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ABSTRACT OF THE DISSERTATION

Application of Proprioception Quasi-Direct Drive Actuators on Dynamic Robotic Systems

by

Xiaoguang Zhang
Doctor of Philosophy in Mechanical Engineering
University of California, Los Angeles, 2019

Professor Dennis W. Hong, Chair

The properties of actuation is absolutely the basic and foundation among all factors that
determine the overall performance of a system, and this has been true for all living creatures,
and other machines as well. Ever since the first industry robot being invented half a century
ago, the robotics field have been developed rapidly, and all sorts of robots are playing more

and more important roles in all human production and daily life activities.

The main requirements for robots have been focused on rigidity, high torque and precision
motion until recently, as traditionally the major application of robots are along factory
production lines, with their working environment well known and controlled, performing
jobs that are highly repetitive. To ensure the consistency of production, rigid robots that
provides precise motion with high payload capacity are preferred. Thus, position controlled
high torque servos have been dominating the industry. These actuators are also combined

with force/torque sensors to enable force control capability on robotic systems, but due to
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various limitations of such setup, it is difficult to realize dynamic motions where impulsive
loading is frequently recurrent. During the recent decade, research efforts in the robotics field
have been made in the development of Series Elastic Actuators (SEA), seeking for alternative
actuation solutions to meet the requirements for dynamic robotic systems. Although there
are a hand full of successful cases, the complicity and difficulty down the route is quite
obvious. Besides, the respond bandwidth of any SEA is strictly limited by the property of

its elastic component, resulting in customization that is very application specific.

The recent rapid development of Proprioceptive Actuators, also know as Quasi-Direct
Drive Actuators (or QDD for abbreviation), provides a simple actuation solution that not
only features torque control capability, but also provides a very wide response bandwidth
as well as inherent compliance. Thus its application on various robotic systems is definitely

intriguing and worth of exploration.

The work presented in this dissertation involves the development and discussion of the
application of Proprioceptive Actuators on several different dynamic robotic systems, in-
cluding a three-finger robotic hand called DAnTE, a non-anthropomorphic bipedal robot
called NABi-2 and a quadruped robot with very unique kinematics configuration, called
ALPHRED-2. Underactuated anthropomorphic fingers are developed and applied on DAnTE,
and a potential energy flow theory is developed to assist the development of the mechanical
intelligence in these underactuated fingers to realize gesture dexterity. Along with the ap-
plication of Proprioceptive Actuators on legged robots, an Impact Transfer Factor theory is
proposed to quantify the response of a robotic limb to a impact in terms of impact sensing

from a whole-system point of view. As outlook of the presented work, an upgraded version
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of DAnTE as well as an open source kid-size humanoid robot platform are introduced. Both
systems are driven by well-packaged Proprioceptive Actuator modules and are expected to
possess dexterous force control and high dynamic performance capabilities, and both of them

are designed to serve as reliable robot platforms to carry further research in related topics.
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CHAPTER 1

Introduction

1.1 Background and Motivation

Traditionally the operating environment of robots is separated from human with very clear
boundaries. However, with the rapid development of robotics technology during the past
decades, these boundaries are fading and getting blurrier. With the advancement in the
quality of the design and fabrication quality of robotic components, control theories, sensors,
computers and artificial intelligence, robots are entering the world that humans work and
live. It is gradually happening that robots are expected to not just free human workers from
heavy-load, repetitive works, but also become co-workers or assistant in complicated jobs or
even provide service in people’s daily life, examples being co-bots, delivery robots and vacuum
robots. In another word, robots are no longer kept in precisely controller environment and
start to interact with the real world which is an unknown environment always full of changes

and uncertainty.

At the same time, robots are now expected to provide better dynamic performance thus
to become capable of handling various jobs efficiently. Despite how challenging it is, frequent

and repetitive impact loading becomes inherent to the tasks robots nowadays are expected to



carry out. Traditional solutions as force/torque sensors combined with position control servo
actuators comprising of high speed motor and high gear ratio transmission. However, they
can not meet such impact bearing and mitigation requirements since neither the force/toque
sensors or the transmission can survive impacts and dynamic loading with frequent substan-
tial changes. To overcome this issue, elastic components are integrated into the traditional
servo actuators providing mechanical compliance, thus Series Elastic Actuators (SEA) have
been developed. Yet SEA is not a perfect solution despite its capability of handling impacts
to a certain degree. Due to the natural frequency and deformation limitation of the applied
elastic component, the response bandwidth of an SEA is limited to a very narrow range. It
also makes it hard to achieve a fine control of the SEA because of the difficulty in creating
accurate models of the actuator. Besides, the difficulty of fabrication and the high cost of

SEA modules also made non-negligible negative contributed.

The recent burst of development on Proprioceptive Quasi-Direct Drive Actuators pro-
vides a great solution to dynamic robotic systems. The rapid development of the drone
industry makes a variety of selections on high torque BLDC motors commercially available.
Proprioceptive Quasi-Direct Drive Actuators (also called Proprioceptive Actuators or Quasi-
Direct Drive Actuators), are built by simply combining such high torque BLDC motors with
a low gear ratio transmission. Featuring high actuation transparency, accurate and reliable
force control capability can be achieved by current sensing, thus no external force/torque

sensors are needed.

Proprioceptive Quasi-Direct Drive Actuators open up a new approach to dynamic robotic

solutions. The high actuation transparency and compliance inherent to these actuators is



unprecedented and so are some new features on the robots that the actuators are applied
to. Thus, the application of this new type of actuator on dynamic robotic systems is very

worth of deep exploration.

With a firm belief in worthy new discoveries and knowledge to generate around the
application of Proprioceptive Quasi-Direct Drive Actuators, the work presented in this dis-
sertation is dedicated in exploring the application of this type of actuator on various dynamic
robotic systems. Several basic mechanical concepts are revisited and some new theories and
extension of current theories are created to help with understanding and better assist the

application development.

1.2 Research Objective

The objectives of this research is to explore the application of Proprioceptive Quasi-Direct
Drive Actuators in various types of dynamic robotic systems. Thus, contribution in this

research involve development in both theories and physical systems.

Instead of focused on a very specific issue or topic, the work in this research covers various
different yet tightly related topics, as it appears to be necessary in order to comprehensively
study the application of Proprioceptive Actuators. The application of the actuators are
mainly explored in compact and small systems using a robotic hand as experimental example

and in various dynamic legged robots.

As part of the theoretical study, The physical and electrical characteristics of Propriocep-

tive Actuators are derived from those of normal BLDC motors. The reflective inertia of gear



trains as well as planetary setup is reviewed to reveal the basic guidelines to the actuation
transparency of this type of actuators. To better understand and implement underactuated
mechanism with embedded mechanical intelligence, further apply it onto a compact robotic
hand, a potential energy flow theory that can be used to explain mechanical intelligence in
underactuated mechanisms has been developed. Meanwhile, as impacts are inherent to the
tasks that the robots actuated with Proprioceptive Actuators are supposed to carry out, an
Impact Transfer Factor theory has been developed to fill the gaps that current theories on
impacts have not covered. With the help of the Impact Transfer Factor theory, one can easily
analyze or predict the response of a robotic system upon impacts from a system level point of
view. The robot join configuration and actuation chain configuration as the basic to a robot
design is also reviewed, with evaluation and conclusion specifically made for applications

with Proprioceptive Actuators.

The robotic systems developed during the research includes a robotic hand called DAnTE-
1(Dynamic Anthropomorphic Tactile End-effector, version 1), a non-anthropomorphic bipedal
robot NABIi-2, and a quadrupedal robot called ALPHRED-2 (Autonomous Legged Personal
Helper Robot with Enhanced Dynamics version 2). All these systems are actuated by the
Proprioceptive Actuators called BEAR, Backdrivable Electromagnetic Actuators for Robots,
and there are two sizes of BEAR developed, with distinguished capabilities covering different
ranges of applications. DAnTE is an experimental system to explore the application of Pro-
prioceptive Actuators onto a compact and dynamic robotic hand with outstanding dexterity
and force control capability, with the implementation of mechanical intelligence under the

guidance of the Potential Energy Flow theory for underactuated mechanisms. NABi-2 and



ALPHRED-2 are developed to experiment the application of Proprioceptive Actuators in
fully actuated dynamic legged robots. The theories are applied to guide the development of
the systems, while the experimental results support, validate and improve the development

of the theories.

On top of all above, the experimental prototype system DAnTE-1 is upgraded into a
more mutual and reliable version called DAnTE-2. With experience and lessons learned from
NABi-2 and ALPHRED-2, a new kid-size humanoid legged robot platform that is supposed
to be dynamic, robust, reliable and optimal in performance is also proposed. These two new
platforms are meant to efficiently help the current researchers with further exploration in

various other topics related to the operation of dynamic robots.

1.3 Document Organization

This dissertation discusses the implementations of Proprioceptive Actuators in several differ-
ent dynamic robotic systems, along with a couple of theoretical innovation and contribution
to the robotics subject in relation with such implementations. The document is organized

as follows:

In Chapter.2, the background of actuators previously and currently used on various
robotic systems are reviewed, with a focus on electromagnetic actuators, which are the
current major solutions in the field of robotics. As the basic setup, position controlled
actuators are reviewed first, followed by Series Elastic Actuators. And the Proprioceptive

Actuators are introduced as last. For each type of actuator, its basic concept is explained in



detail, and the pros and cons are listed for comparison. Existing representative examples of

each type are also briefly mentioned.

The theoretical development is covered in Chapter.3, starting with reviewing the prop-
erties and characteristics of BLDC motors to derive those of Proprioceptive Actuators. The
reflective inertia of plain geartrain as well as planetary gear set is also reviewed in the chapter,
as it directly influence the actuation transparency of a actuator, which is the main benefit
of Proprioceptive Quasi-Direct Drive Actuators. In compact robotic systems, underactuated
mechanisms are often adopt to reduce the size, weight and complexity of the system, such as
robotic hands, soft robots and tendon driven robots. To better assist the implementation of
mechanical intelligence in underactuated robotic systems, a Potential Energy Flow theory is
introduced in section.3.2.1. In the last section of Chapter.3, the response of a robotic system
to impacts is reviewed, as well as an Impact Mitigation Factor theory provided by other re-
searchers to quantify the mitigation capability of Proprioceptive Actuators and the robotic
system that utilize such actuators. Then an Impact Transfer Factor theory developed during
the work covered in this dissertation is illustrated. The theory is meant to cover the gap
that other theories did not consider, and it provides some evaluation matrices to quantify

impact sensitivity of any robotic system.

In Chapter.4, the physical robotic systems developed are presented. Sections go through
from a robotic hand system DAnTE-1 and its updated version DAnTE-2, to legged robot
platforms including an non-anthropomorphic bipedal robot NABi-2, a quadruped robot
ALPHRED-3 and the lower body platform of a kid-sized humanoid robot called BRUCE.

The design of each system is illustrated in detail followed by their performance presentation



as experimental results.

In the last Chapter, the conclusion of the dissertation is provided. The contribution from
the theories generated in this work is summarized, with outlook for their potential use cases
in the future development of related topics. The actuators and physical robotic systems
developed are reviewed, with their performance, capability and potential impacts that they

can bring to the robotics field evaluated.



CHAPTER 2

Background of Actuators

Actuators are one of the most critical core components determining the performance of an
actuated system, and this is true for robots and all other actuated systems including the
amazing creatures of the great nature. Thus research and development of actuators have
always been the hot topic since robotics first came into shape. And as nowadays robotic
systems become more and more dynamic in performance, the demands on actuators also
become more comprehensive. Thus for modern robotic systems, although the power and
power-weight ratio has been always the major characteristics when evaluating an actuator,
nevertheless, control accuracy, speed, impact resistance and response bandwidth are equally

critical.

Classified by actuation power source, there are generally three categories of actuators

used on robotic systems: hydraulic, pneumatic, and electronic.

For every hydraulic actuated system, there will be a hydraulic pressure pump providing
pressurized hydraulic fluid, and the pump can be either on board or, as it often times
is, located externally. Pressured hydraulic fluid is then feed into hydraulic actuators which
consist of cylinder or fluid motor that uses hydraulic power to facilitate mechanical operation.

The mechanical motion gives an output in terms of linear, rotatory or oscillatory motion.



Figure 2.1: The first industrial robot, Unimate

For robotics application in particular, relatively low speed but high force output is needed,
and in most cases the joints do not need a full revolution. Thus, almost all application of
hydraulic actuators on robots are linear hydraulic actuators that are basically pistons and
cylinders. One compelling reason to use hydraulics, especially for high degree-of-freedom
machines, is the relative ease of adding high force degrees of freedom. For an electric motor
driven robots, each actuator needs to be sized for its peak performance, which makes building
systems with many degrees of freedom needing high peak power and force at all the joints
(and especially at distal joints) very challenging. With a hydraulic system, it is easier to
build high force distal links (ankles, wrists, fingers, etc) without adding significant mass and
inertia to the limbs. As liquids are nearly impossible to compress, a hydraulic actuator can
exert a large force, thus actuators tend to have high force density. Since impact loads are
distributed over the large surface area of the hydraulic channels, rather than, for example

several small gear teeth, hydraulic actuators also posses high robustness to impacts.



The first industrial robot[47] was created by George Devol and Joseph Engelberger. It was
driven by hydraulic actuator and weights about 2 tons. Ever since then hydraulic actuators
have become much lighter and efficient, and have been favored by stationary robotic systems,
especially industrial robotic arms. The hydraulic legged robots from Boston Dynamics[52],
starting with Big Dog, have set the standard for the performance capabilities of modern
legged robots. However, hydraulic actuators tend to have poor efficiency, from viscous losses
in the moving fluid, servo valve internal leakage and pressure drop[44]. Another key drawback
of this approach is its limited acceleration, which is in significant conflict with the demand
for dynamic limb motions. Thus for mobile robots where the pressure pump has to be carried
on board, hydraulic actuators appears to be less advantageous, especially for robotic systems
with high force, high power, low inertia limbs design such that the actuators are all located

close to each other.

Pneumatic systems share many points in common with hydraulic systems, in both me-
chanical concept and system architecture, but instead of fluid, compressed air was used.
However, pneumatic systems overcome almost all of those drawbacks of hydraulic systems.
Although there might be some servo valve internal leakage and pressure drop that can cause
some loss in efficiency, there is no viscous loss at all. What’s more, since compressed air has
little mass, the acceleration of pneumatic systems is very high in general. Since air is very
easy to compress, pneumatic actuators are excellent in impact resistance but this also lead
to the major downside-they are only suitable for low force applications, which makes it very
unsuitable for mobile dynamic robots. Pneumatic actuators are currently widely used on in-

dustrial end-effectors like two finger grippers (2.2a) or soft robot hand (2.2b). Robotic hands
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Figure 2.2: Pneumatic actuators are currently widely used on industrial end-effectors like
two finger grippers (2.2a) or soft robot hand (2.2b). Robotic hands with high DoF like the

ADROIT ROBOT HAND(34](2.2¢) also uses pneumatic systems.

with high DoF like the ADROIT ROBOT HANDJ34](2.2¢) also uses pneumatic systems.

As discussed above, neither hydraulic or pneumatic actuation systems is a good choice
for mobile or portable dynamic robotic systems, like legged robots or dexterous robot hands.
Electric actuators however, with their high modularity and relatively balanced characteris-
tics, appear to be better choices. Development of Series Elastic Actuators and Proprioceptive
Quasi-Direct Drive Actuators in the recent decades have even further mined the potential

of electric actuators, which will be discussed in the following sections.

2.1 Position Controlled Actuators

Position controlled actuators are by far the most widely used actuators on all sorts of different
robotic systems, for their robustness, reliability modularity and being relatively easy to
control and use. Depending on how the actuator is driven and how the control loop is

closed, there are mainly two categories of position controlled actuators that are traditionally
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used in the field of robotics, which are the stepper motors and the servomotors.

2.1.1 Stepper Motors

A stepper motor, also known as step motor or stepping motor, is a brushless DC electric
motor that divides a full rotation into a number of equal steps. The motor’s position can
then be commanded to move and hold at one of these steps without any position sensor
for feedback, as long as the motor is carefully sized to the application in respect to torque
and speed. Stepper motors are controlled by open-loop controllers. They effectively have
multiple "toothed” electromagnets arranged around a central gear-shaped piece of iron, and
the electromagnets are energized by an external driver circuit or a micro controller. To make
the motor shaft turn, first, one electromagnet is given power, which magnetically attracts the
gear’s teeth. When the gear’s teeth are aligned to the first electromagnet, they are slightly
offset from the next electromagnet. This means that when the next electromagnet is turned
on and the first is turned off, the gear rotates slightly to align with the next one. From there
the process is repeated. Each of those rotations is called a ”step”, with an integer number

of steps making a full rotation. In that way, the motor can be turned by a precise angle.

However, due to the way that stepper motors function, although precise, the output
position has to be increments of the angle that a step produces. The output torque and
speed of stepper motors are very limited, thus they must be carefully sized to the application
in respect to torque and speed, otherwise either the demanded output speed can never be
provided, or a stepper motor may miss steps or even stall when the load exceeds the capacity

of the motor, resulting in defective output position. Neither are stepper motors impact-resist,
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as impulsive loads would likely cause the motor to miss steps. Sometimes stepper motors
are combined with transmission mechanisms with a reduction, like gearboxes or lead-screw
mechanisms. As the output speed is reduced, the maximum output torque (or force in linear
motion) is increased. When a stepper motor is combined with a reduction transmission
mechanism, the torque/force density of the actuator is increased, but is then only suitable
for application with very low speed, where there is no dynamic motions. And stepper motor
torque generally decreases rapidly as speed increases,(Fig.2.3) due to cogging torque[37] and
other losses.[12] This inverse relationship between speed and torque means it’s only practical
to increase speed by a certain amount before the motor is unable to deliver the required

torque, even when multiplied by the reduction ratio.

ideal vs. practical curves

N ideal power gulput

Torque =%
Power actual power output
ideal torque

actual torque

Speed

Figure 2.3: Cogging torque reduces the ideal torque (and power) that the motor could

produce, with the effect becoming larger as speed increases.

Stepper motors are not suitable for dynamic robotic systems but applications where low
speed high torque motion is needed, or where precise position control needs to be achieved
with relatively simple control system like an open-loop system. Stepper motors can also pro-
vide high holding torque. Besides, they are also cheaper than other type of actuators. Thus,
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stepper motors can be seen on some small industrial robotic systems or planner machine

platforms like CNC milling machines.

2.1.2 Servomotors

Although they are all position controlled actuators and the electromagnetic principle for
the motors to be moving seems to be the same, servomotors are very different from stepper
motors. A servomotor contains three components: a motor, a position sensor that couples
with the motor and a transmission mechanism. The motor can be an AC motor, a brushed
DC motor or a brushless DC motor, generating high speed rotary motion. The position
sensor, called an encoder, is coupled with the motor shaft for position feedback. Finally
the transmission mechanism transforms the high speed rotary motion from the motor to a
rotary output with lower speed but higher torque or a linear motion output, depending on

the form of the transmission mechanism applied to the servomotor.

The simplest servomotor uses position-only sensing via a potentiometer. The measured
position of the output is compared to the command position, which is the external input to
the controller. An error signal is generated which then causes the motor to rotate in either
direction, as needed to bring the output shaft to the appropriate position. As the positions
approach, the error signal reduces to zero and the motor stops. This type of servomotor
is not widely used in industrial motion control, but it forms the basis of the simple and
cheap servos used for radio-controlled models. On more sophisticated servomotors, optical
or magnetic rotary encoders with high resolution are used to measure not only the position

but also the speed and acceleration of the output shaft, and the motor speed is controlled
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by a variable-speed drive. With a PID control algorithm, the servomotor can be brought to

its commanded position more quickly and more precisely, with less overshooting.

The type of motor is not critical to a servomotor and different types may be used. At
the simplest, brushed permanent magnet DC motors are used, owing to their simplicity and
low cost. Small servomotors for research and industrial applications are typically brushless
DC motors. For large industrial servomotors, AC induction motors or brushless AC mo-
tors are typically used, often with variable frequency drives to allow control of their speed.
Drive modules for servomotors are mostly standard component, such as a branch of power
electronics based on a three-phase MOSFET or IGBT H bridge. They may also include
over-temperature monitoring, over-torque and stall detection features. As the encoder type,
gearhead ratio and overall system dynamics are application specific, it is more difficult to
produce the overall controller as an off-the-shelf module and so these are often implemented

as part of the main controller, integrated into the whole servomotor package.

Servomotors are generally used as a high-performance alternative to the stepper motor.
Stepper motors have some inherent ability to control position, as they have built-in output
steps. This often allows them to be used as an open-loop position control, without any
feedback encoder, as their drive signal specifies the number of steps of movement to rotate,
but for this the controller needs to ’know’ the position of the stepper motor on power up.
Therefore, on first power up, the controller will have to activate the stepper motor and turn
it to a known position, e.g. until it activates an end limit switch. The lack of feedback of
a stepper motor limits its performance, as the stepper motor can only drive a load that is

well within its capacity, otherwise missed steps under load may lead to positioning errors
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and the system may have to be restarted or recalibrated. The encoder and controller of a
servomotor are an additional cost, but they optimise the performance of the overall system

(for all of speed, power and accuracy) relative to the capacity of the basic motor.

Servomotors have been dominating in robotics applications as when well designed, ser-
vomotors can provide reliable output with adequate speed, torque and accuracy. They are
also relatively robust and power efficient. Various of servomotors have been developed and
they covers a wide range of applications. Most of current industrial robots use servomotors
in their joints and sometimes force/torque sensors are coupled with servomotors to achieve
force controlled systems. Servomotor modules covering a wide range of performance require-
ments are also commercially available2.4, which makes it easier to develop robotic systems

with servomotors.

e
]

Figure 2.4: Dynamixel servo actuators from Robotis covers a wide range of robotics appli-

cation.

Servomotors can satisfy some basic dynamic motion requirements when applied on small
robotic systems due to scaling effect. Two very good examples are DARwIn (Fig.2.5a)[22]
and Nao (Fig.2.5b)[20]. On these small robotics systems, the servomotors are robust enough
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(a) DARwIn-OP (b) NAO (c) THOR-RD

Figure 2.5: Humanoid robots with position control servo actuators

to impacts generated when the robots are interacting with the environment or even falling
down to the ground. The servomotors are powerful enough for such small systems to perform
some basic motions in a dynamic manner, such as walking. However, the torque demand
on the joints increases exponentially as the size of the robot gets bigger. To provide enough
torque, but still maintain relatively low in weight and small in size, larger gearboxes with
bigger reduction ratios are used in the servomotors. Though theses servomotors can provide
high enough torque, the output speed is sacrificed. Traditionally the motions of the robotic
systems using these servomotors are considered quasi-static, such as a full-size humanoid

robot like THOR (Fig.2.5¢).[68]

Besides the increased requirement for torque, the difficulty also involves the fact that
control algorithms based on only position and velocity does not work as well as they do on
smaller systems, as the inertia of the robot limbs can no longer be ignored, and force feedback
becomes critical. In many systems, especially industrial robot arms, force/torque sensors are

coupled with servomotors on the joints, closing the loop with torque feedback from the joints.
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With the help of a good model estimation of the physical system, a decent control algorithm
can yield reliable and smooth dynamic motions. However, this is extremely hard with legged
robots since the environment that the robot is dealing with is far more complicated than that
the industrial robotic arms are, as the latter ones are doing repeated motions in controlled
and well-know environment. Despite the fact that force/torque sensors are very expensive in
most cases, neither the gearbox of a servomotor or the force/torque sensor is robust enough
to resist the impulsive loads that large legged robots and other robotic systems with high
dynamic motions often have on their joints, not to mention the impact caused by robot

falling down to the ground.

2.2 Series Elastic Actuators

2.2.0.1 Basic Concept And Principle Design

Series Elastic Actuator(SEA) is developed to overcome the disadvantages of the setup with
a servomotor and a force/torque sensor (Fig.2.6a), and enhance the dynamics of robotic
systems. SEA takes a conventional highly-geared servomotor, and add a spring and spring
displacement sensors at the output, as shown in Figure.2.6b Output torque or force can be
monitored and controlled by measuring and controlling the amount of spring deflection. In
addition to allowing closed-loop output torque control, the spring serves to decouple the
gearbox from impacts seen at the output of the actuator. This allows high gear ratios to be
used without the risk of damaging the gears upon impact. This feature is perhaps even more

importantly than close-loop force/torque control capability for dynamic applications where
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Figure 2.6: Schematic drawings of different actuators

impulsive loads are inherent.

The spring, or more precisely, the elastic member in an SEA, can be either a conven-
tional metal spring or other elastic component made out of certain elastic material like
rubber. Torsional and linear springs are widely applied on SEA actuators, but the SEA
modules developed by RoMeLa and used on humanoid bipedal robot platform THOR and
SAFFiR as well as the bipedal robot ATRIAS developed by the Oregon State University
Dynamic Robotics Laboratory use carbon fiber plates as the elastic members; while some
other modules such as those developed by Biorobotics Lab of CMU use a nonlinear rubber

piece as the elastic component.

The output of an SEA can be in either linear or rotational form, and the elastic member
can also be in either linear or rotational correspondingly, depending on the specific applica-
tion of the SEA. Linear SEA are mostly seen on legged robots, where biomimetic designs are
adopted, such as THOR and Mercury, while on robotic manipulators and SEA modules that
are designed for general purpose, rotational design is more favorable for better versatility
and compactness, such as the recently announced xMate co-bot arms by Rokae and the SEA

modules from ANYBotics and HEBI.
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In some SEA implementations, the spring serves to store significant energy, increasing
the peak power output of the actuator when the spring and electric motor do work in the
same direction. Spring deflection control turns the torque control problem into a position
control problem, so SEAs often use expensive, low-backlash, high accuracy transmissions
like harmonic drives. And because of transmission backlash and compliance, many SEA
implementations use three position sensors: One at the electric motor for commutation; one
after the transmission, on the input of the spring; and one on the output of the spring.
The addition of a spring and two additional position sensors substantially increases both the
mechanical complexity and the cost of the actuator, and sacrifices weight and volume of the

actuator to non-power and torque producing components.

2.2.0.2 Representative Modular SEAs

Perhaps the best examples of SEA application in legged robots are the quadruped robot
StarlETH][28], and its successor, ANYMal[29], from the Robotic Systems Lab at ETH Zurich.
The modular actuator used on ANYMal is ANYdrive, also developed by ETH Zurich, com-
mercialized by ANYbotics. While impressive work has been done on these robots in terms of
control of quadruped locomotion, planning, and navigation, the work on getting an accurate

model of the actuator and the robot system is tremendous.

Modular SEAs developed by researchers at CMU and commercialized by HEBI robotics
are also getting more public attention. These SEAs uses nonlinear rotational elastic members,
and the whole module is well packaged in both mechanical and software aspects, making it

very easy to be integrated onto a robotic system.
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Another outstanding commercially available SEA module is developed by HCRL at UT
Austin, commercialized by Apptronik. This SEA is a linear type SEA, with a belt trans-
mission and a combination of ball-screw and linear compression springs. The motor is

surrounded by a liquid cooling sleeve to enhance the performance under extreme conditions.

2.3 Proprioceptive Quasi-Direct Drive Actuators

2.3.1 Basic Concept

As mentioned in the previous sections on other type of actuators, despite their advantages,
none of them is a good enough choice to drive a robotic limb to perform highly dynamic
motions. Even though the traditional position controlled actuators are currently dominating
the robotic field, they are not built to take impulsive loading. SEA modules is proven to be
a feasible solution, but the limitation on response bandwidth is constitutional to the concept
of SEA. Not to mention the difficulty in manufacturing and consistency control as well as

the high cost.

Under the demand for cheaper actuator module that can cover a wide bandwidth of dy-
namic response with outstanding impact mitigation capability, Proprioceptive Quasi-Direct
Drive Actuators have been recently developed by researchers in many different robotics sub-
areas all around the world. This new type of actuator is also referred to as Proprioceptive
Actuators or Quasi-Direct Drive Actuators (QDD for abbreviation.) The former name ex-
presses its proprioception in torque control and sensing capability, while the latter name

comes from its mechanical structure. As preferred, the name Proprioceptive Actuators is
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adopted to refer to this type of actuator in the following content of this dissertation.

The general concept of Proprioceptive Actuators is pretty straight forward. A schematic
drawing of this concept is as shown in Figure.2.6c¢ in comparison with the concept of the

combination of a servo motor and a force/torque sensor (Fig.2.6a) and SEA (Fig.2.6b).

The paradigm of Proprioceptive Actuation has had success in low force haptic devices
such as the PHANTOM][43], but it was never introduced onto high force applications until
recently. With the rapid development of the drone industry, high torque BLDC motors
have sprout into the market. By using such high torque motors with a small gear ratio
transmission, proprioceptive actuators nowadays can deliver much higher torque. On the
other hand, the inertia of Proprioceptive Actuators is significantly much lower than other
type of actuators, due to the low gear ratio in the actuator. Advantage being that the
actuation transparency of the actuator is inherently excellent, and the response bandwidth

it can cover is naturally wider than any other electromagnetic actuator.

2.3.2 Representative Examples

The most famous application of Proprioceptive Actuators is the MIT Cheetah series robots.
(Fig.2.7). With the impact mitigating capability, the MIT Cheetah 2 robot can withstand

the recurrent impact loading when running at a speed of 13.5m/s.

Proprioceptive Actuators have been very trendy in legged robots, especially after the
success of the MIT Cheetah 2. Some of them are already commercially avaliable, such as

Laikago and Aliengo from Unitree.

Development of Proprioceptive Actuators have been actively going on in RoMeLa. A
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(a) Cheetah 2 (b) Cheetah 3 (¢) Mini Cheetah

Figure 2.7: Cheetah series robots developed by MIT Biomimetics Robotics Lab

series of this type of actuators, named BEAR (Backdrivable Electromagnetic Actuator for
Robots), have been developed and applied onto multiple robotic systems, such as quadruped
robot ALPHRED-2, bipedal robot NABi-2, robotic hand system DAnTE and a small hu-

manoid robot BRUCE. Details of such applications are presented in Chapter.4
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CHAPTER 3

Theoretical Development

3.1 Properties of Proprioception Quasi-Direct Drive Actuators

3.1.1 Introduction to BLDC Motors

Brushless DC electric motors (BLDC motor or BLL motor) are typically similar to brushed
DC permanent magnet synchronous motor in construction, but they are powered by direct
current (DC) electricity via an inverter or switching power supply which produces an al-
ternating current (AC) electric current to drive each phase of the motor via a closed loop
controller. The controller provides pulses of current to the motor windings that control the

speed and torque of the motor.

In brushless DC motors, an electronic servo system replaces the mechanical commutator
contacts.[14, 45, 66] An electronic sensor detects the angle of the rotor, and controls semi-
conductor switches such as transistors which switch current through the windings, either
reversing the direction of the current, or in some motors turning it off, at the correct time
each 180° shaft rotation so the electromagnets create a torque in one direction. The elimina-
tion of the sliding contact allows brushless motors to have less friction and longer life; their

working life is only limited by the lifetime of their bearings.
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Brushless motors offer several advantages over brushed DC motors, including high torque
to weight ratio, better efficiency, increased reliability, reduced noise, longer lifetime (no brush
and commutator erosion), elimination of ionizing sparks from the commutator, easy main-
tenance and overall reduction of electromagnetic interference (EMI). What’s more, higher
level of electronic control can be applied to BLDC motors. They are also very similar to
the construction of stepper motors, thus with the help of a position sensor coupled with
the shaft, greater capabilities that are no available with brushed DC motors are allowed.
With the help of field-oriented control (FOC, also called vector control), not only the speed
and power of the applied BLDC motor system can be controlled, it can also be held at a
desired position with controllable finite torque. This is one of the fundamentals that make

Proprioceptive Quasi-Direct Drive Actuators possible.

3.1.2 Actuator Characteristics Representation

To better study the characteristics of Proprioceptive Actuators, it is necessary to revisit the

basics of the electrical and mechanical characteristics of BLDC motors.

3.1.2.1 Characteristics of BLDC motors

Same as all other electrical motors, the characteristics of BLDC motor are also described with
motor constants: the motor velocity constant Ky (or alternatively the back EMF constant
denoted as K. or Kj), the motor torque constant K7, which can be calculated from the

motor velocity constant Ky and the motor size constant K.

By Lenz’s law, a running motor generates a back-EMF proportional to the speed. Back-
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EMF, stands for back electromotive force, more formally known as counter-electromotive
force (abbreviated counter EMF or simply CEMF), is the electromotive force or ”voltage”

that opposes the change in current which induced it.

Once the motor’s rotational velocity is such that the back-EMF is equal to the bat-
tery voltage (also called DC line voltage), the motor reaches its limit speed under load-free

condition. This is expressed in 3.1

Ey = Kdw (3.1)

where Ej, is back-EMF and equals to the supply voltage on the wires connected to the
coils (SI unit: volt [V]). K, is a defined constant, ¢ is the filed flux (SI unit: weber [W],
or in derived units: volt seconds [V - s]), and w is the angular velocity (SI unit: radians per
second rad/s).

Since the filed flux ¢ is also a constant with given rotor design, a term K, (or sometimes

denoted as Kj3) is further defined as 3.2:

K.=K,- ¢ (3.2)

K, represents the back EMF constant or the generic electrical constant, and is often

expressed in SI units volt seconds per radian (V' - s/rad).

K, = (3.3)

where U,y is the maximum supply voltage on the wires connected to the coils.

26



The inverse measure of K, is more frequently used, which may be referred to as the speed

constant or the motor velocity constant, denoted as Ky .

Ky is measured in revolutions per minute per volt (RPM/V') or radians per volt second

[rad/(V - s)] with the motor at no load condition:

wHO- oa
lw:zﬁ; (3.4)

where wp10ad 18 the load-free rotational speed of the motor (SI unit: revolutions per
minute [RPM] or radians per second [rad/s]). For example, an unloaded motor of Ky =
1000RPM/V supplied with 11.1V will run at a nominal speed of 11100RPM (1000RPM/V x

11.1V).

Actually, the motor may not reach this theoretical speed because there are non-linear
mechanical losses. On the other hand, if the motor is driven as a generator, the no-load
voltage between terminals is perfectly proportional to the RPM and true to the Ky of the

motor /generator.

The motor torque constant denoted as K is measured as the torque produced divided

by armature current and it can be calculated from the motor velocity constant K, as follow:

Denote the mechanical power P produced by a motor as:

P=UI (3.5)

where I is the armature current (SI unit: ampere [A]) and U is the "useful” voltage, the

applied voltage minus back-EMF voltage (SI unit: volt [A]).
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P can also be expressed as the production of torque and rotational speed:

P=r1w (3.6)

where 7 is the torque of the motor (SI unit: newton meter [N - m|) and w is the rotational

velocity (SI unit: radians per second [rad/s]).

While on the other hand, w can also be expressed with Ky and U, using 3.4:

Here Ky is in SI unit: radians per volt second [rad/(V - s)|] Note that this is true because
when the motor is working under load at a steady state, the ”useful” voltage is the maximum

supplied voltage. And by using 3.5, 3.6 and 3.7, 7 can be expressed as:

P P U-1 1
- _ - - (3.8)
w U - KV U - KV KV
As the motor torque constant K is defined as:
I
Kr=— 3.9
r=c (39)
the motor torque constant is derived from 3.8 as:
1 .
Kp = —, where Ky unitisrad/(V - s)
Ky
or (3.10)
Kr = _00 where Ky unit is RPM/s
T — 2’7T K KV7 14

And the SI units for the torque constant K are newton metres per ampere (N - m/A).
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K s denotes the motor size constant, and it is sometimes referred to as the motor constant.

In SI units, K, is expressed in newton metres per square root watt (N - m/vW):

(3.11)

where 7 is the motor torque SI unit: newton meter [N -m]), Pg is the resistive power loss (SI
unit: watt[IW]). The motor size constant only depends on the material and geometry of the
stator armature core and is winding independent (as long as the same conductive material is
used for wires). For instance, same motor wound with 6 turns using 2 parallel wires instead
of 12 turns single wire will double the velocity constant Ky, but Kj; remains unchanged.
K can be used for selecting the size of a motor to use in an application, well Ky can be

used for selecting the winding to use in the motor.

By substituting 7 in 3.11 using 3.10, the relationship between K, and Kt can be derived:

 Kp-I  Kp- I Ky
VPr VIR VR

K (3.12)

where I is the armature current (SI unit: ampere [A]) and R is the resistance (SI unit:
ohm [Q]).

To visualize the performance characteristics of BLDC motors, let’s take the BLDC motor
that is used on small Proprioceptive Quasi-Direct Drive actuator Koala BEAR as introduced
in the later section 4.1.2 as an example. The BLDC motor is the Anti-gravity 4006 from T-
Motor, with a Ky number of 100RPM /V, internal resistance of 0.194€2. Supplied with 32V

and maximum current 20A. Using 3.10, the K value of this BLDC motor is 0.0955N -m/A.
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Figure 3.1: The theoretical maximum torque output curve of T-Motor Anti-gravity 4006
KV100 BLDC motor supplied with 32V voltage and maximum 20A current.

Using 3.4, the theoretical maximum speed under the condition above yields 48000RPM , and

the current I drawn by the motor to produce maximum torque at speed w can be calculated
as below:

Lo, when w < 2812 RPM
I= (3.13)
(U—-wKy)/R, when w> 2812 RPM

In 3.13, I,,4, is maximum current supplied, U is the supplied voltage and R is the internal

resistance. Then the output torque of the motor can be simply calculated with 3.9

The theoretical maximum torque output under the given condition above is as shown in
Figure.3.1.

The efficiency of the motor when running at speed w producing torque 7' can be derived
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Anti-gravity 4006 KV100 Efficiency
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90

80

170

160

Efficiency

140

Torque (Nm)

o 30
20

10

0 2000 4000 6000 8000 10000 12000
Speed (RPM)

Figure 3.2: The theoretical output efficiency of T-Motor Anti-gravity 4006 KV100 BLDC

motor supplied with 32V voltage and maximum 20A current.

as:

~

&

Ef ficiency = T (3.14)

And the theoretical efficiency of this motor under above conditions is as presented in

Figure.3.2.

3.1.2.2 Characteristics of Proprioceptive Quasi-Direct Drive Actuators

With all performance properties of BLDC motors explained in detail in the section above,
it is very straight forward to find the characteristics of Proprioceptive Quasi-Direct Drive

Actuators.
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Denote the gear radio of a Proprioceptive Quasi-Direct Drive actuator is N, then in the

perfect condition:

Ty =Tp %X N, v =0m/N (3.15)

where T, and v, are the output torque and velocity of the Proprioceptive Actuator, T, and
v, are the corresponding torque and velocity generated by the BLDC motor inside. However,

there is always some power loss in all kinds of transmission, thus in reality:

To=TnxNxn (3.16)

where 7 is the overall mechanical efficiency of the transmission mechanism.

By combining 3.15 and 3.16 with 3.4 and 3.10, one can easily derive the constants for a

Proprioceptive Actuator:

K(IT:KTXNXT], KCLV:K\//N (317)

where Kar and Kay are the torque constant and velocity constant for the Proprioceptive
Actuator, Kp and Ky are the torque constant and velocity constant of the BLDC motor
inside.

Since the transmission will only linearly scale down the output velocity while scale up the
torque by the same magnification of the BLDC motor used on a Proprioceptive Actuator, the
torque output curve of a Proprioceptive Actuator will just be a scaled version of the BLDC
motor and shows the same trend as 3.1, and the efficiency of a Proprioceptive Actuator
simply equals to the efficiency of the BLDC motor inside multiplied by n which is a constant
that is only dependent to the transmission mechanism. Thus selecting a proper combination

of BLDC motor and transmission according to the anticipated working condition of the
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Figure 3.3: Schematic drawing of motor with one stage gear train and two stage gear train.

Proprioceptive Actuator, so that the BLDC can be mostly working at a higher efficiency

condition is very critical to the overall application efficiency of the Proprioceptive Actuator.

As discussed in Section.2.3, in contrast to position controlled servo motors with a very
high gear ratio, the basic idea of Proprioceptive Actuators is to combine high-torque, low
speed BLDC motors with low reduction ratio transmission so that compliance is inherent
and high actuation transparency is achieved and permits accurate torque sensing and con-
trol directly based the current in the BLDC motor. And the key to dynamic actuation

transparency is significantly reduced reflective inertia of the actuator.

When a motor with inertia [y is connected with a one-stage gear transmission with a
gear ratio of IV, as shown in Figure.3.3a, the inertia of the small gear of its rotation axis is
denoted as I; and respectively I, for the big gear, then the reflected inertia of this actuation

system at the output shaft is:

Iout :IQ+N2(]1+10) (318)

If the same motor is combined with a two-stage gear transmission as shown in Figure.3.3b
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with gear ratio of each stage being N; and N, denote the inertia of the first small gear of
its rotation axis as I; and respectively I5 for the compound gear in the middle and I3 for the

big gear at output, then the reflected inertia of this actuation system at the output shaft is:

Lwt = Is + N’ I + (No N1 )2(1; + Ip) (3.19)

In fact, when the transmission is an n-stage geartrain with gear ratio of N; for the i-th
stage, and denote the inertia of the first small gear of its rotation axis as I; respectively
1,11 for the last gear at output and I; for the compound gear in the i-th stage, the reflected

inertia of this actuation system at the output shaft can be expressed as:

Tout = Iyt + N2 1y + oo+ (NaNp—1 N2 L + oo+ (Ny N1 N (I + 1) (3.20)

In the application of Proprioceptive Quasi-Direct Drive actuators, planetary gearing sys-
tem is highly preferred over standard parallel axis gear trains. This is due to the fact that
planetary gear trains provide higher power density in comparison to standard parallel axis
gear trains, resulting in a reduction in volume,[41]. On top of that, planetary gearing systems
also many other benefits over standard parallel axis gear trains, such as multiple kinematic
combinations, purely torsional reactions, and coaxial shafting. A basic planetary gear system
consists one or more outer, or planet, gears or pinions, revolving about a central sun gear or
sun wheel[23][25], with an outer ring gear or annulus, which meshes with the planet gears.
The planet gears in a planetary gearing system are always mounted on a carrier part. Fig-
ure.3.4a shows a simplified diagram of a planetary gear set that contains four planet gears.

A planetary gear set can be used in three different configurations depending on the choice
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Planet Gear

(a) A simplified diagram of a planetary gear set (b) Schematic drawing of a planetary

that contains four planet gears. gearing system.

Figure 3.4: Planetary gearset example.

of the fixed components: a. the carrier, b. the sun gear, and c. the ring gear.

when comes to the case of planetary gearing system, it is never more complicated than
several steps of derivation. In connection with the topic of Proprioceptive Quasi-Direct Drive
actuators, I'm only deriving the reflected inertia of a planetary gearbox in the case of fixing
the ring gear and taking the sun gear is as input while the carrier as output, since this is the
most seen configuration which can get the most power density out of a planetary gearbox as

well as keeping the design as simple and compact as possible.

Shown in Figure.3.4b is a schematic drawing of a planetary gear set. As gears mesh with
each other at their pitch circles, all gears are simplified into their pitch circles and thus they
are all tangential to each other at the meshing points. The grey ring is the ring gear, the

green disk is a planet gear and the blue disk is the sun gear. The carrier and other planet
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gears are hidden in the drawing. The ring gear is fixed and the sun gear is the input while
the carrier is the output. As labeled in the figure, the planet gear meshes with the ring gear
and the sun gear respectively at point 1 and 2. Point 3 indicates the center of the planet

gear.

There is no slip in the gearing system under normal working condition thus: the velocity
of point 1 is zero, and point 2 on the planet gear has the same velocity as point 2 on the sun
gear:

v = 0
(3.21)

V2gun = V2p1aner — V2 = Rsunesun

The speed of point 3 on the planet gear equals the average of the speed of point 1 and the

speed of point 2:

V1 + Vg 1 :
= _Rsunesun 3.22
5 5 (3.22)

V3 =

The speed of point 3 on the planet gear can also be expressed as:

U3 = (Rsun + Rplanet)ecarrier (323>

By combining 3.22 and 3.23, we can derive for the angular velocity of the carrier:

Rsun
Q(Rsun + Rplanet)

(Rsun + Rplanet)ecarrier = ERsunesun = ecarrier = eszm (324)

The speed of point 2 on the planet gear can also be expressed with the angular speed of the
planet gear:

Vv2 = _2Rplanet9planet (325>

planet

By combining 3.21 and 3.25, we can derive for the angular velocity of the planet gear:

RS’UJ’Z

— 3o Ysun
2Rplanet

_2Rplanetéplanet = Rsunésun = éplcmet = (326>
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Denote the input torque at the sun gear as T;,, the number of planet gears in the system
as n,. Assume that all planet gears share the load evenly, denote the tangential force at
the interface between the sun gear and each planet gear as fs,, and denote the momentum
of inertia of the sun gear about its rotation axis as Jg,. Apply Newton’s Second Law in

Rotation (NSLR) to the sun gear, we have:
Tzin - Rsunnpfsp = Jsunésun (327)

Denote the

Under the ’even-load among planet gears assumption’, denote the tangential force be-
tween each planet gear and the fixed ring gear as f,,, and denote the force between each
planet gear and the carrier as f,.. Also respectively denote the momentum of inertia of the
planet gear about its rotation axis on the carrier and its mass as Jpanet and myjaner Apply

NSLR to each planet gear, we have:

Rplanetfpr - Rplanetfsp = planetgplanet

(3.28)
fsp + fpr - fpc - mplanet(Rsun + Rplanet)écarrier

Denote the output torque from the planet carrier as 7T,,, and denote the momentum of

inertia of the planet carrier about its rotation axis as Jegqrier- Apply NSLR to the carrier:

(Rsun + Rplanet)npfpc - Tout = Jcarreirécarrier (329)

Combine 3.24, 3.26, 3.27, 3.28 and 3.29, we can finally express the governing dynamical
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equation as follows:

Rsun
2 ( Rsun + Rplanet)

Rsun

J 4+n ( )2J + (Rsun)2m + Rsun 2 J ) 8
sun P 2Rplanet planet 9 planet 2<Rsun + Rplanet> carrier sun

ﬂ - Tout =

~~

L, reflected inertia
(3.30)
Denote the gear reduction ratio of this geartrain as N and further denote the speed ratio of
the planet gears to the sun gear as N/, then from 3.24 and 3.26:

Roun Roun
N = LN =
2(Rsun + Rplanet) QRPlfmet

(3.31)

The reflected inertia of this planetary gearing system can be expressed as below with the

contributions of the sun gear, planet gears, and planet carrier identified:

Rsun 2
[out = Jsun -+ np ]\[’2 Jplanet =+ < > Mplanet + N2 JcarrieT (332)
sun gear > carrier

TV
planet gears

An actuator system can be generally taken as a low-pass filter with its cutoff frequency
fo being expressed as 3.33.
1 /k

- (3.33)

fozﬁ Ji

where k is the angular stiffness of the system and I is the reflective inertia. From 3.20 and 3.32
it is clear that the reflected inertia of the Proprioceptive Actuator increases exponentially as
the gear reduction gets bigger, correspondingly, the actuator loses its actuation transparency
exponentially. Yet there is no universal critical gear ratio at or beyond which the actuator
is no more qualified as a Proprioceptive Actuator as it varies case by case, but it is safe to
claim that the lower the gear ratio is, the more transparent the actuator is.
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Even though it is very application dependent when discussing if a Proprioceptive Actuator
is 'transparent’ enough to provide the robotic system with adequate dynamic capabilities,
especially when handling impacts, but we can still quantify the transparency of an actuator as
well as the impact handling characteristics of a robotic system with the help of several specific
metrics. As reviewed in Section.3.3.2, a metric named Impact Mitigation Factor (IMF)
proposed by Wensing quantifies the transparency of an actuator by its impact mitigating
capability, while in Section.3.3.3, a pair of metrics collectively called Impact Transfer Factors
(ITF) proposed in this work start from the whole-system point of view and quantify the

impact handling sensitivity of a dynamic robotic system.

3.1.3 Design Flow of Proprioception Quasi-Direct Drive Actuators

With above understanding of the actuator characteristics, the design flow of Proprioceptive

Actuators is very straightforward.

Similar with the process of choosing a servo actuator for a certain application, the first
step is to determine the basic requirement on the capability of the actuator according to the
application. The basic information the designer needs to collect contains: the expected speed
and torque range the actuator needs to cover, the size and weight limit from the application,
and actuation power supply. The designer also needs to keep in mind that there is a chance
that no satisfying solution can be found after applying all criteria, thus a priority order needs

to be assigned to the requirements and loosen the low-priority ones when necessary.

With the power supply condition and the speed and torque requirements, the designer

can derive the expected range of the constants for the Proprioceptive Actuator. From the
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size and weight limit, the approximate range for the BLDC motor form factor and size can

be found.

The last step before finalizing the actual system design is to fix the BLDC motor and
transmission selection. The BLDC motor can either be customized or directly chosen from
commercially available options on the market. As discussed before, there is no clear border-
line of gear ratio to judge if the actuation transparency of a Proprioceptive Actuator is good
enough, but from the exponential relationship between gear ratio and reflective inertia, it
is clear that lower the gear ratio is always preferred. On the other end, the recommended
maximum gear ratio can be found by estimating the minimum natural frequency requirement

of the actuator from the expected working conditions.

3.2 Dynamic Robotic Systems Design Optimization

When it comes to the design of a robotic system, it is never a work that is done at one stroke.
The first design of a system can be disappointing, but the results from the first generation
never meant that the core concept of the system is not viable. It is always the follow-up of
optimization that turns something mediocre into fascinating, and eventually revives the true

value of the original concept.

There are numerous aspects when it comes to the design optimization of a system, and
most of them are covered by various theories and methods to follow as guidelines proposed
by researchers in the field. As far as the work in this dissertation is concerned in terms of

optimization related topics, it comes to mechanical intelligence in underactuated mechanisms
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and actuation configuration of legged robots.

3.2.1 Underactuated Systems And Potential Energy Flow

When applying Proprioceptive Actuators on compact systems, it is a good practice to adopt
underactuated mechanisms when applicable, to effectively reduce the complicity, size and

weight of a system.

3.2.1.1 Underactuated Mechanisms

Even though with uncertainty, motions of a functional underactuated mechanism should
be predictable, as in most cases, underactuated DoF or joints are combined with elastic
components, where accurate or active control is not needed and certain elastic behavior is
preferred. Applying active compliant actuation onto such DoF or joints apparently becomes
unnecessarily complicated, bulky, heavy or costly. When an underactuated mechanism is
carefully designed such that it behaves in the exact way that is demanded by the system’s
application and even out performs activated mechanisms for the same task, it is said that
such underactuated mechanism possess mechanical intelligence, or sometimes referred to as
embedded intelligence. Underactuated mechanism with mechanical intelligence is often seen
application to distal joints or subsystems of a robotic system, such as the ankle of a robot
leg[58]. Tt is very frequently seen in robotic hands that the fingers are biomimetic, resulting

a large number of DoF in the system.

3.2.1.2 Potential Energy Flow
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As every sword has two blades, despite all the bene-
fits that come along with under-actuation, a signif-
icant drawback is that trajectory and behavior un-
certainty is introduced into the system. However,
this problem can be solved by embedding mechan-
ical intelligence, which reduces the difficulties of
controlling such a system with inherent uncertainty
by making the uncertainties predictable for light-
weight systems whose inertia is too small to effect
its behavior even when moving with high speed or
for systems with considerable inertia under quasi-
static conditions. Mechanical intelligence in under
actuated system was first introduced about 30 years

ago[63], but still has a relatively blurred definition.

Previous researchers have tried to explain the

Figure 3.5: The trajectories of a under-
actuated system following rapid poten-
tial energy drop very much coincident
with that of the rivers flowing through

the terrain.

mechanism of mechanical intelligence

by embedding it in their specific systems via kinematics and force equations[63] or screw

theory[49], but the results are usually limited to their own setups and are generally not

scalable or applicable in other under-actuated mechanical systems.

A Potential Energy Flow theory is proposed below to explain the mechanism behind

mechanical intelligence, which is believed to have the potential of being scaled or applied on

other types of mechanical systems with underactuated DoF.

The actual form of equation can be different from case to case, but the theory can be
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demonstrated with the general derivation below. Assume an underactuated system with n
joints, where n € Z,n > 1, and its joint space is denoted as ¢ € R™. The system has k
actuated joints where k € Z, k < n, resulting in n — k DoF of under-actuation. Denote the

joints such that ¢(i),1 < ¢ < k represents the joint position of the actuated joints.

The energy equality equation of the whole system can be expressed as:

Ep(q) + Eu(@) + W(g) = > M; (3.34)

1

where Ep represent the potential energy in the system and E, is the friction energy lost.
Denote the energy that the system has output to the environment as W and the total energy
pumped into the system from actuation on joint ¢ as M;. The kinematic energy in the system

has been ignored under previous assumption of light-weight system or quasi-static condition.

The increase rate of the total potential energy in the system at position q is:

Z 8E,L

(3.35)

Since at each point on the trajectory of the underactuated system with mechanical intel-
ligence is stable, the total potential energy in the system at each point along the trajectory
remains is a local minima. Thus the trajectory must be such that along which the increase
rate of the total potential energy in the system remains the smallest. If imagine the poten-
tial energy of the system at each possible joint position forms a terrain with mountains and
valleys, the trajectories of this underactuated system will very much coincident with that of

the rivers flowing through the terrain. (Fig.3.5)

The potential energy flow theory is applied on DAnTE to guide the design of the un-
deractuated fingers with mechanical intelligence, and the theory is explained in detail using
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DAnTE-1 and DAnTE-2 as examples in Section.4.2

3.2.2 Actuation Configuration

Robots with multi-DoF can be designed in various different ways when it comes to their
actuation configuration, but they all comes down to either serial or parallel configuration,

or a hybrid combination of the two.

A parallel robot (also called parallel manipulator when used for manipulation, or parallel
kinematic machine, when it is used as a machine tool) is a closed-loop kinematic chain mech-
anism of which the end-effector is connected to the base by several independent kinematic
chains (legs) in parallel.[46] Comparing to a serial robot, each limb of a parallel robot (PR)
tends to be simpler and shorter therefore more rigid, and the motors are purposely mounted
close to the base in order to reduce the moving mass. Therefore, PRs have the following
advantages: high stiffness because the external load is shared by multiple legs, high acceler-
ation and high speed is very possible due to low moment of inertia of the moving structure,
higher accuracy is also easier to achieve since the joint manufacturing and assembly errors
will be even out rather than accumulated at the end-effector, and high force capabilities as
the output force is contributed by multiple actuators working in parallel. The disadvantage
of a PR lies in its limited workspace volume due to the parallel architecture, and there are

often singularities in workspace.

PRs have received wide applications, such as flight simulators, high-precision positioning
devices, pick-and-place manipulation, high-speed machining and metrology and coordinate

machines. Most PRs provide 2 to 6 rotational or tranlation DoF, or a combination of both.
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(a) Gough platform (b) Stewart flight simulator (¢) Gough-Stewart schematic

Figure 3.6: Origin of parallel robots.

(a) R series (b) P series

Figure 3.7: Gough-Stewart parallel robots from Hexcel Corporation.

In most PRs, since the actuators are all mounted close to or directly on the base, linkages
are used to connect the end-effector and the actuators. The earliest parallel manipulator
is the Gough platform invented by Gough in 1947, which allows the positioning and the
orientation of a moving platform so as to test tire wear and tear (Fig.3.6a). Stewart (1965)
designed a parallel manipulator (Fig.3.6b) for use as a flight simulator in 1965. Since the
two designs are in principle very similar with each other, this type of 6 DoF PR mechanism
has been referred to as the Gough-Stewart mechanism (Fig.3.6¢), followed by many design
variants, such as the R series robots (Fig.3.7a) and P series robots (Fig.3.7b) developed

by the Hexcel Corporation. The R series robots are driven by rotational actuators and
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(a) A delta mechanism 3D printer (b) 2 DoF manipulator

Figure 3.8: Based on the Delta robot, a number of variants of PRs have been designed and

developed.

are designed for biomedical applications, while the P series robots are actuated by linear
actuators and are aimed for industrial applications, such as welding, deburring, and milling.
The groundbreaking Delta robot was patent in 1990[50]. Delta robot has only 3 DoF,
allowing the end-effector to move with pure translation within the 3 dimensional space. The
mechanism is very robust, simple and light-weight, presenting fast and accurate motions.
This made it the go-to choice for pick-and-place motions in factories. As an extension of
Delta robots, the IRB340 FlexPicker was introduced by ABB Flexible Automation in 1999.
It is equipped with an integrated vacuum system capable of rapid pick-and-place of objects.
Based on the Delta robot, a number of variants of PRs have been designed and developed.
Two examples are shown in Figure 3.8 shows two examples: a delta mechanism 3D printer

(Fig.3.8a) and 2 DoF manipulator for pick and place (Fig.3.8b).

Since linkages are most often used to combine the end-effector of a PR to its actuators,
the configuration of these PRs are very friendly to hydraulic and pneumatic linear actuators,

which are actuators integrated onto the linkages and thus result in systems that are very
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compact. As discussed above, This type of design can be seen on many industrial PRs where
the robots are stationary and hydraulic or pneumatic power supply is easy to access and
adequate, or in the case of electric magnetic motors are applied, the weight of the motors
are not of little concern as in most cases they are mounted onto the base. However, the
application of parallel mechanisms is not as optimal when it comes to legged robots. Pneu-
matic actuators are typically not used on legged robots as the output force of pneumatic
actuators is not enough. Hydraulic actuators do have significant higher force output and
they definitely can satisfy the demand of the joints on legged robots, but carrying a hy-
draulic pump makes the whole system relatively low on power density, not to mention the
complicity of the system and difficulty of design and fabrication process. The workspace of
parallel mechanism is inherently relatively limited, and since the whole mechanism takes up
a big space due to the geometry, thus when used as legs, their workspace is further limited
otherwise there is highly likely to have interference. Another reason why parallel mechanism
is not very suitable for the application of legged robots is the difficulty in packaging. As
mentioned before, the actuators of parallel mechanisms are mounted closely on the base. On
a legged robot, there is at least 3 DoF per leg, while the space in the body is usually very
limited, thus it is quite difficult to pack all the actuators. Nevertheless, considerable efforts
have been made by researchers at all time to seek for the potential of taking advantage of

the benefits of parallel mechanisms on dynamic legged robots. [18]

On the other hand, when a multi-DoF robot limb is designed in serial configurations, the
workspace of the end-effector can easily be significantly bigger than what can be achieved

with parallel configurations, and it is also much easier to make the limb very compact,
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especially when the total DoF of the limb gets larger. Thus it is very easy to understand

why most robotic manipulators and legged robots are designed in serial configurations.

Compare to parallel configurations, one major drawback on serial configurations is the
inertia of the limb tends to be significant larger. This can cause an impact that can not be
ignored on the dynamic performance of the robotic system. Besides optimizing the design of
the linkages to reduce their weight and inertia, another approach is to dislocate the actuators
with the help of transmission mechanisms such that the actuators for distal joints are moved
away from the joints they drive and mounted closer to the base, resulting in reduced limb
inertia. And depending on the arrangement of the actuation and transmission, the actuation

chain can be either in serial or parallel.

Shown in Figure.3.9 are examples of a simple 2DoF planar robot leg with the same
serial joint configuration but different actuation configuration on the knee joint. In both
Figure.3.9a and 3.9b, the knee joint actuation is in serial with the hip joint. Figure.3.9a
shows a simple serial configuration that the knee actuator is co-located with the knee joint
while Figure.3.9a shows a scenario where the knee actuator is dislocated from the knee joint
to reduce the inertia and mass of the femur link. And the following relationship of the joint

angles and actuator angles exists:
ehip = 9m17 eknee = 977’L2 (336>

where 0, and Oppc. respectively represent the angles of the hip and knee joint, while 0,,,
and 6,,, are used to denote the angle of hip and knee actuator respectively. In comparison,
the legs shown in both Figure.3.9c and 3.9d are the same in joint configuration as those in

Figure.3.9a and 3.9b, but instead of serial actuation chain, the knee joint actuator on the
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Hip Actuator Hip Actuator

Knee Actuator

Knee Actuator

Knee Actuator Hip Actuator Hip Actuator Knee Actuator

() (d)

Figure 3.9: Examples of 2DoF serial configuration planar robot leg with serial and parallel

actuation chain
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legs in these two examples are in parallel with the hip actuators. Similar to the example in
Figure.3.9b, the knee actuators are dislocated from the knee joints to reduce the inertia and
mass of the femur links, with the help of a belt transmission (Fig.3.9¢) or a four-bar linkage
mechanism (Fig.3.9d), but the knee actuators in both examples are isolated mechanically
from the hip actuator. The relationship of the joint angles and actuator angles changes to
the following:

ehip = emly 6)lcnee = 0m2 - eml (337)

As presented in Figure.3.9, different actuation chain can
put the dislocated actuator in contrasting working con-
ditions, and a improper actuation chain can cause seri-

ous mechanical antagonism.[1] Thus, it is very critical to

carefully select the proper actuation chain to maximize

X
the efficiency and dynamic performance of a robot with L
serial joint configuration when dislocating distal joint ac-

Figure 3.10: 2 DoF leg schematic

tuators. And a simple example is used below to illustrate ) ) _
for actuation chain analysis.

this point.

Figure.3.10 is a schematic drawing of a simple planar 2DoF serial hopper robot. Define
the foot as origin and put the body on the right hand side of y-axis. The leg has mass less
linkages and a body with no inertia but weights m. The body of the robot is represented by
the red circle and it is constrained by a rail such that it can only move vertically. The length
of the femur link is L; and the tibia link is Ly. The position of the hip and knee joints are

respectively denoted as 6; and 65, with the direction of positive marked as in the drawing.
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Figure 3.11: Free body diagram of (a) the tibia and (b) the femur of the 2DoF planar hopper

robot shown in Figure.3.10 in the case of serial actuation chain configuration.

The body of the robot has an acceleration a pointing upwards going away from the ground.
Denote the ground reaction force on the foot of the robot as F', and denote the joint torque

on the hip and knee joint as T} and 7T5.

When the joints on this hopper robot are driven by serial actuation chain, the free body
diagrams of the tibia and the femur link are as shown in Figure.3.11. From the free body

diagram of the tibia link in Figure.3.11a:

T2 — FL2008(91 + 02) =0 (338)

From the free body diagram of the femur link in Figure.3.11b:

Ti,eriat = To + m(g + a)Licosty, F =m(g+ a) (3.39)

Combine 3.38 and 3.39, we can get:

Ty = m(g + a) Lacos(0; + 02)
(3.40)

Ti.eriat = m(g + a)[Licosty + Lacos(6y + 0s)]
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(a) (b)

Figure 3.12: Free body diagram of (a) the tibia and (b) the femur of the 2DoF planar hopper
robot shown in Figure.3.10 in the case of parallel actuation chain configuration. Note that
different from serial chain, there is no reaction torque on the femur link from the knee joint

actuator.

While when the joints on this hopper robot are driven by parallel actuation chain using
a belt transmission, the free body diagrams of the tibia and the femur link are as shown in

Figure.3.12. From the free body diagram of the tibia link in Figure.3.12a:
Ty — FLycos(0; + 02) =0 (3.41)

When the knee joint actuator is in parallel with the hip joint, there is no reaction torque on
the femur link from the knee joint actuator. From the free body diagram of the femur link
in Figure.3.12b:

Tlparallel = FL100801, F= m(g + CL) (342)
Now combine 3.41 and 3.42, we can get:
T2 = m(g + (I)LgCOS(@l —+ 92)
(3.43)

Tlparallel = m(g + G>L1C0891
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As the robot has a positive acceleration upwards going away from the ground, 77 should

be positive in both cases:

m(g + a)[Licosh; + Lacos(0y + 63)] > 0 = Licosty + Lacos(6 + 65) > 0
(3.44)

m(g + a)Licosth > 0 = Licosh; >0
When 6; + 0, = (%, 7T], we have cos(6; 4+ 03) < 0. Thus, the following condition holds:
Lyicosty + Lacos(6y + 02) < Licost
=m(g + a)[Licosb + Lycos(01 + 05)] < m(g + a)Licosb (3.45)

=177 < T

serial parallel

when 61 + 05 = (g, 7T]

It is safe to claim from 3.40, 3.43 and 3.45 that when the leg works in conditions that
0, + 0, = (g, ﬂ, parallel actuation chain is more beneficial as the torque on the knee joint
is the same for both cases but the hip joint torque is smaller than that in serial. In this
case, the tibia link falls in the first quadrant, as shown in Figure.3.13a. In converse, serial
chain appears to be more favorable when the leg works in conditions that 6, + 6 = [91, %] ,
and the tibia link falls in the second quadrant as represented in Figure.3.13b. 6; + 0, = 7
is a neutral position where the torque on the knee actuators in both actuation chain are

identical.

It is widely seen on legged creatures with sprawling posture to put their tibia link in the
first quadrant as shown in Figure.3.13a. This posture is the most primitive, and is the original
limb posture from which the others evolved. It is typically associated with trotting gaits, and
the body flexes from side-to-side during movement to increase step length. All limbed reptiles
and salamanders use this posture, as does the platypus and several species of frogs that walk.
This provide great stability as well as low body height, making it easy for the animals to rest
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Second Quadrant First Quadrant Second Quadrant

First Quadrant

(a) Tibia link in the first quadrant (b) Tibia link in the second quadrant

Figure 3.13: The robot leg benefits from parallel actuation chain when its tibia link falls
in the first quadrant as in 3.13a, but serial actuation chain when its tibia link falls in the

second quadrant as in 3.13b

on their belly when not moving, but due to the fact that too much momentum change out
of the direction of travel is created, it is pessimal for dynamic locomotion. In fact, nature
mother only combines sprawling posture with cold-blooded animals, whose bodies naturally

are not built for dynamic motions but only to move slow but stable.(Fig.3.14).

On the contrary, It is dynamically preferable for legged robots to adopt the condition

as shown in Figure.3.13b where [g, ﬂ with the neutral position included, which eventually

Figure 3.14: Cold-blooded animals like crocodile and lizard use sprawling posture to gain

maximum stability.
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Figure 3.15: When legged animals are traveling with a fast speed and highly dynamic lo-
comotion, they tends to swing their legs so that their feet almost land where their sagittal

planes intersects with the ground to minimize momentum change out of their sagittal plane.

results in a erect posture with the legs swing mostly in the sagittal plane. The momentum
caused by leg swing is in line with the direction of travel and there is minimal twisting motion
caused to the body. The legs swing with minimal angular momentum and the system is
compactly contained, resulting in dynamic, efficient and practical locomotion. When legged
animals are traveling with a fast speed and highly dynamic locomotion, they even swing their
legs so that their feet almost land where their sagittal planes intersects with the ground to
minimize momentum change out of their sagittal plane. See running cheetah and human
in Figure.3.15. The effect actuation chain configurations have on dynamic locomotion is
extremely critical for robots with Proprioceptive Quasi-Direct Drive actuators. Inappropriate
actuation chain not only results in significant higher power cost during locomotion but also
sets a demand for higher continuous torque at stance due to the lack of holding torque,
which is the trade-off for actuation transparency. All these lead to negative impacts to the
robot, such as poor performance, actuator overheating and short run time on battery. This
is strongly supported by a joint actuator overheating phenomenon that happens frequently

on robot ALPHRED-2.(see Section.4.3.2)
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On modern dynamic robots with limbs with high DoF, in order to reduce limb inertia
and enhance dynamic performance, it is practical to utilize some parallel mechanism design
to dislocate the actuators closer to the body /base for distal joints. While other joints remain

in serial configuration to keep the benefits of serial configuration, such as compactness and

Figure 3.17: Humanoid robot lower body with hybrid legs3.17a and its schematic draw-

ing3.17b.
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large workspace. Hybrid mechanism is formed by combining parallel mechanism and serial
mechanism. On legged robots, most of hybrid designs apply parallel mechanism to an ankle
structure in order to realize compact ankle joint and small leg inertia by bringing the actuator
closer to the hip. For example, the leg of humanoid robot LOLA (Fig.3.16a) has a typical
6-DOF serial structure but the 2 DOF ankle joint is actuated by two spatial slider-crank
mechanism instead of placing two actuators at the ankle joint [62]. WALKMAN (Fig.3.16b),
a humanoid robot developed at IIT, also applied 4-bar transmission to its knee and ankle
joints to reduce the inertia and maximize its dynamic performance [39]. A hybrid legged
biped robot leg developed by Disney (Fig.3.17a) utilize parallel mechanism to move the
actuators for 2DoF among the 3DoF ankle joint plus the knee joint. The hybrid Leg is
composed of a pair of 3 DOF chains connected in parallel at the end. Each chain adopts
a 5-bar linkage mechanism that realizes the hip pitch and knee pitch motions in order to
place the actuators close to the hip [19]. Figure.3.17b shows a schematic of this hybrid
leg. A kid size humanoid robot called BRUCE is presented in Section. 4.3.3. BRUCE is a
highly dynamic bipedal robot powered by Proprioceptive Actuators. Hybrid configuration
is adopted in the design of BRUCE’s leg. Different from all mentioned above, the parallel
mechanism is achieved by bevel gears and is applied to the hip joint, resulting in a relatively

simple and compact hip joint assembly, as well as reduced leg inertia.

3.3 Impact Mitigation, Transfer and Handling

As robotics technology becomes more mature, we are seeing an increasing trend in more

dynamic motions generated by the algorithms and executed by the capable hardwares. This
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trend is most evident in legged robots such as quadrupeds like MIT Cheetah 3 [59] and
ALPHRED-2 [27] and bipeds like ATLAS [8] and NABIi-2 [72]. However, it can also be ob-
served with manipulators and end-effectors [74] [73]. Compared to the past when robots were
more quasi-static [38], these recent systems interact with the environment more dynamically,
and impacts that stem from these interactions at the point of contact should no longer be

simply ignored as it particularly can expedite failures in the mechanical components.

Consequently, as a first step, it is necessary to understand and quantify how a robotic
system reacts upon receiving an impact, and researchers have accordingly studied matters
such as finding out how an impulsive load changes the status of a robotic system [75].
Nevertheless, the relationship between impacts and dynamic robotic systems is non-trivial
as impact is in essence a collision, and the magnitude differs depending on the task at hand.
For example, sometimes the impact can be a soft touch to detect an event such as an end-
effector trying to detect contact with a target object, while other times the impact itself can
potentially cause mechanical damage to the robot in cases such as a humanoid falling after
losing balance. Occasionally, impacts occur repeatedly and frequently, and they are inherent
to the tasks and motions the robot is designed for, which is the case with legged robots.
Particularly in the last case, it is critical for the robots to be able to effectively mitigate
impacts, as otherwise, the impact will damage the robot. Special research emphasis is placed
on actuators for these robots because the traditional setups use high gear ratio actuators that
would never be able to withstand the repeated impacts from conducting dynamic locomotion.
This has sprung research in not just actuators [76], but also in generating metrics that can

be used for quantitative analysis on impacts for dynamic quadrupedal systems, and the most
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developed and useful metric is the Impact Mitigation Factor[64] which is briefly reviewed in

Section.3.3.2.

However, there is still a lack of metrics when it comes to quantifying the risk of damaging
the robotic system upon collision or equally the sensitivity of a robotic system to impulsive
contact. To address this issue, proposed in this work is a pair of metrics called the Impact
Force Transfer Factor (IFTF) and the Impact Velocity Transfer Factor (IVTF)—collectively
called the Impact Transfer Factors (ITF)—to assist in quantifying and evaluating potential
effects impacts and collisions can have on a robotic system. The theory is presented in detail

in Section.3.3.3.

3.3.1 System Impact Response

The rigid-body impact dynamics calculation is the basement for the development of both
Impact Mitigation Factor and Impact Transfer Factors. It is not much different from [75],

and it is briefly presented for completeness purposes.

Given a floating base n-link robot in three-dimensional space, with base coordinates
¢ € RY and internal (i.e. joint) coordinates ¢; € R", the equation of motion is defined as

[40]:

D(q)i+ H(q,q) +G(q) =T (3.46)
where D(q) € REFWXEF1) ig the inertia matrix of the robot, ¢ = [, ¢;]7 € R is the
(64n) x 1 vector of the generalized coordinates representing joint positions, and H(q, ¢) and

G(q) includes the Coriolis, nonlinear, and gravity terms. Suppose that the end-effector of this
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n-link robotic system collides with the environment, and the position of the collision point
on the robot is denoted X, with respect to the base coordinate system. By transformation,

X, can be expressed in terms of the generalized coordinates ¢ [40]:

X, = f(q) (3.47)

We consider the collision as totally inelastic and no deformation of the robotic system
or the environment. In association with this constraint, there exists a generalized force F

acting on the system [65]:

.
F=1o] X=J, A (3.48)
dq

where J, € R3*(6+7) i5 the contact Jacobian matrix and X is a three-dimensional vector of

Lagrange multipliers. The equation of motion now can be expressed as:

D(q)i+ H(q,q) +G(q) =T+ F (3.49)

In the case of the inelastic impact assumed here, the time of collision is infinitesimally
short and the constraint force can be modeled as an impulse at the moment of collision. Let

the generalized constraint force be denoted as:

r=J"X
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Then, in the case of collision, (3.49) becomes:

D(q)i+ H(q,q) +G(q) =T +T (3.50)

Assume collision happens at time t5. Under the total inelastic assumption, impacts hap-
pen instantly, and it is logical to assume an infinitesimally short time interval At. During
the infinitesimally short time interval of collisions, the joint positions of a robotic system
remain unchanged since joint angular velocities are finite whose integrals over an infinites-
imally short time interval are zero. Under this basic assumption, one may integrate both

sides of (3.50) for an infinitesimally short time interval:

to+AtL
lim D(q)qdt

At—0 ¢
0

im0 1 Cl) — T (3.51)

At—0 to

to+At
= lim I'dt

At—0 ¢
0

As At — 0 to satisfy the assumption, the second term on the left hand side vanishes,

and (3.51) becomes:

Dt + a0 — i) = [ T (352

to
Magnitude of the impulse goes towards infinity as At — 0, and the right side of (3.52)

converges towards a finite value that we call the generalized impulsive force, denoted as:

to+At to+At
Is = / Ddt = J," / Asdt (3.53)

to to
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Then from (3.52) one may have:

G(to + At) — (to) = D™ (q)Ts

(3.54)

For simplicity, we assume that the collision point on the environment is stationary. Upon

collision, (3.47) can be expressed as:

X, (to) = flq(to))

and the velocity of the collision point on the robot can be expressed as:

X, (to) = Jsq(to)

Equation (3.53), (3.54), and (3.56) can now be used to get:

AXT = Xr(to + At) — Xr<t0)
= Ju(4(to + At) — 4(to))

to+AtL
= J.D7 (q)J," / Asdt

to

(3.55)

(3.56)

(3.57)

As long as J, has a rank of three and D7'(q) is a positive definite square matrix,

J,D7(q)J,T is invertible [24]. Consequently, I's can be expressed in terms of ¢ and X,.:

Ls = J/ (J,D7H(g)J,") AKX,
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3.3.2 Impact Mitigation

Impact mitigation behavior and capability of a robot system was never a concern before,
when the majority of robotic systems were assumed to be working under quasi-static status.
As robotic platforms nowadays get much more dynamic, especially in the cases of legged
robotic systems, as the robots interact with the environment, other robots or even humans,
frequent impacts become inherent to their motions and are never negligible. Impact miti-
gating capability becomes a feature of great importance. Most legged robots and robotic
manipulators uses rigid linkages to ensure motion accuracy and minimize control uncertainty:.
Researchers from MIT came up with a new metric named the “impact mitigation factor”
(IMF) to quantify mitigating capability at impact, which enables design comparison across
a wide class of robots[64], and is reviewed here for reference, as the purpose of the Impact
Transfer Factors theory is to complete the part of the loop of impact handling that IMF

does not cover.

Continue to the derivation in Section.3.3.1, denote the total impact on the contact point

felt by the robotic system as T', then from 3.74 we can find:

JT =T (3.59)

and further express T as:

T = AAX,
(3.60)
A= (J,D ) J,")

where A € R3*3 is defined as the operational-space inertia matrix (OSIM) [32], [4] of the
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system felt at the contact.

Define the joint motor inertia matrix as:

I

1

In,
Aot = e R (3.61)

I,

where I,,, is the inertia of the actuator for joint ¢. Further define D,,, such that:

0 0
Dmot _ c R(G—i—n)x(ﬁ—l—n)

O dmot

Then the inertia matrix D can be partitioned as:
D = Dot + Dy (3.62)

where D, is the portion of the inertia matrix that represents all the rigid-body links. Then

the OSIM as defined in 3.60 can be expanded as:

A = [Jo(Dpot + D)1 I, 1] (3.63)

To assist further development, rewrite 3.46 and partition the inertia matrix D(q) such

that:
Dy(q) Duvi(q)| |db

Djp(q) Dji(q)| |dj

+H(q,q)+G(q) =T (3.64)

Also partition the contact space Jacobian J:

Jo = [y, Ji] (3.65)
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where J; is the joint space Jacobian:

of,
_ m R?) Xn 66

In the worst case scenario, if reflected inertia become arbitrarily large on each joint, the
system will roughly behave as if all the joints are locked. This worst case design can be used
as a benchmark to evaluate the effects of reflected inertia in designs with the joints free to
move. In this locked system, there is essentially no moving joints, and the system’s inertia
matrix is simply reduced to Dy, € R%*® and the generalized coordinates are reduced to just
the base coordinates ¢, € R®. An impact velocity v = AX, would cause a contact impulse

Ty, to a locked system as:

Ty = (JyDy'Jy ") o (3.67)

With this insight, a locked contact inertia Ay is defined as:
Ap = (JDy' gy )" (3.68)

Given the locked impulse 77, , equal impact velocity v are achieved when the free system

experiences an impulse 7j:

Ty = AN, 'T, (3.69)

The term AA; "' characterizes how much inertia is ”felt” at a impact generated by the
same impact velocity in comparison to the reference, which is the locked system inertia. The

reduction in impulse is then given by

Ty, —Tr=(— ATy
— (3.70)

[1]
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where the researchers (Patrick M. Wensing & etc.) at MIT introduce Xi as an impact

mitigation matrix, and its determinant
£ :=det(Z) (3.71)

as the impact mitigation factor (IMF).[64] IMF is stated to be used to quantify the effec-

tiveness the free dynamics of a mechanism at mitigating impacts.

According to Wensing, this new factor has interesting properties that pertain to the
backdrivability of a mechanism, which is the backdrivability of the actuators in rigid-body
systems. An IMF & = 1 corresponds to a system with perfect inertial backdrivability that
is capable of mitigating all impact, whereas £ — 0 as A — Ay . Due to the normalization
provided from the locked case (with roughly infinite reflected actuator inertia), the IMF is

a nondimensional quantity that enables comparison across machines of different scale.

Furthermore, a directional IMF (DIMF) is defined to quantify the capability of a design

to mitigate impact in a particular direction. Given a direction -

LETAZ

p=1-
: FTALT

(3.72)

N

where &, inherits the property that 0 < &, < 1 from the fact that A;, > A. This DIMF has a
clear physical interpretation as well. The kinetic energy lost due to an impact with velocity
v is:
1
AFE = EUAU (3.73)
Thus, &, quantifies the percent decrease in energetic losses afforded through the free dynamics

of the mechanism when impacting in direction z.
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3.3.3 Impact Transfer

By using IMF we can quatified the portion of a impact that is mitigated by the actuators, but
the influence on the system from the unmitigated portion of the impact is still left unclear. In
another word, the effects impacts and collisions can have on a robotic system is not quantified,
and there is still a lack of metrics when it comes to quantifying the risk of damaging the
robotic system upon collision or equally the sensitivity of a robotic system to impulsive
contact. To address this issue, a pair of metrics called the Impact Force Transfer Factor
(IFTF) and the Impact Velocity Transfer Factor (IVTF)—collectively called the Impact

Transfer Factors (ITF)—is proposed as following.

3.3.3.1 Theory of Impact Transfer Factors

From 3.54 we have:

s = DAG (3.74)

Now we introduce the Impact Transfer Factors, building off the notations introduced in

Section 3.3.1 and Section 3.3.2.

The impact on the actuators can be expressed as:

I‘mot = dmotAij (3 75)

This results in being able to define I',,, using D¢, I'mot, and Aq as:

T, = = Dyt NG (3.76)
Fmot
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Now, by using (3.76) and (3.54), we can get:

Ty = Dior D 'T's (3.77)

Now, defining the position of collision on the robot end-effector relative to its body as

X, it can be expressed in terms of the generalized coordinates g;:

X = fin(45) (3.78)

Using the joint space Jacobian J; as in 3.66, the velocity of the collision contact point

with respect to the robot body can be expressed as:

Let us define the proprioceptive impact as the portion of 7' that is transferred to the

motors. This impact, notated with P, is defined as:

P = J,T ot (3.80)

Using (3.76), (3.77), and (3.59), the following relationship can be found:

Dyt D7VITT = (3.81)

Expanding D! as below:

D! = (3.82)
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where Dy € R™("+6) it can be found that:

0
l)motD_1 =

dmot D2

Now by bringing (3.83) back into (3.81), we have the following results:

JSTT = ) dmotDQJsTT = Fmot
dmotDQ Fmot

Further combining (3.84) and (3.80) results in:

P=KpT, Kp=JdnsD>J,"

where here, K is defined as the impact force transfer matrix.

(3.83)

(3.84)

(3.85)

Additionally, substituting (3.75) and (3.80) into (3.84), the following relationship can be

found:

Aq.mot - D2JSTT

(3.86)

We can additionally use (3.79) to express the velocity change of the collision contact

point relative to the robot body (i.e. the proprioceptive velocity change due to the impact)

as:

AV = KyT, Ky =JDyJ,'
where here, Ky is defined as the impact velocity transfer matrix.

Assume a 3 dimensional unit impact:
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~

, L2+ I+ 17 =1

Under impact f, the magnitude of the corresponding proprioceptive impact and velocity

change as felt by the system are:

a= ‘Kfﬂ 8= (Kvﬂ (3.88)

We define a and 3 as the Impact Force Trans-
fer Factor (IFTF) and the Impact Velocity
Transfer Factor (IVTF) respectively, and they

are functions of the unit impact vector I.

These transfer matrices and factors can be-
come useful primarily in the following two aspects:
joint protection and impact detection. First, for
joint protection, the structural components such as
shafts, brackets, and bearings are assumed to be
robust to the expected impacts and it is mainly
to protect the impact sensitive components of the

joint, such as gearboxes, ballscrews, and force-

Hip

Femur

Knee Tibia

ey
%
%
2

Figure 3.18: The 2DoF robot limb con-
figuration used in the simulation. Im-
pact is loaded onto the end of the
tibia link, which is also called the end-

effector.

torque sensors. When the direction of the impact is known, the IFTF can be calculated

and the risk of the sensitive components being damaged or destroyed under the impact can
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then be easily and methodologically evaluated.

Thus the optimal motion for a robotic limb to take impact and minimize potential damage
can be chosen. Furthermore, if one or multiple specific joints out of all joints are to be
independently evaluated, one can simply set the inertia of the uninterested joints in (3.61)
as zero. Second, when it comes to impact detection, the derived transfer matrices and
factors can help with choosing motions with the optimal sensitivity to an impact with known
direction, or choosing the better signal source between velocity and torque for optimal impact
detection when the limb motion and impact direction are known. These will be explained

in further detail with examples in Section 3.3.3.2.

3.3.3.2 Simulation of ITF

The theory is applied onto a 2 degree-of-freedom (DoF') robotic limb in simulation, as shown

in Fig. 3.18.

For simplicity, the hip of the robotic limb has no inertia therefore no shape or volume is
considered for it. Actuators are collocated on the joint, with the running example having one
on the hip joint and the other on the knee joint. Assume the impact from the environment
happens at the tip of the tibia link. Parameters of this robotic limb are as shown in Table

3.1.

In the simulation, with the robot in different configurations, unit impulses from all di-
rections are applied to the tip of the tibia link. The corresponding IFTF («) and IVTF ()
are plotted. Two cases with different end-effector locations are simulated and in each case,

three plots are generated to help with understanding and studying the results, as shown in

71



Table 3.1: Parameters of the 2-DoF robotic limb in simulation.

Parameter Symbol | Unit | Value

Hip Mass my kg 10
Hip Motor Mass My kg 1
Knee Motor Mass Mo kg 0.5
Hip Motor Inertia I kg -m? D

Knee Motor Inertia 15 kg-m?| 0.3

Femur Mass mq kg 0.3
Tibia Mass Mo kg 0.1
Femur Inertia I kg-m?| 0.3
Tibia Inertia Iy kg-m? | 0.1
Femur Length Ly m 0.5
Tibia Length Ly m 0.5
Femur CoM Location 1 m 0.35
Tibia CoM Location Ca m 0.1

Fig. 3.19.

In the first plot, the ITF and the unit impulses are plotted in polar coordinates, with
the polar angle representing the direction of the impulse, and the radius representing the
magnitudes of the ITF. The corresponding robot configuration is also drawn with the end-

effector placed at the center of the plot. In the second and third plots, the ITF are plotted
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(a) Case 1 simulation results.

Impact Transfer Factors
@: Impact Direction, r: a(N-s), A(m/s)
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(b) Case 2 simulation results.

Figure 3.19: The plots of simulation results of a 2DoF robot limb with two different end-
effector positions. A polar plot and two linear plots of ITF are generated for each case.
Corresponding torque impulse and velocity changes on the joints are also plotted in the

linear plots respectively.
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in Cartesian coordinates, with the X-axis representing the direction of the unit impulses. In
the second plot, the Y-axis represents the magnitudes of the corresponding IFTF and the
torque impulses felt by the joints; in the third plot, the Y-axis represents the magnitudes of

the corresponding IVTF and the velocity changes on the joints.

To better understand the meaning and application of the ITF we have introduced in this
paper, we refer to the plots of the second simulated case as shown in Fig. 3.19b, and we
assume the robot is capable of zero-latency sensing of instantaneous joint torque and velocity
changes with identical sensing resolution. By observing the polar plot, we notice for this
configuration, if the impact loaded on the tip of the tibia link is along the direction of 0°
or 180°, the magnitude of « is significantly bigger than that of 5, meaning that if impacts
along the direction of 0° or 180° were to be detected, joint torque signal can more easily
be sensed over a joint velocity signal. There are also intervals where the magnitude of /3 is
significantly bigger than that of «, thus joint velocity signal is preferable over torque signal

for impact detection, such as when the impact is loaded along the direction of 60° or 240°.

As aforementioned, these ITF can be used for robot joint protection as well. The com-
ponents to be protected are gears in the actuators, force-torque sensors, and other impact
sensitive components on the joints rather than the structural components. It is safe to as-
sume that the bigger the impulsive torque loaded onto the impact sensitive components, the
higher the risk of those components being damaged. The most direct evaluation reference
for the risk of damaging the components under impacts is the impulsive torque loaded on
each joints, however, deriving the impulsive load on each joint often times is not as straight-

forward, neither can one gain any overall evaluation for the whole robot limb.
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However, the IFTF, as introduced in this paper, can be an easy to use metric to evaluate
the risk of damaging the joints upon impacts from a holistic system point of view. For
example, Fig. 3.19b shows how « can holistically represent the impacts being transferred
to both joints. As can be seen in the linear plots, « is generally coincident with the hip
torque impulse AT, which is generally the joint with significantly bigger torque impulse
loading. When « is high, so is the loading on the hip joint. On the contrary, when no load
is applied on the hip or when the load is less than that on the knee (e.g. directions 90~135°
or 270~315°), av does not completely become zero, as it still captures the potential damage
due to the loading on the knee. This behavior of o can be witnessed in other configurations
as well. Thus, it is safe to claim that « can be a very reliable reference to evaluate the risk

of breaking any joint on a robot limb under impacts with known direction.

B a & Torque Impulse AT

‘_G —g' == Hip AT = =Knee AT‘

0 90 180 270 0
Impulse Direction(deg)

Figure 3.20: The linear plot of o with the knee joint as the joint of interest. The robot

configuration is same as Fig. 3.19b. Previous simulation results shown for comparison.

Additionally, if it is desirable to analyze specific joints rather than collectively, a useful
and interesting feature with I'TF is that one can simply set the motor inertia of the non-

. . . . . . . . / /.
interested joints to zero to create a new joint motor inertia matrix d,,.; , and use Kz in
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(3.89) to calculate the IFTF.

Ki' = Jydpmot' Do J," (3.89)

For example, if we are only concerned about the knee joint in the running example, we
can then calculate the new IFTF o with the corresponding Kz'. o/ is plotted in Fig. 3.20 for
comparison with the previous plot of o and torque impulse AT in Fig. 3.19b. It is clear that
o/ is only coincident with knee joint torque impulse and can be used as a reliable reference to

evaluate the risk of damaging the specific joint (in this case the knee joint) under impacts.

3.3.3.3 Experiments On Validating ITF

To verify our theoretical results, and more importantly the practicality of such an approach,
we conduct a preliminary experiment on a physical robot. While it would be ideal to investi-
gate both ITF, it is nearly impossible to measure force impulse caused by a collision, as the
signal is instantaneous, which none of the commercially available force/torque sensors are
capable of accurately capturing. Also since Ky and Ky are interconnected by d,,,;, which
is only dependant on the physical property of the system, if experimental results validate
one of the two ITFs, the other one is simultaneously validated. Thus our investigation only

focuses on verifying the IVTF.

The platform we test our theory on is NABi-2 [72]. Tt is a bipedal robot that has 6
degrees-of-freedom and uses proprioceptive actuators for current-based force control [76].
The actuator’s on-board motor controller also allows precise position control based off a

14-bit absolute encoder. Because NABi-2 has two consecutive pitch joints located at the hip
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and the knee, with the actuation at the knee done
through a belt by an actuator located at the hip,
once the hip yaw joint is locked in position, the leg
can be taken as a 2 DoF planar robot and is a good

physical representation of the simulated system.

Consequently, our experimental setup is as fol-
lows. We lay NABI-2 on its side and initially com-
mand one leg to a desired position in the X-Y plane
(refer to Fig. 3.21 for the convention). Then, aside
from the hip yaw motor, the remaining two pitch
motors are torqued off. This setup is different to
simply vertically uplifting NABi-2 from its usual
standing posture because it eliminates the torques
that need to be applied to maintain the posture
which would otherwise be disturbed by gravity. At
this given end-effector position, a ball that is tied by
a string to a pivot point directly vertical of the end-
effector is released. This ensures that the ball will
consistently hit the end-effector with a velocity vec-

tor pointing towards the center of the end-effector,
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[

Figure 3.21: Experimental setup with
NABi-2. A ball that is tied by a string
to a pivot point located directly verti-
cal of the end-effector is released from
a constant height to generate constant
collision on the end-effector. The end-
effector is highlighted in blue, the string
is highlighted in green, the trajectory
of the ball is marked with a red dashed
curve, and the joints on the robot are

indicated with magenta arrows.

causing a head-on collision. The release point (i.e. distance from the ground) is maintained

a constant height to ensure consistency in the magnitude of impulse that is generated by the
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Figure 3.22: Sample position and velocity data recorded using LabVIEW. The magenta

vertical lines indicate the peaks of the joint velocities.

collision, and impulse with this magnitude is defined to be a ‘unit impulse.” The angle the
ball hits the end-effector is distributed within the range that the ball can swing down and
make a head-on contact without colliding into anything else on its way. The exact angle at
impact is identified afterwards in image post-processing. From approximately the release of
the ball from a given height to post-impact, a LabVIEW program records the encoder values
as well as the joint velocity values calculated using finite differences with a low-pass filter at
22,000 Hz and 4,000 Hz respectively. A camera mounted adjacent to the pivot and facing
towards the end-effector records the impact. These data are then saved for post-processing.
Fig. 3.21 shows the experimental setup with annotations of the robot, the pivot point, and

the ball, while Fig. 3.22 shows a sample encoder and velocity stream.

With the collected data, which includes the video stream of the impact and the encoder
and velocity values recorded from LabVIEW, post-processing of the data is done as a pre-
processing step for verifying the IVTF. To begin with, we assume that the body of our robot

is in parallel with what is considered 0° and therefore, the angle the ball strikes the end-
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effector is found by measuring the angle difference between the body and the ball striking

the end-effector angle.

The instantaneous velocity to calculate the IVTF is extrapolated from the recorded
velocity data under some assumptions. Using the data shown in Fig. 3.22 as an example, we
expect a change in both the actuator’s position and velocity signals simultaneously. However,
it is noticeable that the hip actuator moves before the knee motor, albeit a small amount.
Our experience with the platform suggests that because the knee motor is belt-driven by an
actuator located at the hip and due to the non-collocation of the encoder, such an offset is
created. However, as observable in the graph, this delay is ~100us, which we assume to be
negligible. Also, the time it takes to reach peak velocity for the different configurations is
~Ims. This quick peaking can be sensed because of the type of actuators that are used in

NABIi-2 and since the time is small, we assume Ag¢ = sgn(¢)max(|q|).

Additionally, because of the belt transmission, the actual impact at the knee is not fully
captured by the actuator, as the belt absorbs a significant portion of the impact. According
to [42] and [16], as well as from our experiences, the impulsive velocity change on the actuator

for the knee joint should be adjusted with a correction factor. We found this value to be 2.

For the constants used to calculate the ITF, the values from the CAD model are used
for the inertial properties of the robot limb as well as the reflective inertia of the actuators.
While these could also be considered as estimates, they have been empirically proven to
be trustworthy through our experience with controlling NABi-2 using these parameters.
Regarding the magnitude of the impact, although the collisions during our experiments are

controlled to be constant, the actual value of the ‘unit impact’ can never be accurately
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calculated. However, because the magnitude of the impact does not change the shape of the
ITF plot, but only its scale, it is theoretically reasonable to find it through simulation and

numerical analysis.

This is done in simulation by varying the impact magnitude applied at the planar NABi-2
leg. For each impact magnitude, a standard deviation is found using the simulated end-
effector velocity change and the samples from the test results. The impact magnitude that
yields the smallest standard deviation is taken as the actual impact magnitude. Using this
impact magnitude as a constant along with the angles and their corresponding instantaneous

change in velocities, the IVTF is found.

Plotting the simulated ITF alongside the experimental data as seen in Fig. 3.23 shows
that the behavior the simulation predicts qualitatively resembles that of the experiment. To
quantitatively assess the experimental data, we also plot the 65% Confidence Interval, which
then, most of our data points fall inside. This gives us further belief that the theory behind
ITF is valid and simply by simulation, we can obtain a good idea of the magnitude of the

transferred impacts.

80



Q’\ 90° 0‘]' 90°
0@," 120° 60° df’ 120° 60°
1650° 30° 1650° 30°
E 3
80° 0° 180° 0°
* 0
40
210° 330° 210° 60 330°
80 80
240° 300° 240° 300°
270° 270°
] 90° ™
dgb“ 120° 60° dgb“
1650° 30° 1650° 30°
80" 0° 180° 0°
210° 330° 210° 330°
80
240° 300° 240° 300°
270° 270°
65% Confidence Interval % Test Results = Simulated 3 — .00 Ot

Figure 3.23: Most experimental data falls within the 65% Confidence Interval, which verifies

the validity of using I'TF on physical platforms. The unit for plot radius is m/s.
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CHAPTER 4

Experimental Work And Results

4.1 Development of Prioproceptive Quasi-Direct Drive Actuators

The Proprioception Actuator modules developed in RoMeLa are called the BEAR modules,
Back-drivable Electromagnetic Actuators for Robots. Currently there are two versions of
BEAR developed and widely used in RoMeLa, a lite version called the Kola BEAR and
a professional version called the Panda BEAR. There is also an ultimate version being
developed, called the Kodiak BEAR. Both Panda and Koala feature liquid cooling for the
motor windings to push the peak performance of the actuator to the maximum. Two sub-
versions of Koala BEAR are developed, and the only difference is the gear reduction ratio: a
low reduction ratio version called Koala-S for higher speed applications and a high reduction
ratio version called Koala-T for higher torque applications. The performance data of PAnda

and Koala BEAR modules are as shown in Table.4.1.

The Panda BEAR was the first module in the BEAR actuator family, it was designed and
built by Taoyuanmin ("Tym”) Zhu at RoMeLa. Panda BEAR has balanced performance,
weight and size. It is developed for relatively general applications, such as legged mobile

robotic platforms and light robotic manipulator arms. The Kodiak BEAR is a scaled up
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Table 4.1: BEAR modules Performance Specsheet.

Max Speed | Peak Continuous Torque
Module Size Weight @24V Torque
Air Cool | Liquid Cool
Koala-S | 94x94x48mm | 0.275kg | 570RPM | 12Nm 8Nm 3.75Nm
Koala-T | 94x94x48mm | 0.275kg | 380RPM 16Nm | 10.7Nm 5Nm
Panda | 100x100x45mm | 0.75kg | 240RPM | 30Nm 20Nm 10Nm

version from Panda BEAR, and it is a proof of concept to seek the feasibility of using
Proprioceptive Actuators on full-size humanoid robots. Improved version of Kodiak BEAR
will be applied onto the amazing full-size humanoid robot ARTEMIS (Advanced Robotic

Technology for Enhanced Mobility and Improved Stability).

The smaller version of the actuators, the Koala BEAR, is developed as part of the work
covered in this dissertation. Koala BEAR is developed for applications where smaller and
compact yet dynamic actuators with force sensing and control capability are needed, such
as robotic hands, simple tabletop robotic arms and small legged robotic platforms. To seek
for the optimal balance within torque, speed and impact mitigation capability, two sub-
versions of Koala BEAR are developed, differentiating on the gear reduction ratio. The
concept and feasibility of Koala BEAR was proven by a preliminary actuator design applied
on DAnTE V1, which is presented in detail in Section.4.2.1. Prototypes of Koala BEAR
are then designed and built, and are being tested on DAnTE V2 (Section.4.2.2) and a small

humanoid robot BRUCE. (Section.4.3.3)
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Figure 4.1: The BEAR modules

4.1.1 Panda BEAR

Panda BEAR(Fig.4.2a) is composed by a T-Motor U8 BLDC motor(Fig.4.2b) with motor
speed constant Ky = 100 RPM/V, and a planetary gearbox with a gear reduction ratio of

10:1. Figure.4.3 is an exploded view of Panda BEAR.

The actuator has a very compact all-in-one packaging, featuring great balance of size,
weight and power. To maximize the performance of the actuator under extreme condition,
liquid cooling feature is added onto the motor housing and the effectiveness of liquid cooling

has been studied in detail by Tym, etc. [] The liquid cooling feature enables the actuator to
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(a) Panda BEAR (b) T-motor U8

Figure 4.2: Panda BEAR and T-motor U8

run cooler under continuous working condition and work at peak torque for longer time and

more frequently.

Panda BEAR modules are applied to the dynamic legged robot platforms NABi-2 and

ALPHRED-2, which are respectively presented in detail in Section.4.3.1 and Section.4.3.2.

4.1.2 Koala BEAR

After the success of applying Panda BEAR onto legged robots, there emerges a demand for
a new design of Proprioceptive Actuator module that is suitable for smaller legged robot
platforms such as a kid size biped robot, as well as other small robotic platforms such as
end-effectors. This new design needs to be even more compact, being smaller in size and
lighter in weight, yet significantly higher in torque density and at least equivalently dynamic
as Panda BEAR presents. With all above requirements to satisfy, Koala BEAR (Fig.4.4) is

developed.

Unlike most Proprioceptive Actuators as introduced in Section.2.3.2, Koala BEAR has a
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Figure 4.3: Exploded view of Panda BEAR.

Figure 4.4: Koala BEAR actuator module.
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Figure 4.5: T-Motor brushless motor Untigravity 4006.

compact rectangular shape, instead of centro-symmetric shapes. This allows Koala BEAR to

remain a slim figure in its axial direction, making it very friendly to the targeted applications.

To validate the feasibility of the idea behind Koala BEAR, its concept was first tested
with a quick prototype fabricated with 3D printing, and the prototype was applied onto a

3-finger robotic end-effector called DAnTE-1 (Refer to Section.4.2.1 for more details).

Based on the experimental results of DAnTE-1, the BLDC motor in Koala BEAR is
chosen to be T-motor 4006 (Fig.4.5) with motor speed constant Ky = 380 RPM/Volt among
all commercially available BLDC motors. By combining this motor With a low reduction
ration transmission, the actuator is estimated to possess the maximum torque and speed
capability that fits the need of a broad range of small size robotic systems. To gain adequate
output torque, the gear ration of Koala BEAR is designed to be higher than what a planetary
gearing system can provide without increasing the diameter of the ring gear to be significantly
bigger than that of the BLDC motor. Benefited by the rectangular housing, a low-cost 2-
stage transmission becomes possible. As shown in the exploded view of Koala BEAR module
in Figure.4.6, the transmission of Koala BEAR is composed by a planetary gear box at the

output and a belt transmission with a set timing pulleys from the BLDC motor. The pulleys

87



are plastic made by 3D printing, combined with aluminum inserts at the bore to increase
their strength and transmission reliability. With this 2-stage transmission and especially
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Figure 4.6: Exploded view of Koala BEAR module.

the pulley set that can be rapidly fabricated, Koala BEAR is also a pioneer that can be
used to search for an approximate boundary of speed reduction ratio for a transmission to
qualify as transparent, or quasi-transparent regarding to the application of Proprioceptive
Quasi-Direct Drive actuators. The reduction ratio of the Planetary gearbox on Koala is 9:1,
and by combining pulleys with different number of teeth, the speed reduction ratio from the
pulley set can vary from 1:1 to 3:1, resulting in a overall speed reduction ratio ranging from
9:1 to 27:1. However, from the experience of Panda BEAR and the prototype Koala BEAR

on DAnTE 1, it is safe to claim that the boundary of speed reduction ratio for a transmission
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to qualify as transparent, or quasi-transparent is over 9:1.

Currently, two versions of Koala BEAR with distinguishing speed reduction ratio are
being tested on various robotic systems: a speed version with a speed reduction ratio of 18:1

and a torque version with a speed reduction ratio of 24:1.

4.2 Experiments with End-effectors

Manipulators are an essential aspect of a robot’s ability to interface with their working
environments in order to finish their tasks. Often times these working environments are
designed for human beings. Thus, for robots to finish the tasks they are designed for,
robotic hands with biomimetic fingers are almost always the preferred design, such as the
The DLR robotic hand[21] and the the ADROIT robotic hand[34]. These designs attempt
to mimic human fingers using full actuation, where each joint is independently actuated
and controlled, resulting in redundant actuation and very complicated, heavy, and bulky
systems. However, many simple grasping and manipulation tasks don’t require full actuation,
meaning these complex hands are unnecessarily increasing the payload of the arm. As such,
fully actuated robotic hands are conventionally not preferred, and robotic hands such as
the tendon driven SDM hand by Dollar[15] and the four-bar linkage driven robotic grasping
hand by Gosselin[35] which feature fewer fingers and under actuated finger designs have
been developed. However, as mentioned in Section.3.2.1, these under-actuated systems all
posses uncertainties in their fingers’ trajectories. This problem can be solved by applying
carefully designed mechanical intelligence following the theory of Potential Energy Flow in
underactuated systems.
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Further, implementing force control on robotic hands to perform dexterous grasping and
manipulation has also been a difficult problem, especially for fragile objects. Many research
groups have done remarkable research on force controlled manipulators by applying tactile
sensors[61], artificial skin[69] or force/torque (FT) sensors on finger [36] or wrist [53] joints.
However, even though these methods performed admirably for the tasks they were designed
for, the sensor systems used were always difficult to fabricate or expensive, and required
large computational resources to support a high control frequency that was essential for
the success of these types of robotic hand systems. On top of that, these systems usually
performed poorly when dealing with external impulses or when approaching a goal object at
high speeds, since either the system itself or the goal object would likely be damaged. The
BEAR modules developed in RoMeLa show the potential of addressing these problems by

providing inherent compliance and proprioceptive force sensing.

DAnTE(Dynamic Anthropomorphic Tactile End-effector) is a brand new force controlled
under actuated robotic hand with mechanical intelligence and proprioceptive compliant ac-
tuation developed to validate the effectiveness of the Potential Energy Flow theory and fea-
sibility of improving the capability of robotic hands with Proprioceptive Actuators. DAnTE
has fingers with simplified biomimetic design which take the advantages of the human finger
tendon drive system while still being under actuated to reduce hardware and software com-
plexities. The finger systems on DAnTE possess carefully designed mechanical intelligence
such that the partition of the finger’s trajectory from the under actuated DoF is controlled
by the mechanical intelligence. By taking advantage of the high resolution current sensing

and responsive control on the quasi-direct drive actuation system, we are able to achieve
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fast and dexterous force controlled grasping and manipulation without using any FT sensor.
This actuation system also provides intrinsic compliance in the finger joints, providing the

robotic hand system with excellent performance when it comes to fragile objects or impulses.

There have been two versions of DAnTE developed, and they are presented in detail in

the following sections.

4.2.1 DAnTE-1

4.2.1.1 Design of DAnTE-1

DAnTE contains a hand assembly and an actuation assembly. The hand assembly is com-
posed by a palm assembly and three fingers, while the actuation assembly is simply composed
by three identical actuation assemblies, with each finger on the hand independently driven
by an actuator. Fig.4.7 is an overview of the system, and the mechanical design is described

in detail in the following sections.

The overall system specifications of DAnTE is as shown in table.4.2 Note that the maxi-
mum fingertip force is limited to 30N because this prototype is FDM 3D printed with ABS,

and a force exceeding this maximum will damage the internal tendon structure.

Palm There are three fingers mounted axisymmetrically on the palm, with two of them
able to rotate along their own central axis so that different relative positions of the three
fingers can be achieved. These two fingers are coupled by gears and are driven by a single
servo so that they always mirror each other. The palm also acts as the housing for a servo

and the corresponding powertrain for finger orientation actuation. The finger orientation
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Table 4.2: Specifications of DAnTE robotic hand platform.

Parameters Value

Weight 1.5 kg

Overall Length w/o Finger 26 cm

Finger Length 90 mm
Object Diameter 0 120 mm
Max. Fingertip Force 30 N
Min. Retraction Time 300 ms

actuation powertrain is as shown in Fig.4.9. Both actuated fingers have a 90 degree range

of motion along their own central axis, forming all grasping gestures as shown in Fig.4.10.

Simplified Biomimetic Finger To better illustrate the design of the biomimetic finger,
it’s necessary to briefly review the functional anatomy of the extensor and flexor mechanism
of human finger. As shown in Fig.4.11[10], tendon movements marked by the black arrows
(such as retraction of EDC & EIP tendon) cause the finger extension, while tendon move-
ments marked by the red arrows (such as retraction of the FDS tendon) cause finger flexion.
The retraction of FDP tendon causes the distal and middle phalanxes to bend, the retraction
of FDS tendon causes the middle phalanx to bend, and the flexion of the proximal phalanx

is done by the retraction of the extensor hood.

Clearly, a human finger is a complex fully actuated mechanism, and implementing a
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Bionic Finger with Mechanical Intelligence
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Figure 4.7: Structure of the end-effector system. The system contains a hand assembly and

an actuation assembly. Details of the two assemblies are shown above.

Figure 4.8: The DAnTE system
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Figure 4.9: Finger axial rotation powertrain contained in the palm.

Mirrored Axisymmetric

Figure 4.10: The three basic gestures DAnTE can form for grasping tasks. The gestures are
formed by changing the angular position of the two actuated fingers. The parallel configu-
ration is preferred for prismatic objects while the asymmetric (tripod) gesture is often used

for circular objects. The mirrored gesture is good for pinching operations.
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Figure 4.11: Human finger tendon system mechanical structure. tendon movements marked
by the black arrows cause the finger extension, while tendon movements marked by the red

arrows cause finger flexion.

robotic hand with the same finger design may not be the best approach as it would require
numerous actuators, a complicated tendon system, and a complex controller. The resulting
platform would likely be cumbersome and lack robustness. Instead, we would like to adopt

a simplified version of a human finger for our robotic hand.

The objective of DAnTE is to mainly do gripping and some simple manipulation, thus
high agility on the fingers which would require the finger to be fully actuated is not necessary.
There are three rotational DoF in a human finger, respectively on the DIP, PIP and MCP
joint. Due to the coupling between the FDP tendon and the middle phalanx, in most cases,
the distal and middle phalanxes move correspondingly in free-load motions. In fact, in most
grasping motions except fingertip grasping, corresponded bending on these two phalanxes is

preferred for better grasping. Thus, we can simplify the coupling between the FDP tendon
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and the middle phalanx with a passive reaction coupling tendon, as the yellow tendon shown
in Fig.4.12a. With this coupling tendon, the distal phalanx always bends together with
the middle phalanx. The remaining two DoF are actuated by one actuated flexor tendon
attached to the middle phalanx, as the red tendon shown in Fig.4.12a. The tendon goes
under two tendon guide pins that are fixed on the proximal phalanx. The actuated flexor
tendon drives both the middle phalanx and the proximal phalanx by directly pulling the
middle phalanx and using the normal force on the tendon guide pins to drive the proximal
phalanx. Since the main tasks of this grasper are about grasping and manipulation, it is not
necessary for the extension motions of the fingers to be actuated, thus elastic members are
used as extensor tendons. The extensor tendons are arranged to oppose the flexor tendons,
with an elastic extensor tendon linking the distal and middle phalanx over the DIP joint to
counteract the distal phalanx bending relative to the middle phalanx, keeping the passive
reaction coupling tendon in tension. The other extensor tendon is the main extensor tendon,
and is a rigid string attached to the back of the middle phalanx, going under a guide pin on
the back of the proximal phalanx. It is then pulled by a tensile spring, as the red tendon
shown in Fig.4.12b. The main extensor tendon recovers the middle and proximal phalanx

from bending, keeping the actuated flexor tendon in tension.

Actuation Assembly As mentioned before, the actuation assembly contains three direct
drive actuation modules, with each of them driving one finger. The concept of our direct drive
actuation module is to combine a brushless torque motor with very low gear reduction ratio.
Fig.4.13 shows the main components in the actuator sub-assembly with all the structural
parts and bearings hidden. T-Motor Antigravity 4004 brushless DC motors are employed,
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Figure 4.12: Tendon system in the under actuated finger design. Figure(a) shows the mech-
anism of the flexor tendons (in red), while figure(b) shows the mechanism of the extensor

tendons (in green).

driving a two-step speed reduction transmission composed of two sets of timing pulleys,
providing a total reduction ratio of 8.6:1. Each timing belt is associated with an adjustable
tensioner. A tendon pulley is attached at the end of the powertrain to drive the tendon, and
a 12-bit absolute encoder is also attached to the shaft of this tendon pulley so that the length
of pulled part on the tendon can be precisely acquired. The BLDC motor is controlled by a

motor controller developed and fabricated in house.

4.2.1.2 Kinematics of DAnTE-1

The same system was first introduced in a previous paper|[74], where the kinematics of the
tendon system was not illustrated. In this section we will go over the derivation of the
kinematics of the tendon driven finger system and this will make the introduction of the
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Figure 4.13: Structure of a actuation assembly. It is composed by a BLDC motor and a low

reduction-ratio transmission that contains two stages of pulley sets.

system and the following illustration of the mechanical intelligence embedded in the system

more comprehensive.

As mentioned in the previous sections, there is an encoder on the tendon pulley shaft
reading the rotational position of the tendon pulley 6y, which is directly related to the length
of tendon being pulled out as:

LP(QO) - Rpulleye() (41)

The same type of encoder is also attached to the proximal joint of the finger to get the
position of the proximal phalanx on the MCP joint, #;. As mentioned before, The distal
phalanx is rigidly linked to the proximal phalanx with a rigid tendon through the middle
phalanx, so the positions of the distal and proximal phalanx can always be calculated from

the data collected from the two encoders.

As marked in Fig. 4.12a, the length of tendon being pulled(L,) and the angle of the
proximal phalanx relative to the palm(6;) are needed to calculate the angle of the middle

phalanx relative to the proximal phalanx(fy). We break up the tendon in the finger into
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three sections. The first section is the part of the actuated flexor tendon that is across the
MCP joint, and it’s length is denoted as L;. The second section is the following part of the
tendon that is in the proximal phalanx and it’s length is denoted as Ls. The last section is
the rest of the actuated flexor tendon which is across the PIP joint, with it’s length denoted

as Ls.

It’s easy to see that Ly never changes, so we only need to calculate L, and L3. Lp is
solely dependent on 6, while L3 is solely dependent on 6,. Mark the total length of the

tendon in the finger as a constant L;.;, then we have this relationship:

Ltotal - Lp(eo) + Ll (91) + L2 + L3(92) (42)
Since Lo and Lo are constants, one can have:
0, = L3 (C1 — Ly(00) — L1(61)) (4.3)

where C] is a constant.

To calculate fy,we begin with derivation of L;(#;). The tendon geometry for section L,
is as shown in Fig. 4.14a, and L, defines the length of the tendon from point S to point A.
Although the result will be less accurate, the radius of the Tendon Guide Pin is so small that
we can ignore the geometry of it and treat it as a point. The simplified tendon geometry is
as shown in Fig. 4.14b. This simplification significantly reduce the calculation complexity

while the error brought in is negligible.

The equation set used to derive L; is as follow:
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(a) The detailed geometry of the L; section of the ac- (b) The simplified geometry of the Lq

tuated tendon. section of the actuated tendon.

Figure 4.14: The detailed and simplified geometry of the L; section of the actuated tendon.
This simplification makes the calculation significantly easier with a negligible error in the

result as a trade-off.

( XO = Do + hiCOS((,Ol + 01) (44&)

Yb = h’lsm(gol + 91) — ho (44b)

do = \/Xg + YE)2 (440)
Iy =\ — 12 (4.4q)

Yo = tan~ ! (Yo/ Xo) (4.4e)
ap = cos *(Ro/dy) (4.4f)
Bo=m—a— (4.4g)
[ L1(61) = Rofo + I (4.4h)

1, Ro, ho, b} and Dq are design constants. The next step is to derive L3(f3). The tendon

geometry is as shown in Fig. 4.15a, and L; defines the length of the tendon from point B
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to point F. Note that Ly defines the length of the tendon from point A to point B, which
is within the proximal phalanx and is constant. Again we carry the same simplification as

previous and ignore the geometry of the pins, the tendon geometry then can be simplified

as in Fig. 4.15b.

Tendon Affiliation Pin
(Middle Phalanx)

r
Tendon Guide Pin
(Proximal Phalanx)

Middle Phalanx

x o,
Proximal Phalanx

(a) The detailed geometry of the L3 section of the ac- (b) The simplified geometry of the Lg

tuated tendon. section of the actuated tendon.

Figure 4.15: The detailed and simplified geometry of the L3 section of the actuated tendon.
This simplification makes the calculation significantly easier with a negligible error in the

result as a trade-off.

And the developed set of equations for deriving L3 are:

X1 = hicos(pz + 02) + Dy (4.5a)
Yi = hIQSZTL(QDQ + (92) — hl (45b)

L3(02) = VY1 + X4 (4.5¢)

o, h1, by and D, are design constants.

One can now derive fy by combining Eq. 4.1, Eq. 4.3, Eq. 4.4 and Eq. 4.5.
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As mentioned in the mechanical design section, the PIP and DIP joints are hard coupled,

thus the DIP joint angle 63 can be expressed as:

03 = f(02) (4.6)

Though by looking at Fig. 4.12a the passive retraction coupling tendon which is the rigid
flexor tendon for the PIP&DIP joint couple may appear to be complicated, Eq. 4.6 is fairly
easy to derive. The tendon structure is as shown in Fig. 4.16, with Fig. 4.16a showing the
actual tendon geometry and Fig. 4.16b showing the simplified tendon geometry. Again the
simplification is same as previous: ignore the geometry of the tendon guide pins.

Tendon Affiliation Pin
(Distal Phalanx)

Tendon Guide Pin

(Middle Phalanx)
Distal Phalanx

Structural Curve Ry

(Proximal Phalanx)
Proximal Phalanx

Middle Phalanx

Tendon Affiliation Pin
(Proximal Phalanx)

M

(a) The detailed geometry of the passive retrac- (b) The simplified geometry of the passive re-

tion coupling tendon. traction coupling tendon.

Figure 4.16: The detailed and simplified geometry of the passive retraction coupling tendon,

which provides the hard coupling of the PIP and the DIP joints.

As shown in Fig. 4.16a, we divide the passive retraction coupling tendon into five sec-
tions. The tendon starts from point M, which is the tendon affiliation pin on the proximal
phalanx, and ends at point N, which is the tendon affiliation pin on the distal phalanx.

102



After simplification, the section between point P and () is ignored, and there now are four
sections: section Lk, section Ly, section Lpp and section Lpy. Let the total length of

the tendon be denoted as L., the following equation holds:

L.=Lyk+ Lkgr+ Lrp+ Lpn (4.7)

Note that the total length of the tendon is fixed and point K never moves in relative
to point M, and point P never moves in relative to point L, thus L., Ly;x and Lpp are
constant. Lgy, is solely dependant on 6, while Lpy is solely dependant on #3. One now may

rewrite Eq. 4.7 as:

LPN(Qg) = 02 — LKL<92) (48)

where () is a constant. Using Eq. 4.8 one can rewrite Eq. 4.6 as:
03 = Lpn(Co — Lic1(62)) (4.9)
Lk1,(02) can be expressed as:
Lgr(0o) = oy, 2= By + 6s (4.10)
where R; and By are design constants. 5o = By holds when 6, = 0.

Lpn(03) can be expressed as:

(X3 = hjcos(ps + 03) + Do (4.11a)

{ Yy = hysin(ps + 0s) — do (4.11b)

L LPN(Q?,) =14/ X:)? + }/32 (411C)
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where h%, 3, Dy and dy are design constants. One can now derive #3 by combining Eq. 4.9,

Eq. 4.10 and Eq. 4.11.

By following the kinematics above, the relationship between 6y, 6; and 6, as well as the

relationship between Ay and 63 can be acquired, and the results are as shown in Fig. 4.17.
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(a) The relationship between 6y, 6 and 6. (b) The relationship between 6, and 63.

Figure 4.17: The relationship between pulley position 6y, MCP joint position 61, PIP joint

position 6, and DIP joint position 5.

4.2.1.3 Applying Embedded Mechanical Intelligence with Underactuated Fin-

ger

The principle of Mechanical intelligence is adopted in this under actuated finger design for
automatic object conforming and optimal trajectory following. We would like to illustrate

the mechanical intelligence respectively in both the flexor and extensor aspect.

Even though the finger is under actuated, the two DoF on the finger are constrained

and coupled with each other by the actuated flexor tendon. Fig. 4.18a shows a scenario in
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which the length of the tendon is fixed, and the finger’s posture can only be along a certain
trajectory depending on the loading condition on the finger. If the finger is mainly loaded
on the tip, the finger will be straight, which is good for grasping with finger tips, while if the
load is mainly on the middle of the finger, the finger will be bent, and it will automatically

shape itself to the best fit on the surface of the objective.

The specific arrangement and design of the extensor tendons make the finger follow a
desired trajectory under zero load condition. When grasping, it is preferred to keep the
finger straight until the finger touches the objective or the proximal phalanx reaches its limit
of rotation during a grasping motion, as shown in Fig. 4.18b, ensuring the largest workspace
for each finger. Also, as discussed before, the finger shapes itself according to the loading
condition, thus keeping the finger straight while approaching the objective helps the finger to
shape itself to the best grasping shape upon contact when the grasper is going to grasp and
hold the objective in hand, or reach its tip out for picking the objective with the fingertips
when the objective is relatively small. This feature is achieved by implementing mechanical
intelligence and will be explained in this section from the view of the flow of potential
energy in and out the two extensor tendons. Note that other researchers have also managed
to make an under actuated hand to follow a certain trajectory via mechanically realizable
manifolds[11], but the trajectory is pre-determined and the workspace of the fingers are
limited. By integrating mechanical intelligence into the design, the fingers on DAnTE can
follow multiple trajectories according to the environment and the goal objects, resulting in

a much bigger workspace.

The energy equality equation when flexing is as Eq. 4.12, where J is the kinematic energy
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(a) Finger trajectory under (b) Finger flexion trajectory un- (¢) Finger extension trajectory

different loading conditions. der free loading conditions. under free loading conditions.

Figure 4.18: The specific arrangement and design of the extensor tendons make the finger
follow a desired trajectory under zero load condition for gesture dexterity, while automatically

change the gesture to adapt to loading.

in the system, F, is the elastic potential energy, F, is the friction energy lost, W is the energy
output to the environment, and M on the right side is the total energy from the actuator. E,
is the potential energy from gravity. E, is introduced by the tendon contacting and sliding

against the finger inner structure.

J+E,+E,+W =M—E, (4.12)

E, can be split into the potential energy stored in the springs, s and the potential energy
stored in the elastic member between the distal and middle phalanx, Ej. E is associated
with MCP joint and FEj is associated with PIP & DIP joints. Without loss of generality,
we assume the finger moves quasi-statically under freeload condition, and now there is no
kinematic energy in the system nor output to the environment, the fingers are relatively light

so Fg is very small and it can be ignored. E, is compensated by the motor actuation input
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so it can be combined into W. Eq. 4.12 then can be rewrite as Eq. 4.13.
Ex.+E, =M (4.13)

The distal phalanx extensor tendon elastic member and the tensile spring for the main
extensor tendon are designed such that, without external forces and only by pulling the
flexor tendon, it is significantly easier for the energy to flow into the tensile spring than the
distal phalanx extensor tendon elastic member. This results in the proximal phalanx always
bending prior to the middle and distal phalanxes, and only when the proximal phalanx
is stopped by external force or the MCP joint reaches its limit will the middle and distal

phalanxes then begin to bend.

Relationship between Potential energy in the system and joint angles Relationship between Potential energy in the system and joint angles
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(a) Potential energy in the finger system regarding to the (b) Qualitative potential energy flow in

finger joint positions and system potential energy flow. the system when releasing the finger.

Figure 4.19: The system always looks for potential energy local minima and therefor accu-
mulate potential energy via the slowest trajectory while release the potential energy via the

fastest trajectory.

Shown in Fig. 4.19a is a plot of total potential energy in a finger as a function of #; and
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62, which are the MCP joint angle and the PIP joint angle. This finger is a typical spring-
mass-damping system, and for this kind of a mechanical system, the stable equilibrium in
most cases are coincident with local minimum potential energy points. In our finger system,
as the flexor tendon is being pulled, energy is pumped into the system and distributed among

the values on the left side of Eq. 4.12.

Besides external influences from the environment, the trajectory of the finger is deter-
mined by its potential energy status, since the finger will always try to follow the trajectory
that locally minimizes its energy state. In other words, when the flexor tendon is being
pulled, the finger retracts along the trajectory in which the potential energy in the finger
increases the slowest. Note that when the finger moves with a very high speed, the inertia
of the finger itself then can’t be ignored, and the inertial force from the finger acts like a
external force. When the finger is moving with a relatively low speed and there is no external
force from the environment on the finger, the retraction trajectory of the finger is exactly
the trajectory marked with red arrows as shown in Fig. 4.19a, which is the slowest trajectory

for the potential energy in the system to increase.

When the finger releases, it should also try to follow the trajectory that minimizes its
energy state. Thus, ideally, with friction in the system ignored, the finger should follow
the reversed trajectory of the red-arrow marked retraction trajectory. However, in reality,
instead of releasing the finger in the reversed sequence of retracting, the finger is released
with MCP joint first, and then PIP and DIP joints. Due to the complex nonlinear damping
that is involved in the releasing process, it is very difficult to come up with an accurate

theoretical model for this, but the phenomenon will be analyzed comprehensively with the
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support of experiment results.

As mentioned in the mechanical design section, DAnTE is designed for grasping tasks,
thus the fingers are only actuated in flexing direction, and the recovery process is done by
the elastic components in the system. The elastic components store potential energy for
recovery process and consume the force provided by the actuator during flexion. For better
gripping performance and power efficiency, the elastic components in our finger system are
designed with relatively low spring constants. When the fingers are driven by the actuators
for flexion, the friction forces are compensated by the actuation force. However, when the
finger is recovering, the friction forces are no longer compensated and they are of the same
order of magnitude as the recovery forces from the elastic components. In this case, the
friction in the system increases the difficulty for the potential energy to release. The friction
is mostly from the slipping contact between the tendons and the finger along the tendon
routes. E, can be split into F,, which is associated with MCP joint movements and E,

which is associated with PIP&DIP joints movements, and the energy equality becomes:

Ex+E;+M =E,; +E, (4.14)

where M’ is the energy input from the actuator and it is a negative term since the actuation

tendon is being released.

From Fig. 4.12 we can tell that when only the MCP joint associated with 6; is rotating,
there is almost no part of the tendons sliding against the finger inner structure, while releasing
PIP and DIP joints associated with 6, and #3 will cause all the tendons to slide against the

finger, generating significant friction forces. Thus, it turns out to be much easier and faster
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for the finger system to go to a lower potential energy state by releasing MCP joint prior to
the coupled PIP and DIP joints. Again, since it is extremely difficult to model friction in

the system, we will for now only look at this phenomenon qualitatively.

Fig. 4.19b is modified from Fig. 4.19a and since we are looking at this problem from
a qualitative aspect, the unit and values for Z axis have been erased. FE,, and FE, are
qualitatively marked at the points associated with maximum finger joint angles, and the
finger releasing routine has been marked with black arrows. As discussed previously, it
would consume significantly more energy for the PIP joint to release than the MCP joint,

which causes that the total energy in the system drops faster if it releases the PIP joint first.

Experiments were conducted to support the theoretical analysis on mechanical intelligent
in the finger system, and the details and results of the experiments will be shown and

discussed in later sections.

4.2.1.4 Control Methods

Two different controllers have been developed for DAnTE for different objectives. Velocity
control is adopted for grasping tasks that requires high robustness and good tracking ac-
curacy, while a compliance controller is developed for grasping tasks that require dedicated
control of grasping force applied to the object. System controllers running at about 100Hz are
developed in LabVIEW environment, as well as for serial communication to microcontrollers

running FOC control on brushless motors, at a rate of 4kHz.
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Velocity Control We are currently only tracking the angular position of the tendon pulley,
while the position and speed information from the encoder on the MCP joint has not been
implemented into our controllers. The error of the pulley position is fed into a PD controller
which generates a motor speed command input for the motor controller. The motor speed
is then fed through a PID controller for the BLDC motor, and current control commends
are then sent to the FOC controller for the BLDC motor. The control block diagram is as

shown in Fig.4.20.
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Desired |+ . Motor Speed Input | .
Position dBy o/dt |~ dfy/dt T L— Transmission

|
|
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Motor Speed Jr771 1, Belt-Pulley e
I
|
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Figure 4.20: Velocity control block diagram.

The finger controlled in this method appears to be very robust and precise in position

tracking.

Compliance Control In most of the grasping tasks that DAnTE is designed for, control-
ling the pulley position and the MCP joint position is not necessary, since the mechanical
intelligence in the finger system will automatically shape the finger into the best posture for
holding the goal objects. Even though the pulley position is the same, the positions of all
the three joints on the finger can be different for different objects. However, the MCP joint
position and velocity is still being tracked, meaning the position and velocity of the PIP and
the DIP joints can be calculated through kinematics. Forces applied through the finger were
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not quantified, but determined empirically, and since we rely on the torque current in the
motor winding to reflect the force applied, it is very important for us to know the velocity
and position of all the three joints in our compliance control, such that the back driving
force from the springs and the elastic components and forces generated from the moment of
inertia of the three phalanges can be known and compensated for. The following equation

of motion[60] applies to the finger system:
B(q)i + C(q,d)q + Fiq+g(g) = u— J" (q)he (4.15)

Where ¢ is the column vector of joint angular positions.
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Figure 4.21: Compliance control block diagram.

The mechanical intelligence property within the fingers made it possible to perform grasp-

ing tasks where the object location is not necessarily known in the grasper workspace.

The compliance control block diagram is as shown in Fig.4.21. The error on the tendon
pulley position between the reference and current position is fed into a PD controller to
generate a current control reference iy. This current control reference 44 is then fed into a
saturation filter to get the actual current control signal i¢y. The saturation filter is set to
limit the torque current in the motor according to required force output.
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The speed and position information of the MCP joint and the pulley is used to calculate
the forward kinematics of the finger system, and the position and speed of the joints are fed
into a current compensator to calculate compensation for phalanges moment of inertia and
elastic back driving force from the elastic member and the springs. Compensated current

control signal is finally fed into the motor controller.

4.2.1.5 Experiments, Results and Discussion

Free Load Finger Retraction & Extension The free load finger retraction and ex-
tension experiments are done to collect experimental data to support the previous analysis
on the mechanical intelligence property on the finger system. Both of finger retraction and
extension experiments are done with a very low speed such that the moment of inertia can
be ignored, and the torque current in the motor is recorded during the experiments. Since
the motor torque is linear to the current in the winding, and the torque is linear to the
tension in the actuation tendon, thus the motor torque is used in the experiments to rep-
resent the tension in the actuation tendon. The BLDC motor has a motor torque constant
Kr =0.032 Nm/A, and the speed reduction ratio of the transmission is 8.6:1 and the tendon

pulley diameter is 20mm, thus the tension in the actuation tendon is 13.76 N/Amps.

Fig. 4.22a shows the experiment results for flexing and extending. The torque current
in the motor refers to the Y-axis on the right while all the angular position displacement
of the joints and pulley refer to the Y-axis on the left. The pulley position and MCP joint
position displacements are as read from the encoder on the joint while the PIP joint position

is calculated from forward kinematics. There is no need to show the DIP join position since
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Figure 4.22: Torque reading from the actuator in amps during freeload quasi-static finger

retraction and extension. The tension in the actuation tendon is 13.76 N/A.

it is coupled with PIP joint and those two joints always move together. By looking at the
figure from finger flexing test, we can easily tell that during the whole flexing process, the
MCP joint moved prior to the PIP & DIP joints, as the MCP joint started bending as soon
as the pulley started pulling the tendon, while the PIP joint remained still until the MCP
joint has reached its mechanical limit and stopped bending. The data also show that less

current is required to drive the MCP joint than the PIP & DIP joints.

Experiment data of motor torque current during quasi-static releasing is as shown in
Fig. 4.22b. The current varies very little regardless of where the joints are during the whole
process. The magnitude of the motor torque is significantly smaller than that of when
the finger is retracting, and it is doing constant minimal negative work while the finger is
releasing. The rest of the potential energy in the springs and elastic member is consumed by
the friction in the system. The PIP & DIP joint couple did not start extending until MCP

joint was fully extended. This support and confirm our previous analysis on the energy flow

theory behind the mechanical intelligence that the finger system presents.
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Grasping Test The mechanical intelligence that is designed and embedded in the finger
systems on DAnTE enables the finger to follow a desired trajectory under free-load condition
while automatically configuring into the best posture for the goal object when preforming
grabbing task.As the trajectory control function of the mechanical intelligence was discussed
in the previous sections, the automatic object fitting ability and the general grasping ability

of the system is tested and evaluated below.

As introduced in the design section earlier in this paper, DAnTE has two fingers that
can rotate mirrored. This function provides DAnTE with three general finger postures:
parallel posture with all fingers parallel with each other, mirrored posture with the two
movable fingers mirrored with each other and perpendicular with the stationary finger, and
axisymmetric posture with all the three fingers axisymmetric with each other. These three
modes can cover almost all grasping cases, and though the movable fingers can move to
any arbitrary position between the parallel posture and the mirrored posture, configurations

other than the mentioned three are very rarely used.

Numerous grabbing tests are done, and several representative scientific grasping scenarios[13]
used to fully evaluate the grasping capability of DAnTE are shown in Fig. 4.23. The fingers
can automatically fit to the outline of the goal object very well, and for the same object,
unique and optimized grasping configurations of the finger joints are applied automatically
for different grasping methods. For instance, very different finger joints configurations are
applied when grabbing a red ball firmly in hand or holding the same ball with finger tips.
The configuration is also different when it comes to holding a smaller ball with a precision

grasp or a screw driver with finger tips or heavy wrap. For these tasks, the axisymmetric
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posture is applied. When grabbing objects with a long profile, such as a screwdriver, a bottle
or the handle of a power tool, the parallel posture comes handy. When it comes to objects
with a flat and thin profile, such as a card, or small objects that is hard to be picked up with
three fingers, two finger pinch will be applies. Note that Fig. 4.23 has been modified from
the original figure in [13], since three-finger hand can act very differently to a human-like
five-finger hand for some specific tasks. For instance, while there are not as many different
ways of handling prismatic objects, there are also some configurations unique to the three-
finger hand, such as using the thumb finger as axial support when holding a mug full of
water or using the palm to provide axial support to firmly hold a small screwdriver. These
two ways of handling prismatic objects precisely can also provide some in-hand manipulation

that may be needed when using the object tool.

Dexterous Grasping The goal of this experiment is to test DAnTE’s ability of dexterous
force controlled grasping and evaluate the effectiveness of the inherent compliance on the
fingers introduced by using quasi direct-drive actuators. Dexterous force controlled grasping
over delicate objects is very challenging for all robotic hands. The compliance controller
we have developed is used in this experiment and the challenging task we have chosen for
DAnTE is to approach and grasp a fresh potato chip as shown in Fig. 4.24a with a high

speed, while not breaking the potato chip.
Modify this following par so that it connects the next section natrually

In this experiment, the three fingers are asymmetric and play very similar roles, thus we

only need to look at the experiment data from one finger to sufficiently know about the other
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Figure 4.23: Evaluation of the grasping capability of DAnTE. The fingers can automatically
fit to the outline of the goal object very well, and for the same object, unique and optimized
grasping configurations of the finger joints are applied automatically for different grasping

methods.
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Torque current during potato chip grabbing
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Figure 4.24: (a)DAnTE grasping a potato chip and (b)the corresponding torque current
in one of the actuators during the potato chip grabbing manipulation. The tension in the

actuation tendon is 13.76 N/A.

two fingers and the whole robotic hand. Shown in Fig. 4.24b is the recorded experiment data
of one finger. The grasping task was finished within a quarter of a second. The peak of the
torque current at the beginning is the sudden acceleration of the finger to a desired high
speed, and the finger stopped moving once it made contact with the potato chip and kept a
preset light grasping force. However, there is still a little overshoot in the system. It might
be cause by that even though the motor controller runs at 4kHz, the system control loop can
only run at about 100Hz thus there is a little latency for the control loop to detect and react
to the signal generated upon contact. We hope to eliminate the overshoot by increasing the

frequency of the system control loop in the future.

118



Palm Sensor Bay

Hand

Assembly Finger

Actuation Bar

Actuation
Assembly

Koala BEAR

Cooling Tube & Ports

(a) The DAnTE-2 System CAD (b) DAnTE-2 Physical System

Figure 4.25: The CAD model and actual physical system build of DAnTE-2

4.2.2 DAnTE-2

With the success and inadequacy of DAnTE 1 learned from experience, a series of optimiza-
tion and updates have been carried out base on the design of the system, and the latest

version DAnTE 2 is presented as follow.

4.2.2.1 System Overview of DAnTE 2

The mechanical architecture of DAnTE 2, as presented in Figure.4.25 is very similar with
that of DAnTE 1. DAnTE 2 is composed by a three finger Hand Assembly and an Actuation
Assembly that contains three Koala BEAR module, with each Koala BEAR driving a finger
through an Actuation Bar. The Actuation assembly features liquid cooling connection and

ports to keep Koala BEAR modules run at the maximum performance.
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4.2.2.2 Upgrades From DAnTE 1

The purpose of developing DAnTE 2 is to turn DAnTE 1, which is a experimental prototype,
into a much more reliable research platform. To accomplish this goal, the following updates

have been integrated.

Finger The focus of finger update is the under actuated mechanism.With the help of
mechanical intelligence in the under actuated mechanism of the fingers on DAnTE 1, the
fingers can traverse almost the whole possible workspace without the influence of external
loading or forces. This means that even though the fingers of DAnTE 1 are under actuated,
they can controllably reach a equivalent workspace to that of a fully actuated finger with
same DoF'. This is very remarkable as it almost eliminated the uncertainty in the trajectory of
such an under actuated mechanism and makes it fully controllable under load-free condition,
as shown in Figure.4.18. It is of great value when DAnTE 1 is used for agile finger motions
and gesture presentation. However, when using DAnTE 1 for grabbing tasks, this feature
is of very little value, except for several very special cases where the fingers need to be pre-
adjusted into certain gestures to approach the object. Thus, the mechanical intelligence of
the finger is modified such that the finger’s retraction starts with the MCP joint, then the
coupled PIP & DIP joint, which is the same as before, covering the biggest grabbing area;
but different from DAnTE 1, the fingers on DAnTE 2 simply extend in the totally opposite
joint sequence to that of retraction. The designed free-load trajectory of the finger is as
shown in Figure.4.26a. Not only does the design and realization of the desired mechanical

intelligence become easier, it is also more practical as the major tasks of DAnTE 2 is to
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grab, secure and sense the goal objects.

(a) DAnTE-2 finger trajectory under free dif- (b) DAnTE-2 finger trajectory under

ferent loading conditions. different loading conditions.

Figure 4.26: Fingers on DAnTE-2 have slightly different trajectory from that of DAnTE-1

under free loading condition, but present same behavior under the same loading.

Other than the change in the free-load extension trajectory, the functionality of the
finger remains the same as before. The architecture of the underactuated mechanism and its
embedded mechanical intelligence in terms of automatic reshaping to bast fit the outline of
the target object remains the same. (Fig.4.26b). Same as the previous version, the fingers
are fully covered with high resolution encoder for each DoF, so that the gesture of each finger

is fully known at all time.

Transmission & Actuation The change of finger transmission is one of the major up-
date to DAnTE for better reliability. The fingers on DAnTE 1 are driven by a simplified

anthropomorphic tendon system. The advantages of the design is the compactness and
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(a) Five-bar linkage for finger actuation. (b) Inverted 4-bar linkage for DIP&PIP coupling

Figure 4.28: Schematic drawings of the mechanisms in DAnTE-2 fingers.

low-weight of the system, and it is also easier to play around with the potential energy flow

in the finger to realized interesting trajectories and

mechanical intelligence profiles. The disadvantage Ball Joint

is that the transmission efficiency is relatively low
due to internal friction, and the finger is only ac- Revolving Joint
tuated one way, with the extension of the finger
Ball Joint
realized with springs. Even though it is possible to
have the finger actuated in both retraction and ex- Figure 4.27: Actuation Bar
tension, the system complicity will likely be much
higher. The tendon driven fingers are not reliable enough either, as the tendon lines and

the channel structure on the finger phalanxes wear out rapidly under high load working

conditions, resulting in a high maintenance demand.

The fingers on DAnTE 2 are actuated via an actuation bar, and a 5-bar under actuated

system is formed on each finger. The schematic drawing of the mechanism is as s4.28a. The
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fingers still have three joints among which the DIP&PIP joints are coupled, resulting in a
finger with 2DoF. Instead of tendon, the DIP&PIP joints are coupled by a linkage, forming

an inverted 4-bar linkage mechanism, schematic drawing as shown in Figure.4.28b.

To allow the axial rotation on two of the fingers, the Actuation Bar needs to cover an
extremely wide swivel range (about 90°). The swivel range of each ball joint at the end of
the actuation bar is 20°, thus to cover the extra 50°, another DoF has been added on to the
Actuation Bar, which allows the Actuation Bar to rotate freely about the cylindrical axis on

the bar, realized by three copper sliding bearings as shown in Figure.4.27.

The last major change update on DAnTE is the actuation assembly. The Koala BEAR
modules are used in replace of the 3D printed actuator prototype. All three actuators are
connected with customized tubing, making DAnTE 2 ready to be connected to any liquid

cooling pump.

4.2.2.3 Current Status of DAnTE 2

The updates applied to DAnTE makes DAnTE 2 a much more completed version. It has
inherited the motion and force control dexterity from DAnTE 1, and the improvement in
integrity, modularity and robustness qualifies it to serve as a reliable research and educa-
tion platform at RoMeLa. It is a capable robotic end-effector that is almost maintenance
free. DAnTE 2 also features a Palm Sensor Bay, which is a structure that is reserved for
the purpose of integrating various sensors onto the system, such as cameras and proximity

Sensors.
DAnTE 2 enables the researchers at RoMeLa to further explore grasping tasks with
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both motion and force control dexterity. Related topics includes handling of objects with
wide range of materials, object shape and material sensing and estimation and tactile tele-

operation, and its potential is beyond imagination.

4.3 Experiments with Legged Robots

4.3.1 NABi-2

4.3.1.1 Introduction to NABi-2

Humanoid robots that emulate the form and function of human beings have been a prevalent
area of robotics research for several decades. Traditional humanoid robots are realized with
fully actuated limbs, actuated by low speed, high torque and stiff actuators, amenable to
classical position-based control approaches [26]. These systems see the most success in
fairly structured environments, where the robot’s movements and interactions are either
dynamically conservative or determined in advance. However, the environment these robots
are expected to function within are often quite unstructured and would necessitate the use

of more active behaviors, meaning this type of approach may not be the most effective.

Recently, more capable legged systems have been developed that can operate over unregu-
lated terrain through the use of dynamic running, hopping, trotting, and bounding behaviors
enabled by hydraulics ([33], [52], [57]) or series elastic actuation ([54], [29]). These methods
of actuation are customarily used for such gaits due to the fact that dynamic locomotion such
as running and jumping requires high torques, and electric motor actuators typically achieve

this through severe gearing that is easily damaged when confronted by the large impulses
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experienced during the ground impact following an aerial phase. These robotic systems with

such added mechanical compliance usually have complex dynamics, making them difficult

to control at best while restricted in their workspace and capabilities at worse.

The recent development of Proprio-
ceptive Actuators provides a new solu-
tion. Compliance is inherent to these
actuators and mechanical compliant el-
ements are not longer needed, achieving
high fidelity force control with sufficient
power and torque for dynamic locomo-

tion.

This back-drivable, high-torque ac-
tuator technology is predominantly ap-
plied to legged robotics in the form of

dynamic quadrupeds like [48] on a large

Figure 4.29: The Non-Anthropomorphic Biped

Version 2 (NABi-V2) lower body utilizes high
torque, back-drivable actuators that provide high

fidelity force control capabilities.

scale and quadrupeds and bipeds like [31] and [55] on a smaller scale, but is not often used

on a large scale to power humanoids or bipeds in general. To this end, we aimed to incorpo-

rate the potential of this actuation method into the Non-Anthropomorphic Bipedal Robotic

System (NABiRoS), a bipedal robot that attempts to tackle some of the difficulties of biped

locomotion and control by rethinking the fundamental design of a bipedal robot. The result

of this development is the Non-Anthropomorphic Biped: Version 2 (NABi-V2) shown in

Fig. 4.29, a biped with a unique leg morphology that can perform dynamic behaviors such
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Figure 4.30: Comparison of the original NABiRoS (left) and a more traditional humanoid

(right) that shows the sagittal plane of each, as seen in [71].

as two-legged pronking thanks to the use of proprioception and force control. The main
contribution of this work is to present the new NABi-V2 platform and show how dynamic,
event-based controllers can be implemented relatively simply on a biped with back-drivable

electric actuation.

Conventional humanoid systems are designed to be highly versatile in function, but in
implementation are often prohibitively slow, unsafe, or expensive due to the approach taken
to perform bipedal locomotion. Traditional ‘forward-walking’” bipedal locomotion on a typical
humanoid with 6DoF legs is a heavily underactuated problem that typically leverages some
form of dynamics compensation algorithm with inertial and force feedback. This form of
walking is inherently difficult due to the fact that there is an offset in the hip joints that

is perpendicular to the walking direction, creating undesirable oscillatory moments that can
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only be accounted for through accurate system modeling combined with sophisticated closed-
loop feedback algorithms and high fidelity sensors, or by taking smaller steps. However, these
moments do not appear when taking steps side to side, because the hip offset is in the same
plane as the direction of travel. If the main mode of locomotion is sideways walking, the
forward-facing knees are not being used, and can be rotated by ninety degrees so that the
legs are aligned in a plane. By aligning the legs in the sagittal plane, forward walking can
be achieved using the sideways walking motion. With the legs aligned in a plane, the ankle

can be removed and replaced with a much simpler foot element.

This simple, 2DoF leg configuration was first featured on NABiRoS, a prototype biped
with high-gear ratio servo actuators at the joints and a mechanical spring foot element that
can walk by mimicking a linearized inverted pendulum, and perform two-legged pronking
thanks to its series-compliant leg and foot [71]. NABiRoS, illustrated in Fig. 4.30, demon-
strated that bipedal robots do not need to share the morphology of a humanoid to be able
perform simple locomotion, but the original platform was limited to locomotion in a plane.
Further investigation into how the NABiRoS platform could be adapted to achieve turning
was done in [70], with the results showing that adding a third, yaw DoF at the hip allow for

the simplest and most effective turning strategy.

While NABi-V2 shares the morphology of the original NABiRoS with the additional hip
DoF, it differs in how it is actuated. NABi-V2 uses Panda BEAR modules at each of its
leg joints, while NABiRoS uses position controlled servos. Furthermore, NABi-V2 no longer
needs a compliant foot element in series with the rest of the leg to perform more dynamic

motions because compliance can be achieved through software in the BEAR modules.
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4.3.1.2 NABi-2 System Presentation

Design NABI-V2 shares the same morphological characteristics as the original NABiRoS
to continue to take advantage of the benefits that are inherent in the non-anthropomorphic
design. However, it has a third yaw DoF at the hip, and its leg joints are all driven by
the Panda BEAR back-drivable actuation modules that can provide significantly improved
dynamic performance over most traditional position controlled servos. All actuation mod-
ules feature optional liquid cooling for actuator heat dissipation to maintain a high torque
output. Additionally, NABi-V2 is planned to have a pair of 3-DoF arms with modular end-
effectors that can mount assorted tools to enable NABi-V2 to perform various inspection and
manipulation tasks. The arms can also be potentially used for locomotion and fall recovery,

as was explored in [70]. The design and structure of NABi-V2 is shown in Fig. 4.31.
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Figure 4.31: NABi-V2 isometric view (a) showing key aspects of the non-anthropomorphic
design, and a front view (b) detailing the layout of the actuation modules and associated

subsystems.
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To maximize dynamic performance of Knee Motor

Master Tensioner

NABI-V2, its legs are designed with mini-

Timing Belt Mater Pulley

mal mass and inertia. The femur and tibia

Subsidiary
links are composed by epoxying lightweight ~ Tensioner
carbon fiber tubes to aluminum joints and Slave Pulley
comprise around 20% of the total robot
mass. AH ]_eg actuators are located at the Figure 432 SeCtiOIl VieW Of femur hnk Wlth the
hip to minimize the inertia of the leg, with pulley transmission mechanism inside enabling

the help of a pair of 1:1 ratio pulleys with continuous knee rotation.

a timing belt as the transmission of the knee joint, as show in Fig. 4.32.

The carbon fiber tube on the femur links has a rectangular profile that covers the timing
belt and shields the transmission from external contaminants and other external forces.
A pair of tensioners located at each end of the femur link keep the belt under tension and
prevent backlash. NABi-V2 also takes advantage of the belt-pulley transmission by adopting
a double-shin design that allows the knee joint to rotate continuously, enabling some creative
methods for locomotion across certain obstacles as investigated in [17]. The lightweight
carbon fiber and aluminum structure of the legs are also applied to the arms, but the arm
actuators are standard geared servos located directly at the joints for simplicity. Currently,
the arms are not attached to the NABi-V2 to simplify and expedite the development of

locomotion control.

NABi-V2 carries two 3250mah 4S LiPo batteries that power all of its subsystems: an

Intel NUC computer, a liquid cooling system comprised of a reservoir-pump assembly and
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radiator-fan assembly (typically used in PC liquid cooling), a LORD MicroStrain 3DM-GX4-

25 IMU, and its actuators. Nominal specifications of NABi-V2 are listed in table 4.3.

Table 4.3: Specifications of NABi-V2 platform.

Parameters Value
Weight 11 kg
Height 85 cm

Max. Payload 1 kg

Max. Runtime | 30 min

Software Architecture The original NABiRoS software architecture is structured with
simplicity and modularity as its focus to promote rapid development. However, to achieve
stable proprioceptive force control while retaining the aforementioned characteristics, the
architecture is modified to maximize speed by restructuring the architecture layout such that
it supports concurrency. The different modules are shown in Fig. 4.33, with concurrently

run processes highlighted.

The computer used to run NABi-V2 is equipped with an Intel Core i5-7260U @ 2.2
GHz with 8 GB of RAM. NABi-V2’s software is written in Python 2.7 under Ubuntu 16.04,
utilizing open-source libraries and optimized in-house built modules. Unlike other setups
that may require a significant time from the user to prepare the machine, NABi-V2 can be
readily set up under a Python virtual environment. This allows the code base to remain

simple for many people to quickly get involved with the development.
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Modularity of the architecture also invites multiple people to work on the development
with minimal merge conflicts. By abstracting the details of each controller in one or more
states in a trampoline based finite state machine (FSM), multiple people can simultane-
ously work on multiple controllers. Operations in each state is standardized by passing
between states a ‘virtual robot’ object that resides on the stack. Then, different controllers
can independently calculate their respective inputs and command the virtual robot using
standardized method calls. The robot object then spins once to update its attributes and
execute necessary methods, which includes updating the shared memory segment which is

imperative for a fast control loop.

Concurrently, a hardware manager that is a dedicated process for each chain of limbs is
run. The manager indefinitely runs a while loop sequence of communication with the POSIX
shared memory segments that: 1. Read the state of the hardware and, with the semaphore,
update the shared memory block that the hardware manager is writing to, 2. If necessary,
with the semaphore, read from the shared memory block that the virtual robot writes to
and write to the hardware. POSIX shared memory and semaphores were chosen to stay safe
for potential multithreading and to keep semaphore overhead low. The hardware manager
communicates with the hardware at maximum speed, and processes can be assigned to
dedicated cores to further increase the communication frequency as seen in Table 4.4, which
shows an average frequency over 10,000 communications between the hardware manager and
the two chains of limbs. Through this approach, we are able to achieve stable proprioceptive

force control despite using a dynamically typed language with unpredictable delays.
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Figure 4.33: NABi-V2 software architecture layout, with concurrently running processes

highlighted in yellow.
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Table 4.4: Communication Frequency Comparison

Shared Core [Hz| | Dedicated Core [Hz|

2026.99 | 2169.82 | 2289.47 | 2348.09

4.3.1.3 Control Implementation & Performance Presentation

Control Implementation The overall design of NABi-V2 makes it an ideal platform
for pursuing force/torque based control approaches, though position control can be used if
desired. For NABi-V2, force control simply involves defining some desired force to be exerted
by the end effector, then converting these forces to joint torques by first rotating the forces

into the robot frame and then multiplying by a Jacobian as shown in equation (4.16).

T=J'RgnF (4.16)

Where 7 is a vector of joint torques, J. is the contact Jacobian relating joint rates to end
effector (foot) velocities, Rpy is the rotation matrix that rotates the inertial frame into the
robot body frame, and F' is the force exerted by the end effector. This relationship yields
a fairly simple model of NABi-V2 as a floating rigid body with mass-less legs that transfer
forces from the ground, as shown in Fig. 4.34. The lightweight leg design of NABi-V2
facilitates this mass-less leg model, which is computationally simple and does not require
very accurate measurements of link mass and inertia. The systems presented in [48] and

[51] also use the Jacobian relationship for similar reasons. Several controllers have been
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Figure 4.34: NABi-V2 modeled as a floating rigid body with mass-less legs that transfer

ground reaction forces to the body.

implemented on NABi-2 to realize interesting locomotion such as pronking[72] its unique

walking gait similar to that of NABi-1.[71]

Performance Presentation Similar to NABi-1, benefited from the unique non-anthropomorphic

design, NABi-2 presents stable dynamic walking gait presented in Figure.4.35a

Taking advantage of the impact mitigation and high torque output capability of Panda
BEAR modules, the robot is able to stably jump continuously at a height of approximately

15cm as illustrated in Fig. 4.35b.

While NABi-V2 demonstrates the effectiveness of high torque, low gear ratio actuation
at performing dynamic motions that require compliant behavior, it is worth noting that
this approach does sacrifice some of the benefits of using heavily geared electric actuators.

Because the only way for NABi-V2 to counteract gravity is for the BEAR modules to contin-
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(a) NABi-2 walking.

(b) NABI-2 pronking.

Figure 4.35: NABi-2 walking and jumping.
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uously provide torque (and thus, current) at the joints, the nominal energy consumption of
the system standing at idle is significantly higher than that of the similarly sized NABiRoS
system, which uses conventional servos and can utilize the significant friction from the gear-
boxes in addition to the application of torque. Even though NABi-2 benefits a considerable
amount in dynamic performance from the reduced leg inertia due to the application of par-
allel actuation, such configuration is not optimal compare to the serial configuration that
NABiRoS adopted, as already compared and discussed in Section.3.2.2. And this factor
significantly contributed the power consumption issue. However, when performing dynamic
motions like pronking, it is possible for the BEAR module to actually regenerate significant
amounts of current, something that is generally negligible on traditional servos. This means
that NABi-V2 has the potential to be more efficient when in motion, while NABiRoS is
more efficient when stationary. In any case, the benefits of the BEAR modules still outweigh
the drawbacks, as NABiRoS was never able to fully realize proprioceptive force control as

NABIi-V2 is, despite it’s series elastic leg design.

4.3.2 ALPHRED-2

4.3.2.1 Introduction to ALPHRED-2

In recent years, the legged robotics community has seen a large number of successful plat-
forms capable of impressive dynamic locomotion. In particular, there have been a large
number of quadrupedal platforms due to their favorable stability properties: ANYmal C
from ANYbotics [3] employs IP67 rated hardware and custom SEA’s in order to provide

robust inspection and mobility in even the most extreme environments. Cheetah 3 from

136



MIT [6] demonstrates an impressive full 3D gallop at 3 m/s, popularizing the use of pro-
prioceptive actuators [59] [31] for legged robotics. Lastly, Spot from Boston Dynamics [9]
is capable of extremely robust walking in various terrains both indoors and out, and also
can equip a single robotic arm to open doors and pick up small objects. With their ability
to have robust mobility across different terrains, quadrupeds like these are starting to be

deployed in surveillance and inspection applications that require such performance.

However, with out the help of an extra limb as a manipulator, these quadruped robots
are typically in lack of the capability to handle applications that involve manipulation tasks,
such as picking up a package or using tools. Because of this reason, most legged manipulation
platforms are of the humanoid form factor. Boston Dynamic’s Atlas [8] is one of the most
capable humanoid robots, and has demonstrated robust walking/running, adept package
manipulation, and even highly dynamic tumbling. Agility Robotics’ Digit [56] is another
human-like biped which is attempting to make autonomous package delivery a reality. In
addition, there were a number of humanoid-like robots showcased at the DARPA Robotics
Challenge (DRC) that demonstrated tasks such as driving a car, opening a door, using power
tools, and going over extreme terrain. However, unlike quadrupeds, bipeds (e.g. humanoids)
are not statically stable and require active balancing which makes their control much more

difficult.

As presented in Section.4.3.1, NABIi-2 is a unique bipedal robot platform that shins
in locomotion stability and system simplicity. However, it is quite clear that NABi-2 is
in lack of practicality. Meanwhile, as discussed above, it has been proven the mobility

of quadruped robots and versatility of manipulator limbs on a mobile platform. Taking
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inspiration from these facts, the arms on NABi-2 is turned into the same limbs as its legs, and
a omnidirectional quadruped called ALPHRED is born. APHRED stands for Autonomous
Legged Personal Helper Robot with Enhanced Dynamics, and the concept was first test
with a prototype actuated by traditional servo actuators called ALPHRED-1. The system
developed during this work is the updated version called ALPHRED-2, powered by Panda
BEAR modules at all joints. Succeeded from NABi, ALPHRED utilizes a non-traditional
kinematic leg configuration by swapping lateral ab/adduction (typically achieved with a hip-
roll DoF') with medial rotation (with a hip-yaw DoF') (Fig. 4.37). This modification sacrifices
some of the dynamical benefits of the traditional configuration in order to provide a much
greater range of motion. Combining the robot’s large workspace with simple end-effectors
allows the robot to have different operating modes to handle a multitude of tasks, providing

ALPHRED with capabilities beyond those of current quadrupeds.

4.3.2.2 ALPHRED-2 System Presentation

Concept of Operation ALPHRED is a novel omnidirectional quadruped robotic system
with multi-modal locomotion and various manipulation capabilities. As shown in Fig. 4.37,
ALPHRED is composed of four identical limbs and a body structure, with details explained
in the following subsections. To achieve highly dynamic locomotion and manipulation tasks,

Panda BEAR modules are used at each joint for actuation.

ALPHRED’s unique kinematics allow it to reconfigure into several different operational
modes. Figure.4.38a shows ALPHRED in the very basic mode-the omnidirectional mode.

In this mode the limbs of ALPHRED are asymmetrically spread out into a wide stance, pro-
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Figure 4.36: ALPHRED crossing a cross walk with a package.
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Figure 4.37: ALPHRED’s unique kinematic configuration providing a large continous

workspace.
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Figure 4.38: ALPHRED is a multi-modal locomotion quadruped mobile robot platform.

viding the robot a very big support polygon. ALPHRED can walk omnidirectionally in this
mode, with various gaits, and it is very suitable for traveling over rough terrain and load
bearing. Jumping and pronking is also performed under this mode. The omnidirectional
mode is used to transition between modes and to accurately position the robot for manip-
ulation tasks. The robot can switch into a more traditional quadrupedal mode, increasing
the front-to-back and decreasing the left-to-right distance of the legs (Fig. 4.38b). In this

mode the four limbs are grouped into two pairs, similar to other quadruped robots. With
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this setup, ALPHRED can move rapidly of a stable 1.5 m/s over real world terrain in its

sagittal plane, utilizing dynamic gaits such as trot.

When comes to manipulation, ALPHRED can configure itself to the tripod mode or the
bipedal mode, as shown respectively in Figure.4.38c and 4.38d. In scenarios that dual-arm
manipulation is required, such as package pickup or delivery, ALPHRED can be put into the
bipedal mode. ALPHRED’s dual arm manipulation is capable of picking up and transporting
boxes of various size and weight. This mode also has the potential to be used for bipedal
walking as shown on the NABi-2 platform. The tripod mode can be used when only one
limb is needed for the manipulation task, such as knocking on a door or pushing a button,
or in other cases, enhanced stability is required during the manipulation, such as pushing a

heavy object.

For improved efficiency on flat terrain, the robot can enter a wheeled mode by lowering
itself onto passive caster wheels mounted on the bottom of its body as optional accessories.
Once the robot is resting on the four wheels the robot uses its limbs to push itself, providing
a Cost of Transport (CoT) of about 0.55 with 40% energy consumed by the computer, and

it is far superior to that of most other legged robots.

Design ALPHRED is composed of four identical limbs that are attached to a central body
in a radially symmetric distribution. The body of ALPHRED (Fig. 4.39) is comprised of an
upper body which houses the electronics, and lower body frame which acts as the chassis. The
lower body frame is the main structural piece to hold all other sub-assemblies together and

provide the whole system with adequate rigidity. The lower body frame is a composite struc-
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ture of carbon-fiber tubes and aluminum parts. All parts are joined together with epoxy such

that

the whole lower body frame is one solid structure.
The upper body is completely made out of carbon
fiber, and is used to house the batteries, computer,

and any additional sensors.

All parts on the ALPHRED body were designed
to be lightweight while also ensuring that the struc-
ture does not interfere with the limbs’ large kine-
matic workspace. The upper body structure with-
out electronics and accessories weights only 0.63 kg
and the lower body frame weights only 0.62 kg, re-
sulting in a total weight of 1.25 kg, which is less

than 7% of the total weight of ALPHRED.

Figure 4.39: The transparent part is
the upper body structure that houses
the electronics and the solid part is the

chassis of the robot.

ALPHRED’s limbs have 3 DoF: hip yaw, hip pitch, and knee pitch (Fig. 4.37). These

joints are actuated by proprioceptive BEAR modules [76] mounted at the hip to reduce limb

inertia and mass. The knee and hip actuators use a parallel configuration, with the knee

joint being driven by a belt transmission which runs through the carbon fiber leg structure

and provides the joint with a range of motion that is nearly 360°, as shown in Fig. 4.40.

There is one extra actuated DoF at the foot of each limb. This DoF can be used to

enhance ALPHRED’s capabilities by attaching various accessory components. In the case

shown in Fig. 4.40, a foot extension bar is attached to provide stability when in biped mode.

142



Hip Pitch
Actuator

Hip Yaw
Actuator

Knee Pitch
Tibia Actuator

1 DoF Foot

Figure 4.40: ALPHRED leg exploded view.

System Architecture The main computer is an off-the-shelf Intel NUC equipped with
an Intel Core i7-6670HQ @ 2.60 GHz with 32 GB of RAM. ALPHRED’s codebase is mostly
written in Python, but utilizes external C/C++ libraries such as Eigen and Boost when
applicable. ALPHRED runs an architecture tailored for simplicity and modularity to invite
multiple developers to easily contribute to modular components that can be easily assembled,

similar to the setup developed in [72].

ALPHRED has many concurrently running processes which include a motor communi-
cation thread, user input thread, finite state machine (FSM) thread, and a state estimation
thread. All communication between threads is done using a custom shared memory library
for the sharing of structured data. The motor communication process operates at 1000 Hz

and is used as the interface between the controllers and actuators. The FSM process runs
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all of the high-level planners and controllers making it easy to integrate a new controller via
a new state in the state machine. The user input process allows for tele-operation of the
robot through a GPD (small handheld computer). Lastly, the state estimation process com-
municates with the VectorNav 200 IMU and uses the IMU-encoder sensor fusion approach
described in [7] to provide full state estimation of the robot. This type of approach provides
great flexibility in further developing ALPHRED as initially demonstrated in the past with
incorporating vision and other sensor data into the architecture while minimally modifying

the currently existing code [2].

4.3.2.3 Performance Presentation

Locomotion The primary gait used by ALPHRED is a trotting gait with swing and stance
times ranging from 0.18-0.3 seconds. Using a 0.2 second swing and stance time ALPHRED

can reliably walk at 1.0 m/s and achieve a turning rate of 0.5 rad/s.

From this experiment the cost of transport (CoT) was calculated to be 2.6, the CoT
formula used is the same as the one presented in [5]. After lowering both the swing and

stance time times to 0.18 seconds ALPHRED achieved a max velocity of 1.5 m/s.

Using the same trot gait, ALPHRED was able to successfully walk over an artificial
obstacle course comprised of scattered blocks as obstacles ranging in height from 2-4 cm.
In addition, the robot has also successfully walked around in the real world walking on side
walks, streets, and dirt paths which also included terrain with slopes > 15°

To demonstrate the speed and strength of the BEAR modules a single jump was per-

formed by commanding all four limbs to go from the crouched to standing position in 0.05

144



seconds. The test resulted in a vertical jump of 0.7 m as measured from the top of the robot
at its apex and the top of the robot in it’s final standing pose. For controlled jumping, a

pronking gait described in enabled the robot to move in the X and Y directions at 0.3 m/s.

The skating locomotion enabled ALPHRED to reach velocities of up to 2.1 m/s on
smooth, flat ground using tele-operation. Interestingly, the limiting factor for skating seemed
to be the low quality of the caster wheels, as the robot would experience significant decel-
eration during the swing/flight phase of the gait. However, a CoT as high as 0.55 (40% of
power was used by the computer) was recorded, which is five times less than the one recorded

during trotting.

Manipulation To test the robot’s two limb manipulation we had the robot pick up and
drop off packages that we continuously increased in size until failure. This resulted in the
smallest package being 16 x 13.2 x 11 cm and the largest being 48 x 34.5 x 17.5 cm. A
similar test was repeated with increasing weight, using a nominal package of size 31 x 21.5
x 14 cm. The weight test resulted in ALPHRED being able to pick up 3 Kg. Finally we
tested what was the tallest height at which the robot could grab the nominal sized package

from which resulted in a height of 1.02 m.

4.3.3 BRUCE

4.3.3.1 Introduction to BRUCE

The world is built by human and is meant to meet the needs and flavor of human beings.

Although quadruped robots have shown promising potential of being great assistants for
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humans in the near future, it is still believed that humanoid robots have the ultimate privilege
to be the best choice for daily life assistance. As coined by the architect Louis Sullivan, “form
follows function”. For robots to best perform tasks within such an environment designed
and built by human beings, a robot in the shape of a human should present the ultimate

versatility.

However, the development of a humanoid robot system is one of the most complicated
and difficult topics within the field of robotics. Despite the difficulty in the development of
control algorithms, the availability of full-size humanoid robots is extremely limited. It can
cost over $100k and take several years to develop a full-size humanoid robot even for labs
well-equipped with all the fabrication and experimental equipment that is needed during the
project, not to mention the complication and hardship of the project itself. Thus small-sized
humanoid robots are the more viable choices for researchers in the related topics. Since these
robots are scaled down to the size smaller than a kid, it is very easy to achieve adequate
rigidity and robustness with the system, and the complicity and cost is manageable by
most labs and research institutes. Even though they are actuated by low-speed high-torque
servo actuators, their dynamic performance still outperform most existing full-size humanoid
robots. Besides, the researchers are also relieved from safety concerns when working with

such small robots.

Yet with the current quadruped robots presenting superior dynamic performance, the
performance of those existing small humanoids are losing their qualification from the ever
rising criteria. Based on the experiences from both legged systems NABi-2 and ALPHRED-

2, it is reasonable to believe that the application of Proprioceptive Actuators can provide
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(a) CAD render of BRUCE lower body. (b) Actual BRUCE leg built.

Figure 4.41: BRUCE rendering and actual build.

evolutionary changes to the dynamic performance of a small-sized humanoids robot. Thus

BRUCE is as presented in the following section.

4.3.3.2 Design Presentation

BRUCE (Figure.4.41a) is a kid-size biped robot with 6 DoF in each leg. Currently one leg
of BRUCE (Figure.4.41b) has been built for testing and experiments. The leg of BRUCE is
in serial joint configuration with hybrid actuation configuration to take advantages of both
choices, resulting in a compact and light weight leg design with very large range of motion
that is similar to that of a human leg and optimal load distribution between the actuator

for best efficiency.

The range of motion of BRUCE’s leg is very close to, and in some joints better than,
a human leg, as compared in Figure.4.42. The knee joint of BRUCE has a range of 130°,
very similar to that of a human leg which is 140°. Different from the abduction joint of a
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Figure 4.42: Comparison of the range of motion of BRUCE’s leg with a human leg.

human which is mot symmetric to the sagittal plan, the abduction range of BRUCE’s leg
is symmetric regardless of collision with the other leg, with a super large range of 90° on
each side, which is double of the 45° of a human leg. The BRUCE leg thigh has a extension

range equal to a human leg, which is 30°, and a flexion of 140°, 20° beyond a human leg
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thigh flexion range. However due to interference constrains, the roll motion of the leg is very
limited when its thigh is flexed into the last 50° range, but it can still be very useful for deep

squads and high power jumps, as shown in Figure.4.43

The mechanical design details of BRUCE’s leg
is presented in an exploded view (Figure.4.40). Ex- f o Movment
cept the yaw joint which is actuated by a traditional
servo motor, all the other 5 DoF' in the leg is actu-

ated by Koala BEAR modules. The hip assembles

into a 2 DoF parallel actuation, realized by a bevel

gear differential mechanism. This design maximize

Figure 4.43: Large range of motion en-
the available torque on the hip pitch motion with

ables BRUCE to squad deep, and pre-
up to twice of the torque a single Koala BEAR pro-

pare for powerful jumps.
vides, while keep the flexibility of optimal load dis-
tribution between the pitch and roll motion. This is very important as the hip pitch motion
is the most engaged during normal locomotion, while the parallel configuration enables a
very compact design. The draw back is that singularity emerges at extreme positions such
as when the pitch is 90° with the thigh being parallel to the transverse plane, which in fact
is not a concerning factor as this is very far out of BRUCE’s normal operation range. The
knee actuator is located right at the knee joint, resulting in a serial actuation at the joint.
This prevented the mechanical antagonism situation as in ALPHRED-2, and makes sure a

relatively higher actuation efficiency. The last DoF of the leg is at the pitch of the ankle,

providing an extra actuated DoF for stance balancing. The foot of BRUCE is designed such
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Figure 4.44: BRUCE leg exploded view.

that its contact with ground is a line, so that a roll actuation on the ankle can be omitted.
The actuator of the ankle is mounted on the thigh link, driving the ankle joint with a four
bar linkage mechanism. The actuation of the ankle joint is in parallel with the knee joint.
By decoupling the ankle joint and its actuator and dismounting the actuator on the thigh
link, the inertia of the calf link becomes very low, and the benefits being better dynamic

performance and impact response.
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(a) Hip Assembly bracket (b) Knee bracket

Figure 4.45: Multiple parts on BRUCE are optimized with topology study to seek design of

low-weight strong parts.

To push the weight of BRUCE to the lowest extreme while maintain high rigidity, topol-
ogy analysis is highly involved in the optimization of parts, such as the Hip Assembly bracket
(Fig.4.45a) and the knee bracket (Fig.4.45b) on the calf link. Special material choices are
also made for the same reason. The Hip Assembly bracket, Ankle Actuator bracket as well
as the foot are plastic made with Form 2 SLS 3D printer. The Thigh Link and Calf Link
are composed of aluminum parts on both ends and carbon fiber tubing in the middle. The

major body of Ankle Drive Bar is a thin aluminum tube.

BRUCE will have a customized efficient high pressure regenerative turbine pump (Fig.4.46),
which can output a theoretical maximum pressure at 6W. BRUCE is powered by two 4S Li-
po battery connected in serial. The robot will be controlled by the newly release Raspberry

Pi 4 with ROS system.
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Figure 4.46: Mini high pressure regenerative turbine pump for small robotic system liquid

cooling purposes.

4.3.3.3 Current Status & Future Development

Currently BRUCE is still at a preliminary development stage. The basic kinematics and
dynamic motion capability has been tested and proven with experimental tests run on jigs.
BRUCE is meant to serve as a replacement for DARwIn-OP with superior dynamic per-
formance capabilities as a result of the application of Proprioceptive Quasi-Direct Drive

actuators.

BRUCE is planned to be developed into an open-source platform for research, education,
out-reach activities and more. BRUCE is supposed to present highly dynamic motion capa-
bilities that are superior to any existing humanoid robot platform of similar size. This could
open up many new possibilities and opportunities, such as much more evolved tasks for life
assistance, human inter-activities, and entertainment, which could eventually lead to results

that can bring robots closer to humans and their lives.
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CHAPTER 5

Discussion And Conclusion

The research work done in this dissertation is to explore the implementation of Proprioceptive
Quasi-Direct Drive Actuators in dynamic robotic systems. Several distinguishing different
robotic systems covering both compact small robotic systems and practically sized robots
are developed during the implementation. To better estimate, understand, assist, guide and
evaluate the implementation results, a couple of theoretical innovations and contributions

are generated.

In the theory development of this dissertation, the performance properties and charac-
teristics of BLDC motors are reviewed, as well as the influence on actuation transparency
from the reflective inertia of a transmission. Then the actuator characteristics and general

design guidelines for Proprioceptive Quasi-Direct Drive Actuators are provided.

To contribute to the the systems that are developed within this work, theoretical contri-
butions are also made in the topics of underactuated mechanism and actuation configuration
of fully actuated systems. Underactuated mechanism with embedded mechanical intelligence
is commonly employed to vastly reduce the actuated DoF and thus reduce the complexity,
size and weight of a robotic system, especially for small size systems that being compact and

light-weight is fairly important. Mechanical intelligence is studied form the angle of energy
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and a potential energy flow theory is provided to explain this feature. The theory is then
proved with experiment on DAnTE system. The actuation configuration is one of the basics
that significantly determine the performance of a robot. Thus a comprehensive review on
joint configuration and actuation chain is done to discuss the mechanical antagonism and

the most efficient choice in different cases.

As new actuation technologies are developed alongside better control approaches, we are
witnessing the introduction of more dynamically moving robots. Since many of these robots
also physically interact with their surroundings, but now at a higher velocity compared to
the previously quasi-static systems, it is important to be able to quantitatively analyze the
effects of these collisions. Such analysis can help prevent mechanical damage to the platform

as well as be an integral factor in an algorithm.

Impact Transfer Factors are a beginning step in finding metrics to quantify and ultimately
analyze physical impacts that occur on robots. We start from the very basic definition of
an impact and mathematically derive two factors that represent the sensitivity to impacts
at the joints, given a ‘unit impact’ applied at a given angle at the end-effector. A series
of simulations were conducted for both the Impact Force Transfer Factor and the Impact
Velocity Transfer Factor, and the latter’s behavior was verified on an experiment conducted

on a physical robot.

Going forward, the insights obtained and theory behind ITF can be integrated in current
motion planning algorithms for our legged robots and manipulators, such as locomotion
optimization algorithms [2] to find new swing leg trajectories and end-effector attack angles

that prolong the life of the mechanical parts while having minimal performance drop in
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other criterion. With our proprioceptive manipulators and grippers, force sensing could be
enhanced as ITF provides information on how an intentional collision should be created to

be even more sensitive to the environment.

Various hardware pieces and systems have been developed during the worked covered
by this dissertation. As a variation from the Proprioceptive Quasi-Direct Drive Actuator
module, Panda BEAR, developed by another researcher at RoMeLa, a small size version
called Koala BEAR is developed for applications like robotic hands, desktop manipulators
and small legged robots. As of the application of these two actuators in the robots developed
during this work, the Koala BEAR and its concept prototype is used on DAnTE 1, DAnTE
2 and BRUCE, while Panda BEAR is applied to actuate bigger systems which are NABi-2

and ALPHRED-2.

DANTE 1 is a three-finger under actuated robotic hand. It is designed with embedded
mechanical intelligence and current based live force sensing and inherent compliance. Each
finger on DAnTE 1 is under actuated and driven by only one actuation module. The ac-
tuation module is the concept prototype of the Koala BEAR module developed within the
scope of this dissertation, and comprises a high torque BLDC motor with a small speed
reduction ratio of about only 1:8. The actuation module provides excellent inherent com-
pliance to all the fingers, making it possible to directly sense and control the force on the
finger by monitoring and controlling the torque current in the motor. The tendon driven
fingers on DAnTE 1 are a simplified biomimetic design of human fingers. While being under
actuated, the trajectory of the finger is controlled by the mechanical intelligence such that

when approaching the goal object, the finger always follows a preferred trajectory that goes
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through most of its reachable area. The mechanical intelligence also provides the finger with
automatic object fitting ability, which makes the finger to always use the best gesture for
grabbing the object. The mechanical intelligence in the underactuated finger mechanism is
achieved and analyzed under the guidance of a potential energy flow theory developed in
with in the work of this dissertation. A velocity controller is designed and applied to achieve
precise position tracking and a compliance controller is designed and applied on DAnTE 1
system for grabbing tasks with high requirement on force control ability. DAnTE 1 has also

shown great performance on dexterous grasping.

DAnTE 2 is an upgraded version, successor to DAnTE 1. The tendon transmission
system is replaced with multi-DoF rigid linkages, and the actuation modules are upgraded
to Koala BEAR modules. The finger extension trajectory under free-load condition is also
modified a little to increase mechanical efficiency and focus more on grabbing tasks at the
sacrifice of gesture posing dexterity. The major contribution of the updates is to turn it
into a robust and reliable system that is maintenance free and can be dedicated to further

research development.

NABI-2 is a unique bipedal platform that deviates from traditional humanoid design in an
attempt to provide a simple and robust platform for dynamic locomotion using propriocep-
tion and force control. The system’s morphology, actuation, and software architecture are all
designed around this premise, resulting in the adoption of things like non-anthropomorphic
leg design, Panda BEAR modules, and concurrently run software processes. The outcome of
this particular combination of features yielded a versatile legged platform that is capable of

performing pronking using a Raibert-style compositional controller, a feat typically reserved
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for systems with mechanical springs or other forms of physical compliance. However, it
was also found that the inherent compliance of NABi-2 made traditional time and position
dependent walking difficult, suggesting the advantages of using event-based controllers with
the BEAR modules. The back-drivable nature of the BEAR modules on NABi-V2 provide
proprioceptive capabilities that are utilized when determining touchdown in the event-based
locomotion algorithms. However, the current touchdown detection implementation is rela-
tively simplistic, relying on the activation of a couple of binary conditions to determine the
occurring of a touchdown event. With the help of ITF, it is prudent to develop an improved
form of touchdown detection that fuses the motor current, encoder position, and time. In
the future, NABi-2 will be equipped with conventionally driven arms as planned, and can be
used to study full body controllers that combine the force control of the legs with the position
control of the arms. Still, NABi-V2 represents a step towards the development of fully real-
ized humanoids that have the potential to be used in a variety of unstructured environments

and scenarios taking advantages of Proprioceptive Quasi-Direct Drive Actuation.

Inspired and encouraged by the success of NABi-2, the application of BEAR modules
is then taken one step further into a quadruped robot called ALPHRED-2. This platform
utilizes a unique kinematic design giving it the ability to operate in different modes for
both transportation and manipulation. We believe that we have successfully shown that this
configuration change coupled with high torque proprioceptive actuators keeps the benefits of
quadrupedal robots, stability and reliability, while also providing capabilities that go beyond

that of traditional quadrupeds.

ALPHRED-2 can travel in multiple modes using various gaits. ALPHRED is capable
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of continuously walking over real world terrain with a speed of 1 m/s and it can reach
a maximum walking velocity of 1.5 m/s. When put in caster mode, ALPHRED-2 can
travel along smooth terrain with CoT of 0.55 and a speed up to 2.1m/s. ALPHRED-2 is
also capable of multiple manipulation tasks, which no other quadruped robot can achieve
without the help of any extra manipulator. By utilizing the tripod and biped mode, one or
two limbs can be transferred to manipulation limbs from locomotion limbs. In tripod mode,
the manipulation limb can be used for inspection or heavy duty manipulation tasks, while
in biped mode, the two manipulation limbs can work together to pickup boxes with a wide
range of sizes. ALPHRED-2 is a reliable platform for many future topics, such as integrating
a vision system on to the platform to incorporate high level path planning as well as fully

automating the package pick up and drop off.

Finally, as an outlook of the work presented in this dissertation, in the interest of building
some foundation for future exploration carried on by colleagues, an open-source kid-sized
humanoid robot platform BRUCE is presented. The kinematics of BRUCE’s leg is optimized
with the integration of the actuation chain analysis in Section.3.2.2, resulting in a hybrid
configuration for maximum efficiency with compact design and a large range of motion
similar to that of a human. Koala BEAR modules are applied to 4 out of 5 DoF per leg and
a customized miniature regenerative turbine pump is developed for actuator liquid cooling

circulation.

The work presented in this dissertation contains contribution in both theoretical devel-
opment and innovative hardware creation. The properties of Proprioceptive Quasi-Direct

Drive Actuators are studies and compared to those of the traditional position controlled
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actuators as well as Series Elastic Actuators. The application of such actuators involves a
large amount of hardware and system innovation, and several theories are developed to assist
and analyze the hardware development. The results acquired from various experiments with

the systems also validate the developed theories.

My understanding of one’s Ph.D. career, especially in the field of engineering that often
times not only creating general theories but also physical systems, shows its greatest value
if it becomes part of the irritation of the subject. Thus I hope the completion of my Ph.D.
degree is not purely the conclusion on the modest amount of new knowledge that I think I've
contributed to the subject, but also a somewhat paved gateway to future exploration carried
on by others, physically with the help of all the robots I've built during these amazingly
enjoyable and unforgettable years I've spent in RoMeLa, a dreamland for robotics Ph.D.

students.
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