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Abstract

Legged robots have demonstrated how versatile all-terrain robot locomotion can be.
Coupling this with other capabilities such as running at high speeds, carrying heavy
payloads or any other general ones, make them appealing for outdoor applications.
The typical design approach used to develop the legs of these robots has been
actuator-centric. While this approach has worked well for general-purpose legged
robots as seen from their promising performance in outdoor applications, it may not
necessarily be the case for specialized robots. This is because such a straightforward
design approach may not uncover the design intricacies required to facilitate their
specific requirements in order to achieve high performance. Hence, this calls for an
alternative design approach.

This master thesis studies the question of what it means to design a specialized
robotic leg holistically. It begins with the exploration of leg designs meant for two
different specialized robots: one for high-speed applications and the other to carry
heavy payloads. The legs of various animals and that of previous robotic works
were first examined to gain inspiration and insights. Design concepts based on
these were then drawn up. Eventually, only a single leg concept intended for heavy
payload applications was pursued. This design concept was subsequently developed
using a thorough design framework. This holistic design approach eventually led to
a leg design intended for a centaur-like heavy payload quadrupedal robot which is
deployable in construction-related scenarios. The finalized leg design uses an average
of 24.5% less total joint torque for a walking task as compared to a naively designed
one. The high-performance leg design encapsulates the critical ideas explored as
well as serves as a proof of concept of the proposed design approach.
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Chapter 1

Introduction

Legged robots have long been recognized for their versatility in all-terrain locomo-
tion [I]. Their defining subsystem, the legs, enable them to possess unique locomo-
tion capabilities which include: i) the ability to maneuver through arduous terrain,
ii) requiring only a few defined foot placements instead of a continuous path, and iii)
easily maintaining their stability using their intrinsic multiple Degrees of Freedom
(DoFs) [2]. These benefits motivate the research field to push the application of
mobile robots from mere factory floors to the outside world.

The research field has recently seen some significant progress. The unprecedented
dynamism demonstrated by various legged robots such as Agility Robotics Cassie
[3, 4], ANYbotics ANYmal [5], Boston Dynamics Spoﬂ and the MIT Cheetahs
[6, [7, B, @] are evidence of this. The design approach used to develop the legs of
such robots has generally been actuator-centric. Here, actuator development takes
the top priority, while the mechanical design of the leg merely serves as a means
to an end. While this approach has been relatively effective for such legged robots,
it may not be the case for more specialized ones, such as one that can run at high
speeds or carry heavy payloads, and whose development may be the future direction
of the research field. This is because such a straightforward design approach may
not reveal the often complex and counter-intuitive design intricacies required to
facilitate the specific demands of these robots. This may result in a final design
that performs poorly. Hence, this calls for a proper investigation into the design of
robotic legs.

This master thesis puts forth the notion that a robotic leg is more than just actuators
coupled together using rigid links, and hence it needs to be designed holistically.
In other words, when designing robotic legs, their actuators together with their
functions and projected tasks, have to be considered simultaneously. This thesis
starts with the search for two leg designs meant for two different robots, one that
can run at high speeds and another that can carry heavy payloads. Animals and
previous robotic works were first studied to seek for inspiration and insights. These
were then used to generate potential design concepts for the legs. After some
evaluation, one that can bear heavy payloads was eventually selected. This design
concept was then built upon using a meticulous design framework. This holistic
design approach led to a high-performance leg design meant for a centaur-like heavy
payload legged robot which is suitable for construction-related applications. When
compared to a naively designed leg, the leg as depicted in Fig. uses 24.5% less
total joint torque for a walking task. Hence, the design embodies the fundamental
ideas explored and is a proof-of-concept of the holistic design approach introduced.
The thesis is organized as follows: Chapter 2 details the design problem and re-

IProduct link: https://www.bostondynamics.com/spot
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Figure 1.1: A 1:2 scale 3D-printed prototype of the finalized leg design developed
using the proposed holistic design approach.

views existing literature. Chapter 3 covers the concept generation and evaluation
phases. Chapter 4 explains how a selected leg concept was systematically analyzed,
optimized, and engineered. Chapter 5 details the finalized leg design of the heavy
payload leg. Last but not least, Chapter 6 concludes the thesis. The relevant project
management and supporting documents can be found in the appendices.



Chapter 2

Design Process and

Literature

Review

This chapter begins with the introduction of the design objective of this master
thesis. The associated design problem is then abstracted and analyzed. A holistic
design approach suitable for tackling the design problem is subsequently proposed.
Literature regarding animals and existing robotic works are finally reviewed at the

end of the chapter.

2.1 Design Objective

a)

|/ —

2703

Vo0,

Figure 2.1: Envisioned specialized quadrupedal robots. a) High-speed. b) Heavy

payload.
Requirement High-speed robot | Heavy payload robot
Maximum speed [ms~!] 10 1
Maximum payload [kg] 1 20
Autonomy [h] 1 4

Table 2.1: Requirements of the future robots.
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The primary objective of this thesis was to explore leg designs intended for two
future quadrupedal robots, namely one that can run at high speeds and the other
that can carry heavy payloads. Figures [2.Ih-b respectively illustrate these two
specialized robots and their requirements are listed in Table The high-speed
robot was envisioned to be a regular quadrupedal robot that was suitable for search
and rescue deployment. It should expend most of its energy transversing the terrain
at high speeds while carrying a small payload (e.g. first aid kit). The heavy payload
robot, on the other hand, was envisioned to be a quadrupedal robot that has an
arm or a torso with arms attached to it. This configuration enables the robot to
manipulate its environment, hence, making it suitable for the construction industry.
This robot should also be able to operate for a sizeable period of time (e.g. drilling
holes into the walls of a floor). By the end of this thesis, it was planned that only
one leg design that facilitates the realization of either of these robots would be
developed.

The following section analyzes the underlying design problem of these two robots
in detail.

2.2 Design Problem

Figure 2.2: Fundamental design problem of legged robot locomotion; 2D case on
the sagittal (XZ) plane.

The fundamental design problem of robot locomotion is the development of mech-
anisms that utilize ground interaction forces to propel an elevated mass along a
given desired trajectory. In the domain of legged robots, these mechanisms take on
the form of vertical extensions which periodically make contact with the ground as
illustrated by Fig. [2:2] These vertical extensions, which are better known as legs,
can be analyzed in three ways, namely the forces that they apply, their motion as
well as their energetics. In the following paragraphs, each of these will be explained
in greater detail.

The stance phase of legged robot locomotion begins when the leg comes into contact
with the ground. For this simplified 2D analysis, during the stance phase, the leg
only applies forces that act along the X and Z axes. Along the Z-axis, the leg
supports a proportion of the weight of the robot while also applying any additional
force required to accelerate the mass vertically. As this force is primarily vertical
to the ground, it gives rise to a frictional force (traction) which acts along the X-
axis. It is this horizontal force that enables the leg to move the mass forward as
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it actuates backward. Once the leg has reached the backward limit of its reach, it
shortens its length to create some clearance before swinging forward. This marks
the start of the swing phase, where the actuators produce forces which act on the
leg to counter the inertial forces. Upon reaching the forward limit of its reach by
swinging and extending, the leg impacts the ground (its velocity instantaneously
changes to Oms~!) and enters back into the stance phase.

As the robot tracks its desired trajectory, the above phases are repeated one after
another to form a periodic cycle. The timings to which individual leg is in the stance
or swing phase characterize the motion of the robot. The overarching pattern of
these timings is called a gait. The different types of gaits in animals and robots are
generally well studied and can be explained analytically using the Spring-Loaded
Inverted Pendulum (SLIP) model [I0].

By considering the energetics of this design problem, an ideal leg is one that expends
an amount of energy that is equivalent to the theoretical work required to move the
mass along its desired trajectory. However, in reality, the theoretical work required
only forms a lower bound on the energy expenditure due to the inevitability of
energy losses. The sources of these energy losses include but are not limited to the
following: i) ground impacts [I1], ii) friction and other dissipative nonlinearities in
the actuators and its transmission system [12], and iii) leg configuration; geometric
work where the actuators are working against one another [13].

With the above analysis, the leg of a legged robot can be defined as follows: it is a
subsystem that applies accurate and repeatable forces in a well-defined workspace
surrounding it. These forces together with their ground interactions, propel the
Center of Mass (CoM) of the robot along its desired trajectory. The mechanical
design of the leg should seek to achieve the following: i) facilitate the locomotion of
the robot (predominantly periodic), ii) minimize overall energy consumption (lower
bounded by physical laws), and iii) mitigate any short yet high-intensity impacts
that may occur at the end effector. If these are fulfilled, the leg is deemed to be a
high performing one.

In the following section, the insights from this analysis were used to develop a
holistic design approach for this thesis.

2.3 Holistic Design Approach

L/

~ ~ '),
- - —_— —_— — — B ‘
- L ~N - V
<
Concepts Analysis Optimization Engineering High-Performance
* Nature « Statics * Design Leg Design
* Robots » Dynamics

Figure 2.3: Proposed holistic design approach for designing high-performance
robotic legs.

Referring back to Table it was expected that a high-performance leg design for
each of the two envisioned robots would be very different from one another. This
was because each leg has to cater to the particular requirements of each robot. By
intuition, the high-speed leg has to move quickly and efficiently, while also being
able to mitigate very high-intensity impacts. The heavy payload leg, on the other
hand, has to use very little power to maintain its configuration, even when it is
loaded heavily. In other words, the design emphasis of the high-speed leg lies in the
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application of horizontal forces, while that of the heavy payload leg was in the ap-
plication of vertical forces. This insight and the demanding requirements suggested
that the straightforward actuator-focused design approach typically employed in
robotic legs development today may not be adequate enough. This was because
when designing high-performance legs for specialized legged robots, the often com-
plex and counter-intuitive design intricacies required to facilitate the performance of
these robots are only revealed when its actuators, various functions, and projected
tasks are simultaneously considered in the design process. These would most likely
be overlooked should attention be paid only to the actuators of the leg. Hence, this
called for a more holistic design approach.

Figure presents the holistic design approach that was used to design high-
performance robotic legs for this thesis. The 5-phase process started with the gen-
eration of concepts using insights from both natureﬂ and previous robotic works.
These are then evaluated and narrowed down. The most promising concept was
further developed before being analyzed, both statically and dynamically based on
the projected tasks of the robot. The design parameters of the leg were later op-
timized to one of the tasks and then engineered to increase their feasibility. The
high-performance robotic leg was then finally designed using these parameters.
The above summary serves as a guide for the remainder of this thesis. The following
section presents the findings from the comprehensive literature review.

2.4 Literature Review

An extensive literature review that spanned across nature and previous related
works is presented in this section. The findings are organized in pointers to highlight
specific insights. These were useful when the design concepts of the high-speed and
heavy payload legs were being constructed.

2.4.1 Nature

The following pointers relate to animals:

e Morphology:

— Quadrupedal mammals have asymmetrical loadings on their limbs due to
their forward CoM; dogs have higher loadings on their forelegs than their
hindlegs [I4]. Therefore, this highlights that symmetry is not a common
natural phenomenon. Hence, one should expect that the forelegs and
hindlegs of animals are morphologically different from one another.

— The cross-sectional bone structures of a fast dog and a strong one are
different; the former is elliptical while the latter is circular [14]. This
highlights the interconnectedness of form and functions seen in nature.

e Locomotion:

— Energetically efficient locomotion:

* People who run with a midfoot or forefoot strike are more energy-
efficient than those who run with a heel strike as it reduces the

1Based on the Theory of Evolution, there exist adaptations in animals in which inspiration can
be sought from. While it is clear for the case of high-speed animals since they relate to survival
(chasing prey, running away from predators), it may not be the case for carrying heavy payloads.
This is because such an act may not be necessary for survival and is more of a human-related
activity (transporting materials around). Hence, adaptations that enable larger animals to carry
their massive weights were investigated instead.
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ground contact time. This consequently minimizes the unnecessary
movement of their CoM [15].

* During walking, the human pelvis restrains the motion of the CoM
such that it is only able to track its trajectory. Hence, achieving
energetically efficient locomotion [16].

* When horses gallop, they retract their legs during the swing phase
to reduce the inertia of their limbs. Hence, reducing the amount of
torque required for the swing phase.

* Animals tend to locomote at their resonance frequencies. Therefore,
they move with very little energy input [I7].

— Adaptations that increase ground traction:

* Animals such as dogs have claws that dig into soft ground for trac-
tion.

— Factors affecting animals moving at different speeds:

x The acceleration and deceleration of animals are affected by different
constraints at different speeds. At low speeds, geometric constraints
such as the ratio of how forward the CoM is to their leg lengths
limit their speed. This is done to avoid pitching while also increasing
ground traction. At higher speeds, they are limited by physiological
constraints [18].

e Impact mitigation:

— It primarily takes place in the foot.
— Adaptations that decreases the rate of change of momentum:

x There are movable links present in the hoof of a horse that increases
its compliance.

* Cushioning in the feet of animals is a common feature. Examples
include the footpads of humans, the paw pads in digitigrade an-
imals (animals which walk on their digits), the digital cushion in
unguligrade animals (animals which walk on hoofs)

— Different control strategies affect the magnitude of impacts:

* People who run barefoot typically land on their midfoot or forefoot
instead of the usual heel. Doing so increases the compliance of their
ankle joint and consequently, the effective mass which impacts the
ground. Hence, this results in smaller impacts [19].

* Elephants tend to land on their cushioned heels when walking [20]

e Maintaining configuration:

— Locking mechanisms:

* Some birds have a locking mechanism similar to a hook and pawl
which allow them to stand upright for long periods of time [21]

* Flamingos can support their entire body weight on a single foot by
changing their configuration such that their CoM is close to being
directly above their foot. Hence, very little ankle joint torque is
needed to maintain its configuration [22].

x Horses have a group of soft tissues called the stay apparatus which
lock their joints with little muscular effort when maintaining a con-
figuration.

— Cushioning:
x Elephants have large feet cushions for bearing their massive weights
[23].
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2.4.2 Robots

The following pointers relate to previous robotic works:

e Design approach:

Every robotic leg comprises of two subsystems, its passive dynamics and
its active control system [24].

Passive dynamics relate to the passive components (e.g. springs, dampers)
and the configuration of the leg.

x These components may be used to increase the performance of the
robot with little to no energetic cost.

x They can be viewed as an instantaneous and energy-efficient feed-
back control since no sensors that cause delays are involved [10].

x However, it may increase the design complexity of the leg, and they
may also be seen as a dead mass when not in used.

The active control system relates to the active components (e.g. actua-
tors).

* They can overwrite the passive dynamics to output a desired behav-
ior.

x They are also able to fulfill a variety of tasks.
*x They tend to be energetically expensive.

Passive dynamics may be viewed as a filter which reduces the task
that the active control system has to perform. It also damps the high-
frequency impacts.

x Typically in a leg, its high-frequency behavior is handled by the
passive dynamics, while the active control system manages its low-
frequency behavior. This highlights the close relationship shared
between its mechanical design and control [25].

*x However, it may be difficult to categorize what tasks are high- fre-
quency and what tasks are low-frequency.

The inclusion of passive dynamics into the leg may reduce the closed-loop
force control bandwidth of the leg [7].

Decoupling the actuation required for locomotion and gravity compen-
sation may simplify the design problem [26] 27].

e Morphology:

In a nominal stance configuration, a mammalian configuration gener-
ally requires lesser joint torque as compared to a reptilian or insectile
configuration [28].

A pantograph leg mimics that of mammals [29].

A spider configuration promotes a better power balance between the
actuators during gait than a conventional serial configuration [I3]. How-
ever, this may be limited to a particular case (3ms~! running trajectory
generated using a SLIP model).

A parallel kinematic leg has a smaller Range of Motion (RoM) as com-
pared to a serial leg [§].

Legs that have a tarsus which faces the direction of motion is prone to
lesser impacts [24].
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e Design practices and heuristics:

— Proprioceptive force control is enabled by coupling a high torque actuator
with a low mass and inertia leg [7].

— The impact mitigation capability of a leg is inversely proportional to its
mass and inertia [7].

— The inertia of a leg can be reduced by minimizing its gearing since re-
flected link inertia is increased by the square of the gearing ratio [30].

— Backdrivability enables energy to be regenerated [31].
— A compliant leg may protect its actuators from impacts [32] B3].

— Operating at resonant frequencies enables compliant actuators to achieve
desirable performance metrics such as: i) minimal mechanical peak power,
ii) minimal mechanical energy per cycle, and iii) minimal electrical en-
ergy per cycle [34, [35] [36].

2.4.3 Database of Animals and Robots

A database containing information regarding animals and robots was compiled.
This spreadsheet can be found in Appendix The following are the insights that
were gained: i) the shank of fast animals are generally longer than their thigh, ii)
the shank of heavy animals are generally shorter than their thigh, and lastly, iii)
both classes of animals generally walk on their digits or are hoofed.

In the following chapter, these insights were used to developed promising design
concepts for the high-speed and heavy payload legs.
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Chapter 3

Design Concepts and
Evaluation

This chapter describes how a heavy payload leg design concept was eventually se-
lected. The technical requirements for the high-speed and heavy payload legs, as
well as the function structure of a robotic leg, were first formalized using the insights
gained from the literature review. A morphological box containing possible solu-
tions for each of these functions were subsequently constructed. These were then
put together to form concepts for the two legs. These were evaluated against the
corresponding objective-based evaluation tree. The top-scoring ones were further
developed until the mentioned heavy payload leg was selected. This chapter ends
with an overview of this concept.

3.1 Technical Requirements and Function Struc-
ture

The technical requirements for the high-speed and heavy payload legs were com-
piled into a spreadsheet, as seen in Appendix These represented the goals to
which the final designs of the two legs sought to achieve. The requirements were
organized into categories that relate to their mechanical design, functions, perfor-
mance metrics, and interfaces (mechanical, electrical, data). They can be briefly
summarized into the following pointers: i) the high-speed leg was expected to be a
lightweight, low inertia leg which can track fast trajectories, ii) the heavy payload
leg, on the other hand, was expected to be more massive, and it should maintain
its configuration for an extended period of time with a relatively low energy con-
sumption, and iii) both were expected to have a high composition of active elements
while also being ingress protected to make them suitable for outdoor applications.
The function structure of a robotic leg was also derived using the insights gained
from the literature review. It is as shown in Fig. More details regarding
the individual functions can be found in Appendix The function structure
illustrates the flow of forces and data between the various functions of the leg.
Energetics wise, a leg can be essentially viewed as a medium in which mechanical
energy flows through. Hence, in order to achieve high performance, a leg design
has to facilitate this flow. This is especially the case for the primary functions as
highlighted in red. These functions which relate to the specializations of the high-
speed and heavy payload leg should be designed to be either highly energy-efficient
or low-powered.

The following section describes how these additional insights were combined with

11
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Figure 3.1: General function structure of a robotic leg. The primary functions of
the leg are highlighted in red.

that from the literature review to generate possible design concepts for the high
speed and heavy payload legs.

3.2 Concept Generation

A morphological box containing possible solutions for each function of the function
structure was compiled. It is as shown in Fig. 322 The following highlights some
of the solutions that were explored:

e Convert electrical power into mechanical power:

For this thesis, it was decided that either the DynaDrive or NEO Pseudo-
Direct Drive (PDD) actuators were to be used in the eventual leg.

The DynaDrive actuator has a gear ratio of 1:8, while that of the NEO
actuator is 1:6.6. These are relatively low gear ratios as compared to
conventional high torque actuators which use harmonic gearboxes that
have gear ratios typically ranging from 1:30 and upwards. Adopting such
a low gear ratio allows leg inertia to be reduced, energy efficiency to be
increased, and also transparent (feedforward) control to be enabled.

The peak torques of these in-house actuators are estimated to be 40Nm
and 230Nm respectively.

These actuators may be used directly, coupled with additional gearing,
or other components such as a spring or damper.

When coupled with a spring, the configuration results in a Series Elas-
tic Actuator (SEA; when coupled a fixed stiffness spring in series) [32],
a Variable Stiffness Actuator (VSA; when coupled a variable stiffness
spring in series) [33], or a Parallel Elastic Actuator (PEA; when coupled
a fixed stiffness spring in parallel) [37, [38].

When coupled with a damper, it results in a Series Damper Actuator
(SDA) configuration [39].
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Concepts
Functions Comments

Direct Drive
Convert Actuator Rotary Actuator
electrical Combinations of
power into actuators and
mechanical transmission
power

Design constraint imposed by project (3 DoF motion, max 3 actuators)

Gearbox None Gearbox

Component None Serial Spring | Parallel Spring Damper

Convey
mechanical
TGN LB Mechanism that enables the leg Power from Spring-based Singularity
effector to to maintain its configuration Motors Mechanism Configuration
maintain
configuration

Hard Stops Clutches Brakes

Kinematics Serial Parallel Serial-Parallel

Convey

3 Morphology of
mechanical the overall leg
power to end and its Transmission | Motor at Joints Rigid Link Bowden Cable Chain Rope Belt
effector for

A transmission
locomotion . ) ) .
Material Metals Composites Plastics Ceramics

Interface
Apply linear between leg

forces to the and ground; P - Py -
ground acting on the ingle-point ultiple-points . -
ground Type Contact Contact Geometric Foot | Plantar Foot Digits Hoof

Apply forces

to the Rigid Spring-loaded Suspended
mechanical Attachment fo trunk Attachment Joint Joint

interface

Nature Passive Active

Absorb Interface between leg and Spring-based Additional
external force: ground; receiving from the Damper Mechanism Degrees of
ground Freedom

Recuperate Direct .
mechanical Storage mechanisms Feedback to Sprlng-ba_sed Flywheel Tendons Elastomer
Mechanism
power Actuators

Estimate
power balance

Sensors Proprioceptive | Force Sensor | Position Sensor

Figure 3.2: Morphological box.

e Convey mechanical power to end effector to maintain configuration:

— Variable stiffness mechanisms that can actively change their equilibrium
positions can be used [40, [41].

— Alternatively, locking mechanisms that are mechanical, frictional or singularity-
based such as brakes can be used [42].

e Convey mechanical power to end effector for locomotion:

— An unconventional serial-parallel kinematic structure can be used [43].

— Using polymer ropes to transmit torques seemed promising [37].

e Apply linear forces to the ground:

— Solutions such as a passive spring-loaded [12] 44] or adaptive [45] foot ,

an active foot [46], or even a bioinspired hoof [47] are possible options.
e Apply force to the mechanical interface:

— These solutions can be used to restrict the movement of the CoM of the
robot during locomotion, hence increasing the energy efficiency of the
robot.

e Absorb external forces (shocks):

— A foot inspired by the insights from Section may be used here.
e Recuperate mechanical power:

— Tendons made from kevlar can be used to store energy [48].
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Generated Concepts
Functions

Direct Drive Direct Drive Direct Drive Direct Drive Direct Drive Direct Drive Direct Drive Direct Drive Direct Drive Direct Drive Direct Drive
Convert Rotary Actuator | Rotary Actuator | Rotary Actuator | Rotary Actuator |Rotary Actuator | Rotary Actuator | Rotary Actuator | Rotary Actuator | Rotary Actuator | Rotary Actuator | Rotary Actuator
electrical

power into Gearbox Gearbox Gearbox Gearbox Gearbox Gearbox Gearbox Gearbox Gearbox Gearbox Gearbox
mechanical
power . e e ) ) . .
Serial Spring None None None Serial Spring | Serial Spring None Parallel Spring | Parallel Spring | Serial Spring | Serial Spring
Convey
mechanical
ITRCEEH Powerfrom | Powerfrom | Powerfrom | Powerfrom | Spring-based | Powerfrom | Power from Cluches | SPringrbased | Spring-based | Power from
effector to Motors Motors Motors Motors Mechanism Motors Motors Mechanism | Mechanism Motors
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Serial Serial Serial Serial-Parallel Parallel Parallel Serial Serial Serial Parallel Parallel
Convey
mechanical
CENTERE N Motor at Joints Belt Rigid Link Rope Rope Motor at Joints | Rigid Link Chain Rope Rope Motor at Joints
effector for
locomotion
Metals Composites Metals Composites Plastics Metals. Metals Composites Metals Metals Metals
Ao eD Passive Passive Active Passive Passive Passive Passive Passive Passive Passive Passive
forces to the ey
ground s"g;""::'t"' Geometric Foot | Plantar Foot | Plantar Foot | Plantar Foot | Geometric Foot | Geometric Foot | Plantar Foot | Geometric Foot | Plantar Foot | Geometric Foot
Apply forces
to the Rigid Rigid Rigid Rigid Rigid Spring-loaded Rigid Spring-loaded Rigid Rigid Spring-loaded
mechanical Joint Attachment Joint Attachment | Attachment Joint
interface
Additional .
x‘:r::f::ms Damper Damper Damper Degrees of Damper Damper Damper S&':;?‘:’r::ﬁf Damper Damper Damper
Freedom
Recuperate ) Direct } ) Direct ) Direct }
: Spring-based Spring-based | Spring-based Spring-based Spring-based Spring-based
WLERIEI “Vechanism | Feedbackto | Syechaniom | ~Mechanism endons Mechanism | Feedbackto | “yjoganigm | Feedback to D Mechanism
power Actuators Actuators Actuators

Estimate

bower balance [k Sensor | Proprioceptive | Force Sensor | Force Sensor | Force Sensor | Force Sensor | Proprioceptive | Force Sensor | Force Sensor | Force Sensor | Force Sensor

Platform Universal | HighSpeed | HighSpeed | HighSpeed | HighSpeed | HighSpeed | Heavy Payload | Heavy Payload | Heavy Payload | Heavy Payload | Heavy Payload
Serialleg ) Serial leg
i Serial leg Parallelleg ) i Parllelleg
design that has | ;0o that has design that ordlied @eslyniiiniiizs design that
a foot that has Parallel leg ’ design that has | variable Parallel leg )
) . ! a parallel allelleg. | e the weight ) ! \  |uses the weight
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mal seriallog design|forelease | Tener' S & |hasedona (S2WNISOM | orial g design|to aidin mechanismin [basedona |saengs from
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nero) o mitigate o better el alllto i to better
SR impacts mitigate impacts GENIEIEER | WZETE D mitigate impacts

spring at toe off

Figure 3.3: Summary of the generated leg design concepts.

e Estimate power balance:

— The proprioceptive method [7], a force sensor, or a position sensor that
measures the displacement in springs can be used.

The solutions from the morphological box were combined to form five possible
design concepts each for the high-speed and heavy payload legs. Figure [3.3]summa-
rizes the generated concepts. The associated design sketches, as well as additional
information, can be found in Appendix [B.4]

3.3 Concept Evaluation

The technical requirements from Appendix [B.2] were translated into an objective-
based evaluation tree for each type of leg. They are as shown in Appendix
The two high-level objectives governing the evaluation trees were high performance
and a short development time. For both of them, a slight emphasis was placed
on the former than the latter (0.6 vs. 0.4). While both evaluation trees share
the same set of evaluation criteria, they have different weights for each criterion.
The differing weights represent the specialization of each type of leg. Regarding
the performance-related criteria, a large emphasis was placed on being lightweight,
having a low inertia, and being structurally strong for the high-speed leg. This
was primarily due to the leg operating at high speeds and experiencing enormous
impacts while doing so. For the heavy payload leg, the emphasis laid on consuming
low amounts of energy while maintaining a configuration and also being structurally
strong. This was because the leg has to resist the effects of the heavy weights that it
typically carries. On achieving a short development time, criteria such as having a
low design complexity, a small number of custom parts, and having many standard
and off the shelf parts have large weights for both evaluation trees.
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a) Joint b Joint
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Figure 3.4: Selected heavy payload leg design concept. a) Front view. b) Side view.
Note that the terminology for the link and joints of the spider leg are different from
that of a conventional serial leg.

The evaluation trees were used to score the various concepts, as seen in Appendix
[B:6] The top two scoring concepts of each leg were subsequently developed. The four
developed concepts are as depicted in Appendix [B:7] Out of these four concepts,
Concepts 3.1 and 7.1 were the most promising. The former is a high-speed leg that
uses a simple serial leg configuration with a compliant foot. This foot enables the
leg to operate energetically efficiently as it stores and releases energy as it runs at
high speeds. The latter is a heavy payload leg that uses the spider configuration
for a better power balance between its actuators. It is also equipped with a low-
powered braking mechanism which enables it to hold its configuration efficiently.
After much deliberation, Concept 7.1 was eventually selected. This was because it
ranked the highest in its category and between the two types of legs, the realization
of a heavy payload leg was the more certain one when the decision was made.

The design concept was further developed again after the selection. The following
section presents an overview of the detailed version of this design concept.

3.4 Selected Heavy Payload Leg Design Concept

Figures[3.-Zph-b illustrate the selected heavy payload leg design concept. These design
sketches were not drawn to scale and are meant only to highlight the key features of
the concept. This concept sought to achieve the following objectives: i) it should be
able to carry heavy payloads, ii) it should be energy efficient, and lastly, iii) it should
be able to mitigate impacts effectively, given that it was expected to be heavy. The
following pointers describe how these three objectives were being fulfilled:

e Ability to carry heavy payloads:

— The leg uses the mentioned high-torque NEO actuators. The torque
capability of these actuators should satisfy the demanding requirements
set for the heavy payload leg.
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— The leg is made of custom aluminum alloy parts connected via standard
Carbon Fibre Reinforced Polymer (CFRP) cylinders. This combination
enables a lightweight, low inertia, and robust realization of the leg.

— A force sensor located at its phalanges enables accurate and reliable force
control.

e Energetically efficient operation:

— The leg adopts a spider configuration that supports its actuators in pro-
viding powers of the same sign during gait; the actuator work with one
another instead of braking against one another, hence possibly increasing
the energy efficiency of the leg [13].

— The leg incorporates a permanent magnet brake in its Ankle Flexion
and Extension (AFE). This bioinspired feature enables the leg to lock its
ankle joint and maintain a given configuration passively [21].

e Effective impact mitigation:

— The leg has a distal joint that faces the direction in which it is mov-
ing; this geometrical feature enables the leg to experience lesser power
dissipating impacts [24]

— The leg uses ropes and pulleys to transmit the necessary torques to the
various joints [31]. This allows the heavy actuators to be centralized near
the supposed trunk of the heavy payload robot. Hence, a lightweight and
low inertia leg (in the flexion and extension direction where it operates
most of the time) can be realized. This consequently reduces the power
dissipating impacts experienced by the leg.

— Similar to animals as seen from Section [2.4.1] this leg integrates compli-
ant material (e.g. silicone, foam) into its phalanges to mitigate impacts
effectively. Additionally, the phalanges have a large surface area which
not, only increases the ground traction but also distributes the pressure
more evenly so as not to destroy the environment.

Do note that the naming convention for the spider configuration is different from
that of a regular serial leg since Hip Abduction and Adduction (HAA), and Hip
Flexion and Extension (HFE) are no longer co-located. Hence, it will be useful to
keep this naming convention in mind since it will appear regularly in the subsequent
chapters.

The above features together formed a promising design concept for the heavy pay-
load leg, which has the potential to emit a high performance. The concept also
highlights the interconnectedness of the various features of the leg to its functions
and tasks. It was the holistic design approach that revealed the necessary design
considerations needed for the leg to achieve a high performance even in such an
early phase of the design process. Therefore, the above suggests that the holistic
design approach is indeed a feasible one when designing robotic legs. The above
also demonstrated once again, the close relationship that form and function share.
With the design concept in hand, one might proceed with the mechanical design
phase, for example, by naively designing the leg with arbitrary link lengths. How-
ever, for this holistic design approach, the design concept was further analyzed,
optimized, and engineered before doing so. The following chapter describes how
these were carried out.



Chapter 4

Design Analysis,
Optimization and
Engineering

This chapter describes the design framework that was used to generate the final
design parameters of the selected heavy payload leg. It begins with the sizing of a
robot that uses the heavy payload leg. This robot was then analyzed statically and
dynamically to deem its feasibility. The design parameters of its legs were subse-
quently optimized to a single task and were eventually engineered. The conducted
procedure, as well as its findings, are presented in the following sections. Do note
that this chapter heavily references the material seen in Appendix and it only
serves as a guide behind the underlying thought process of the design framework.

4.1 Robot Sizing

The heavy payload robot was first sized to get a better understanding of the loadings
and interfaces involved. It is as depicted in Fig. The centaur-like robot is made
from the trunk of ANYbotics ANYmal CE] (11kg), the upper torso body of Halodi
Robotics Evtﬂ (36kg), and the updated iteration of the heavy payload legs which
will be detailed in the following paragraph. This configuration enables the robot
to not only transverse through the terrain, but also manipulate it. The torso was
placed 0.2m in front of the center of the trunk to increase its reachability. This
resulted in an asymmetry in the robot, which was further amplified by a 15kg
payload (maximum payload of the arms). This was done so that the robot can be
analyzed in a worst-case scenario manner.

Figure shows the updated design concept for the selected heavy payload leg. As
compared to the concept presented in Section this design was further iterated
with several design simplifications being adopted. These include the following: i) the
vertical thigh has been integrated into the actuator mount for the Knee Flexion and
Extension (KFE) NEO actuator, hence reducing the need of an extra transmission,
ii) the rope transmission has been replaced by a belt transmission (assumed to
have a mechanical advantage of 1.25) as the performance of the former cannot be
guaranteed upon further research, and lastly iii) the gearing for AFE has been
decoupled; the gearbox of the NEO actuator was placed at the joint itself after the
belt transmission in order to reduce the torque transmission requirement of the belt,

IProduct link: https://www.anybotics.com/anymal-legged-robot/
2Product link: https://www.halodi.com/ever3

17
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Figure 4.1: The envisioned heavy payload robot.

as well as to enable the amplification of the static torque provided by the permanent
magnet brake. The leg was expected to have a total mass of approximately 18.8kg,
where > 70% of it was made up of active components. The nominal hip height of
the leg was set at 0.6m. This consequently led to the link lengths shown in Table
A1 below:

Link Length [m)]
Thigh 0.05
Shank 0.5
Foot 0.5
Phalanges 0.05

Table 4.1: Initial link lengths of the heavy payload leg.

With these, the heavy payload robot (with its maximum payload) was expected to
have a total mass of 137.4kg. This was concerning as it suggested that the loadings
on the heavy payload leg would be very significant. Hence, it was clear that mass
reduction was one of the priorities of this design framework.

The updated design concept of the heavy payload leg served as an initial design
guess of what the heavy payload leg might eventually be. Nonetheless, it was
expected that the leg design parameters would change as the framework uncovered
more design intricacies that facilitate the performance of the leg. The following
section details the analysis and optimization of this heavy payload leg.
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Figure 4.2: Updated heavy payload leg.

4.2 Analysis and Optimization

The heavy payload robot was analyzed first statically, and then dynamically. The
insights from the analyses were used to guide the optimization of its leg design
parameters. The following subsections detail how these were being carried out.

4.2.1 Static Analysis

The design parameters from the previous section were used to generate a mathe-
matical model of the heavy payload robot. This model was then analyzed statically
on the sagittal (XZ) plane. Here, the range of achievable hip heights, as well as the
reachability of its arms, were studied. Additionally, the static joint torque required
to hold different hip heights were also calculated. In this portion of the analysis, it
was assumed that AFE solely provides the required torque. Hence, due to asym-
metry, the joint torques required in the forelegs were more significant than that of
the hindlegs. This hinted that it was possible to use smaller and lighter brakes in
the hindlegs, which may result in a much needed mass reduction of 0.6kg per leg.
Overall, this portion of the analysis showed that the initial design guess of the heavy
payload while was feasible (joint torques required were below actuator limits), left
much room for improvement.

4.2.2 Dynamic Analysis

Four potential tasks that the heavy payload robot might be subjected to were
identified. Figures[.3p-d illustrate these robot-level tasks, namely, pushing up from
a crouched position, walking on flat ground, rotating on the spot, and climbing a
flight of stairs. Out of these tasks, walking on flat ground was assessed to be the
most likely worst-case scenario that the robot will face. Additionally, if the push
up was done very slowly (quasi-statically), the joint torques required should be
identical to those reflected in Section Hence, half of these tasks has been
technically accounted for.
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Figure 4.3: Four potential tasks of the heavy payload robot. a) Push up from a
crouched position. b) Walking on flat ground. ¢) Rotating on the spot. d) Climbing
a flight of stairs.

With this in mind, the design parameters of the heavy payload robot from Section
was used to generate a robot model in the Robot Operating System (ROS) en-
vironment. Using the Trajectory Optimizer for Walking Robots (TOWR) packag(ﬂ
[49], this robot model was tasked to walk a distance of 1.5m in 12s, which resulted
in an average velocity of # = 0.153ms~!. The obtained robot trajectory is optimal
in the sense that it did not violate any of the default constraints in TOWR. While
this trajectory was far from the initial target of & = 1ms™!, it was a safe and
feasible one; analysis showed that the initial target was both too ambitious (joint
torques required were beyond the capability of the NEO actuators) and potentially
dangerous (a ~ 140kg robot walking at that speed is undoubtedly a safety hazard).
This robot-level task was subsequently translated into leg-level tasks using Vitru-
vi(ﬂ The MATLAB toolbox has an extensive list of capabilities, one of which being
the ability to generate the associated joint-level metrics, given the models of the
robot and its leg, as well as its TOWR trajectory. Hence, the design parameters
from Section were being used to generate the respective robot and leg model
The analysis showed that while the leg-level tasks were feasible for the legs (the
power, joint torques and joint velocity requirements were below the actuator lim-
its), the resulting joint torques required were still very high (maximum joint torque,
~ 250Nm). Hence, it was decided that joint torques should be minimized.

4.2.3 Link Length Optimization

The other capability of Vitruvio is the ability to optimize the design parameters of
the leg model. It uses the genetic algorithm of the MATLAB Optimization Tool-
boxlﬂ as its optimization method, and the MATLAB Parallel Computing Toolbox[]
to speed up its calculations. This stochastic optimization method searches for the
optimal design parameters in a way that is similar to natural selection. The de-
sign parameters that were being optimized in this case were the thigh, shank, and
foot lengths of the heavy payload legs. A composite penalty function guided the
optimization. It is made up of a particular component that needs to be minimized
and binary checks. The latter only penalize potential leg designs should they fail
to meet specific requirements. These include: i) a low tracking error while tracking
the end effector (foot) trajectory, ii) a maximum extension of < 90% of the total
leg length, and finally, iii) a spider configuration with a forward-facing distal joint.
The settings used in the optimization, unless otherwise stated, are as shown in the

3Github link: https://github.com/ethz-adrl/towr

4Bitbucket link: https://bitbucket.org/leggedrobotics/vitruvio/src/master/

5Vitruvio is only able to account for leg designs with point feet. Hence, assumptions were made
for the selected heavy payload leg design concept. It was assumed that the geometric phalanges
(foot) were always ground-facing, and the force that it applies was always through its center. Thus,
rendering the geometric phalanges as a point foot.

6Toolbox link: https://www.mathworks.com/products/optimization.html

"Toolbox link: https://www.mathworks.com/products/parallel-computing.html
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Table The link lengths obtained through this optimization were deemed to be
optimal (in a local sense) and were synonymous with being high performing. Their
performance was also compared and normalized to the initial design guess.

Setting Value
Generations 5
Population 250

Range of possible thigh lengths [m] | [0.005,0.1]

Range of possible shank lengths [m] | [0.4,0.6]

Range of possible foot lengths [m] [0.4,0.6]

Table 4.2: Standardized optimization settings.

The following subsubsection describes how the optimal link lengths for torque min-
imization were being obtained.

Total Joint Torque Minimization
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Figure 4.4: Improvement in total joint torque (reduction) by optimized link lengths
after each round of optimization. The red, blue, green, and yellow lines represent
the improvements recorded for LF, RF, LH, RH, respectively. A circled result
indicates the particular set of optimized link lengths which gave rise to the largest
improvement for that leg.

81t was realized that these generation and population settings were sufficient in obtaining a
first insight about the optimization.
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As mentioned in Section £.2.2] it was desired that the joint torques of the walking
task be minimized. Hence, the following component: Zij =T |754], where T is
the joint torque, 7 is the time index, j is the joint index, and T is the average
period of a single gait cycle, was incorporated into the penalty function. Regarding
the joint index, joint 1 refers to HAA, joint 2 refers to KFE, and joint 3 refers to
AFE. This convention was abided for the various rounds of optimization, and the
corresponding results are visualized in Fig. [£4]

The first round of optimization was carried out at default settings, and it led to
feasible link lengths which reduce the total joint torque by an average of ~ 21.0%
across the legs. With this promising result, the optimization was reran, but this
time the number of generations was increased to 25. This was done in a bid to find
link lengths that can further reduce the total joint torque.

The second round of optimization did lead to better results with an average reduc-
tion in total joint torque of = 22.0%. However, the optimal shank and foot lengths
were hitting the lower bounds of possible link lengths. This suggested that in order
to achieve better performance, the lower bound of the range of possible lengths
for these links should be extended. Additionally, in a bid to further reduce design
complexity, it could be worthwhile to check if a conventional serial leg will lead to
similar results. Hence, the optimization was carried out once more at the default
settings, with the thigh length set at 0.0005m (negligible) and the range of possible
link lengths of the shank and foot set at [0.3,0.6]m.

The third round of optimization resulted in even better improvements. On average,
total joint torque was reduced by = 28.0%. These results confirmed that the con-
ventional serial leg configuration was feasible. Hence, like before, the optimization
was reran with the number of generations increased to 25.

The fourth round of optimization led to better performance only for the Left Foreleg
(LF) and the Right Hindleg (RH), and not for the Right Foreleg (RF) and Left
Hindleg (LH). This result highlights the stochastic nature of the optimizer, where
the amount of computing time is not necessarily proportional to the optimality of
the results. Combining the results from the third and fourth rounds of optimization,
the optimal link lengths which minimize total joint torque are summarized in Table
below. Do note that the naming convention of the leg used here is that of a
conventional serial leg. One interesting observation regarding these parameters was
that the ones for LF, RF were different from the ones for LH, RH. This is likely due
to the asymmetry present in the heavy payload robot.

Leg Thigh Shank Foot Improvement [%]
length [m] | length [m] | length [m)]
Initial 0.05 0.5000 0.5000 -
LF 0.0005 0.4772 0.3000 ~ 28.4
RF 0.0005 0.4803 0.3000 ~ 28.0
LH 0.0005 0.4560 0.3000 ~ 274
RH 0.0005 0.4460 0.3016 ~ 28.4

Table 4.3: Initial and optimal link lengths of the heavy payload leg for total joint
torque minimization.

While the minimization of total joint torque was the main priority, other optimality
criteria (components to be minimized) were also studied. The following subsubsec-
tion briefly summarizes the findings.
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Other Optimality Criteria

The following pointers describe the different optimality criteria being explored. The
set of binary checks were still included, and the optimization settings used for these
criteria are that of the default ones. This was because only first insights regarding
the various optimality criteria were needed. Hence, the corresponding results which
are visualized in Fig. [L.5] are only valid for this setup. The optimization procedure
and the insights gained are also detailed in the text below.

Pe'&i'fﬁpf::\lfi"" LF, RF Imprﬁ:z::gr?t (% | - RH |mprﬁ:§rmag:t [%]
Initial > - > -
Criterion 1 > ~15.8 > =~14.8
Criterion 2 > ~3.7 > ~9.2
Criterion 3 > =127 > =204
Criterion 4 > ~14.0 > ~18.7
Criteria 5 ﬁ =3.4 ﬁ =71
Criteria 6 > ~2.1 > ~3.3
?
Criteria 7 > ~2.0 > ~27

Figure 4.5: A graphical representation of the optimization results when different
penalty function components were used. The referred criterion or criteria used are
explained in greater detail in the text below. The results of LF, RF, and LH, RH
are combined together as a left-right symmetry is generally observed in the results.
A leg schematic in black represents the one referred in the first column, while a grey
leg schematic represents the initial design guess as a basis for comparison. The red
links indicate that the results were conflicting and hence, were inconclusive.
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e Criterion 1 — Total Joint Velocity Minimization:

— Component: Z;j’ ZlT |w;j|, where w is the joint velocity.
— Results: i) Average improvement ~ 15.3%, and ii) LF, RF, LH, RH: the
thighs, shanks, and feet were maximized.

— Insights: The optimal link lengths while were intuitive, were also infea-
sible as the resulting torques are over the actuator limits.

e Criterion 2 — Total Joint Mechanical Energy Minimization:

— Component: If 7w < 0,7jw;5 =0 (no regeneration by actuators),
else Z;j irf TjiWji-

— Results: i) Average improvement = 6.4%, and ii) LF, RF: the thighs were
minimized, the shanks were maximized, and the feet were shortened;
LH, RH: the thighs and feet were minimized, while the shanks were
maximized.

— Insights: i) The optimal link lengths were feasible, and ii) total mechan-
ical energy was reduced more in LH, RH than in LF, RF which is likely
due to the asymmetry of the heavy payload robot.

e Criterion 3 — Power Quality Maximization:

. =3 §i=T 2 =3 mi=T 2\~
— Component: ijl i=1 TjiWji ) — ijl > iz (Tjiwji)

* This component which is called power quality measures the extent
to which the actuators were providing powers of the same sign while
tracking the trajectories [13].

* The component was inversed as it was to be maximized.

— Results: i) Average improvement ~ 16.5%, and ii) LF, RF, LH, RH: the
thighs were maximized, the shanks were minimized, and the feet were
shortened.

— Insights: i) The optimal link lengths were feasible, and ii) power quality
was improved more in LH, RH than in LF, RF which is likely due to the
asymmetry of the heavy payload robot.

e Criterion 4 — Deviation of Condition Number from Unity Minimization:
. =T | 0i,min

— Component: » ;=) |
product of the jacobian at time index 4, J;JI .

— 1|, where o is the singular value of matrix

* ;;"mT; is called the condition number and relates to the shape of the

manipulability ellipsoid of the leg.

* It was desired that the leg should be able to move as easily as how
it applies forces; condition number should be as close to 1 [50].

— Results: i) Average improvement ~ 16.4%, and ii) LF, RF: the thighs
were minimized, the shanks and feet were maximized; LH, RH: the thighs
were minimized, the shanks were maximized, and the feet were inconclu-
sive.

— Insights: i) The optimal link lengths were feasible, and ii) a greater

improvement was observed in LH, RH than in LF, RF which is likely
due to the asymmetry of the heavy payload robot.
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e Criteria 5 — Total Joint Torque, Total Joint Velocity and Total Joint Me-
chanical Energy Minimization (Equal Component Weights):

— Components: As above with equal weights.

— Results: i) Average improvement ~ 5.2%, and ii) LF, RF: the thighs were
lengthened, the shanks maximized, and the feet were minimized; LH, RH:
the thighs and shanks were maximized, and the feet were minimized.

— Insights: i) The optimal link lengths were feasible, and ii) a greater
improvement was observed in LH, RH than in LF, RF which is likely
due to the asymmetry of the heavy payload robot.

e Criteria 6 — Total Joint Torque, Total Joint Velocity, Total Joint Mechanical
Energy, Deviation of Condition Number from Unity Minimization and Power
Quality Maximization (Equal Component Weights):

— Components: As above with equal weights.

— Results: i) Average improvement = 2.7%, and ii) LF, RF, LH, RH: the
thighs were minimized, the shanks were maximized, and the feet were
shortened.

— Insights: i) The optimal link lengths were feasible, and ii) a greater
improvement was observed in LH, RH than in LF, RF which is likely
due to the asymmetry of the heavy payload robot.

e Criteria 7 — Total Joint Torque, Total Joint Velocity, Total Joint Mechanical
Energy, Deviation of Condition Number from Unity Minimization and Power
Quality Maximization (Equal Category Weights):

— Components: As above with the first three categorized as quantity-
related ones, and the last two categorized as quality-related ones.

— Results: i) Average improvement ~ 2.4%, and ii) LF, RF: the thighs
were inconclusive, the shanks maximized, and the feet were shortened;
LH, RH: the thighs were minimized, the shanks were maximized, and
the feet were shortened.

— Insights: i) The optimal link lengths were feasible, and ii) a greater
improvement was observed in LH, RH than in LF, RF which is likely
due to the asymmetry of the heavy payload robot.

Thus far, it can be observed that the design framework can account for the projected
tasks of the leg into its design. Not only can it verify if the current design is
feasible for completing a task, but it can also optimize it according to a single or
a set of complex objectives. While some optimization results may seem trivial and
can be derived using intuition (e.g. total joint velocity minimization), the design
framework has its advantages in more counter-intuitive cases (e.g. binary checks,
total mechanical energy minimization, multi-components). Here, the computational
approach finds the optimal design parameters with ease. However, the challenge
then is to ensure that the task trajectory and penalty function are set up correctly.
This is certainly not a simple task and comes with its own set of complexities (e.g.
weighing the different components of a multi-objective optimization problem). The
onus is then on the designer to ensure that the steps undertaken are reasonable
and best represents the design problem. Nonetheless, accounting for the projected
tasks in the leg design will undoubtedly lead to better performance as compared to
a design that is naively designed (arbitrary link lengths which are typically equal).
These also highlight once again the cornerstone of any design problem, that form
is closely tied to function.

The following section details the process of how the optimal link lengths were engi-
neered to make them fit for the final design of the heavy payload leg.
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4.3 Engineering and Verification

Figure 4.6: Heavy payload robot with optimal links at maximum hip height. The
unequal total lengths of each leg result in unnecessary joint torques to be incurred
at this hip height (bent knee joint).

The heavy payload leg design concept was updated using the optimal link lengths.
The link lengths of the forelegs and hindlegs were averaged between their left and
right ones since there was a left-right symmetry present. Additionally, smaller
permanent magnet brakes were used for the hindlegs. This resulted in a total mass
of 18.8kg for a foreleg and 18.2kg for a hindleg. The update legs were subsequently
propagated into the robot-level. With the new legs, the heavy payload robot was
expected to have a total mass of 136.2kg.

The updated design concepts were then analyzed statically. The following were the
problems that arose early in the analysis: i) the range of possible hip heights have
been substantially reduced due to the unequal thigh and shank lengths; [0.42, 0.80]m
instead of [0.13,1.00]m previously, ii) the unequal total length of the forelegs and
hindlegs led to unnecessary joint torques at maximum hip height as shown in Fig.
and iii) the thighs were yet to be correctly sized for the belt transmission. Tt was
clear from the above that the optimal link lengths left much room for improvement
in terms of realizability. Hence, some engineering had to be done.

The optimal link lengths were engineered by first setting the total length of the
thigh and shank to the larger one of the two legs (0.8m). This was done to ensure
that the legs were still able to track their respective walking trajectories without
any overextension. The thighs of each leg were then sized to the nearest available
belt length of Misumi Super High Torque Timing Belts MTS8M lineﬂ The shank
lengths then followed suit. The following table summarizes the engineered link
lengths of the various legs:

The design concepts were updated with these engineered link lengths, and the static
analysis was performed again. The range of possible hip height was improved to
[0.42,0.85]m, and the static joint torques at these hip heights were feasible. There-
fore, the engineered leg design was found to be statically feasible (maximum joint
torque ~ 160Nm < 283Nm). With this, it was then analyzed dynamically in Vit-
ruvio, which led to interesting results. While the engineered link lengths were not
able to reduce total joint torque as well as the optimized ones (an average improve-
ment of 24.5% as compared to 28.1%), they were found to consume less additional

9Product link: https://uk.misumi-ec.com/vona2/detail/110300414340/
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Legs | Thigh lengths [m] | Shank lengths [m] | Improvement [%]
LF, RF 0.484 0.316 = 27.7
LH, RH 0.452 0.348 ~ 214

Table 4.4: Engineered link lengths of the heavy payload leg for total joint torque
minimization.

mechanical energy per gait cycle than them (2.3% as compared to 3.9%). This was
likely due to the engineered link lengths not being as short as the optimized ones.
Hence, it did not lead to a substantial increase in joint velocity and, consequently,
mechanical energy consumed.

Having verified that the engineered link lengths were both feasible and able to reduce
the total joint torque during walking significantly, they were ready to be integrated
into the heavy payload leg design concept properly. The following chapter details
the final design of the high-performance heavy payload leg.
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Chapter 5

Final Design

This chapter begins with an overview of the final design of the high-performance
heavy payload leg. A Finite Element Method (FEM) analysis that was performed
on several critical parts will be detailed. An evaluation of how well the final design
matches up with the technical requirements set concludes the chapter.

5.1 Design Overview

350mm 431mm

970mm

| — B —

Figure 5.1: Various views of the high-performance heavy payload leg. a) Trimetric
view. b) Front view. ¢) Side view.

Figure presents the final design of the heavy payload leg. The leg is designed to
be a serial LF leg which has 3 DoF's. The high torque NEO actuators actuate these
DoFs. The leg has most of its mass concentrated at its top so that the portion that
is frequently actuated (the parts which undergo flexion and extension) is lightweight
and has low inertia. The technical specifications of the leg are listed in Table
and its mass distribution is illustrated in Fig. Do note that the maximum
payload was calculated by having the leg at the minimum hip height (0.42m) and
both the HFE and KFE NEO actuators outputting maximum joint torque.

The following paragraphs detail the design. Table [5.2] shows the color code used in
this Computer-Aided Design (CAD) model.

Figure[5.3]shows the HAA subassembly of the heavy payload leg. The leg is designed
to be mounted onto a vertical leg rail for testing. It interfaces with the rail through

29
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Specification Value
Mass [kg] 24.1
Proportion of active elements [%] 76
Leg inertia [kgm?] 1.86, 1.41, 0.950, 0.00235, 0.00233
(HAA, HFE, KFE, AAA, AFE)
Maximum joint torques [Nm] 230, 230, 283 (HAA, HFE, KFE)
Maximum joint velocities [rads™!] 18.8, 18.8, 15.3 (HAA, HFE, KFE)
RoM [°] -95,95], [-95,95], [-95,95], [-90,90], [-90,90]
(HAA, HFE, KFE, AAA, AFE)
Maximum payload [kg] 166

Table 5.1: Specifications of the high-performance heavy payload leg.

3% 2%
(Foot, 0.64kg) (Shank, 0.42kg)

Total: 24.12kg

Figure 5.2: Mass distribution of the high-performance heavy payload leg.

an aluminum alloy part that simulates the trunk of the heavy payload robot. The
NEO actuator responsible for HAA actuation is mounted onto one end of this trunk
plate, while a radial ball bearing is mounted onto the other end. The sole purpose
of this ball bearing is to share the loadings borne by the leg. The NEO actuator
actuates the rest of the leg through a stainless steel flange that has a mounting
plate at the other end.

Figure shows the HFE subassembly of the heavy payload leg. It consists of two
aluminum alloy mounting parts connected via a horizontal aluminum alloy plate.
The NEO actuators responsible for the HFE and KFE actuation are mounted here.
A Kendrion 86 61109K00 high torque permanent magnet brakeEIwhich provides the
static torque in KFE to hold a configuration, is also mounted here. The minimum
static torque that this brake can provide is 31 Nm, which is approximately the
same as the ungeared KFE NEO actuator. Hence, it can statically output the same
torques as the NEO actuator at the knee joint. A 3D-printed nylon cover surrounds
the brake to provide some protection from the environment. This subassembly

Product link: https://www.kendrion.com/industrial/ids/en/products/permanent-magnet-
brakes/permanent-magnet-brake-high-torque.html
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Color Category/material

Red Actuation
Green Electronics
Light blue Foam
Blue 3D-printed nylon
Yellow Dampening foam

Light grey Aluminum alloy

Grey Titanium alloy
Dark grey Stainless steel
Black Rubber

Table 5.2: Color code used in the CAD model.

Leg rail interface

NEO
actuator

X \ (HAA,
I\ geared)

i Trunk plate /

Flange with
mounting plate

b

Figure 5.3: HAA subassembly of the high-performance heavy payload leg.

is actuated in the HAA direction by the mentioned mounting plate while being
supported by another stainless steel flange. HFE and KFE actuation, on the other
hand, are coaxial. The NEO actuator responsible for HFE actuates an aluminum
alloy pitchfork piece that holds the thigh. The NEO actuator responsible for KFE
actuates a stainless steel flange that runs through the permanent magnet brake, and
eventually connects with the pulley of the belt transmission. The belt transmission
which is of the mentioned Misumi Super High Torque Timing Belts MTS8M line was
sized to a design power P, of 1.44kW . This power was assumed to be the worst-case
scenario for the belt transmission, and was formulated using the following equation:
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NEO actuator .. NEO actuator
(HFE, ' : (KFE,
geared) ' ungeared)

HAA HFE-!I nik —!-KFE

Permanent

Pitchfork magnet brake

cylinder holder Belt

Figure 5.4: HFE subassembly of the high-performance heavy payload leg.

P; = 34.8 (Maximum torque of ungeared NEO motor)
* 5 (Maximum KFE joint velocity recorded)
* 6.6 (Gearing ratio of NEO planetary gearbox)
* 1.25 (Mechanical advantage of belt transmission)
* 1.25 (Safety factor)
~ 1.44kW

Figure [5.5p shows the thigh subassembly of the heavy payload leg. The thigh which
is a titanium alloy cylinder, has a diameter of 25mm and a thickness of 1mm. It
was sized similar to a human femur as the leg is subjected to similar loads of a
human leg of ~ 30kg per leg. Similar to the permanent magnet brake, the belt
transmission is protected from the environment by a 3D-printed nylon cover as it
transmits torque from the hip joint to the knee joint.

Figure shows the internals of the knee joint of the heavy payload leg. Here,
the belt actuates a pulley which drives a flange. This flange is connected to the
sun gear of the NEO planetary gearbox via dowel pins. Hence, the maximum KFE
torque is given by the following equation:

TKFE maz = 34.8 (Maximum torque of ungeared NEO motor)
% 6.6 (Gearing ratio of NEO planetary gearbox)
* 1.23 (Mechanical advantage of belt transmission)
~ 283Nm

Figure [5.5 shows the aluminum alloy pitchfork cylinder holder that is connected
to the shank of the heavy payload leg. The shank is identical to the thigh in terms
of diameter and thickness. On one side of the shank, it is secured to the output
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Flange Sun gear Cross roller bearing

3D-printed NEO planetary
cover gearbox

Figure 5.5: Thigh and knee joint subassembly of the high-performance heavy pay-
load leg. a) Thigh. b) Internals of knee joint. ¢) Pitchfork cylinder holder which is
connected to the knee joint.

Rubber bellow

Force torque
sensor

Universal joint Foam  Rubber cover

Figure 5.6: Ankle joint and foot subassembly of the high-performance heavy payload
leg. a) Ankle joint. b) Foot.

of the NEO planetary gearbox via screws and dowel pins. On the other end, it is
supported by a cross roller bearing that sits on the cover of the knee joint. The
cross roller bearing was chosen as it was a slim and lightweight solution that could
bear significant loads.

Figure [5.6h shows the other end of the shank, which is connected to a universal
joint. This half of the universal joint is responsible for AFE.

Figure [5.6p shows the other half of the universal joint, which is responsible for
AAA and is protected from the environment by a rubber bellow. It is connected to
a BOTA Systems Rokubi EtherCAT force torque sensorEl which measures the ground
interaction forces needed for force control. This particular sensor was chosen as the
maximum force that it can detect in the Z direction is well above the maximum
force recorded in the analysis (1000N vs. 550N). A 3D-printed nylon cover is used to
protect the sensor from the environment. The sensing end of the sensor is connected
to an aluminum alloy plate which is sized similar to a human foot with an area of
~ 100cm? [51]. It is here where specialized dampening foam (Poron XRHEI) and

2Product link: https://www.botasys.com/6-axis-force-torque-sensors
3Product link: http://www.xrd.tech/products/1/XRD-Technology.aspx
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generic Shore 45C foam are attached to. These foam sheets protect the leg from
impacts and are covered by rubber for traction.

In the following section, several critical parts were chosen and analyzed using FEM
to deem the feasibility of their current design.

5.2 Finite Element Method Analysis

1. Trunk plate
z

v AL
X Y

2. HFE actuator mount,
3. HFE flange

4. KFE actuator

mount support
5. Knee joint fork &
knee joint plate

6. Shank

|

Figure 5.7: Location of parts analyzed using FEM.

Six parts of the heavy payload leg were identified for FEM analysis. Figure
shows the various locations of these parts. The parts were particularly chosen due
to the high loadings (forces, torques) that they are projected to experience in a
worst-case scenario manner. The conducted analysis is detailed in the following
pointers while also being visualized in Fig. [5.8

e Notes: i) All meshes were standardized to a size of 2.5mm, ii) the maximum
force applied by the leg in the simulation is recorded to be 550N, iii) the peak
torque of HAA, HFE and KFE are [230, 230, 283] N'm respectively, and iv) all
materials were assumed to be isotropic.

e Part 1 — Trunk plate:
— This part was chosen as it was projected to experience high forces and
torques.

— Origin of forces or torques acting on parts:

* Vertical forces applied by the leg: 550 % 1.25 (safety factor) =~ 700N.
x Peak torque of NEO actuator: 230Nm.

— Constraints:

*x Dowel pin and screw holes that interfaced with the vertical leg rail.
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— Loads:

* 700 =~ 2 = 350N in the upward Z direction on the surfaces which
interfaced with the bearings.

x 230 = (0.069 * 12) &~ 278N that were tangential in direction to the
dowel pin holes. Forces act only on half of the surface area of each
hole, and twelve dowel pins were used to anchor the NEO actuator
in place.

— Findings:

x There were stresses which were greater than the yield strength of
aluminum alloy on the actuator side.

x Generally low stresses everywhere else.

— Recommendations:

* Reduce part thickness, while also making trusses on the bearing side
to reduce weight.

* Add additional supporting structures or material to the actuator
side to reduce the stresses there.

e Part 2 — HFE actuator mount

This part was chosen as it was projected to experience high forces and
torques.

— Origin of forces or torques acting on parts:

* Vertical forces applied by the leg: 700V.
x Peak torque of NEO actuator: 230Nm.

— Constraints:

* Dowel pin and screw holes that interfaced with the flanges which
interface with the trunk plate.

Loads:

* 350N in the upward Z direction on the surfaces which interfaced
with the bearing.

* 350 +~ 8 =~ 44N on each of the eight screw holes that were being
pulled by the KFE actuator mount.

* 278N that were tangential in direction to the dowel pin holes. Forces
acted only on half of the surface area of each hole, and twelve dowel
pins were used to anchor the NEO actuator in place.

— Findings:
*x Generally low stresses everywhere.
— Recommendations:
*x Reduce the thickness of the structure, while also making trusses to
reduce weight.

e Part 3 — HFE flange

— This part was chosen as it was projected to experience high torques.
— Origin of forces or torques acting on parts:

x Peak torque of NEO actuator: 230Nm.
— Constraints:

* Fixed on the dowel pin holes at the end of the rotary shaft.
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* Cylinder constraint on the rotary shaft.
— Loads:

*x 230 + (0.03 % 10) = 767N that were tangential in direction to the
dowel pin holes. Forces acted only on half of the surface area of each
hole, and ten dowel pins were used to anchor the NEO actuator in
place.

— Findings:
* Generally low stresses everywhere.
— Recommendations:

* Use aluminum alloy instead of stainless steel to reduce weight.

* Reduce the number of holes in order to use fewer dowel pins and
SCrews.

e Part 4 — KFE actuator mount support

— This part was chosen as it was projected to experience high forces.
— Origin of forces or torques acting on parts:
* Vertical forces applied by the leg: 700V.
— Constraints:
* Fixed on the surface that interfaced with the HFE actuator mount.
— Loads:

* 350N in the upward Z direction on the surfaces which interfaced
with the KFE actuator mount.

— Findings:
x Generally low stresses everywhere.
— Recommendations:
* Reduce part thickness, remove supporting structure while also mak-
ing trusses on the bearing side to reduce weight.

e Part 5 — Knee joint fork & knee joint plate

— This part was chosen as it was projected to experience high torques.
— Origin of forces or torques acting on parts:

x Peak torque of NEO actuator with mechanical advantage from belt
transmission: 230 * (32 + 26) (mechanical advantage) ~ 283Nm.

— Constraints:

* Dowel pin and screw holes that interfaced with the NEO planetary
gearbox.

* Surface which interfaced with the cross roller bearing.
— Loads:

x 283 +0.035 =~ 8085 N that acted tangentially on the inner surface of
the titanium cylinder holder. Force acted only on half of the surface
area.

— Findings:

* There were stresses which were greater than the yield strength of
aluminum alloy on the cylinder side.

* Generally low stresses everywhere else.
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— Recommendations:

* Increase the moment arm where the torque acts on the titanium
cylinder to reduce the forces and, subsequently, the stresses.

* Add additional supporting material to the titanium cylinder holder
to reduce stresses.

e Part 6 — Shank

— This part was chosen as it was projected to experience high torques.
— Origin of forces or torques acting on parts:

x Peak torque of NEO actuator with mechanical advantage from belt
transmission: 283Nm.

— Constraints:
* End of the cylinder which interfaced with the other cylinder holder.
Loads:

*x 8085N that acted tangentially on the surface which interfaces with
the titanium cylinder holder. Force acted only on half of the surface
area.

Findings:

* There were stresses which were greater than the yield strength of
titanium grade 5 alloy on the constrained end of the cylinder.

— Recommendations:

* Increase the moment arm where the torque acts on the titanium
cylinder to reduce the forces and, subsequently, the stresses.

x Increase the thickness of the cylinder.

In summary, the structural components were oversized and could be trimmed down
for mass reduction, while those that transmit forces or torques have to be rein-
forced as their current designs were inadequate. The following section evaluates the
final design of the heavy payload based on the technical requirements that it was
supposed to achieve.

5.3 Technical Requirements Evaluation

The final design of the heavy payload leg was evaluated against the technical re-
quirements that it aimed to fulfill. The evaluation can be seen in Appendix
The following pointers detail the key findings:

e Design requirements:

— Most of these requirements were fulfilled. The ones that were not ad-
equately satisfied relate to the mass and the link inertia of the heavy
payload leg, and its level of ingress protection.

— Regarding the former, updating the design with the recommendations
from Section should bring the mass of the leg down to the require-
ment. However, the link inertia requirement would still be challenging
to achieve.

— The latter can be realized when more information regarding the applica-
tion of the heavy payload robot is obtained.
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e Functional requirements:

— These requirements were not fulfilled at all as it was realized that mini-
mizing total joint torque for the walking task was the top priority. How-
ever, these may be easily achieved by rerunning the optimization portion
with these represented in the penalty function and changing the link
lengths of the heavy payload leg accordingly.

e Performance requirements:

— These requirements, in general, can only be truly verified when the heavy
payload leg is physically realized.

e Interface requirements:

— These requirements were mostly satisfied as they were considered in the
design of the heavy payload leg.

Nonetheless, the final design of the heavy payload leg is expected to be a high
performing one. This is because the design intricacies that were revealed using the
holistic design approach has been integrated into its design.

The thesis is concluded in the following chapter.
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Part Loadings Results

Trunk plate

HFE actuator
mount

HFE flange

KFE actuator
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Figure 5.8: Summary of FEM Analysis.
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Chapter 6

Conclusion

This master thesis sought to answer the question of what it meant to design a robotic
leg holistically. Here, it aimed to develop a high-performance one for either a high-
speed or a heavy payload robot. A literature review that spanned across nature
and previous robotic works was first conducted. This was done to understand the
different perspectives that nature and humans have on what a leg actually is. The
insights gained from the study were then used to develop simple but practical design
concepts. These concepts were then evaluated objectively based on their potential.
Eventually, a heavy payload leg design concept was chosen to be further developed.
By analyzing the projected tasks of the heavy payload robot and consequently the
leg, the design parameters of the leg were optimized and engineered to increase their
feasibility. Eventually, these cumulated into a final design of the heavy payload leg
which has the potential to emit a high performance. In conclusion, the finalized
design is indeed an embodiment of the key ideas explored, as well as a proof-of-
concept of the proposed holistic design approach.

Future work involves the following:

e Optimizing the design further:

— Trimming down the mass of the various structural parts, while strength-
ening those that are involved in transmitting the forces and torques.

— Obtaining better performing design parameters by using more detailed
and accurate models in simulation.

e Physically realizing the heavy payload leg and testing it

With the above, it is hoped that the heavy payload robot can be one day be realized.

41



Chapter 6. Conclusion

42




Bibliography

[1]

2]

[10]

[11]

D. J. Todd, Walking Machines: An Introduction to Legged Robots. Springer,
1985.

C. D. Remy, M. Hutter, M. Hoepflinger, M. Bloesch, C. Gehring, and R. Sieg-
wart, “Quadrupedal Robots with Stiff and Compliant Actuation,” Automa-
tisierungstechnik, vol. 60, no. 11, pp. 682-691, 2012.

A. Abate and J. W. Hurst, “Oregon State’s CASSIE Biped: Mechanical Design
for Dynamic Locomotion,” 2017.

A. M. Abate, “Mechanical Design for Robot Locomotion,” Ph.D. Thesis, Ore-
gon State University, 2018.

M. Hutter, C. Gehring, D. Jud, A. Lauber, D. Bellicoso, V. Tsounis,
J. Hwangbo, K. Bodie, P. Fankhauser, M. Bloesch, R. Diethelm, S. Bachmann,
A. Melzer, and M. Hoepflinger, “ANYmal - A Highly Mobile and Dynamic
Quadrupedal Robot,” in IEEE/RSJ International Conference on Intelligent
Robots and Systems, 2016, pp. 38—44.

S. Seok, A. Wang, M. Y. M. Chuah, D. J. Hyun, J. Lee, D. Otten, J. Lang,
and S. Kim, “Design Principles for Energy Efficient Legged Locomotion and
Implementation on the MIT Cheetah Robot,” IEEE/ASME Transactions on
Mechatronics, vol. 20, no. 3, pp. 1117-1129, 2015.

P. M. Wensing, A. Wang, S. Seok, D. Otten, J. Lang, and S. Kim, “Propri-
oceptive Actuator Design in the MIT Cheetah: Impact Mitigation and High-
Bandwidth Physical Interaction for Dynamic Legged Robots,” IEEE Transac-
tions on Robotics, vol. 33, no. 3, pp. 509-522, 2017.

G. Bledt, M. J. Powell, B. Katz, J. Di Carlo, P. M. Wensing, and S. Kim, “MIT
Cheetah 3: Design and Control of a Robust, Dynamic Quadruped Robot,” in
IEEE/RSJ International Conference on Intelligent Robots and Systems, 2018,
pp. 2245-2252.

B. G. Katz, “A low cost modular actuator for dynamic robots,” Master Thesis,
Massachusetts Institute of Technology, 2018.

R. J. Full and D. E. Koditschek, “Templates and Anchors: Neuromechanical
Hypotheses of Legged Locomotion on Land,” Journal of Experimental Biology,
vol. 202, pp. 3325-3332, 1999.

N. Kashiri, A. Abate, S. J. Abram, A. Albu-Schaffer, P. J. Clary, M. Daley,
S. Faraji, R. Furnemont, M. Garabini, H. Geyer, A. M. Grabowski, J. Hurst,
J. Malzahn, G. Mathijssen, D. Remy, W. Roozing, M. Shahbazi, S. N. Simha,
J.-B. Song, N. Smit-Anseeuw, S. Stramigioli, B. Vanderborght, Y. Yesilevskiy,
and N. Tsagarakis, “An Overview on Principles for Energy Efficient Robot
Locomotion,” Frontiers in Robotics and Al vol. 5, no. 129, pp. 1-13, 2018.

43



Bibliography 44

[12]

[20]
[21]

[22]

23]

J. Cho and K. Kong, “Realizing Natural Springy Motion of a Robotic Leg by
Cancelling the Undesired Damping Factors,” in IEEFE International Conference
on Robotics and Automation, 2017, pp. 3062-3067.

A. Abate, J. W. Hurst, and R. L. Hatton, “Mechanical Antagonism in Legged
Robots,” in Robotics: Science and Systems, 2016.

M. S. Fischer and K. Lilje, Dogs in Motion. VDH Service GmbH, 2011.

H. Hasegawa, T. Yamauchi, and W. J. Kraemer, “Foot Strike Patterns of
Runners at the 15-km Point during an Elite-level Half Marathon,” Journal of
Strength and Conditioning Research, vol. 21, no. 3, pp. 888-893, 2007.

C. L. Lewis, N. M. Laudicina, A. Khuu, and K. L. Loverro, “The Human
Pelvis: Variation in Structure and Function During Gait,” The Anatomical
Record, vol. 300, pp. 633-642, 2017.

B. K. Ahlborn and R. W. Blake, “Walking and Running at Resonance,” Zool-
ogy, vol. 105, pp. 165-174, 2002.

S. B. Williams, H. Tan, J. R. Usherwood, and A. M. Wilson, “Pitch then
Power: Limitations to Acceleration in Quadrupeds,” Biological Letters, vol. 5,
pp. 610-613, 20009.

D. E. Lieberman, M. Venkadesan, W. A. Werbel, A. I. Daoud, S. D’Andrea, I. S.
Davis, R. O. Mang’Eni, and Y. Pitsiladis, “Foot Strike Patterns and Collison
Forces in Habitually Barefoot versus Shod Runners,” Nature, vol. 463, pp.
531-536, 2010.

E. Muybrudge, “Animal Locomotion,” 1887.

M. Stolpe, “Physiologisch-anatomische Untersuchungen iiber die hintere Ex-
tremitét der Vogel,” Journal fiir Ornithologie, vol. 80, pp. 161-247, 1932.

Y.-H. Chang and L. H. Ting, “Mechanical Evidence that Flamingos can Sup-
port their Body on One Leg with Little Active Musclar Force,” Biology Letters,
vol. 13, pp. 1-5, 2017.

G. E. Weissengruber, G. F. Egger, J. R. Hutchinson, H. B. Groenewald,
L. Elsésser, D. Famini, and G. Forstenpointner, “The Structure of the Cushions
in the Feet of African Elephants (Loxodonta Africana),” Journal of Anatomy,
vol. 209, pp. 781-792, 2006.

A. Abate, R. L. Hatton, and J. Hurst, “Passive-Dynamic Leg Design for Agile
Robots,” in IEEFE International Conference on Robotics and Automation, 2015,
pp- 4519-4524.

S. Rezazadeh, A. Abate, R. L. Hatton, and J. W. Hurst, “Robot Leg Design:
A Constructive Framework,” IFEE Access, vol. 6, pp. 54 36954 387, 2018.

M. H. Raibert, H. B. J. Brown, and M. Chepponis, “Experiments in Bal-
ance with a 3D One-Legged Hopping Machine,” The International Journal of
Robotics Research, vol. 3, no. 2, pp. 75-92, 1984.

S. Hirose, Y. Fukuda, K. Yoneda, A. Nagakubo, H. Tsukagoshi, K. Arikawa,
G. Endo, T. Doi, and R. Hodoshima, “Quadruped Walking Robots at Tokyo
Institute of Technology,” IEEE Robotics & Automation Magazine, vol. 6, pp.
104-114, 2009.



45

Bibliography

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[36]

[38]

[39]

[40]

[41]

J.-W. Chung, I.-W. Park, and J.-H. Oh, “On the Design and Development of
a Quadruped Robot Platform,” Advanced Robotics, vol. 24, pp. 277-298, 2010.

A. Sprowitz, A. Tuleu, M. Vespignani, M. Ajallooeian, E. Badri, and A. J.
Ijspeert, “Towards Dynamic Trot Gait Locomotion: Design, Control, and Ex-
periments with Cheetah-cub, a Compliant Quadruped Robot,” The Interna-
tional Journal of Robotics Research, vol. 32, no. 8, pp. 932-950, 07 2013.

J. W. Hurst, J. E. Chestnutt, and A. A. Rizzi, “An Actuator with Physically
Variable Stiffness for Highly Dynamic Legged Locomotion,” in IEEFE Interna-
tional Conference on Robotics and Automation, 2004.

J. Hwangbo, V. Tsounis, H. Kolvenbach, and M. Hutter, “Cable-Driven Ac-
tuation for Highly Dynamic Robotic Systems,” in IEEE/RSJ International
Conference on Intelligent Robots and Systems, 2018, pp. 8543-8550.

G. A. Pratt and M. M. Williamson, “Series Elastic Actuators,” in IEEE/RSJ
International Conference on Intelligent Robots and Systems, 1995, pp. 399-406.

R. Van Ham, T. G. Sugar, B. Vanderborght, K. W. Hollander, and D. Lefeber,
“Compliant Actuator Designs,” IEEE Robotics & Automation Magazine,
vol. 16, no. 3, pp. 81-94, 2009.

M. Grimmer, M. Eslamy, S. Gliech, and A. Seyfarth, “A Comparison of
Parallel- and Series Elastic Elements in an Actuator for Mimicking Human
Ankle Joint in Walking and Running,” in IFEE International Conference on
Robotics and Automation, 2012, pp. 2463-2470.

T. Verstraten, P. Beckerle, R. Furnémont, G. Mathijssen, B. Vanderborght, and
D. Lefeber, “Series and Parallel Elastic Actuation: Impact of Natural Dynamics
on Power and Energy Consumption,” Mechanism and Machine Theory, vol.
102, pp. 232-246, 2016.

P. Beckerle, T. Verstraten, G. Mathijssen, R. Furnémont, B. Vanderborght,
and D. Lefeber, “Series and Parallel Elastic Actuation: Influence of Operating
Positions on Design and Control,” IEEE/ASME Transactions on Mechatronics,
vol. 22, no. 1, pp. 521-529, 2017.

U. Mettin, P. X. La Hera, L. B. Freidovich, and A. S. Shiriaev, “Parallel Elastic
Actuators as a Control Tool for Preplanned Trajectories of Underactuated
Mechanical Systems,” The International Journal of Robotics Research, vol. 29,
no. 9, pp. 1186-1198, 2010.

D. F. B. Haeufle, M. D. Taylor, S. Schmitt, and H. Geyer, “A Clutched Par-
allel Elastic Actuator Concept: Towards Energy Efficient Powered Legs in
Prosthetics and Robotics,” in IEEE RAS/EMBS Interanational Conference
on Biomedical Robotics and Biomechatronics, 2012, pp. 1614-1619.

C.-M. Chew, G.-S. Hong, and W. Zhou, “Series Damper Actuator: A Novel
Force/Torque Control Actuator,” in IEEE/RAS International Conference on
Humanoid Robots, 2004, pp. 533-546.

V. Chalvet and D. J. Braun, “Criterion for the Design of Low Power Variable
Stiffness Mechanisms,” IEEFE Transactions on Robotics, vol. 33, no. 4, pp.
1002-1010, 2017.

T.-H. Chong, V. Chalvet, and D. J. Braun, “Analytical Conditions for the
Design of Variable Stiffness Mechanisms,” in IEEFE International Conference
on Robotics and Automation, 2017, pp. 1241-1247.



Bibliography 46

[42]

[46]

[47]

[48]

[50]

[51]

M. Plooij, G. Mathijssen, P. Cherelle, D. Lefeber, and B. Vanderborght, “Lock
Your Robot: A Review of Locking Devices in Robotics,” IEEE Robotics &
Automation Magazine, vol. 22, no. 1, pp. 106-117, 2015.

K. G. Gim, J. Kim, and K. Yamane, “Design of a Serial-Parallel Hybrid Leg
for a Humanoid Robot,” in IEEE International Conference on Robotics and
Automation, 2018, pp. 6076-6081.

M. Hutter, C. Holenstein, D. Fenner, C. D. Remy, M. A. Hoepflinger, and
R. Siegwart, “Improved Efficiency in Legged Running Using Lightweight Pas-
sive Compliant Feet,” in International Conference on Climbing and Walking,
2012, pp. 1-8.

R. Kaslin, H. Kolvenbach, L. Paez, L. Klajd, and M. Hutter, “Towards a Pas-
sive Adaptive Planar Foot with Ground Orientation and Contact Foot Sens-
ing for Legged Robots,” in IEEE/RSJ International Conference on Intelligent
Robots and Systems, 2018, pp. 2707-2714.

J. A. Blaya and H. Herr, “Adaptive Control of a Variable-Impedance Ankle-
Foot Orthosis to Assist Drop-Foot Gait,” IEEE Transactions on Neural Sys-
tems and Rehabilitation Engineering, vol. 12, no. 1, pp. 24-31, 2004.

S.-A. Abad, N. Sornkarn, and T. Nanayakkara, “The Role of Morphological
Computation of the Goat Hoof in Slip Reduction,” in IEEE/RSJ International
Conference on Intelligent Robots and Systems, 2016, pp. 5599-5605.

A. Ananthanarayanan, M. Azadi, and S. Kim, “Towards a Bio-Inspired Leg
Design for High-Speed Running,” Bioinspiration & Biomimetics, vol. 7, pp.
1-12, 2012.

A. W. Winkler, D. C. Bellicoso, M. Hutter, and J. Buchli, “Gait and Trajectory
Optimization for Legged Systems through Phase-Based End-Effector Param-
eterization,” IEEE Robotics and Automation Letters, vol. 3, pp. 1560-1567,
2018.

M. Engardt, A. Heimbiirger, and P. Sydhoff, “Manipulability Index Optimiza-
tion for a Planar Robotic Arm,” Bachelor Thesis, KTH Royal Institute of
Technology, 2012.

M. Birtane and H. Tuna, “The Evaluation of Plantar Pressure Distribution in
Obese and Non-Obese Adults,” Clinical Biomechanics, vol. 19, pp. 1055-1059,
2004.



Appendix A

Project Management
Documents

47



Appendix A. Project Management Documents 48

A.1 Gantt Chart

Gantt Chart | Master Thesis | Vertex: Designing High-Performance Legs for Specialized Quadrupedal Robots | Supervisors: Hendrik Kolvenbach, Fabio Dubois | Student: Lau Hong Fai
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25 26 27 28 1 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31
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Tist, function structure
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Paper Research Compiling and evaluating exisiting designs 22.03.2019
Design Specifying design as well as coming up with associated tests 22032019 ]
Function Structure Generating an overview of the various components / functions of a general robotic leg|  29.03.2019 Hii

roduct Concept e3 Generation, Selection ofSolutons Sios2018 ﬂ
i ica bo Eval

tion, Chosen Concept

Specifying Evaluation Metrics _|Specifying desired design into metrics, ideation session 07042019
Idea Generation box 26.04.2019
Evaluation and Selection of Ideas 10052019
c Build on 31.05.2019

Presentation | Presentation 31.05.2019
Design Freeze 06.09.2019

i Finalized CAD Design, Techni ings, Build of Materials

Evaluate and Update Concept | Based on comments from Intermediate Presentation 14.07.2019
Design Analysis 25.08.2019
CAD Concept 06.09.2019

Prototype 09.09.2019
i 3D-Prinjted Prototype

and Assembly 09.09.2019

i Finalization of Text and Graphics 27.09.2019
MA Thesis
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ek 6 Week 7 Week 8 Week9
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B.3 Function Structure

General Function Space

Convert electrical
—»| power into >
mechanical power

Primary function: Transform electrical power into mechanical power (i.e. torque)

Subfunctions:

Maximize motor constant

Maximize torque range

Produce enough torque to overcome the passive dynamics of the leg
Minimize power losses (e.g. friction, heat)

Maximize control bandwidth

uhwN =

General Function Space

Convey mechanical
power to end effector
to maintain
configuration

Primary function: Transmit mechanical power to end effector to remain statically in
current configuration

Subfunctions:

Minimize power consumption

Minimize power losses (e.g. supplying constant torque)
Maximize mechanical strength

Minimize mass and inertia

Minimize design complexity

Maximize robustness to short yet high intensity impacts

ounhwnN =
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General Function Space

Convey mechanical
—| power to end effector |——»
for locomotion

Primary function: Transmit mechanical power to end effector for locomotion
(primarily horizontal motion)

Subfunctions:

Minimize power losses (e.g. sliding and rolling friction)

Minimize mass and inertia

Maximize reachability

Maximize mechanical strength

Maximize accuracy and precision of end effector position control
Minimize design complexity

Maximize robustness to short yet high intensity impacts

Nowunhswn =

General Function Space

Apply linear forces to
the ground

Primary function: Subject the contact point / area with the desired linear forces

Subfunctions:
1. Maximize the friction cone radius
2. Minimize power losses (e.g. sliding and rolling friction)
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General Function Space

Apply forces to the
mechanical interface

Primary function: Subject the mechanical interface with the desired forces

Subfunctions:
1. Minimize the propagation of short yet high intensity impacts
2. Minimize power losses (e.g. sliding and rolling friction)

General Function Space

Absorb external forces
(shocks)

Primary function: Receive external forces (shocks)

Subfunctions:
1. Minimize the propagation of external forces (e.g. short yet high-intensity
impacts)
2. Maximize robustness to short yet high intensity impacts
3. Maximize mechanical strength
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General Function Space

Recuperate
mechanical power

Primary function: Recover mechanical power from interaction forces

Subfunctions:
1. Maximize power storage capacity
2. Minimize power losses while recovering power (e.g. sliding and rolling
friction)

General Function Space

Estimate power
balance

Primary function: Combine the available data to estimate the power flow in the leg
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B.4 Initial Leg Design Concepts

Concept 1 (High Speed)

Front View Side View ‘

Functions Chosen Idea Comments

Convert electrical power into Direct Drive Motor / Choose a gear ratio such that:

mechanical power Gearbox / No Spring e  Motor provides sufficient torque

e  Motor runs at high speeds (efficiency)

o Reflected inertia is not amplified too much

Convey mechanical power to end Power from Motors Function is not particularly important for high speed
effector to maintain configuration
Neglecting the need of a specialized mechanism for this

function leads to a reduction of overall leg mass and inertia

Convey mechanical power to end Serial / Belt / Spider configuration as it balances the actuator powers better
effector for locomotion Composites (Abate 2016); knee facing forward so as to align the foot with
the light force axis (Abate 2015)

Belt is used so as to relocate the knee motor higher up the limb
and can use standard parts

Carbon fibre is used due to rigidity and availability; belt and
other cables other cables (e.g. cables for knee joint angle data)
can placed within the tube for ingress protection

Leg lengths should be as short as possible such that it can still
overcome obstacles (Application of linear forces reduces with

leg length)
Apply linear forces to the ground Passive / Geometric Geometric feet is chosen so as to increase surface area of
Foot contact

Minimal compliance in the leg aids in maximizing the
closed-loop force control bandwidth (Wensing 2017)

Apply forces to the mechanical Rigid Attachment Low platform mass reduces the need for any specialized
interface features

Absorb external forces Damper Simplest solution which leads to a reduction of overall leg mass
and inertia (as compared to other solutions)

Recuperate mechanical power Direct Feedback to Relying on backdrivability
Actuators
Estimate power balance Proprioceptive Low gear ratio and low inertia leg permits this method of force

estimation; inverse dynamics (Wensing 2017)
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Concept 2 (High Speed)
Front View Side View ‘

KFE HFE ke A yee

m:{ ) < links

Functions Chosen Idea Comments

Convert electrical power into Direct Drive Motor / Choose a gear ratio such that:

mechanical power Gearbox / No Spring e  Motor provides sufficient torque

e Motor runs at high speeds (efficiency)

e Reflected inertia is not amplified too much

Convey mechanical power to end Power from Motors Function is not particularly important for high speed
effector to maintain configuration
Neglecting the need of a specialized mechanism for this

function leads to a reduction of overall leg mass and inertia

Convey mechanical power to end Serial / Rigid Link / Serial 2 link configuration is chosen due to its simplicity; knee
effector for locomotion Metals facing forward so as to align the foot with the light force axis
(Abate 2015)

Rigid link which connects the hip to the knee aids in the
simplicity of the design

Aluminium chosen due to its low weight and strength
Leg lengths should be as short as possible such that it can still

overcome obstacles (Application of linear forces reduces with
leg length

Apply linear forces to the ground Active / Plantar Foot Spring with an active clutch captures energy upon touch down
and releases at lift off

Plantar feet is chosen to increase surface area of contact

Apply forces to the mechanical Rigid Attachment Low platform mass reduces the need for any specialized
interface features

Absorb external forces Damper Simplest solution which leads to a reduction of overall leg mass
and inertia (as compared to other solutions)

Recuperate mechanical power Spring-based As explained in the “Apply linear forces to the ground” section
Mechanism
Estimate power balance Force Sensor Compliance in the leg reduces the closed-loop force control

feedback; there is a need for a force sensor to estimate the
forces involved
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Concept 3 (High Speed)

Front View Side View
Caden e KFE HFE HFE HAR KFE
¥ \
e~
Functions Chosen Idea Comments

Convert electrical power into
mechanical power

Convey mechanical power to end
effector to maintain configuration

Convey mechanical power to end
effector for locomotion

Apply linear forces to the ground

Apply forces to the mechanical
interface
Absorb external forces

Recuperate mechanical power

Estimate power balance

Direct Drive Motor /
Gearbox / No Spring

Choose a gear ratio such that:
e Motor provides sufficient torque
e Motor runs at high speeds (efficiency)
o Reflected inertia is not amplified too much

Power from Motors

Function is not particularly important for high speed

Reduction of overall leg mass and inertia

Serial-Parallel / Rope /
Composites

Serial 2 link configuration is chosen due to its simplicity; knee
facing forward so as to align the foot with the light force axis
(Abate 2015)

Rope (Dyneema M20) is used so as to relocate the knee motor
higher up the limb

Carbon fibre is used due to rigidity and availability; rope and
other cables are placed within the limb for ingress protection

Leg lengths should be as short as possible such that it can still
overcome obstacles (Application of linear forces reduces with
leg length

Passive / Plantar Foot

Spring-loaded plantar feet made from 4 bar linkage mechanism
adds compliance so as to mitigate impacts while storing
mechanical energy

Plantar feet is chosen to increase surface area of contact

Rigid Attachment

Low platform mass reduces the need for any specialized
features

Additional Degrees of
Freedom

Inspired by the foot of horses

Spring-based
Mechanism

As explained in the “Apply linear forces to the ground” section

Force Sensor

Compliance in the leg reduces the closed-loop force control
feedback; there is a need for a force sensor to estimate the
forces involved
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Concept 4 (High Speed)
Front View

HFE

- svle

Side View ‘

HFE_HAA

Functions Chosen Idea

Direct Drive Motor /
Gearbox / Serial Spring

Convert electrical power into
mechanical power

Comments

Choose a gear ratio such that:
e Motor provides sufficient torque
e Motor runs at high speeds (efficiency)
o Reflected inertia is not amplified too much

Serial spring allows for force estimation while also protecting
the motor

Convey mechanical power to end
effector to maintain configuration

Spring-based
Mechanism

Due to the parallel kinematics of the leg as well as the spring
configuration

Convey mechanical power to end
effector for locomotion

Parallel / Rope / Plastics

Pantograph leg configuration is bioinspired (dogs)

Rope (Dyneema M20) along with a sufficiently stiff spring is
used to hold the leg upright

3D printed carbon fibre infused plastic is used due to
lightweight and strength; MIT Cheetah 2 uses ABS plastic as its
links (Wensing 2017)

One less motor as well as lesser moving parts reduces the
mass, inertia and chances of failure

Leg lengths should be as short as possible such that it can still
overcome obstacles (Application of linear forces reduces with
leg length

Passive / Plantar Foot

Apply linear forces to the ground

Plantar feet is chosen to increase surface area of contact

Apply forces to the mechanical Rigid Attachment

Low platform mass reduces the need for any specialized
features

Simplest solution which leads to a reduction of overall leg mass
and inertia (as compared to other solutions)

interface
Absorb external forces Damper
Recuperate mechanical power Tendons

Converts moments on 3D printed part into linear forces
(Ananthanarayanan 2012)

Estimate power balance Force Sensor

Compliance in the leg reduces the closed-loop force control
feedback; there is a need for a force sensor to estimate the
forces involved
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Concept 5 (High Speed)

Front View

Side View ‘

Functions Chosen Idea

Direct Drive Motor /
Gearbox / Serial Spring

Convert electrical power into
mechanical power

Comments

Choose a gear ratio such that:
e  Motor provides sufficient torque
e Motor runs at high speeds (efficiency)
e Reflected inertia is not amplified too much

Serial spring allows for force estimation while also protecting
the motor

Convey mechanical power to end Power from the Motors

effector to maintain configuration

Function is not particularly important for high speed

Neglecting the need of a specialized mechanism for this
function leads to a reduction of overall leg mass and inertia

Parallel / Motors at
Joints / Metals

Convey mechanical power to end
effector for locomotion

Parallel leg configuration chosen due to simplicity
Aluminium chosen due to its low weight and strength
Leg lengths should be as short as possible such that it can still

overcome obstacles (Application of linear forces reduces with
leg length

Passive / Geometric
Foot

Apply linear forces to the ground

Geometric feet is chosen to increase surface area of contact as
a rolling point of contact

Apply forces to the mechanical
interface

Spring-loaded Joint

Weight savings from this structured can be transferred into
implementing better impact mitigation strategies

Absorb external forces Damper

Simplest solution which leads to a reduction of overall leg mass
and inertia (as compared to other solutions)

Recuperate mechanical power Spring-based

Mechanism

Foot is spring-loaded to store and release energy during
locomotion

Estimate power balance Force Sensor

Compliance in the leg reduces the closed-loop force control
feedback; there is a need for a force sensor to estimate the
forces involved
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Concept 6 (Heavy Payload)

Front View Side View ‘
KFE HFE HFE
KFE
HRR
W\

Functions Chosen Idea Comments

Convert electrical power into Direct Drive Motor / Choose a gear ratio such that:

mechanical power Gearbox / No Spring e  Motor provides sufficient torque

e  Motor runs at high speeds (efficiency)

e Reflected inertia is not amplified too much

Convey mechanical power to end Power from Motors This keeps the design complexity of the leg low at the cost of
effector to maintain configuration being energetically expensive

Convey mechanical power to end Serial / Rigid Link / Spider configuration as it balances the power better (Abate
effector for locomotion Metals 2016); knee facing forward so as to align the foot with the light
force axis (Abate 2015)

Rigid link that connects the hip to the knee aids in the simplicity
of the design

Aluminium chosen due to its low weight and strength

Leg lengths should be as short as possible such that it can still
overcome obstacles (Application of linear forces reduces with

leg length
Apply linear forces to the ground Passive / Geometric Geometric feet is chosen to increase surface area of contact
Foot
Minimal compliance in the leg aids in maximizing the
closed-loop force control bandwidth (Wensing 2017)
Apply forces to the mechanical Rigid Attachment This keeps the design complexity of the leg low
interface
Absorb external forces Damper Simplest solution which leads to a reduction of overall leg mass
and inertia (as compared to other solutions)
Recuperate mechanical power Direct Feedback to Relying on backdrivability
Actuators
Estimate power balance Proprioceptive Low gear ratio and low inertia leg permits this method of force

estimation; inverse dynamics (Wensing 2017)
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Concept 7 (Heavy Payload)

Front View Side View ‘

KFE HFE HFE @ KFE

Functions Chosen Idea Comments

Convert electrical power into Direct Drive Motor / Choose a gear ratio such that:

mechanical power Gearbox / Parallel e Motor provides sufficient torque

Spring e Motor runs at high speeds (efficiency)

o Reflected inertia is not amplified too much

Parallel spring is the spring-based mechanism explained below

Convey mechanical power to end Clutches This leg relies on a torsion spring to provide the necessary
effector to maintain configuration torque to maintain the configuration (knee torque); the spring is
engaged using a clutch mechanism

Convey mechanical power to end Serial / Chain / Serial 2 link configuration is chosen due to its simplicity; knee
effector for locomotion Composites facing forward so as to align the foot with the light force axis
(Abate 2015)

Chain is used so as to relocate the knee motor higher up the
limb as well as to hold up the large mass of the platform

Carbon fibre is used due to rigidity and availability; chain and
other cables are placed within the limb for ingress protection

Leg lengths should be as short as possible such that it can still
overcome obstacles (Application of linear forces reduces with

leg length

Apply linear forces to the ground Passive / Plantar Foot Plantar feet is chosen to increase surface area of contact
Apply forces to the mechanical Spring-loaded Joint Hip joint is spring-loaded to mitigate any impacts not filtered by
interface the leg
Absorb external forces Spring-based Using the clutchable parallel spring

Mechanism
Recuperate mechanical power Spring-based Using the clutchable parallel spring

Mechanism
Estimate power balance Force Sensor Compliance in the leg reduces the closed-loop force control

feedback; there is a need for a force sensor to estimate the
forces involved
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Concept 8 (Heavy Payload)

Front View Side View ‘

AN

Functions Chosen Idea Comments

Convert electrical power into Direct Drive Motor / Choose a gear ratio such that:

mechanical power Gearbox / Parallel e  Motor provides sufficient torque

Spring e  Motor runs at high speeds (efficiency)

e Reflected inertia is not amplified too much

Parallel spring is the spring-based mechanism explained below

Convey mechanical power to end Spring-based The leg relies on a variable stiffness mechanism to provide the
effector to maintain configuration Mechanism necessary torque to maintain the configuration (knee torque);
by changing the stiffness of the mechanism, the equilibrium of
the mechanism or configuration of the leg changes to the
desired value (Chong 2017)

Convey mechanical power to end Serial / Rope / Metals Spider configuration as it balances the power better (Abate
effector for locomotion 2016); knee facing forward so as to align the foot with the light
force axis (Abate 2015)

Rope (Dyneema M20) is used so as to relocate the knee motor
higher up the limb

Aluminium chosen due to its low weight and strength

Leg lengths should be as short as possible such that it can still
overcome obstacles (Application of linear forces reduces with

leg length
Apply linear forces to the ground Passive / Geometric Geometric feet is chosen to increase surface area of contact
Foot
Apply forces to the mechanical Rigid Attachment This keeps the design complexity of the leg low
interface
Absorb external forces Damper Simplest solution which leads to a reduction of overall leg mass
and inertia (as compared to other solutions)
Recuperate mechanical power Direct Feedback to Relying on backdrivability
Actuators
Estimate power balance Force Sensor Compliance in the leg reduces the closed-loop force control

feedback; there is a need for a force sensor to estimate the
forces involved
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Concept 9 (Heavy Payload)

Front View Side View ‘

HFE WEE HAR
— — HAA
Ton
%\2 -_—> sm
Gy

Functions Chosen Idea Comments

Convert electrical power into Direct Drive Motor / Choose a gear ratio such that:

mechanical power Gearbox / Serial Spring ®  Motor provides sufficient torque

e Motor runs at high speeds (efficiency)

e Reflected inertia is not amplified too much

Serial spring allows for force estimation while also protecting

the motor
Convey mechanical power to end Spring-based Due to the parallel kinematics of the leg as well as the spring
effector to maintain configuration Mechanism configuration
Convey mechanical power to end Parallel / Rope / Metals | Pantograph leg configuration is bioinspired (dogs)

effector for locomotion
Rope (Dyneema M20) along with a sufficiently stiff spring is
used to hold the leg upright

Aluminium chosen due to its low weight and strength

One less motor as well as lesser moving parts reduces the
mass, inertia and chances of failure

Leg lengths should be as short as possible such that it can still
overcome obstacles (Application of linear forces reduces with

leg length
Apply linear forces to the ground Passive / Plantar Foot Plantar feet is chosen to increase surface area of contact
Apply forces to the mechanical Rigid Attachment Low platform mass reduces the need for any specialized
interface features
Absorb external forces Damper Simplest solution which leads to a reduction of overall leg mass

and inertia (as compared to other solutions)

Recuperate mechanical power Tendons Converts moments on 3D printed part into linear forces
(Ananthanarayanan 2012)

Estimate power balance Force Sensor Compliance in the leg reduces the closed-loop force control
feedback; there is a need for a force sensor to estimate the
forces involved
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Concept 10 (Heavy Payload)

Front View

Side View ‘

Functions Chosen Idea

Direct Drive Motor /
Gearbox / Serial Spring

Convert electrical power into
mechanical power

Comments

Choose a gear ratio such that:
®  Motor provides sufficient torque
e  Motor runs at high speeds (efficiency)
e Reflected inertia is not amplified too much

Serial spring allows for force estimation while also protecting
the motor

Convey mechanical power to end Power from the Motors

effector to maintain configuration

Both motors share the load to provide the necessary torque

Parallel / Motors at
Joints / Metals

Convey mechanical power to end
effector for locomotion

Parallel leg configuration chosen due to simplicity
Aluminium chosen due to its low weight and strength
Leg lengths should be as short as possible such that it can still

overcome obstacles (Application of linear forces reduces with
leg length

Passive / Geometric
Foot

Apply linear forces to the ground

Geometric feet is chosen to increase surface area of contact as
a rolling point of contact

Apply forces to the mechanical
interface

Spring-loaded Joint

Weight savings from this structured can be transferred into
implementing better impact mitigation strategies

Absorb external forces Damper

Simplest solution which leads to a reduction of overall leg mass
and inertia (as compared to other solutions)

Recuperate mechanical power Spring-based

Mechanism

Foot is spring-loaded to store and release energy during
locomotion

Estimate power balance Force Sensor

Compliance in the leg reduces the closed-loop force control
feedback; there is a need for a force sensor to estimate the
forces involved
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B.5 Evaluation Tree
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B.7 Detailed Leg Design Concepts

Concept 1.1 (High Speed)

HFE

=)

—--P side,

S-lndww{ GM
Red: Petuortis

Gween: Spst
Blue, - free o

5

I SANENN NN RNNNAN

© Aorard

= = AT A V.V VAW VAV AVAV.Y

LRI SO N




Appendix B. Supporting Documents

74

Description

Functions Chosen Idea

Direct Drive Motor /
Gearbox / No Spring

Convert electrical power into
mechanical power

This high speed leg design strives for design simplicity (no
compliant elements), effective impact mitigation (lightweight, low
link inertia) and a better power balance between the various
actuators (spider configuration)

Comments

Choose a gear ratio such that:
e  Motor provides sufficient torque
e Motor runs at high speeds (efficiency)
e Reflected inertia is not amplified too much

Convey mechanical power to end Power from Motors

effector to maintain configuration

Function is not particularly important for high speed

Neglecting the need of a specialized mechanism for this
function leads to a reduction of overall leg mass and inertia

Serial / Chain /
Composites

Convey mechanical power to end
effector for locomotion

Spider configuration as it balances the actuator powers better
(Abate 2016); knee facing forward so as to align the foot with
the light axis (Abate 2015)

Chain is used so as to relocate the knee motor higher up the
limb as well as to use standard parts; chain is used instead of
belt due to higher tolerance for greater loads and simpler
overall mechanism (e.g. do not need idlers)

Carbon fibre is used due to rigidity and availability; chain and
other cables (e.g. cables for knee joint angle data) can placed
within the tube for ingress protection

Leg lengths should be as short as possible such that it can still
overcome obstacles (Application of linear forces reduces with
leg length)

Passive / Geometric
Foot

Apply linear forces to the ground

Geometric feet is chosen so as to increase surface area of
contact

Minimal compliance in the leg aids in maximizing the
closed-loop force control bandwidth (Wensing 2017)

Apply forces to the mechanical
interface

Rigid Attachment

Low platform mass reduces the need for any specialized
features

Absorb external forces Damper

Simplest solution which leads to a reduction of overall leg mass
and inertia (as compared to other solutions)

Direct Transmission to
Motors

Recuperate mechanical power

Relying on backdrivability

Estimate power balance Proprioceptive

Low gear ratio and low inertia leg permits this method of force
estimation; inverse dynamics (Wensing 2017)
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Concept 3.1 (High Speed)
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Description

Functions Chosen Idea

Convert electrical power into Direct Drive Motor /
mechanical power Gearbox / No Spring

This high speed leg design strives for design simplicity
(mammalian configuration) while incorporating an additional
impact mitigation mechanism (spring-loaded feet)

Comments

Choose a gear ratio such that:
e  Motor provides sufficient torque
e  Motor runs at high speeds (efficiency)
e Reflected inertia is not amplified too much

Convey mechanical power to end Power from Motors
effector to maintain configuration

Function is not particularly important for high speed

Neglecting the need of a specialized mechanism for this
function leads to a reduction of overall leg mass and inertia

Convey mechanical power to end Serial-Parallel / Rope /
effector for locomotion Composites

Serial 2 link mammalian configuration is chosen due to its
simplicity; knee facing forward so as to align the foot with the
light axis (Abate 2015)

Rope so as to relocate the knee motor higher up the limb

Carbon fibre is used due to rigidity and availability; rope and
other cables are placed within the limb for ingress protection

Leg lengths should be as short as possible such that it can still
overcome obstacles (Application of linear forces reduces with
leg length)

Apply linear forces to the ground Passive / Plantar Foot

Spring-loaded plantar foot adds compliance so as to mitigate
impacts while also storing mechanical energy

Plantar feet is chosen to increase surface area of contact

Low platform mass reduces the need for any specialized
features

Passive spring-loaded foot stores and releases energy in an
open loop manner

It is possible to wrap the rollers in the mechanism with a
textured material so as to introduce damping into the
spring-mass system; reduces unnecessary oscillations

Passive spring-loaded foot stores and releases energy in an
open loop manner

It is possible to wrap the rollers in the mechanism with a
textured material so as to introduce damping into the
spring-mass system; reduces unnecessary oscillations

Apply forces to the mechanical Rigid Attachment

interface

Absorb external forces Spring-based
Mechanism

Recuperate mechanical power Spring-based
Mechanism

Estimate power balance Force Sensor

Compliance in the leg reduces the closed-loop force control
feedback; there is a need for a force sensor to estimate the
forces involved
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Concept 7.1 (Heavy Payload)
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Description

Functions Chosen Idea

Direct Drive Motor /
Gearbox / No Spring

Convert electrical power into
mechanical power

This heavy payload leg design strives for design simplicity (no
compliant elements) while incorporating an active braking
mechanism, hence enabling it to maintain any arbitrary
configuration with a low power consumption

Comments

Choose a gear ratio such that:
e Motor provides sufficient torque
e Motor runs at high speeds (efficiency)
e Reflected inertia is not amplified too much

Convey mechanical power to end Brakes

effector to maintain configuration

This leg relies on an active brake that jams the transmission
system so as to maintain its configuration (Mechanism X
channel on YouTube)

The braking mechanism is based on a clamping mechanism
that is driven by a lead screw (non backdrivable); it is similar to
a bicycle brake

Convey mechanical power to end Serial / Chain / Metals

effector for locomotion

Spider configuration as it balances the actuator powers better
(Abate 2016); knee facing forward so as to align the foot with
the light axis (Abate 2015)

Chain is used so as to relocate the knee motor higher up the
limb as well as to use standard parts; chain is used instead of
belt due to higher tolerance for greater loads and simpler
overall mechanism (e.g. do not need idlers)

Aluminium chosen due to its low weight yet high strength
Leg lengths should be as short as possible such that it can still

overcome obstacles (Application of linear forces reduces with
leg length)

Passive / Geometric
Foot

Apply linear forces to the ground

Geometric feet is chosen to increase contact surface area

This keeps the design complexity of the leg low

Apply forces to the mechanical Rigid Attachment
interface
Absorb external forces Damper

Simplest solution which leads to a reduction of overall leg mass
and inertia (as compared to other solutions)

Direct Transmission to
Motors

Recuperate mechanical power

Relying on backdrivability

Estimate power balance Force Sensor

Since there is no compliant element in the leg, it implies that a
proprioceptive method of estimating the forces involved may be
used

However, it is advisable to have a force sensor here so as not

to damage the environment which the leg is in
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Description

Functions Chosen Idea
Direct Drive Motor /
Gearbox / Parallel
Spring

Convert electrical power into
mechanical power

This heavy payload leg design seeks to take advantage of
compliant elements to maintain an arbitrary configuration with a
low power consumption

Comments

Choose a gear ratio such that:
e  Motor provides sufficient torque
e  Motor runs at high speeds (efficiency)
e Reflected inertia is not amplified too much

Parallel spring are either one of the two spring-based
mechanisms explained below

Convey mechanical power to end
effector to maintain configuration

Spring-based
Mechanism

Two parallel springs mechanisms are proposed:

i) A simple torsion spring which can be engaged via a clutch at
an arbitrary configuration

i) A variable stiffness mechanism which is able to output a wide
range of stiffnesses; changing the static configuration of the leg
is synonymous with changing the stiffness of the mechanism
(Chong 2017)

Convey mechanical power to end
effector for locomotion

Serial / Rope / Metals

Spider configuration as it balances the actuator powers better
(Abate 2016); knee facing forward so as to align the foot with
the light axis (Abate 2015)

Rope is used so as to relocate the knee motor higher up the
limb

Aluminium chosen due to its low weight yet high strength
Leg lengths should be as short as possible such that it can still

overcome obstacles (Application of linear forces reduces with
leg length)

Passive / Geometric
Foot

Apply linear forces to the ground

Geometric feet is chosen to increase contact surface area

Apply forces to the mechanical
interface

Rigid Attachment

This keeps the design complexity of the leg low

Absorb external forces Spring-based

Mechanism

Using the parallel spring (if engaged)

Recuperate mechanical power Spring-based

Mechanism

Using the parallel spring (if engaged)

Estimate power balance Force Sensors

Compliance in the leg reduces the closed-loop force control
feedback; there is a need for a force sensor to estimate the
forces involved
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B.9. Technical Requirements Evaluation
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Appendix B. Supporting Documents
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