking with joints that lock in place in stance and need to exert
very little force to move in swing is extremely energy e cient. Though lead screws
tend to require more structure and mass in rails, linear bearings, the screw itself, and
associated joint linkages than rotary actuators, they are able to use lighter motors
and power storage options due to this e ciency.

X

| = (3.11)
tan(h)
= 3.12
tan(h + arctan( )) ( )
8
< Fdp I+ d msec() . . .
_ T T sec() when force coincides with motion (3.13)

Fdm d msec() | . . .
2 T T see) when force is opposite motion
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Table 3.6: Lead Screw Equation Parameters

Name Symbol
Driving Torque

Output Force F
Input Speed —
Output Speed X_
Coe cient of Friction

Lead I
Minor Diameter dnm
Thread Angle

Helix Angle h

Tendon Drive: There are several types of tendon driven actuator, the most
common being a tendon-pulley combination to generate mechanical advantage in
linear motion. The main advantage of tendon-driven legs is the opportunity to
consolidate the majority of actuator mass in the body, with only the cable and a
few pulleys making up the distal mass. While this is typically more useful in small
systems such as robot hands, legged robots follow similar principles and can even be
considered as world-manipulating hands/l. Tendons can be routed nearly anywhere
in a robotic system, especially in ways that mimic biological exors/extensors, such
as in the LIMS system 4], shown in Figure 3.15. This tendon drive system is torque
dense, highly transparent, low mass, e cient, and well suited for limbed robots.

Another intriguing style tendon drive system is the twisted wire actuator T5].
These rely on the tension resultant from twisting two parallel cables about each other,
which can yield large transmission ratios and apply large forces with little actuator
mass. These actuators also bene t from long, straight sections along which to run
the tendons, of which Titan 6 has plenty inside the femur and tibia links.

Though initially considered for Titan 6 hip and knee actuators, these tendon
drive systems were eliminated due to their inability to be modular in a legged robot
architecture. When cables are routed through multiple joints, the system becomes
hopelessly coupled, preventing single actuators from being swapped out in-situ without
long repair times. Additionally, stretching over long lengths of tendons can contribute
to actuator backlash and unwanted compliance [76].
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Figure 3.15: Two tendon drive actuators; a joint on LIMS, from 4] (left), and a
twisted wire actuator, from [75] (right).

Hydraulics

Hydraulics may often be treated like an entirely separate regime of actuatiériput

in reality it is simply a form of transmission with an extra energy conversion stage

in the motor-driven pump. Though hydraulics are typically used in industry for
large scale actuation such as construction equipment and active vehicle suspensions,
smaller scale high- delity hydraulic systems have been used e ectively in many of
the Boston Dynamics legged robots such as BigDog with a gas motor for power
generation and Atlas with an electric power train. As shown in Figure 3.16, this style

of hydraulic actuation is inherently centralized, relying on one large motor-pump for
energy conversion and a series of manifolds, valves, and lines acting as the transmission
to drive cylinders located at the joints. This centralization allows it to be high force
and high speed simultaneously with great e ciency (depending on ow path and
pump selection), with one extremely energetic ow available wherever it is needed.
The downside of this centralization is that every joint is now coupled, and driving all
eighteen of Titan 6's joints simultaneously would degrade performance in each. Of
course, traditional centralized hydraulics can hardly be modular; even with hydraulic
quick-connects allowing cylinders and valves to be swapped out, damage to the motor
or pump would cripple the entire robot [77].

SPneumatics are in the same branch of centralized actuation with uid transmission, but are
not considered for Titan 6 due to the compressability of air. Unlike incompressible hydraulic uid,
air-based actuation is unavoidably compliant and a stalled leg can lead to dangerous energy storage
that could be released by kicking operators up to two meters away.
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Figure 3.16: A centralized hydraulic system with three double-acting cylinders
combined in a relatively standard but low e ciency ow path, from [77].

However, recent advances in micro-hydraulic technology have made distributed
modular hydraulics more realistic Tg. Rather than a traditional system that uses
valves, which can weight several kilograms each, to direct ow to the correct joint, it
is possible to have a battery-motor-pump-reservoir combination hooked up to each
cylinder directly [79]. This design would be exorbitantly expensive for an 18-DoF
system, but it would be torque-dense, robust, backlash free, and fully modular.

While some pumps can be backdriven as hydraulic motors, the transparency would
be poor, ultimately limiting proprioception resolution BQ]. Inline pressure sensing
is simple and noninvasive, and would provide a highly accurate measurement of the
force on the cylinder rod, which could be used as a stand-in for proprioceptidi].
Controlling the pressure in the line rather than position of the output shaft would
allow for force control of the joint, a ording most of the bene ts of highly transparent
systems without the need expend energy to hold position. It is important to note
that this approach to hydraulics is limited by the spin-up speed of the motor-pump,
requiring detailed motor models to design controllers that use viable trajectories.
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4. Brakes and Clutches

Backdrivable actuators are both a blessing and a curse. Under dynamic loading
they can save gear teeth and allow the motor to dissipate the shock energy as heat
in the coils, but under static loading it can force the motor to expend energy in a
zero-e ciency con guration (o, =0 =) = 0 by Eg. 3.5). Components such
as brakes and clutches allow actuators to bselectively backdrivable , either by
locking the output shaft in place or by disengaging a nonbackdrivable transmission.
This concept has been used for mechanical force control in grippeBg][and selective
compliance in early iterations of self-tapping anchors [83].

It is important to note that electromagnetic brakes and clutches can draw signi -
cant amounts of current to maintain either their locked or unlocked state. Though the
design of the locking interface is much more e cient at holding position than a motor
coil, the energy economics of the added weight of the component, nominal locking
current draw, and bene t to performance must be considered carefully for every
legged robot. An excellent review of robotic joint locking technology for selective
backdrivability can be found in [84], with a summary in Figure 3.17.

Figure 3.17: A categorized list of joint locking mechanisms from [84].
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5. Heat Dissipation

The performance of an actuator's power train is fundamentally limited by its ability

to dissipate generated heat away from sensitive components. Every watt of power
that is lost between the storage and end-e ector ends up as heat (shown by Eq. 3.14
and Figure 3.1), with certain components such as motor coils, motor controllers,
computers, and high-friction points in transmissions especially vulnerable to burning
themselves out. Some actuators have the luxury of temperature sensors to ensure
safety and others have to rely on provably safe, worst-case thermal models, but either
way heat dissipation elements must be incorporated to achieve optimal performarfce.

Q=P mo*tPe (3.14)

Passive elements such as n-array heat sinks are common in robotic actuators
that can spare the room; otherwise anodized aluminum casings can do a good job of
radiating heat away from internals 5. In systems with more extreme thermal issues,
active dissipation such as fans or liquid cooling may be employed. These are usually
power hungry systems in and of themselves, so are not a good match for legged robots.
However, it is possible to use the already high-speed motor shaft to drive a cooling fan
at minimal cost to actuator e ciency. By piggybacking on existing rotation to drive a
fan, a separate fan actuator is avoided, saving weight and providing thermal transfer
coe cients several orders of magnitude larger than free convection or radiation. The
idea of a rotor fan with open casing was explored in early designs of modular Titan 6
actuators, shown in Figure 3.18. In a nonbackdrivable actuator that can hold stance
without heating up, this idea is viable, but in a system that will generate most heat
when standing still, coupling the fan to the actuator motion means that the cooling
does not operate when it is most needed. Adding a \breathing" behavior, in which
the robot gently oscillates vertically in stance, is an easy software X in theory, but
the thermal model has not been created to verify that this added motion will reduce
heat build up.

6Remember from Section 3.2. that an electric motor can always output more torque or speed
based on itsk; and ks values as long as that extra heat can be dissipated.
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Figure 3.18: Cutaway of an early design of a modular Titan 6 actuator with rotor
fan providing forced convection over a heat sink to allow the motor to operate above
its rated current limit.

6. Computation, Communication, and Control

Onboard computers take on a supporting role in modular actuators, handling low-
level motor commands and feedback control from position and torque sensors. Often
their job is to handle re ex commands quickly that would take too long to send to
the main computer and wait for a return signal. This could include capping motor
current as windings heat up, handling selective backdrivability for actuator safety,
or even adjusting the leg motion for uneven terrain. However, Titan 6 does not
have a central computer, so its modular processing responsibilities must balloon to
handle both low-level and mid-level control parameters, such as basic gait cycles.
High-level control such as path planning or operator interaction can be handled by
a communication module with a single centralized computer or by designating one
module as the leader, allowing it to delegate out parallel processes to other modules.

Intermodule communications require choosing between information packet, signal,
and wiring/wireless standards. It can be tempting to try to craft custom bus and
wire harness designs to t a robot's exact needs, but often selecting from an existing
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protocol, such as Ethernet, CAN bus, oriC is su cient. Titan 6 has large distances
between modules, making USB communication unreliable and non-paired signals
noisy even with proper shielding. Running long signal lines through leg segments
can end up acting as antennae, picking up noise from wireless networks or even
other components in the robot. The size of Titan 6 is just at the edge of justifying
wireless intermodule communication such as Wi 802.11 or Bluetooth Low Energy
(BLE). Though these methods have signi cantly lower data transfer rates and are
subject to busy signal bandwidths from nearby networks, they can prevent using over
twelve meters of cable that would weight almost a kilogram, and would increase the
modularity of the system.

7. Sensing

For legged robots, joint sensing is almost as important as the module power train
for e ective locomotion. Position sensing is vital to closing the loop on control,
but the addition of torque sensing can improve an actuator's ability to cope with
unpredictable environments in the same way a biological system can adjust its gait
based on proprioceptive feedback. Additionally, many modern sensors have been
shrunk down to integrated circuits (ICs) or printed circuit boards (PCBs), allowing
modular actuators to incorporate fairly extensive sensor payloads with negligible
mass or power draw. By distributing many of these sensors across the robot's
joints, patterns may emerge that can be interpreted by convolutional neural networks
(CNNs).

Listed below are a handful of sensors that are easily integrated into actuator
electronics packages along with their uses on a legged system. Inertial measurement
units (IMUs) can provide orientation data for pose adjustment on uneven ground and
sense accelerations from leg impacts. Ambient or component-embedded temperature
sensors can inform thermal models for expected heat dissipation and de ne safe limits
of continuous operation. Current and voltage sensing at various places throughout the
power train can inform the computer of battery charge levels, electrical malfunctions,
and motor power input. Environmental sensors can keep the robot informed of dust
and moisture ingress before it becomes problematic. These examples are only a few
of the sensor possibilities and say nothing of their capabilities for measurement in
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actual eld deployments, where the entire goal could be to collect data from a certain
set of built-in sensors.

Position Sensing

Position sensing is typically accomplished with an encoder, which can be incremental
or absolute. Incremental encoders are simpler, cheaper, and usually smaller, but can
only measure a change in position, so every time the system is power cycled it must
be recalibrated to account for movement while turned o . These work well in tight
spaces, especially for nonbackdrivable systems with onboard memory, preventing the
need for calibration on every startup. Alternatively, absolute encoders are able to
individually encode some number of joint positions with distinct markers so they are
always able to determine the absolute position with respect to the original calibration.
These are usually more expensive and often include a small processor to read and
interpret the sensor value.

The placement of an encoder in the power train is critical to its performance;
measuring the output of the motor and multiplying by the transmission ratio does not
take backlash into account like directly measuring the joint angle would. Magnetic
encoders rely on precisely calibrated magnet rings, disks, or strips, which can be
demagnetized by nearby hot components or give noisy readings if too close to the
motor coils. Hall e ect sensors are sometimes included on motor casings for measuring
the position and velocity of the rotor, but nearby permanent magnets from other
encoders may corrupt their readings.

Force/Torque Sensing

Current Sensing: Motor torque output can be calculated as a function of the
input current (Eq. 3.2), and the output force/torque of a transmission is a direct
function of the motor torque and transmission ratio (Eq. 3.7). Thus, in an ideal world
measuring the current draw of the motor should inform the torque experienced at the
joint. Unfortunately, e ciencies are time varying, backlash corrupts measurements,
and these models are not perfect, making it di cult to rely on current-based torque
sensing in systems with high transmission ratios. Systems that use direct drive can
ignore the e ciency term and don't experience backlash, and have demonstrated
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highly capable current-based proprioception8g]. While early uses on legged robots
were only to determine the instance of ground contact, more recent results have shown
the ability to sense force with enough delity to measure ground force reactions for
gait control [87] or for terrain identi cation [ 88]. While current sensing is possible for
systems with large transmission ratios, it is only suitable for determining moment of
impact and direction of torque about the joint. It is worth noting that this is the
only form of force sensing that does not require additional mechanical components in
the power train that add complexity and points of failure.

Series Elasticity: By incorporating a exible element into a transmission and
providing measurements of its de ection during actuator operation, series elasticity
essentially turns the force sensing problem into a position sensing problem, which
robotic actuators are already adept at solvingd9. It is possible to get accurate,
high resolution torque feedback from a series elastic actuator using Hooke's law to
determine the torque on a spring attached to the output shaft of a transmission. This
method of force control works especially well in geared transmissions, as evidenced by
Figure 3.19, where the elastic element can be hidden inside one of the gears 0
as shown in Figure 3.11. It is also useful for force sensing in linear transmissions such
as lead screw or hydraulic cylinder driven joints [91].

This method of torque sensing does come with a trade-o between sensing res-
olution and additional actuator compliance. A lower spring sti ness corresponds
to higher de ections under the same load, which widens the sensing window of an

Figure 3.19: A torque plot for a highly-geared series elastic actuator, showing the
torque sensed by the spring-model closely tracking ground truth torque and unusable
levels of noise corrupting the current sensing-based torque measurement, from [90].
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encoder of xed resolution. This added compliance can be bene cial for legged loco-
motion [97); reducing shock loads on the power train, making the robot safer around
operators, and preventing uneven ground from toppling the system. However, for
Titan 6 to use series elastic actuators with its long links and not incorporate massive
amounts of uncertainty in foot position, the spring would need to be extremely high
sti ness, which would be too low resolution to be useful.

Strain Gauge: Strain gauges are thin resistive loops designed to measure strain
in de ecting surface to which they are attached. They have been used e ectively
to sense minute de ections in actuator components in the load path to determine
force/torque output. However, strain gauges only report a single value for strain
measurement, and this aggregates strain from tension, compression, torsion, and
bending that may be a ecting the measured area. It follows that this sensing method
would be prone to noise from de ection resulting from out of plane torques or forces.
Multiple sensors attached to a custom component designed for outsize de ection from
torque about the appropriate axis, as shown in Figure 3.20, can solve this problem,
but add signi cant complexity to the actuator design P3]. Some work has been done
to use the ex spline part of a harmonic drive as such a component, since it is exible
and well supported against loads other than torsiorBf]. Sensor wiring presents a
logistical issue for these designs, as the gauges are on a rotating component, limiting
continuous rotation of the actuator.

Figure 3.20: An actuator component designed to measure output torque using four
strain gauges (left), Finite Element Analysis (FEA) results showing the component
under torsional load with concentrated strain on four surfaces where the gauges are
mounted (center), and FEA results showing the component under a shear force load
with minimal strain near the gauges, adapted from [93].
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8. Discussion

At the conclusion of the literature and technology review for designing Titan 6's
modular leg actuators, it is clear that the target actuator should prioritize torque
density. The power storage should have high speci c energy and allow for highly
e cient power conversion with an electric motor. The power conversion should be a
brushless DC motor that is frameless to cut down on redundant casing mass. The
transmission should have low backlash and be resilient to high impact loading, and it
would be optimal if the legs were selectively backdrivable. High resolution position
sensing on the output shaft without repeated calibration is necessary, high- delity
force sensing at the joints is desired but a rough estimate may be su cient.

With these expectations laid out, two models of Titan 6 joints were designed in
parallel to explore the actuator design space and determine the performance on a
full-size legged robot. These designs are described in Chapter IV.
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Chapter IV

System Design

In the process of designing Titan 6, four models were produced, as summarized in
Table 4.1. Each version of Titan 6 is meant to explore a di erent aspect of the system.
This approach ensured that the development of localization algorithms, controllers,
and actuator designs could proceed in parallel. Teams working on each robot were able
to share discoveries throughout the process, giving valuable feedback that factored into
later iterations. Mat-6, the scale model, was built quickly to provide a legged robot
upon which to develop the top-level control: global planners and SLAM algorithms.
Hebi-6 soon followed as an early prototype used to characterize the dynamics of such
a long-legged robot and develop appropriate gaits and controllers, and was redesigned
multiple times to improve performance. The capabilities of these systems, along with
the Hexapod Actuation Calculator (see Chapter Il) and actuator technology survey
(see Chapter I11) enabled the informed design of the nal Titan 6 modules and system
architecture. The two leading transmission designs from early analysis were pursued
through the Harmonic-6 and Hydraulic-6 systems, with the goal of completing the
designs of both modular actuators and building a test leg from each. The results from
this test leg characterization then would determine which design would move forward
to build the nal Titan 6 robot and if any advantageous design aspects from the losing
model could be subsumed by the winner. This chapter describes the design process
and goals of developing each system along with an examination of key mechanical
design intricacies.
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Table 4.1: Geometric Descriptions of All Titan 6 Prototypes

Name Leg Length Mass Development Focus

(m) (kg)
Mat-6 0.62 21.6 High Level Planning
Hebi-6 2.0 23.0 Controller & Gait Design
Harmonic-6 1.98 70 Harmonic Actuator Testing
Hydraulic-6 2.0 135 Hydraulic Actuator Testing

These values are estimated from CAD models and prototype module masses.

1. Mat-6 Scale Model

The Mat-6 design, shown in Figure 4.1, uses modular actuators that were commercially
available from Hebi Robotics, a spin-o from the Biorobotics Lab, to accelerate the
design process. These modules, known as X8-16s, are repackaged versions of the
series elastic actuation technology from the SEA Snaké7] (see Figure 3.11) in a
more general-purpose form factor. Each has a computer that handles joint-level
control using encoders and series elastic elements to sense position, velocity, and
force. While they require an external power source, the X8-16 actuators are otherwise
self-contained, using a brushless DC motor with a parallel axis gear train to drive an
output shaft 15 rpm at 16 Nm (38 Nm peak). Additional sensors provide temperature,
orientation, acceleration, and power draw feedback, which can be read over Ethernet
connections §5]. These modules formed a baseline for the future Titan 6 modular
actuator development, and served well in the Mat-6 and Hebi-6 designs before the
Titan 6 modules were fully developed.

Mat-6 is an approximately 1 : 3 scale model of the speci ed size for Titan 6; a leg
length to joint torque ratio that is well studied and easily supported by the X8-16
actuators. This is key for allowing Mat-6 to use static stability assumptions (see
Chapter 1) to simplify control. The leg kinematics and static assumptions of this
system are exactly the conditions simulated by the Hexapod Actuation Calculator
App, and Mat-6 was used during tool development to verify outputs with measured
speeds and torques on the real system. It also served as a platform to test sensor
payloads and footstep planners in unstructured terrain. Because mapping and footstep
placement are a fully geometric problems, they scale up well, but the scale model
was not a useful dynamic analog for gait and controller development.
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Figure 4.1: The Mat-6 scale model robot with an early perception payload for high
level autonomy development.

2. Hebi-6 Model

Titan 6 is an interesting platform because legged robot control enters a new regime
when the resonant frequency of the system drops into the controllable bandwidth
(see Chapter V for details). Mat-6 is easy to control, but nonlinear scaling in joint
torques and resonant frequencies made Mat-6 an especially poor model for full-size
long-limbed controller development, so Hebi-6, shown in Figure 4.2, was built to
study to dynamics of sprawled-posture, thin-limbed, under-powered walking. This
system was built in the early discovery phase of the project when the team was still
gathering data to de ne the speci cations of the Titan 6 joint modules, so Hebi
X8-16 actuators were again used as a stand-in for the custom joints. These actuators,
with low transparency, some backlash, and unwanted dynamic e ects from the series
elastic elements were not ideal for developing this system, but helped to illustrate the
worst-case dynamics for an eventual nalized Titan 6 model. With the legs scaled up
to the full size of 1.0 meter femur and tibia links, the module torque was severely
insu cient to lift the body even with six legs, so the hip joint torque was doubled by
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