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ABSTRACT OF THE DISSERTATION

Design of a Highly Dynamic Humanoid Robot

by

Taoyuanmin Zhu

Doctor of Philosophy in Mechanical Engineering

University of California, Los Angeles, 2023

Professor Dennis W. Hong, Chair

For the past decades, humanoid robots have demonstrated increasingly impressive capabili-

ties. However, the limitations of current generation of robots became painfully clear during

the DARPA Robotics Challenge. They struggled with even basic locomotion under real-

world conditions, a far cry from what was expected from the public. This study attempts

to design a brand-new humanoid platform from ground up.

Custom-designed proprioceptive actuators paired with liquid cooling are designed to max-

imize the torque density of the robot. The kinematics chain and structural parts of the robot

are optimized for fast walking and running. Purpose-built sensors and electronics aim to pro-

vide robust feedback under impact load.

Combined with new control architecture, the robot achieved untethered running as well

as walking at over 2m/s. We demonstrated highly dynamic behaviors that are beyond the

state-of-art and pushed locomotion capabilities one step closer to their human counterpart.
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CHAPTER 1

Introduction

1.1 Motivation

People have long dreamed of having robots as a ubiquitous part of the modern society. A

general-purpose robot that alleviates human from the dull, dirty, and dangerous, it is seen

to some as the ultimate goal for the field of Robotics. From robotic arms on the assembly

line to the delivery drones that roam the sky, for the past decades, purpose-built robots have

revolutionized industries and brought tremendous amount of convenience to our lives. Yet

a robot that is multi-purpose and can aid our day-to-day lives is still absent.

What form would a robot take to best serve our daily lives? One would argue that

since the infrastructures around us are all built for human, it is conceivable that a helper

robot should be in a humanoid form. That appears to be the strategy taken by most teams

during the DARPA Robotics Challenge, which was a competition held in the wake of the

2011 Fukushima nuclear power plant disaster [26, 43]. During the competition, the robots

are asked to complete a series of tasks that are typical for disaster relief situation such as

driving a vehicle, opening a door, climbing stairs, connecting fire hose and turning on a valve.

Being a humanoid allows the robots to be able to traverse environment that are designed for

human and operate equipment and tools effectively.

DARPA Robotics Challenge showed the world the potential of humanoid robots. How-

ever, at the same time, it demonstrated the shortcomings of what was considered to be the

state-of-art of Robotics [11, 6]. The robots were struggling with seemingly trivial tasks such

as walking without constantly falling over. The robots were painfully slow, taking a few

steps forward would take minutes to complete. The robots were fragile, falling over would
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often mean the end of the run and required thousands of dollars in repair. It became clear

that the robots were far from ready to be part of our daily lives.

Dissecting the challenges of developing a humanoid robot, locomotion, manipulation, as

well as higher level perception and planning are all far from its human counterpart. Through

millions of years of evolution, we make walking and running seem trivial, whereas in fact,

they are of enormous challenge to the robots. Take biological muscles as an example, they

exceed the best robotic actuator ever conceived. They have incredible force density while

being extremely compliant when necessary. They have embedded force sensing capability

and are incredibly resilient. On top of that, the pressure sensing from the feet and motion

sensing from inner ear vestibular system make walking seem effortless.

For the motivation, we seek to develop a robotic platform that is one step closer to

us human in terms of locomotion capabilities. Naturally, hardware platform needs to be

developed in conjunction with corresponding control strategies, which will be addressed in

concurrent work. It is the author’s hope that this work will serve as a first step towards the

next generation of humanoid robot.

1.2 Background

1.2.1 Actuator Design for Legged Robots

As described in previous section, having adequate actuation is a critical first step to building

a successful robot platform. This is true not just for humanoid robots, but legged robots in

general. In this section, different actuation paradigms are introduced and discussed.

1.2.1.1 High gear reduction + force torque sensor actuators

Following traditional robotic arms, an obvious way of improving the torque density of the

actuator is to use higher gear reduction ratio. Strain wave gears, like harmonic drives are

used extensively for its compactness and the unique benefit of no backlash. As more and

2



more sophisticated control algorithms are being implemented, force and torque controllability

became critical to the actuators. Once again, the direct approach is to integrate torque

sensors to the actuators and put force torque sensor (F/T sensor) at the end of each limb of

the robot.

(a) Harmonic Drive® (b) F/T sensor from ATI

Figure 1.1: Strain wave gears and force torque sensor.

This approach has proven to be successful for a wide range of robots such as ASIMO[40],

HRP series[18, 20, 19], HUBO series[33, 17], JAXON[24], SCHAFT[15]. With few exceptions,

robots with high gear reduction can only achieve very slow and relatively static locomotion.

This is due to the fact that harmonic drives and F/T sensors are fragile and highly susceptible

to impacts. Adding to that, the high reflective inertia and low efficiency of the gearbox makes

it impossible to absorb impact load, which happens every time the foot hit the ground.

1.2.1.2 Series elastic actuators

In an effort to reduce the impact load on the gearbox and drawing inspiration from biological

muscle, series elastic actuator(SEA) puts an elastic element in between the gearbox and the

load[34]. By measuring the deflection in the elastic element, force can be evaluated as a

result. Such actuator gained popularity by solving the two major downside of the prior

approach, i.e., force control and impact mitigation.

Robotic platforms with SEA can demonstrate natural, dynamic and energy efficient gait

including ATRIAS[14], THOR[13], WALK-MAN[44]. However, SEA comes with a signifi-

3



cant tradeoff; the elastic spring affects the system dynamics and as a result, lower spring

stiffness means low control bandwidth whereas higher spring stiffness results in poor impact

mitigation [39]. Therefore, the spring stiffness often needs to be tailored to the joint being

used. Additionally, it is known that in biology, effective leg stiffness actually changes with

locomotion speed[5], making variable stiffness a potential requirement for dynamic locomo-

tion.

1.2.1.3 Proprioceptive actuators

An alternative to achieving force control is to use motor current to estimate the torque output

of the actuator. Current-based torque control cannot work with high reduction actuator due

to the friction loss and other non-linearities of the gearbox, whereas direct drive motors would

work exceptionally well. This is commonly referred to as the transmission transparency[22].

However, without the torque amplification, the torque density would suffer. Thus, it is

proposed to use high-torque motor paired with high-efficiency low-reduction-ratio gearbox

to produce reasonable torque density while maintaining transmission transparency[42]. An

additional benefit of such design is that due to the low reflected inertia, the actuator can

handle much higher impact and allow highly dynamic behaviors. Due to the current-based

torque control nature of such direct drive and quasi-direct drive actuators, they are commonly

referred to as proprioceptive actuators. This design approach was popularized in legged

robots by MIT cheetah[41, 7] and mini cheetah[21].

Table 1.1: Comparison of Actuator Designs

High reduction
F/T sensor

SEA
low stiffness

SEA
high stiffness

Proprio-
ceptive

Torque density +++ ++ ++ +

Impact mitigation - +++ + +++

Bandwidth +++ + ++ +++

Torque control +++ +++ +++ ++

4



Hydraulic actuation is another effective method for humanoids, popularized by MIT leg

lab and later Boston Dynamics[38, 37]. Hydraulic actuators have the unique benefit of

extremely high force density at the actuator as well as direct force control via hydraulic

pressure. However, the added system complexity of hydraulic pump, valve and hose, making

it hard to scale up. A comparison of all previously mentioned approaches is shown in

table 1.1.

Figure 1.2: Actuation methods compared.

1.2.2 Cooling

Thermal management system is of great importance to legged platforms. In order to de-

liver high torque density, it is common to push motor way beyond the nominal operating

conditions. The most common way of dissipating excessive has been forced air cooling. DRC-

HUBO+, who won the DARPA Robotics Challenge made extensive comparison between still

air, forced air cooling and liquid cooling. It settled with heatsink fin with blowing fan for its

setup simplicity as opposed to liquid cooling, which was found to have 15% higher efficiency

[17]. On the contrary, SCHAFT utilized liquid cooling for its hip and knee joints, which
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required the highest average load [16, 45]. Similar liquid cooling approach have been taken

by robots like JAXON and DRACO [24, 4, 23, 32]. In all cases, it is found that liquid cooling

improves the torque output of the actuator and in turn allows lighter weight actuator to be

used.

When considering cooling for proprioceptive actuators, it is accepted that due to the

low reduction ratio, they generate more Joule heating when compared to other actuation

approaches. This makes thermal management an even more important challenge.

A less common cooling method is to use evaporative cooling in much of the same way

as us human. Robot Kengoro was designed with skeletal microstructure such that coolant

can flow through and slowly evaporate [25]. It was found to have higher efficiency when

compared to a liquid cooling system.

Another cooling approach, known as immersion cooling, lets the electrically non-conductive

working fluid come in direct contact with the winding [35, 46]. Such design can be imple-

mented as a wet stator design where sleeves or molded coolant passages are utilized to guide

the coolant while keeping the rest of the motor dry [10, 27, 2].

Figure 1.3: Cooling methods illustrated.

nTIM+SA: no thermal interface material, natural convection. TIM+SA: potting thermal compound, natural

convection. TIM+F: potting thermal compound, forced air cooling. TIM+LC: potting thermal compound,

liquid cooling. IC: immersion cooling.
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1.2.3 Humanoid Design

1.2.3.1 Lower Body Kinematics Design

For humanoid robot design that is focused on locomotion, lower body becomes the main

focus. To mimic human hip spherical joint, it is common to design a humanoid robot hip

with three intersecting rotary joints [40, 17]. A typical configuration is to have the hip yaw

as the proximal first joint. The benefit for such design is being able to package hip yaw motor

up into the pelvis section of the robot. Tilted yaw joint have been explored for robot LOLA,

which has its hip yaw joint inclined 15deg to the vertical axis for better power consumption

[28]. Hip roll joint is often the middle joint, while hip pitch being the last joint of the three.

As the last joint of the hip, which is also the joint typically requiring the most amount power,

hip pitch actuator can be often packaged into the thigh and femur [15, 17, 19, 47].

The knee joint almost always has the highest power requirement of a given humanoid

robot, since knee joint always have to fight gravity when standing. Designs incorporating

parallel spring elements have been explored for better energy efficiency [29, 12]. While most

robot knee joint uses single revolute joint, designs mirroring the human rolling contact knee

have been explored for better knee range of motion.

For the ankle joint, a two degrees of freedom universal joint is often used to control the

pitch and roll of the foot. The ankle joint provides the necessary range of motion for the foot

to adapt to uneven terrain, as well as applying the necessary moment to maintain balance.

While different actuated and unactuated toe designs have been explored for more nat-

ural walking gait [28, 30], most existing humanoid robot uses rigid flat feet that are often

rectangular in shape.

For the pelvis and torso joint, it ranges from no torso actuation to full three degrees

of freedom. When there is no torso actuation, hip joints are used to control the body

orientation. This comes at the cost where body motion will always have to be coupled with

leg movements. It is a common practice to include torso yaw degree of freedom since it

greatly expands the workspace of the arms, making manipulation task easier [17]. Torso
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pitch actuation is typically done when the hip pitch joint does not have enough range of

motion for the robot to squat down [47]. This is especially important if picking up objects

from the ground is a required motion for the robot. Torso roll helps when it is required to

keep robot in balance by shifting the upper body laterally. It can also help the swing foot

to gain more ground clearance [31].

While directly mounting rotary actuators at the respective joint positions can be done, it

is common for humanoid robot design to move actuators away from the joints due to various

reasons. Typically, when three joints are designed to intersect, it is not possible to package

all actuators without interference issue. Actuators also are often moved proximally towards

the hip, reducing the leg inertia. This is beneficial for higher speed walking as well as energy

efficiency.

One way of packaging actuators tightly together is to separate the motor rotor and stator

with the reduction gearbox. Timing belts are used to transfer rotation from the motor rotor

to the gearbox, which can be packaged right against the adjacent actuator, thus greatly

improve the range of motion [15, 17, 19, 47].

Common types of transmission used to connect rotary actuator output to rotary joints are

linkages, belts, chains and cables. Parallel four bar linkages are used often when the target

range of motion is less than 180 degrees [13, 44]. When joint angles approaches singularity,

linkage force rapidly increases as well as the backlash, making it infeasible. Belts are often

used when range of motion of more than 180 degrees is required. Due to the relative low

stiffness of the belts, it is uncommon to use belt after the gear reduction, chains are used

instead for its higher stiffness. Cable driven actuators are used as high efficiency light weight

alternative to gearbox but come at the cost of difficult cable routing and tensioning [29, 12].

In certain situations, linear actuators are preferred because they offer superior packaging

options, and ball screws are both high-efficiency and easily accessible [13, 28, 36]. To transfer

linear actuator stroke to joint rotation, four bar or six bar mechanism can be used. The

change in transmission ratio at varying angle needs to be taken into account. Slider crank

mechanism can be used if relative movement between the actuator and the structure is
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undesirable.

Parallel mechanisms for the hip and knee actuation have been considered in an attempt to

optimize leg mass[14]. However, the antagonistic work by the opposing actuators drastically

decreased the efficiency compared to regular serial chain hip knee[1].

1.3 Research Objectives

In this work, It is my hope to develop a humanoid robot platform that is capable of dynamic

locomotion behavior such as running and jumping. To accomplish this goal, the robot

needs to be designed from ground up. High torque density, highly compliant actuators are

developed to replace the traditional stiff, position-controlled actuators. Actuators are also

required to have high overload capability as well as impact resistance. In addition, the lower-

body kinematics chain and structure are optimized to minimize weight and minimize inertia

of moving links when running. Furthermore, robust foot sensors are designed to withstand

the repeated impact of running and jumping. In all, a holistic approach needs to be taken

to designing the next-generation humanoid robot, and to be one step closer to the ultimate

goal of a general-purpose humanoid robot that matches or exceeds human capabilities.
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Figure 1.4: A library of humanoid robots.[40, 8, 3, 19, 15, 17, 36, 25, 28, 9, 13, 44]
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CHAPTER 2

Actuator Design

Actuator is the most critical part of achieving dynamic motions. Proprioceptive actuators

are designed from the ground up to provide the power and torque density that is critical

to legged locomotion. The low reflected inertia and high transmission transparency enables

the robot to utilize proprioceptive force control and be resilient to impact when running and

jumping.

In this chapter, the actuator design is described starting from the rotor and stator geom-

etry design. Depending on the reduction ratio required, appropriate gear train is designed.

To enable modular actuator design, custom driver electronics is designed to be integrated as

part of the actuator module and the low-level embedded controller is explained.

2.1 Rotor and Stator Design

For most commercially available motors, emphasis has been put on high efficiency at speed.

This is valid for electric vehicles or even traditional pick-and-place robotic arms. However,

for legged robots, the motor operates mostly in low-speed region and often needs peak torque

that is over 4 times the average torque. When analyzing off-the-shelf motors, stator magnetic

saturation often limits the instantaneous torque output of the motor. As a result, custom

rotor and stator needs to be designed and optimized for its peak torque capability.

As often pointed out in literature, motor torque τ is proportional to the air gap radius

r2g and is linearly proportional to the length of the motor stack ls. Whereas the weight of

the motor M linearly scales with both air gap radius and stack length.
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τ ∝ r2g (2.1)

τ ∝ ls (2.2)

M ∝ rg (2.3)

M ∝ ls (2.4)

A critical part of the analysis that is often ignored is that in order for motor weight to

scale linearly with air gap radius, the radial thickness of the motor needs to stay constant.

As a result, the number of magnet poles Nm needs to scale with the motor size as well.

This became obvious when we consider the relationship between motor torque and air gap

magnetic shear force.

τ = 2NmNBglsrgi (2.5)

Where, N is the number of turns and i is current. Bg is the air gap flux density.

The torque production efficiency in terms of motor constant Km can be expressed as

follows.

Km =
τ√

i2NmRslot

= Bgrg
√

lsNmAwb/ρ (2.6)

Awb is the bare wire cross-sectional area. ρ is the resistivity of the winding.

Another part of the actuator design analysis is to determine the desired reduction ratio.

Suppose a hypothetical actuator with a traditional motor and a gear reduction of 128:1.

By increasing the air gap radius 4 times, the required gear reduction is reduced to 8:1. The

resulting actuator would have identical peak torque and reflected inertia, however, a gearbox

with reduction ratio of 8:1 would have much higher efficiency and transparency compared to

a gearbox of 128:1.

To conclude, for designing proprioceptive actuators that maximizes peak torque produc-

tion, air gap radius should be set as large as permissible. To maintain torque density, pole
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count should be increased accordingly. With this design philosophy, a motor with an air gap

radius of 90mm has been designed for the hip pitch and knee pitch actuation. The motor

has an outer-runner design to maximize air gap radius and has 40 pole pairs.

Figure 2.1: Peak torque density comparison.

Table 2.1: Custom Motor Specification

Weight 890g

Pole Pairs 40

Air Gap Diameter 180mm

Stack Height 18mm

Stall Torque 45Nm

Torque Constant 0.28Nm/A

Motor Constant 1.08Nm/
√
W

Table 2.1 lists all design parameters for the knee motor while fig. 2.1 compares the peak

torque density to commercially of the shelf motors as well as motors from other legged robot
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research.

(a) Rotor prototype (b) Stator prototype

Figure 2.2: Prototype actuator rotor and stator.

The prototype motor was mounted on a custom testing rig to confirm its torque and

thermal performance. Torque non-linearity at high current was also verified.

(a) Test setup (b) Thermal imaging

Figure 2.3: Prototype actuator rotor and stator.
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Figure 2.4: Prototype actuator torque test result.

2.2 Gearbox and Packaging

Most traditional actuator design have a gearbox with large gear reduction to increase the

torque density of the actuator. However, this is at the detriment of the transmission trans-

parency. The transparency describes how easy it is for external load to transmit through

the gearbox to the motor. Unlike for traditional robotic arms, high gear reduction to decou-

ple motor dynamics from external disturbances is in fact favored. For better transparency,

non-linear terms for the gearbox such as friction and backlash need to be minimized.

The benefit of such design is shown in figure where the driving and back-driven torque

of the actuators are compared. Figure 2.5a shows the torque profile of Dynamixel MX-106

actuator with reduction ratio of 225:1. When the actuator is driving external load, the

torque follows the expected linear curve with some friction loss at high torque. However,

when trying to back-drive the actuator with external load, the resultant torque increases

rapidly. The torque quickly reached the limit of the gearbox and the gears are permanently

deformed. Contrasting the results from MX-106, fig. 2.5b shows the results of a large air
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(a) Off-the-shelf Dynamixel MX-106

(b) Custom actuator

Figure 2.5: Drive and back-driven torque comparison.

gap motor coupled with a single stage planetary gearbox. The curve stayed linear until the

drop off due to magnetic flux saturation at high current. The small gap between driving and

back-driven torque can be modelled by the friction loss from the gearbox.

The favorable back-driving behavior is the direct reason that the actuator will be able

to perform current based proprioceptive torque sensing. Another benefit that is not shown

from the figure is that due to the friction and reflected inertia, traditional actuators will be

easily damaged due to impact load. While the low reduction ratio design can withstand and

transfer the impact force back through to the motor without destroying the gear train.
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An added benefit of having large air gap radius motor is that it creates large empty space

in the middle, which is a perfect spot to fit the gearbox inside. The radially nested rotor,

stator and gearbox design makes highly space-efficient actuator packaging.

(a) custom planetary gearbox (b) assembled rotor and gearbox

Figure 2.6: Prototype actuator gearbox.

2.3 Driver Electronics Design

In an effort to make actuators more modular, custom motor driver and controller board is

developed to better fit the packaging of the actuator. When using separate off-the-shelf motor

drivers, motor windings as well as encoders and thermistor need to be wired individually from

the motor to the driver. Motor winding tend to have the highest current in the system, which

in turn requires thick gauge wire and consequently add up to the weight of the system. When

the electronics are integrated with the actuator, the only cables going between the actuators

are the bus voltage and communication cable. This simplifies the system architecture and

reduce the weight of the overall system.

With the advancement of modern electronics, brushless DC motor can be designed with

drastically reduced system complexity. The driver is designed with a STM32F446 (ST Mi-

croelectronics) MCU, running at 180MHz. A triple half-bridge smart driver IC (DRV8320,

17



Figure 2.7: Custom motor driver PCB.

Texas Instruments) is used to both drive the MOSFETs and monitor the system for any

fault condition.

Due to increased pole counts, higher resolution rotor position feedback is especially im-

portant. Onboard 14-bit magnetic absolute encoder (iC-MHM, iC-Haus) is used to provide

rotor position feedback. For joint absolute positions, battery-buffered encoder (iC-PV, iC-

Haus) has been used to keep count of the rotor rotations. Lithium primary battery can

provide up to 10 years of rotation data retention when the robot is powered down.

A high-common-mode-voltage current sensing amplifier (INA240, Texas Instruments)

measures the voltage drop across the shunt resistor and feeds into the analog to digital

converter (ADC). Compared to the integrated 12-bit ADC of STM32, a standalone 16-

bit ADC is used and subsequently increases the current sensing resolution by a factor of

16, resulting in more precise current control. Motor winding temperature is monitored

by thermocouple in between the windings and converted using dedicated IC (MAX31855,

Maxim Integrated).

For better signal integrity, the MCU communicates with the computer through an isolated

RS-485 bus at 8 Mbps. A number of actuators assigned with different motor ID, would
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be connected to the same multi-drop communication bus. The computer can individually

address each motor or alternatively send command to all motors simultaneously.

Figure 2.8: Motor driver functional diagram.

2.4 Embedded Control Structure

The onboard microcontroller of the motor driver handles the current control as well as

the velocity and position loop in the respective modes. The field oriented control (FOC)

algorithm running at 22 kHz handles the low level current control related to 3-phase brushless

DC motor. This ensures a linear and smooth mapping between stator winding current and

output torque, which is a critical part of achieving proprioceptive torque control.

The interaction between the strong permanent magnets of the rotor and the iron core of

the stator causes cogging torque, which degrades the proprioceptive torque control ability of

the actuator. A cogging torque compensator was used to introduce feedforward torque and

thus cancel out the torque ripple. A calibration routine was used to measure the feedforward

torque required for each rotor position, which then are stored in a lookup table to be used

in run-time.
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Figure 2.9: Motor driver control loop diagram.
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Figure 2.10: Compensated cogging torque compared to uncompensated cogging torque.

2.5 Actuator Cooling

One significant drawback of using proprioceptive actuators is that the actuators can not

sustain peak load for extended periods of time due to excessive joule heating. To combat

this, the robot requires extensive cooling system for uninterrupted operations. Built-in

coolant channels on the actuator housing allows them to be liquid-cooled using a centralized

cooling system.

To model the thermal transfer of the whole robot system, a lumped mass model was
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(a) Cross section view

(b) back view

Figure 2.11: Early prototype actuator with liquid cooling.

developed to capture both the air cooling and water cooling of the whole system.

dTW

dt
=

1

CW

[
Pe −

TW − TH

R1

]
(2.7)

dTH

dt
=

1

CH

[
TW − TH

R1

− TH − TL

R4

− TH − Ta

R2 +R3

]
(2.8)

dTL

dt
=

1

CL

[
TH − TL

R4

− TL − Ta

R5

]
(2.9)

THM = TH − R2(TH − Ta)

R2 +R3

(2.10)
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Figure 2.12: Lumped mass model of liquid cooling system.

Table 2.2: Notations for liquid cooling thermal model.

Variable Description

Pe Heating power

TW Winding temperature

TH Housing temperature

THM Measured housing temperature

TL Liquid temperature

Ta Ambient temperature

R1 Thermal resistance from winding to housing

R2 Thermal resistance from housing to thermal couple

R3 Thermal resistance from thermal couple to ambient

R4 Thermal resistance from housing to liquid

R5 Thermal resistance from liquid to ambient

CW Thermal capacitance of winding

CH Thermal capacitance of housing

CL Thermal capacitance of liquid
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The model was verified by experimental data on NABi V2, which has 6 liquid-cooled

actuators and one radiator. The model can then be used to inform the design decisions for

a whole robot system.
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Figure 2.13: Actuator torque density with respect to duration.

From the liquid-cooled actuator design, we concluded that the main bottleneck for ther-

mal transfer is in fact from the stator winding to the housing. In order to further improve

cooling performance, direct thermal transfer from winding to working fluid can be achieved

with a wet stator design. Conventional wet stator design uses sleeve to encapsulate the as-

sembly, or in some cases allows leakage into the air gap leads to inefficiencies. The proposed

design used epoxy resin to bridge the gap between the stator teeth, thus accomplished direct

thermal transfer to liquid without compromising the air gap.

Experiment setup was devised to compare the thermal performance across all cooling

methods. This includes actuator module in still air, actuator with forced air cooling, actuator

with liquid cooled housing and actuator with immersion cooling. The results show that with

just forced air cooling, the thermal resistance can drop by almost 4 times, in turn almost
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Figure 2.14: Section view of prototype immersion cooling.

double the continuous torque. Thermal resistance can be reduced further by 2.8 times when

liquid cooling is introduced. When tested with immersion cooling, the thermal resistance

was further reduced by 3.7 times, an order of magnitude better than forced air cooling.

As observed from fig. 2.15, the continuous torque value hit diminishing in return when

moving from liquid cooling to immersion cooling. This is because the high current used dur-

ing immersion cooling experiment is saturating the stator core, torque can not be increased

further. Due to this, as well as the system complexity associated with immersion cooling,

liquid cooling has been ultimately chosen for the system.
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Figure 2.15: Different cooling method actuator torque density comparison.

Table 2.3: Torque density with the different cooling approaches.

RWA

(K/W)
Continuous Torque

(Nm)
Weight

(g)
Torque Density

(Nm/kg)

nTIM+SA 5.84 6.3 646 9.7

TIM+SA 4.99 6.8 668 10.1

TIM+F 1.31 13.0 713 18.2

TIM+LC 0.473 20.5 751a 27.3

IC 0.127 31.3 823a 38.0

nTIM+SA: no thermal interface material, still air.

TIM+SA: potting thermal compound, still air.

TIM+F: potting thermal compound, forced air cooling.

TIM+LC: potting thermal compound, liquid cooling.

IC: immersion cooling.

a 83 g and 167 g cooling system weight distributed for LC and IC respectively.
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2.6 Actuator Variants

For a complex system such as a humanoid robot, ideally each actuator would be tailored

to its own torque and power requirements. Due to resource limitations and for better parts

consolidation, a total of 5 different variants of the actuators were designed.

Table 2.4: Actuator Specifications

Hip roll
and yaw

Hip and
ankle pitch

Ankle
pitch Arms Head

Approximate weight (g) 850 3000 350 300 250

Gear reduction 14.5 5.9 50.3 19.2 9

Peak torque (Nm) 85 250 25 32 12

Continuous torque (Nm) 30 80 8 8 3

Velocity (rad/s) 25 23 30 30 50

Reflected inertia (kgm2) 0.049 0.088 0.020 0.008 0.001
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CHAPTER 3

Mechanical Design

3.1 Lower Body Kinematics and Structure

Traditionally humanoid robots are designed with 6 degrees of freedom (DoF) legs. They

are hip yaw, hip roll, hip pitch, knee pitch, ankle pitch, and ankle roll, which is analogous

to traditional 6-DoF robotic arm design. The three hip degrees of freedom intersect at one

point and form a ball joint to orient the leg. The knee is used for leg extension and flexion,

which changes the leg length and provides most of the force when walking and running.

Figure 3.1: Human lower body joints and spring-loaded inverted pendulum model.

The ankle pitch and roll, however, defer in functionality to that of human counterpart.

When we are walking, ankle pitch provides significant energy input at toe-off. This extends

the effective length of our leg and in return benefits energy efficiency. On the contrary,

due to rigid flat foot design of a humanoid robot, toe-off is generally not utilized, therefore
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reduce the requirements for ankle torque. Additionally, when walking especially at speed,

the system closely resembles a spring-loaded inverted pendulum. This indicates ankle pitch

and roll are mostly unutilized when walking and running, thus resembles the point feet

assumption.

Figure 3.2: Lower body joints.

Another factor to consider is the added weight of ankle actuator at distal position. At

speed, it is critical to minimize the moving mass and inertia, which affects the dynamics of

the robot. Higher distal mass makes impact and touchdown more violent as well. Altogether,

it is decided to make the leg consists of only 5 degrees of freedom. The ankle roll degree of

freedom is omitted to minimize distal mass of the leg.

The benefit of such design is that the leg can accelerate much faster during swing phase,

which is beneficial to fast walking and running as well as disturbance rejection. The downside

is that without ankle roll, the robot will not be able to balance on one leg due to the missing

degree of freedom. This is a worthwhile trade off for designing the robot for highly dynamic

maneuvers.

Traditionally, hip yaw and hip roll degrees of freedom would be aligned with the human
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Table 3.1: Lower Body Joints Specifications

Range of motion
(°)

Peak torque
(Nm)

Joint Velocity
(rad/s)

Hip yaw -90 – 45 85 25

Hip roll -45 – 45 85 25

Hip pitch -133 – 78 250 23

Knee pitch 19 – 160 250 23

Ankle pitch -70 – 50 25 30

Figure 3.3: Lower body joints and actuator locations.

body main axes, which means hip yaw would align with longitudinal axis and hip roll would

align with sagittal axis. The torque and power requirements for hip yaw and roll is very

different, that walking and running requires much higher hip roll torque. Consequently, to

optimize the design, two different sized actuators would be required.
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One solution is to simply tilt both hip yaw and hip roll axes forward by 45 degrees.

By doing so, the torque is much more equally distributed between the two actuators while

walking. As a result, same actuator module can be utilized for both actuators without special

customization. An added benefit of such design is that the hip yaw and roll actuators are

now tucked away to the backside of the pelvis structure. This gives femur much better

clearance for the hip pitch range of motion, which is beneficial for moving in the knee closer

to the chest such as squatting motion.

Figure 3.4: Hip pitch range of motion.

Figure 3.4 shows the large workspace of the hip pitch from -133 degree to 78 degrees due

to the pelvis configuration. Figure 3.5 demonstrates different poses the robot can achieve

with the wide range of motion the hip can provide.

As mentioned previously, reducing distal mass is a critical part of the design process. A

common way of reducing distal mass is to relocate the actuator away from the joints to a

more proximal location.

Belt or chain can be used to transmit rotation from the actuator to the joint with high

efficiency. However, chains suffer from variable transmission ratio while belts are much
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Figure 3.5: Lower body range of motion in different poses.

less stiff causing excessive deflection. It should be noted that stiffness issue can be largely

remediated by using belt before the reducer. But such solution would increase the complexity

of the over all system.

Instead of locating the actuator at the joint, linkages are used to move actuators proxi-

mally and transfer the motion down to the actual joint. The knee actuator has been moved

up to be coaxial to the hip pitch actuator, while ankle pitch has been relocated much closer

to the knee.

Figure 3.6 attempts to show the difference between the ARTEMIS lower body design

compared to a traditional humanoid design in terms of mass distribution. Accumulated

mass from the feet has been plotted as a percentage of the entire leg weight.
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Figure 3.6: Mass distribution of the lower body.

Table 3.2: Robot weight distribution comparison

ARTEMIS THOR RD

Torso and head (kg) 13.16 15.72

Arm (kg) 1.22 7.10

Hip roll (kg) 1.44 0.94

Hip pitch (kg) 2.19 0.91

Femur (kg) 5.90 3.32

Tibia (kg) 1.12 4.16

Foot (kg) 0.14 2.53

THOR RD’s mass distribution plot shows that, in fact, over half of the weight of the

leg is below the knee. This unwanted mass distribution is due to a multitude of factors.
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The wide foot plate together with the F/T sensor adds to the already bulky 2 degrees of

freedom ankle design. Knee actuators are located in the tibia, which increases distal mass

significantly. Hollow femur structure has been used as battery compartment, housing the

2kg lithium battery in each leg.

In contrast, the majority of the weight of ARTEMIS leg is around the hip area, which

is more than 60% of the whole leg weight. Considering the leg inertia about the hip joint,

ARTEMIS design allows for much higher acceleration of the leg, contributing to the robust-

ness of the robot.

Figure 3.7: Knee linkage within the femur structure.

Parallel four-bar linkage has been used for simplicity at the expense of reduced range

of motion. This is because when the joint approaches singularity, linkage force increases

drastically, limiting the available torque. At shown in Figure 3.8, a designed linkage force of

15kN has been used to size the linkage. Approximately 140 degrees range of motion can be

achieved without compromising peak torque at the knee joint.

Linkage buckling is another concern. As a result, linkage cross section has been optimized

to minimize the chance of buckling. Linkage is also placed in a location such that the
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Figure 3.8: Linkage force with varying knee joint position.

maximum knee extension force occurs when linkage is in tension.

Figure 3.9: Linkage buckling condition.

To minimize transmission loss, full complement roller bearings (IKO NAG4901UU) have

been used as rod ends. Compared to plain bearings, roller bearings have much lower friction

as well as backlash, at the expense of slightly heavier weight. Roller bearing also constrains

34



Table 3.3: Knee linkage buckling analysis

X-Axis Y-Axis

Column length (mm) 375 375

Cross-sectional area (mm2) 112 112

Second moment of area (mm4) 1840 3023

Modulus of Elasticity (GPa) 71 71

Yield strength (MPa) 430 430

End conditions Fixed-Fixed Pined-Pined

Critical load for failure (N) 21700 15000

the motion to be in-plane, making buckling less likely to happen.

A common way of designing high degrees of freedom robot is to design actuators as

modules. The benefit of modular actuator design is that the same actuator can be reused for

multiple joints. Additionally, individual actuator can also be exchanged or even upgraded

independent of the structure. However, the downside of such design is that more material

would be wasted on the actuator housing and fasteners used to assemble actuator module

to the robot, thus reduce the torque density of the overall system.

Figure 3.10 shows the construction of THOR RD, a humanoid robot who participated

in the DRC finals. All joints are done using off-the-shelf dynamixel pro modular actuators.

Brackets and horns are used to connect each individual actuators together to form the lower

body. While this construction method made the design process much easier and straight-

forward, much of the weight is wasted on brackets and fasteners. Each actuator housing

would also have to be designed to withstand the maximum load throughout the robot, thus

wasting material.

To minimize wasted structure weight, the robot is designed to have integral structures

that minimize the number of bolted connections. For instance, the proximal actuator would

have its output shaft be the same structural part as the housing of the adjacent distal
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Figure 3.10: THOR RD with dynamixel actuator modules.

actuator, which eliminates the need for fasteners and alignment features. Another way of

eliminating redundant parts is that all actuator housings are designed as part of the robot

structure, thus decreasing the unnecessary amount of weight dedicated to actuators.

For all structural parts of the robot, such as femur and tibia, the goal is to design them

as light weight as possible, while maintaining certain rigidity. For this reason, topology

optimization has been utilized during the design process.

First step of the design process is to identify the maximum part envelop and boundary

conditions of the part as shown in fig. 3.12 (a). For femur, connection points to the hip

actuator as well as the knee bearing are defined as boundary conditions. Connection points

to the hip housing are set as fixed boundary, while the bearing surface has been used to load

the structure. Femur part envelop also excludes the center clearance needed for the knee

linkage. For tibia, additional constraints are added for the ankle actuator housing embedded

in the structure.

Secondly, topology optimization study is conducted based on minimum deflection and
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(a) Pelvis structure for two hip yaw actuators. (b) Hip yaw output and housing for hip roll

actuator. (c) Hip roll output and housing for hip pitch actuator. (d) Hip pitch output and

housing for knee actuator. (e) Tibia structure with ankle actuator housed in. (f) Femur

structure connecting hip actuators to knee.

Figure 3.11: Lower body structures.

maximum rigidity goal. Multiple load cases are included in the study, including maximum

torque load from the actuators and internal force caused by the linkage design. Based on the

mass reduction goal, mesh geometry can be generated representing the optimal structure,

which is shown in fig. 3.12 (b).

However, in most cases, the result would not be suitable for subtractive manufacturing

methods, i.e. CNC machining. The topology study could not take into account constraints

37



Figure 3.12: Structure topology optimization procedure.

like over-hang, minimum feature dimension, tool accessibility etc. In addition, the resultant

mesh can not be further modified parametrically. As a result, parts are then manually remade

in parametrical environment following the topology study results as presented in fig. 3.12

(c). The benefit of the parametrical approach is that the part can then iterate through FEA

analysis as illustrated in fig. 3.12 (d) and further refine the design. Finally, the distinctively

curved and organic parts are machined from solid billet aluminum using 5-axis CNC milling

machine as displayed in fig. 3.12 (e).

3.2 Torso Structure

The design goal of the torso is to house all the electronics and batteries while maintaining

flexibility to future design changes. As a result, T-slotted aluminum framing (20mm x 20mm)

has been used to form the main structure of the torso. Computers and batteries are well
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Figure 3.13: Torso structure and components.

protected inside the roll cage built using T-slotted rails, in case the robot falls on its torso.

The benefit of using T-slotted framing instead of welded tube structure is that mounting

features can be easily added or modified if new instruments were to be added at a later

point in time. Off the shelf brackets, fasteners and hardware also made it easy to design

with minimum machining requirement. Handles are mounted on the top back of the torso

for easy transportation as well as proving mounting points for gantry slings.

The front of the torso houses the radiator and fan for the liquid cooling setup of the

actuators. The 120mm fan (Noctua NF-F12 industrialPPC-24V-3000) draw fresh air from

the front side of the robot and pushes air up and through both the computer and batteries.

This helps to cool the batteries as well, since heat could build up with-in the torso, causing

over-heat issue. Fan speed can optionally be controlled by the controller that constantly

monitors the coolant temperature of the loop.

The computer has been mounted towards the top of the torso in an up-side-down config-
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Figure 3.14: Torso internal cooling air flow.

uration. Standard VESA mount has been used to attach the computer to the torso frame.

3D-printed nylon mounting brackets also provides some vibration isolation from the torso to

the computer.

The battery cage is a separate mechanically isolated structure within the torso. It is

designed to withstand larger impact to prevent battery catastrophic failures under extreme

conditions. Four battery slots are designed to accept custom RB56100 batteries which de-

tailed in section 4.3.1. Retention clips are used to ensure the battery does not disconnect

under vibration. DC-DC converter, wireless emergency stop, as well as other miscellaneous

electronics modules are mounted to the sides of the battery, underneath the armpit.

For ease of transportation, the entire robot is designed to be easily disassembled from the

pelvis, separating the torso with the lower body. With only the lower body or the upper body,

when packed in a standard sized pelican case, the weight does not exceed commercial airline’s

baggage limit of 45kg. The upper body and lower body are located with three orthogonal

planes that are all at 45 degrees to horizontal. This allows for quick self-alignment without
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Figure 3.15: Battery cage within the torso structure.

any locating pins or jigs, making it much easier to assemble and disassemble in the field.

Figure 3.16 illustrates how when the torso is lowered onto the pelvis, the three mounting

planes locates and secures the two halves of the robot.

3.3 Arm Design

While the upper body of a humanoid robot is often not the focus for most locomotion studies,

argument can be had that the arm swinging motion can help the robot balancing especially

when running at high speed. Not too different from us human, the swinging arm can provide

a counteracting moment for the swinging leg on the opposite side. In essence, the upper
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Figure 3.16: Torso to pelvis mating features.

body design will be focused on providing counterbalance for locomotion and less emphasis

will be put on manipulation capabilities of the upper body. In addition, the upper body also

serves as a way for the robot to get up from the ground in an event when the robot falls.

As a result, the arms will be designed with four degrees of freedom to minimize the weight

of the limbs, a 3 degrees of freedom shoulder joint and a 1 degree of freedom elbow joint.

Actuators are sized to be able to support the weight of the body in a fallen position and be

able to swing fast enough to generate counteracting momentum.

To consolidate and reduce part count, all four actuators of each arm are of the same

type. The shoulder joint has three intersecting axes in a pitch-roll-pitch configuration, which

correlates to shoulder flexion/extension, abduction/adduction and shoulder internal/external

rotation. Both pitch joints have output shaft in single support configuration, while the roll

actuator has the output in a double support clevis configuration. The elbow pitch actuator
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Figure 3.17: upper body joints and actuator locations.

Table 3.4: Arm Joints Specifications

Range of motion
(°)

Peak torque
(Nm)

Joint Velocity
(rad/s)

Shoulder pitch -180 – 90 32 15/30*

Shoulder roll -100 – 75 32 15/30*

Shoulder rotation -180 – 90 32 15/30*

Elbow pitch -176 – 0 32 15/30*

* When operated with a single battery or two batteries in series.

is located at the joint with slight offset to allow increased elbow flexion range of motion so

that the end effector could touch the shoulder.

In order to minimize the weight of the design, carbon fiber tubes are used as the structural

members of the arm. One end of the carbon fiber tube has been bonded onto the structure

with epoxy, while the other end of the tube is fixed with fasteners on the perimeter. Spherical

rubber balls are used as end effectors, since there is no wrist degree of freedom. Mounting

features are designed at the wrist for future possible hand or end effector designs.
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Figure 3.18: Cross section of arm structures.

3.4 Head Design

For the head design of the robot, focus has been on how to better support the sensors

required for localization. An integrated stereo camera sensor with inertia measurement unit

was chosen for its compactness and the ability to utilize visual simultaneous localization and

mapping (vSLAM).

A pan and tilt two degree of freedom neck design has been adopted for its simplicity. For

better visibility of the environment, the neck has been pushed towards front of the robot.

When the head tilts down, the ground environment adjacent to the feet are fully visible with

the stereo camera.
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Figure 3.19: Head joints and actuator locations.
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CHAPTER 4

System Design

The proposed robot has been named ARTEMIS, after the Greek goddess of hunt and nature.

ARTEMIS is also an acronym for Advanced Robotic Technology for Enhanced Mobility and

Improved Stability.

Table 4.1: ARTEMIS Robot Specification

Degrees of Freedom 20

5 DoF per leg
4 DoF per arm
2 DoF neck

Height 1.42m

Weight 37kg

Battery 4x 100Wh Lithium battery

Sensors ZED 2 stereo camera

2x Intel RealSense D435i

Microstrain CV7 IMU

Custom foot loadcell

4.1 Sensors

A wide array of sensors is used to measure and estimate the robot states, contact information

as well as global position relative to the world. In addition to the joint current sensors

and joint angle encoders, the main sensors being used are stereo vision camera, inertial
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measurement unit (IMU) and contact force sensors at the feet.

4.1.1 Cameras

Stereo vision camera is chosen over LiDAR for its relatively affordable pricing and robustness

over indoor and outdoor environments. ZED 2 from Stereolabs has been selected for its

wide field of view (FoV), integrated IMU and complete SDK with depth sensing, positional

tracking and object detection. ZED 2 is mounted on the head of the robot with pan and tilt

2-DoF neck joints for positioning the camera.

(a) Stereolabs ZED 2 (b) Intel RealSense D435i

Figure 4.1: Cameras used on ARTEMIS.

In addition to the ZED 2 camera, two Intel RealSense D435i are provisioned to be

mounted at both front and back of the robot, providing high-fidelity ground information

near the robot.

4.1.2 Inertial Measurement Unit

IMU is a critical sensor for being able to balance and walk stably. A typical IMU sensor

includes both 3-axis accelerometer and 3-axis gyroscope. Optionally, triaxial magnetometer

is also included for true-north reference, often referred to as attitude and heading reference

system (AHRS). Microelectromechanical system (MEMS) based IMU 3DM-GX5 from Parker

LORD Microstrain was initially selected for its size and price point. Compared to fiber optic

gyroscope (FOG) based IMU, MEMS sensors are much smaller and lower cost, but typically

with worse noise and bias-stability performance. As MEMS based IMU rapidly progressing,

we switched to MicroStrain 3DM-CV7 tactical grade IMU and its performance is approaching
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Table 4.2: Stereolabs ZED 2 camera specifications

ZED 2

Baseline 120mm

Field of View 110°(H) x 70°(V) x 120°(D)

Stereo Output
Resolution

2208x1242 @15fps
1920x1080 @30fps
1280x720 @60fps
672x376 @100fps

Depth Range 0.3m to 20m

Depth Accuracy
< 1% up to 3m
< 5% up to 15m

Embedded Sensors

Gyroscope, Accelerometer,
Magnetometer, Barometer,
Temperature

Table 4.3: Intel RealSense D435i camera specifications

D435i

Baseline 50mm

Depth Field of View 87°(H) x 58°(V) x 95°(D)
Depth Output
Resolution

1280x720 @30fps
848x480 @90fps

Depth Range 0.2m to 3m

Depth Accuracy 2% up to 2m

Color Field of View 69°(H) x 42°(V) x 77°(D)

Color Output
Resolution

1920x1080 @30fps
1280x720 @30fps
960x540 @60fps

Embedded Sensors
Gyroscope, Accelerometer,
Temperature

that of FOG.

The Microstrain series IMU have built-in Extended Kalman Filter (EKF) for fusing

acceleration and angular rate data, producing attitude and heading data. In practice,
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Figure 4.2: Camera field of view.

(a) 3DM-GX5 (b) 3DM-CV7

Figure 4.3: Microstrain IMUs.

magnetometer-based heading reference was ignored due to large amounts of hard and soft

iron interference. Heading data has been purely gyro-based and would rely on external sensor

such as camera or Global Navigation Satellite System (GNSS) for heading compensation.

As shown in fig. 4.4, a side-by-side comparison between 3DM-GX5 and 3DM-CV7 also

revealed that the new generation sensor has lower latency, which contributes to the better
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Table 4.4: IMU Specification Comparison

3DM-GX5 3DM-CV7

System Performance

Roll, Pitch (static, °) 0.25 0.25

Heading (static, °) 0.8 0.5

Data Rate (Hz) 500 1000

Gyroscope

Bias Instability (◦/h) 8 1.5

Noise Density (◦/h/
√
Hz) 18 8.5

Bias Error Over Temperature 0.04% 0.03◦/s

Gain Error Over Temperature 0.03% 0.1%

Accelerometer

Bias Instability (µg) 40 18

Noise Density (µg/
√
Hz) 20(2g) 30

Bias Error Over Temperature 0.06% 0.75mg

Gain Error Over Temperature 0.03% 0.06%

accuracy of the state estimator.

4.1.3 Foot Sensor

For traditional humanoid systems, 6-axis force torque (F/T) sensor have been used for ground

reaction force and contact state feedback. However, they are often fragile and could not

handle large impact or over-load.

As a result, custom foot sensor has been designed for the specific task. The goal is to

design a robust foot sensor that can reliably detect ground contact. Instead of full 6-axis

force and torque sensing, the custom foot sensor can only measure two perpendicular ground

reaction forces which are located at the heel and toe of the foot.
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Figure 4.4: IMU data comparison.

In order to have more robust force sensing, displacement-based measurement is used

instead of strain gauges. Two cantilevered beams are machined into the aluminum foot’s

heel and toe. Displacements are then measured using hall-effect linear encoders with 0.4um

resolution. The measured values are then collected and returned to the computer with the

same RS-485 data bus as all the actuators.

For over-load condition protection, retention features are machined with wire EDM as

part of the beam. When force exceeds the allowable range of the cantilevered beam, the

flexure would simply bottom out on the retention feature, preventing it from breaking.

Compared to F/T sensors, such custom design trades robustness with accuracy, since

the resolution of the sensor is much lower than the F/T sensor. This is however worthwhile
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Figure 4.5: Foot with custom sensor.

(a) Foot deflection FEA (b) Assembled foot sensor

Figure 4.6: Foot sensor analysis and assembly.

because the exact force values are not being used as part of the feedback, instead a set

threshold with hysteresis has been used to determine the robot ground contact status.

As an additional sensor, a 6-axis IMU is also included on the integrated foot sensor

PCB. Gyroscope and accelerometer data can be used to further enhance the state estimator

performance, or to aid touch down sensing for future research.
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4.2 Computer

In order to leverage modern optimization-based control algorithms, high performance yet

compact computer hardware is required. Nvidia graphics processing unit(GPU) is also re-

quired due to ZED 2 camera needing Nvidia CUDA Toolkit for stereo vision as well as visual

simultaneous localization and mapping(vSLAM) processing.

Based on past experience, Intel Next Unit of Computing(NUC) was the go-to choice of

computer hardware to be mounted on the robot platforms. Intel NUC are often the most

compact hardware for its performance and closely resembles a laptop without the screen,

keyboard and battery. For this reason, Intel NUC11PHKi7C was initially selected as the

main computer for the robot platform. The NUC utilizes a 11th Gen Intel processor with 4

cores and 8 threads together with NVIDIA Geforce RTX 2060 GPU.

(a) Intel NUC11PHKi7C (b) HP Elite Mini 800 G9

Figure 4.7: Alternative computer options.

However, during the course of the project, faster and more capable computer hardware

have come out and it is decided that HP Elite Mini 800 G9 would be used instead. The Elite

Mini is a series of ultra-compact desktop computer, the specific model chosen is equipped

with 12th Gen Intel processor with 12 cores and 20 threads, as well as NVIDIA Geforce RTX

3050 Ti graphics processor.

As an added benefit, each year’s new Elite Mini would have the same general form factor
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and mounting feature, making it possible to easily upgrade the computer down the line.

Table 4.5: Computer Specification Comparison

Intel NUC11PHKi7C HP Elite Mini 800 G9

CPU Intel Core i7-1165G7 Intel Core i7-12700T

Total Cores/Threads 4/8 12/20

Max Turbo Frequency 4.7GHz 4.7GHz

Memory Types 2x DDR4-3200 2x DDR5-4800

Memory Size 32GB 32GB

GPU NVIDIA RTX 2060 NVIDIA RTX 3050 Ti

Weight 1.4kg 1.4kg

4.3 Electronics

Tailored towards the system, a series of electronics modules have been developed. All power

electronics including battery and power management systems are fully custom to satisfy the

power density requirements.

4.3.1 Battery

Custom lithium battery pack has been designed out of necessity. Previous robots that are

developed in the lab utilizes RC car or drone lithium batteries for their excellent power

density and availability. The downside of using such batteries is that they do not have

built-in protection and requires specialized charger for charging and balancing the cells.

For the safety of the robot and operators, the first requirement of the battery pack design

is to have built-in safety protections against over-current, over-voltage, under-voltage and

over-temperature conditions. Integrated battery state of charge monitoring and charger

charging control allows for much easier user experience. Battery packs are designed to be
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Figure 4.8: Custom RB56100 lithium battery.

easily swappable and not charged on the robot because lithium batteries are often the most

dangerous when it is charging. For international airline travel purposes, each individual

battery pack is designed to be under the 100Wh FAA limit.

For the battery cells, off the shelf drone batteries are purchased and repackaged to fit the

battery management system (BMS) PCB. The BMS constantly monitors the cell voltage,

current and temperature to ensure battery safety and functionality. The battery pack uses

the industry standard SMBus 1.1 protocol for communication with the robot or the charger.

Custom receptacles for the battery pack are designed for ease of use and compatibility.

Samtec EXTreme LPHPower connectors are chosen for the battery pack power and signal.

Accompanying battery charger has been designed to provide seamless charging experi-

ence. When using traditional drone batteries, charging voltage and current needs to be

manually adjusted, which is tedious and prone to human error. With both the battery and

the charger being SMBus compliant, all charging parameters can be negotiated automatically

without any user intervention.

For the robot system, a total of four battery modules are designed to be mounted within

the torso of the robot. Depending on the use case, battery modules can be connected
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Table 4.6: Battery module Specification

RB56100

Battery chemistry LiCoO2

Cell in Series 6

Nominal Voltage 22.2V

Rated Capacity 4500mAh

99.9Wh

Maximum Discharge Rate 10Sec @90A

2Sec @150A

Weight 650g

Figure 4.9: Custom SMBus compliant battery charger.
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Figure 4.10: Battery charging current based on SoC and temperature.

in series to double the voltage, in turn increase the velocity of the actuators. A typical

configuration consists of one battery module for the computer, one battery module for upper-

body actuators and one or two modules for lower-body actuators.

4.3.2 Wireless E-Stop

Emergency stop buttons are critical safety devices that all autonomous machines should be

equipped with. E-Stops are used to de-energize the system, ensuring operator’s safety. In

the context of mobile robots, E-Stops often need to be remotely controlled since the operator

cannot always be within the vicinity of the robot.

A custom wireless emergency stop system has been developed to quickly de-energize the

robot at a safe distance. The wireless E-Stop system consists of two main parts, the receiver

that resides on the robot and the transmitter that the operator holds onto.

The receiver power input connects directly to the battery and the main output is con-

nected to all the actuators. At idle, main output is disconnected from power via high-side

MOSFET switch. When E-Stop button is reset, main output switches on and actuators are
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initialized.

Due to the back-drivable nature of the actuators, if the power is cut when the robot is

standing, it would collapse under gravity and potentially damage the robot itself. Similarly,

if the robot joints are moving at some significant velocity, cutting the power would not apply

brake to the joints. For this reason, a secondary button has been added to the transmitter and

when the button is pressed, all actuators would apply three-phase short across all windings,

effectively putting the actuators into a safe damping mode. Energy is dissipated through

winding as heat and there would be much lower chance of damaging the robot itself.

The transmitter and receiver communicates with off-the-shelf XBee wireless transceiver

modules, which offers either 2.4GHz or 900MHz transmission. Low-level wireless protocols

as well as message encryption are handled by the XBee firmware.

Figure 4.11: Wireless E-Stop system.

An added benefit of custom E-Stop module and battery is that the E-Stop firmware can

read battery status whenever the batteries are plugged in. As a result, E-Stop transmitter
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screen also displays all battery information. When the batteries are low, the E-Stop module

would also alert the operator and eventually cut power to save on battery.

Special attention has been put into the transmitter electronics design for low-power oper-

ation. The transmitter uses STM32L4 ultra-low-power microcontroller that is put into sleep

mode at idle. The microcontroller as well as the XBee transceiver only wake up at certain

intervals or with interrupt when buttons are pressed. Sharp memory-in-pixel LCD screen

has been used to minimize the screen power consumption. As a result, the transmitter can

last months without changing the three on-board AA batteries.

4.3.3 DC-DC Converter

Figure 4.12: DC-DC Converter.

DC-DC converters are required to provide the computer with 19.5V power. The converter

module is designed to take advantage of the “1/16th Brick” standardized power modules.

200W buck converter module with adjustable output range and heatsink has been used to

convert battery voltage to stable computer input voltage.

4.3.4 USB to RS-485 Adapter

In order to communicate with the actuators, an adapter is required to convert RS-485 serial

data to and from the USB bus. From early on, it is recognized that the conversion between
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USB and RS-485 could become the communication bottle neck. FTDI FT232H USB to serial

conversion chip has a minimum latency timer of 1ms. Meaning for each data packet, the chip

would hold incoming data in a buffer before the 1ms timer elapses and then transmits back

to the computer. This would mean the communication between the PC and the actuators

can not reliably reach 1kHz, which is the target communication rate.

Figure 4.13: Custom USB to RS-485 converter.

Custom USB to RS-485 adapter has been developed for this specific reason. An on-

board microcontroller constantly monitors the outgoing and incoming messages. When the

microcontroller detects an end of a return packet, it will signal the FT232H conversion chip to

immediately return all buffered data. Tests show that for individual actuator communication,

data rate can reach 8kHz, which is the minimum time frame for USB communication. By

utilizing bulk read and write commands, 12 actuator lower body communication can reliably

be done at over 1kHz.

Communication latency test has been conducted comparing off-the-shelf USB adapter to

the custom adapter. From the histogram shown in fig. 4.14, regular adapter averages around

1ms latency, which matches up with the aforementioned latency timer. Notice the few 2ms

and 3ms data points, this points to data coming in at discretized 1ms increments. As for the
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Figure 4.14: USB round trip latency comparison.

custom adapter, average communication rate approaches 8kHz and almost all data packets

are returned within the 1ms window.
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CHAPTER 5

Testing and Results

5.1 Parts Manufacturing

All parts of the robot are manufactured in-house with the exception of motor windings and

magnets. Custom gears have been manufactured for the actuator gearbox with wire EDM

machine and all custom aluminum structures are done using 5-axis CNC milling machine.

Functional prototype parts have been made with SLS nylon.

(a) GF AgieCharmilles Cut 200 SP (b) DMG MORI DMU50

Figure 5.1: Machining equipment used for manufacturing.

Figure 5.2 illustrates how various parts are machined with the 5-axis CNC milling ma-

chine. Coolant channel caps are machined from sheet aluminum stock with fixturing around

the perimeter, since they are simple 2D parts. Hip pitch structure machining involves milling

out the majority of the features in the first operation and flip to the back side, finishing the

coolant channels. Knee linkages can technically be machined easily on a regular 3-axis mill,

using positional 5-axis ensures the absolute positional accuracy of the parts. The actuator
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rotor has been machined using a technique typically known as window machining, during

which the remaining stock “window” acts as the fixture, keeping the positional tolerance of

the part.

(a) Coolant seal cap (b) hip pitch structure

(c) Knee linkage (d) actuator rotor

Figure 5.2: Parts being machined in CNC mill.

Figure 5.3 demonstrates the process of machining the femur structure detailed in sec-

tion 3.1. Since it is an entirely subtractive manufacturing process, the whole part was

machined starting from a 17in x 8in x 5in block of 6065 aluminum that weighs over 30kg.

Stock is first roughed out from all sides, leaving about 1mm material to be finished. Since the

bearing arm structure was not well supported, extra care was taken to only remove material
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one section at a time, reducing unwanted vibration. Finishing of the surfaces was done using

ball endmill from all different orientation. Extra long stick-out tools have been used to clean

out the underside of the structure. Figure 5.3d shows the stock material compared to the

finished part that is only 1.1kg in weight.

(a) Initial roughing from billet stock (b) Finishing section by section

(c) Tight clearance 5-axis tool path (d) Finished part compared to stock

Figure 5.3: Femur structure machining sequence.

Figure 5.4 shows more structural parts that are machined on 5-axis milling machine.
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(a) pelvis structure (b) hip roll structure

(c) Knee output carrier to linkage (d) hip actuator housing

Figure 5.4: Machined parts for lower body structure.

5.2 Assembly and Robot Bring-up

The robot assembly process has been done section by section, starting by assembling all

actuator sub-assemblies. The difficulty has been that since the output shaft of the previous

actuator is the same structural part as the next actuator, the entire leg can only be assembled

in order and actuators can not be tested individually. Figure 5.5 shows partially assembled

hip yaw actuator and knee actuator.

After the lower body was assembled, electronics are wired, and all motor drivers are
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Figure 5.5: Assembled actuators.

programed with unique motor IDs. As is typical to all mechanical systems, a certain run-in

period was needed for the system to settle in. Friction in the gearbox had come down as

the gears wear in and as expected, slightly larger backlash has been observed throughout

the system. All motor drivers are tested for abnormal temperature rise as well as encoder

sensor noise level.

Initial range of motion test has been carried out on gantry as shown in fig. 5.6.

The robot being a very intricate system, accidentally falling over can be detrimental.

Various strategies have been used to protect the robot from damaging itself. As seen in

fig. 5.7, shoulder and knee pads have been installed to minimize the impact from falling. As

mentioned in section 4.3.2, wireless E-Stop can also put all joints of the robot into damping

model, passively absorbing the impact.

5.3 Results

Walking tests have been conducted to validate the dynamic performance of the robot plat-

form. A state estimator has been implemented to estimate the center of mass position,

velocity, orientation, angular rate and angular momentum about the stance foot, based on

the joint feedback, IMU and contact sensor states. Based on a set cadence, gait is gener-
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Figure 5.6: ARTEMIS lower body on gantry.

Figure 5.7: ARTEMIS with padding fitted.
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ated for the left and right foot to come in contact with the ground in an alternating pattern.

Based on the robot angular momentum, footstep placement is calculated to keep the robot in

balance. Whole body controller is then being used to track center of mass position, velocity,

orientation as well as foot position and orientation all at once.

The robot exhibits exceptional robustness when walking in place. When the robot is per-

turbed by external forces, it constantly changes its swing foot trajectory and foot placement

so that the robot always stays dynamically stable. Figure 5.8 illustrates one second of the

robot walking in 0.1s intervals.

Figure 5.8: ARTEMIS walking sequence.

Figure 5.9 and fig. 5.10 shows all joints position, velocity, torque and foot contact sensor

force data during a walking experiment. The robot began with stepping in place and at

around 9 second mark started walking forward at 1m/s till around 16 second mark. Notice

the high spike in the joint velocity graph for the ankle joints, it is likely due to the high
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impact when the foot initially touches the ground.

Figure 5.9: Joint position, velocity and torque during walking.
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Figure 5.10: Foot contact sensor reading during walking.

The contact sensor reading shows that when the robot is stepping in place, the force is

roughly even across the foot. When the robot starts to walk forward, you can clearly see the

heel-toe pattern as the robot progress through the stance phase.

With no additional tuning, only by changing the step frequency and target speed, the

robot can reliably walk up to 2m/s.

To really demonstrate the dynamic capability of the robot, running controller has been

implemented by introducing flight phase as well as parabolic center of mass trajectories when

robot is in stance phase. fig. 5.11 shows the trajectories for center of mass height as well as

the vertical velocity. The slight drift of the center of mass is due to the accumulated error

during the flight phase in which the robot can only rely on the on-board accelerometer for

estimating the position. This can be mitigated by introducing vision sensors to correct drift.

The vertical velocity graph shows how gravity is pulling the robot during the flight phase

while during stance phase, the robot bounces back following the commanded trajectory. The

joint torque graph indicates that even with running, it is still well within the limit of the

knee actuator.

Experiment illustrated in fig. 5.12 demonstrates the robustness of the controller. The
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Figure 5.11: Center of Mass Height, velocity and joint torque during running.

robot was kicked from behind during right leg swing phase. Within 250ms, the robot was

able to quickly react and modify the foot placement, preventing it falling over.

Figure 5.12: ARTEMIS kicked and recovery sequence.
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Extended range walking experiments have been conducted on the third floor of Engi-

neering IV building. The robot was untethered, with power and computer fully on-board,

wirelessly controlled by the operator. Due to the narrow corridors and slippery floor surface,

the robot was only able to hit its top speed in small sections of the course. The map shown

in fig. 5.13 has been directly extracted from the robot state estimator. The slight yaw drift

is due to vision sensor not being used and only relaying on kinematics and IMU based state

estimator.

Figure 5.13: ARTEMIS walking on Engineering IV 3rd floor.

As a show case for its robust walking capability, ARTEMIS was walking outside of the

lab untethered. Various terrain including pavement and grass was tested. Online video of
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ARTEMIS can be accessed via https://youtu.be/gTkupawAG6w.

Figure 5.14: ARTEMIS untethered outdoor walking.

Figure 5.15: ARTEMIS untethered walking on grass.
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CHAPTER 6

Conclusion and Future Work

6.1 Conclusions

In this work, based on the limitations of the current generation of robots post DARPA

Robotics Challenge, we set out to design and build the next generation of highly dynamic

humanoid robot that is capable of running and jumping. The goal of the research is to

move away from the quasi-static, slow-moving humanoid design, to a more dynamic robotic

platform that is closer to how us human walk and run.

In order to achieve this goal, it was recognized at an early stage that actuator performance

is a bottleneck. The general consensus in the robotics community was that in order to achieve

human level locomotion performance, compliance and force-control are needed. However,

the approach of using F/T sensor as feedback for high-reduction actuators resulted in slow

response and poor performance against impact. The use of series elastic actuator has proven

to solve the issue of impact and compliance by modulating the apparent reflected inertia,

but at the cost of bandwidth limitation.

The new-found popularity of proprioceptive actuator concept amongst the quadrupeds

showed the possibility of extending similar concept to biped and humanoids. High torque

density proprioceptive actuators were designed and fabricated specifically for the require-

ments of a humanoid robot. Different cooling methods, including liquid-cooling were ex-

plored to mitigate the over-heating issue associated with low reduction ratio.

For the lower body kinematics of the robot, thoughts were put into maximizing the range

of motion while minimizing leg inertia. This was done to ensure that the robot could exhibit
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dynamic behaviors and be robust against disturbance. Linkages were used to relocate knee

and ankle actuators away from the joint to a more proximal position.

The torso structure was designed to house all batteries and electronics while being easy

to transport. To further optimize the weight of the robot, no torso degree of freedom was

included in the design. The primary focus during the design of the robot’s arms was to

provide counter-momentum for arm swinging during running, with manipulation not being

a strict requirement. As a result, 4-degrees-of-freedom arms were designed with only ball

contact as the end effector.

Stereo vision cameras as well as inertial measurement units have been equipped to provide

the necessary feedback for the robot system. All systems including the computer and bat-

teries are all onboard the robot. Custom battery packs, motor drivers and other electronics

were designed to meet the specific high-performance requirements of the robot.

The entire robot was manufactured and assembled in-house. Custom motor winding and

rotor magnets were commissioned. Gears used in all actuator transmissions were done by

wire EDM while all structural parts are machined from aluminum billets using 5-axis CNC

milling machine.

Through countless hours of testing and debugging the controllers, we achieved extremely

robust untethered walking. The robot can traverse through rough terrain and walk over

obstacles without requiring vision feedback, as well as withstand getting kicked and recover

to a stable gait. The robot has been recorded walking at over 2m/s, making it one of the

fastest humanoid robots in the world.

We further demonstrated that the robot can simply transition into running with the

same underlying controller and was jogging at 1.5m/s without much further tuning. This

highlights the robot’s capabilities to execute highly dynamic maneuvers and moving towards

the eventual goal of matching or even exceeding human capabilities.
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6.2 Limitations and Future Research

While we already achieved impressive results in the one short year since the robot was built,

the potential for such humanoid robot platform is near endless.

On the hardware side, the research has been solely focused on the locomotion capabilities

of the robot. As a result, the torso and arm design are less refined. For a humanoid robot

to be truly useful to the society, the manipulation capabilities are equally or even more

important. Torso degrees of freedom can be added to increase the workspace of the robot.

An actuated wrist with dexterous end effector can greatly expand the capabilities of the

robot.

One notable improvement that could be made to the system is that due to manufacturing

capabilities, the gearbox exhibits significant amount of backlash. This leads to worse tracking

performance as well as unwanted clicking noise when the actuator reverses direction. As

mentioned previously, all the gears used on the robot are custom wire EDM machined, this

could be easily fixed by adjusting the tolerance, or switch to ground hardened gears.

It should be noted that even though the leg’s over all backlash at the foot can be larger

than 15mm due to hip and knee actuator backlash, the overall stability and robustness of

the robot has not been affected. To the robot controller, any amount of leg length that

is not accounted for would be analogous to unmodeled obstacle on the ground that is of

similar height. From the experimental results, such amount of disturbance is clearly within

the capabilities of the robot. Similarly, the relatively low stiffness of the leg can be treated

by the controller as soft and bouncy floor, which it can handle without any issue.

On the controller side, with some more tuning, it is conceivable that the robot would be

able to run at much higher speed. With higher speed and more time in the air, the inclusion

of a model predictive controller is believed to improve the performance and robustness of

the system.

With walking and running controller working, higher level controllers and more complex

behaviors can be researched and implemented on the platform. So far, the stereo vision
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Figure 6.1: Depth data extracted from stereo image reconstructing the environment.

cameras are not being used as feedback for state estimation or localization. With the inclu-

sion of vision, locomotion can be further improved by means of obstacle avoidance and path

planning.

Figure 6.1 demonstrates the process of taking stereo video stream from the ZED 2 camera

and extract depth map from it. From the depth image, 3D map of the environment can be

reconstructed for further navigation and path planning.

RoboCup is an international robot soccer competition where the goal is to beat the human

world champion by the year 2050. While achieving such an ambitious goal may seem distant,

participating in this competition offers an opportunity to make valuable contributions to the

robotics community.
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Figure 6.2: ARTEMIS in soccer kicking pose.
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