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Abstract

Soft actuators show great potential in recent research due to their unique advan-
tages compared to traditional actuators, such as flexibility, adaptability, versatility,
and energy efficiency. This thesis presents the design, analysis, and evaluation of a
monopedal hopper robot equipped with a novel pneumatic actuator capable of mod-
ulating stiffness during locomotion. The primary aim is to investigate the robot’s
energy efficiency and adaptability while traversing grounds with different stiffness.
We conducted a series of experiments to evaluate the hopper robot’s performance
on different ground stiffness levels, enabling a comprehensive understanding of its
energy consumption during the hopping process. Based on our findings, we propose
several strategies to enhance the robot’s locomotive efficiency and adaptability. These
strategies provide insights into the development of energy-efficient legged robots, of-
fering a foundation for further research and practical applications in various terrain

exploration and navigation tasks.
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Chapter 1

Introduction

Legged robots have attracted significant attention in recent years due to their abil-
ity to navigate complex and uneven terrains, such as rocky surfaces, stairs, slopes,
and even soft, unstable ground [1]. Their ability to adapt their leg positioning and
foot contact points allows them to maintain stability and locomotion in environments
that would be challenging for wheeled or tracked robots. On one hand, conventional
terrestrial robotic locomotion methodologies appear to be confined to navigating ob-
stacles that are of a comparative scale to their own dimensions. On the other hand,
robots equipped with jumping capabilities could potentially overcome obstacles that
are approximately an order of magnitude larger than their own size. This suggests a
significant advantage and opens up new possibilities for robotic locomotion strategies
in complex environments [2]. Their potential applications are in various fields such
as search and rescue, exploration, and logistics.

In this thesis, the mechanical design, actuation system, hardware, software, and
mathematical model of the hopper are demonstrated. The new design of a tunable-
stiffness pneumatic actuator is able to actively perform a stiffness change during the
actuation, without the assistance of bulky pumps and valves that are used by tradi-
tional pneumatic actuators. Compared to the previous hopping robot [3], the stiffness

of our new actuation system is changeable . Several dynamic and kinematic models



are constructed to elucidate and forecast the behaviors of the hopper. Moreover, we
built a physical prototype, and deploy a hierarchical high-speed real-time sensing and

control system to tackle the challenge of high-speed locomotion.

1.1 Jumping Robot

Legged robots can be classified into different categories based on the number of legs,
such as bipedal, quadrupedal, and hexapodal robots. Among the various types of
legged robots, jumping robots represent a unique and intriguing subset that showcases
the versatility of legged locomotion. Compared with walking and crawling behavior,
jumping requires higher energy from robot actuators. This behavior allows the robot
to transit through terrains more rapidly and interact with obstacles more efficiently.
[4]. So some researchers are trying to utilize and imitate the biological functions of
animals to design jumping robots.

Jumping robot research began decades ago, such as NASA’s attempt to utilize
the jumping robot embarked in Apollo series [5]. In recent years a large number of
studies about bio-inspired jumping robots have been developed, and various actuators
and energy storage mechanisms emerge [6], and several research are shown in Figure
1-1. Compared to other types of locomotion robots, the jumping robot’s size plays a
critical role in its overall performance [4]. Smaller robots have a distinct advantage in
achieving higher energy-to-weight ratios, which can maximize either distance or height
[2]. E.Hawkes [7] create an engineered device that can jump over 30 meters high,
which transcends the physiological limitations of the biological jumper. It achieved
high acceleration by multiplying the work done by the motor during the energy stor-
age phase. By leveraging the lever arm and torsional spring mechanism, the robot
can achieve a higher output energy than the input energy provided by the motor. An-
other example of increasing peak power for jumping and releasing more energy than
muscle providing alone is [8], which presented a monopedal vertical jumping robot

”Salto” that has high power-to-weight ratio, and can perform consecutive jumping



and direction change mid-air. Its agility attribute to its specialized tail and advanced
control algorithms. Unlike the previous two, which use inverted pendulum structure,
locust-inspired jumper TAUB [9] mimics locusts and use torsional spring for energy
storage, the two torsion springs joining a pair of legs connected through a revolute
joint driver by an electric motor. While those jumpers have the remarkable ability to
achieve heights several times their own length, this performance is limited to a narrow
range of sizes that can constrain the use of more complex mechanisms and their abil-
ity to tackle more sophisticated tasks, such as self-righting mechanisms and jumping
speed, azimuth and elevation adjustment. The design trade-offs required to optimize
for jumping performance can result in trade-offs in other aspects of the robot’s per-
formance. For instance, the employment of intricate mechanisms may necessitate a
larger physical size; Augmenting energy storage capacities typically demands stronger
structural components, which consequently contribute to the increased overall weight.

Moreover, in addition to smaller-sized jumpers, some relatively larger-scale jumper
robots have been developed to enable more complex actuation systems and heavier
load capacity. One such robot, Mowgli [10], features an artificial musculoskeletal sys-
tem consisting of six McKibben pneumatic muscle actuators that can achieve jump
heights exceeding 50% of its body height while maintaining a soft landing. Another
pneumatic-actuated jumper [11] relies on energy stored in a cylinder that is replen-
ished by a solenoid valve injecting high-pressure air during each jumping cycle. Al-
ternatively, novel actuation strategies involving origami actuators [3], shape memory
alloy springs [12], or dielectric elastomers [13] have been explored. These innovative
approaches unlock new potential for actuation in robotics, paving the way for future

investigations and advancements in the field.
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Figure 1-1: Several jumper robots. (a) UCSB engineered jumper[7]. (b) Salto-
1P.[8] (c¢) Locust-inspired jumping robot—TAUB[9]. (d)Mowgli[10]. (¢) Pneumatic
Robot[11]. (f) REBO hopper|3].

1.2 Soft Robots

Both soft robotics and legged robotics often draw inspiration from biological systems.
Many legged robots are designed to mimic the gait and mobility of animals by using
rigid structures as their mechanism [1]. Compared to rigid robots, soft robots have
tremendous potential and several advantages. It involves compliant materials with a
structure inspired by biological systems, which gives them flexibility, and adaptability.
Typically, a soft robot can be lightweight and dynamically adapt to changing envi-
ronmental conditions, which is challenging for rigid robots [14]. Due to their unique

features, soft robots have a considerable range of applications, including healthcare



treatments, wearable devices, and various tasks in extreme environments[15].

Similar to natural systems, soft robotic technologies facilitate the modulation of
stiffness during actuation processes. This is exemplified in biological systems, such
as muscles, where the stiffness varies between the passive (low stiffness) and active
(high stiffness) states. Soft robots also employ comparable techniques to generate
forces and modulate their load through stiffness modulation[16]. Recent advances in
smart materials further exploit their softness for efficient movement by altering nat-
ural mechanical properties. The actuators composed of smart materials can change
shape and stiffness in two ways[15, 17]: the first is based on the change of struc-
ture, such as mechanical solutions(Figure 1-2a), fluid-based solutions(Figure 1-2b),
and jamming(Figure 1-2¢). Another is changing the elastic properties, such as some
materials are responsive to heat(Figure 1-2d, 1-2e) and electrical stimulation(Figure
1-2f). These solutions allow robots to perform a wide range of locomotion modes,
including walking, crawling, rolling, jumping, and swimming[18].

One essential aspect of soft robotics is the ability to control and modulate the
stiffness of the robot to match its environment[19]. In the context of legged robots,
this matching of compliance enables the robot to interact more effectively, and effi-
ciently with its surroundings, leading to improved performance[20, 21]. To achieve
this, the robot’s control system must be able to adjust its compliance level to optimize
its interaction with the environment or objects based on specific task requirements.
Pneumatic actuators, which leverage pressurized gas to induce motion, are a po-
tential solution due to their inherent compliance, rapid actuation, and high power
density[18]. In this thesis, we present the development of a jumper robot with tun-
able stiffness pneumatic actuators that enable compliance matching during locomo-
tion. The robot’s leg can adapt its stiffness to match the compliance of the ground,

making the locomotion more energy-efficient and effective.



Figure 1-2: Several soft controllable stiffness solutions. (a) EduBot with tunable stiff-
ness C-legs[22]. (b)pneumatically actuated STIFF-FLOP manipulator[23]. (c¢) Gran-
ular jamming manipulator[24]. (d) SMA spring-driven InchBot[25]. (e) Elastomer
with phase-changing metal alloy[26]. (f) Electro-Rheological fluids soft robot[27].

1.3 Problem Statement

Energy efficiency and adaptability to varying ground conditions are critical challenges
in the development of legged robots. Conventional legged robots often employ fixed-
stiffness actuators, restricting their performance on uneven or changing terrain [22].
To address these challenges, it is essential to develop a changeable stiffness actuator
capable of functioning in dynamic situations[22], offering a continuous and extensive
stiffness range, precise control, and rapid response. However, achieving these goals
remains difficult with current approaches.

Material-based solutions, such as shape-memory alloys (SMA) and low melting



point alloys, have demonstrated the ability to achieve a broad stiffness range [15].
However, these methods present challenges in controlling transition states and respon-
siveness, making them unsuitable for high-speed robots. Alternatively, mechanical-
based approaches, such as jamming [28] and fluid-based solutions [27], offer greater
controllability. Among these, pneumatic actuators provide a high work energy density
and good linearity[18]. However, those pneumatic actuators requires bulky hardware
such as external airsource which limits their applicability. Previous jumping robots
utilizing pneumatic actuators, like McKibben pneumatic muscles [10] and pneumatic
cylinders [11], which also require valves and air pumps to supply and regulate air
pressure. Consequently, it is crucial to develop a lightweight pneumatic actuator that
capitalizes on the advantages of pneumatic actuators while eliminating the need for
bulky devices.

Aiming to solve the current legged robots’ issues such as high energy consumption
and limited adaptability to diverse ground conditions, we propose the use of a variable
stiffness pneumatic actuator to address these challenges, allowing the hopper robot

to jump efficiently.

1.4 Contributions

This thesis presents the design and evaluation of a legged hopper robot equipped with
a novel pneumatic actuator capable of varying stiffness and tested on grounds with
different stiffness levels. Through 1D hopping experiments, we analyze its energy cost
during the hopping process and assess its performance across various conditions. Our
findings reveal a substantial improvement(up to 29.3% energy saving by changing leg
stiffness, as shown in Table 5.4)and several strategies based on simulation results to
further enhance the robot’s locomotive efficiency and adaptability.

The main contributions of this thesis are as follows:

e We proposed a novel dual-bellows structure for stiffness modulation, which elim-



inates the need for solenoid valves and air pumps, which significantly reduces
the weight and energy cost. In addition, our bellows actuator permits a stiffness
modification of approximately 1.42 times, as substantiated through experimen-

tal data detailed in Section 3.2.

We developed mathematical models to describe and predict the stiffness change
of the new pneumatic actuator, the leg segment behavior base on minimum total

potential energy principle, and the dynamics of the hopper-ground interaction.

We designed and built a hardware prototype of the hopper robot, including

mechanical design, electronics, and software systems.

Through experiments and analyses, we modeled the robot’s behavior, quantified
the energy cost of the robot, and proposed energy-efficiency strategies for dif-
ferent ground conditions. These strategies provide valuable insights for future

developments in legged robot locomotion and adaptability.



Chapter 2

Design Overview

2.1 The Old vs New Hopper

In previous work [3], a tendon-driven, parallel-spring, origami-based hopping machine
was developed, utilizing a Reconfigurable Expanding Bistable Origami (REBO) pat-
tern for efficient energy storage. The REBO bellows exhibit compliance in accordance
with Hooke’s law when compressed up to 2/3 of their length, demonstrating high
durability and the ability to withstand thousands of loading and unloading cycles
without physical damage. The lightweight and durable structure offers a broad range
of stiffness, which can be adjusted by tuning the size and geometric parameters of
the crease pattern, as shown in Figure 2-1(c).

The hopper is actuated by three DC motors, providing three degrees of freedom for
each leg. Due to the absence of a self-righting mechanism, the hopper is mounted on
a linear rail or fixed to a boom during vertical hopping tests. In the vertical hopping
mode, the three REBO springs compress equally, while in the fore-aft hopping mode,
the hopper imparts forward thrust by compressing the legs differently. The hopper
operates in two modes, flight, and stance, using a strain resistance sensor to detect
impacts and transition between modes. During the stance phase, the hopper sets its

leg attitude and compression, and upon impact, releases the spring and lifts off.
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Figure 2-1: (a) REBO Hopper. (b) Exploded view of Hopper design. (c) the crease
pattern of REBO. The above images comes from [3], [29].

In comparison to the preceding hopper model, the current design incorporates
an Inertial Measurement Unit (IMU) for attitude sensing. This addition allows for
the detection of not only impacts but also velocity, position, and orientation, thereby
providing a comprehensive suite of motion data. The most significant alteration in the
new design is the replacement of the fixed-stiffness REBO leg with a pneumatically
actuated leg. These legs exhibit potential adaptability and require only a single U8
motor for tendon-driven actuation, thereby enhancing the overall efficiency of the
hopper.

In our new hopper design, detailed shown in Figure 2-2, each actuator comprises

10



a pair of bellow-shaped air chambers and springs, both constructed from silicone and
connected via threaded joints. The air chamber size is controlled by a motor and
lead screw positioned above it; as the air chamber compresses, the pressurized air
inside hardens the spring, as described in Section 3.1. The pneumatic actuators are
actuated by a tendon running through the hole in the segment plates, passing through
pulleys, and pulled by a horizontally placed brushless DC motor.

To modify leg orientation, the hopper compresses the air chambers to varying
degrees, the stiffness change and elongation of the spring bellows can alter the leg

posture, the math model is detailed present in Section 4.1.
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Figure 2-2: (a) Hopper CAD view. (c) Physical hopper prototype.
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2.2 Mechanical Design

In this section, we will delve into a comprehensive exposition of the mechanical
structure along with the unique design decisions undertaken to address the significant
challenges within the hopper. This detailed discussion aims to elucidate the mech-
anism by which the design elements aim to serve for better performance and solve

these intricacies, hence contributing to the overall functionality of the hopper.

2.2.1 Dual-bellow pneumatic actuator

The bellows structure is a widely adopted mechanism in soft robotics, facilitating ac-
tuation through the expansion and contraction of a flexible, accordion-like structure.
This structure typically comprises multiple interconnected compartments that can
be pressurized to produce movement or force. By modulating the pressure in each
compartment, the bellows structure can achieve various motions and deformations,
rendering it a versatile and adaptable actuation mechanism. Among pneumatic ac-
tuators, a piston and cylinder can contract to a maximum of 50% of their extended
length, while McKibben muscles can contract to approximately 70% of their extended
length([30]. In contrast, the compression ratio of bellows is limited only by the thick-
ness of the membrane bladder which connects bellow segments, allowing them to
extend their length several times [30]. The structural advantage of bellows permits
stiffness in compression while maintaining flexibility in bending. Additionally, bel-
lows circumvent sliding friction and leakage issues that may complicate fluid-driven
piston devices.

Owing to its simplicity and scalability, the bellows structure has been employed
in various soft robotic applications, including grippers, manipulators [27], and lo-
comotion systems [31]. The distinctive characteristics of this mechanism suggest it

may be suitable for applications necessitating compliance, sensitivity, or adaptability,

IThis work is done in collaboration with Jun Kwon.
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Figure 2-3: Dual-bellow pneumatic actuators in the hopper.

such as the task that is required to safely interact with humans or change their shape
when interacting with dynamic environments.

In our hopper design, we incorporated three independent, enclosed dual-bellow
actuators, as illustrated in Figure 2-3. For ease of disassembly, we utilized thread
joints to connect each air chamber and spring, with a 10mm diameter hole inside.
The hole size is critical to the actuator’s reaction time; during rapid hopping, air
must flow freely between the two bellows to avoid lag and ensure the desired stiffness.
The upper bellow functions as an air chamber, controlled by the motor and lead screw
positioned above it. The plate to which the motor is mounted can move vertically
along three guide rods. This movement is used to alter the volume within the actuator,
thereby adjusting the air pressure and stiffness of the spring bellow located at the
bottom. The three stiffness-varying springs allow the limb to achieve three DOF
bending.[32].

14



2.2.2 Molding Fabrication

Various methods can be used to fabricate the bellows. Taking into account the labo-
ratory equipment and complexity, we ultimately opted for two solutions: 3D printing
and molding. For the 3D-printed components, we attempted to create a TPU spring,
but it failed due to poor airtightness. We also experimented with SLA and flexible
liquid filament for printing, but these materials were not strong enough and were
prone to cracking.

In this research, we utilized the molding technique to construct bellow actuators
that are strong, durable, flexible, and smooth-surfaced. To obtain an approximate
estimate of the necessary bellow stiffness, the potential energy of the spring can be

calculated using the formula:

1
5/{;Ax2 = mgh (2.1)

Assuming a robotic weight (m) of 1.5 kg, and a desired hopping height (h) of 20
mm achieved by a spring compression (Ax) of 20 mm, the calculated spring stiffness
would need to be 3000 N/m. Consequently, each spring would require a stiffness of
approximately 1000 N/m.

After estimating the hardness required for the leg, we selected silicone rubber
(Smooth-on MoldStar 31T) as the bellow material, which has a relatively high shore
hardness of 30A. Due to the complex cavity shape inside the bellow, constructing it
through one-time molding was challenging. As a result, we first divided the core and
cavity into two parts, cast two half bellows separately, and then bonded them with
silicone, as depicted in Figure 2-4.

The bellow has a wall thickness of 3mm, a segment height of 12.96mm, an inner
radius of 10.58mm, and an outer radius of 20.10mm, as shown in Figure 2-4a. We
selected these specific parameters not solely based on the stiffness range but also on
the stability observed in practical tests. These tests indicated that bellows with more

layers, a larger difference between inner and outer radius, and taller segments would

15



be more unstable. Thus, considering the trade-offs between high performance and

stability, we opted for the current parameters of the bellow.

h=12.96mm
R = 20.10mm i /

1 t =3mm

1

s

1

1

r=10.58mm 1

7

1

1

1

1

1

1

1

(b)

Figure 2-4: (a) Bellow CAD parameters. (b) Mold core and cavity for bellow. (c)
Physical bellow.

2.2.3 Anti-twisting regulator

The phenomenon of buckling can occur in the bellow when the internal air pressure
reaches a high level and exceeds the material’s capacity to contain it, as depicted in
Figure 2-6a. This abnormal deformation arises because the energy required for such
a transformation is less than the energy necessary for deformation along the y-axis,
leading to a shift in the actuator’s stiffness. This buckling issue is visually demon-
strated in Figure 2-5. The experimental setup comprises a syringe-bellow system

that is sealed from the atmosphere, where the syringe is used to change the system

16
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Figure 2-5: Experiment of bellow buckling.

Figure 2-6: (a) Bellow buckling. (b) Leg twisting.

volume and bellow is under the MTS test plate. The syringe initiates at 95mm and
is compressed to 65mm, while the probe of the MTS machine compresses from an
equivalent height each time, thereby constraining the bellow’s elongation. As per
the plot, buckling happens when the curve’s slope undergoes a significant alteration.
Moreover, the buckling point reduces as the air pressure escalates, suggesting that
heightened pressure might be the primary factor of buckling.

When buckling takes place, the bellow adopts a twisted shape, causing the robot’s

foot to twist. Consequently, a mechanical device is necessary to address this issue.

17



Figure 2-7: Anti-twisting leg regulator.

To tackle this problem, we designed an anti-twisting leg regulator to prevent
buckling-induced twisting. This regulator permits relative motion between two parts
along the z-direction or rotation around the x-axis while preventing rotation around
the y-axis. In our experiments, the incorporation of two regulators effectively restricts

leg-twisting motions, demonstrating the effectiveness of this approach.

2.2.4 Motor and Pulley System

The hopper’s functionality is enabled by a tendon, manipulated by brushless DC
motor(T-motor U8 KV100). Contrary to the previous design where motor shafts were
oriented vertically to the ground for direct tendon pull, the current design incorporates
a single tendon-driven motor. If the shaft were to be placed vertically in this design,
the motor would be positioned on the side of the plate. This off-center placement
of a heavy motor could result in shifting the center of mass which would disrupt the
robot’s balance. To maintain symmetry, the motor is strategically located at the
center of the plate, with pulleys utilized for guiding the tendon.

Nonetheless, the incorporation of a pulley system introduces friction-related chal-

lenges. Throughout the tightening and loosening cycles, the tendon’s interaction with
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(b)

Figure 2-8: (a) Pulley system CAD, with pulleys perspective view. (b) Physical pulley
system.

the pulley raises the risk of disengagement, potentially damaging the motor or ac-
celerating wear and tear. To mitigate this issue, grooves are added to the pulleys,
and protective shields are implemented to maintain the tendon’s alignment with the

pulley system.

2.2.5 Airtightness Enclosure

To maintain consistent performance in terms of stiffness, it is required that there is
no air leakage from the bellows during the recurring hopping process. Additionally,
the bellows must withstand high air pressure to attain a greater degree of stiffness,
so it’s significant to tackle the airtightness challenge.

In our design, we incorporate 3D-printed parts for establishing connections. How-
ever, these parts are generally not airtight by nature. To mitigate this, we adopt
a 100% infill rate with a rectangular pattern in the 3D printing settings and an in-
creased number of shell layers to diminish the occurrence of printed gaps. Moreover,
we apply a specialized coating material to the surface of the part, which is adept
at filling minor gaps between the filaments. After attaching the bellows to the 3D-
printed plate, any residual gaps are filled using silicone, which is also used to coat the

threaded joint.
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Figure 2-9: Electronics on the hopper top plate.

Despite these measures, it is challenging to completely eradicate gas leakage. Un-
der high-pressure conditions, tiny fissures may form on the silicone surface of the
bellows, leading to minor gas escape. Nevertheless, the velocity of leakage is so
diminutive that we temporarily disregard this issue for the current stage of our re-
search. Future studies could explore the employment of alternative materials as a

potential solution to this problem.

2.3 Electronics

Electronics can be categorized into various subsystems, namely computation, com-
munication, and sensing.

The computational subsystem is inclusive of the control mechanism for Pololu
motors and the U8 motor, along with data processing procedures for the encoder,
Inertial Measurement Unit (IMU), and power sensors. This element forms the basis
of our interaction with the motor components and how the data from the various
sensors are processed.

Communication, as a subsystem, covers aspects of inter-device dialogues as well

as the user-end data feedback and logging system. This subsystem facilitates the
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Figure 2-10: Electronic system diagram

interaction between devices and allows for effective data management and user-side
feedback.

Lastly, the sensing subsystem embodies all the operations associated with sensors.
This segment is critical for the collection and interpretation of real-time data, making
it integral to the function and performance of the whole system.

The hopper employs three microcontrollers, namely the Raspberry Pi 3B+, Ar-
duino Nano Every, and ESP32 Feather, as shown in Figure 2-9. Serving as the
primary controller, the Raspberry Pi 3B+ is responsible for mathematical compu-
tations, managing the hopping behavior through the Mjbots robot control platform
and motor driver, reading integrated IMU data during hopping, and transmitting
commands to the subsequent level controller. Additionally, it communicates with the
user’s computer via WiFi.

In comparison to the Raspberry Pi, the Arduino Nano Every is equipped with

a higher number of external interrupt pins, making it well-suited for simultaneously
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Figure 2-11: Power management System Diagram

reading multiple encoders and controlling the motors. The Raspberry Pi transmits
the desired motor position through UART.

To facilitate real-time power consumption data transfer, the robot employs the
ESP32 Feather, which features an embedded Bluetooth module. The power monitor
module INA3221, operating in continuous mode, collects data that is subsequently
read by the ESP32 via 12C. Ultimately, this data is plotted on the user’s computer
through a Bluetooth UART port. Therefore, with this hardware platform, we are
able to achieve wireless control and data transmission.

The entire robot is powered by a DC power source, as illustrated in Figure 2-
11. To safeguard the microcontrollers from voltage and current fluctuations, it is
imperative not to connect the power supply directly to the microcontrollers’ power
supply pins. Instead, the supply voltage must traverse several isolators and regulators,
including the DC-DC buck converter XL4015, L7805 power regulator, and onboard
power modulators. The power monitoring module, INA3221, measures the real-time
power consumption of the DC brushless tendon-driven motor and the total energy

expenditure of the three Pololu motors. The collected data is then packaged and
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transmitted to the ESP32 Feather via 12C.

During the rapid reciprocating motion of the motor, voltage spikes may occur
on the power supply bus, a phenomenon known as ”back electromotive force” (back
EMF). These spikes result from the abrupt collapse of the motor windings’ magnetic
field when the current is interrupted or reversed. Given that the INA3221 can with-
stand a maximum voltage of 26V, it is crucial to eliminate these spikes to protect the
circuits. Flux braking, which dissipates excess energy through an external resistor,

serves as an effective solution to this issue.

2.4 Software

For continuous hopping to be achieved, the energy input must be equal to or greater
than the energy loss in each hopping cycle. The hopper controller incorporates four
states, as depicted in Figure 2-9, and utilizes a PID positional controller. During
the initialization phase, the hopper applies minimal torque to tighten the spring and
establishes the natural length of the tendon. The initiation of the hopper’s operation
and its transition into the flight phase are contingent on the detection of freefall.
This detection is accomplished by monitoring the acceleration along the z-axis using
the Inertial Measurement Unit (IMU) sensor. Within the program, a threshold is
established to assist in the determination of the hopper’s status. Specifically, freefall
is registered when the z-axis acceleration falls below -15m/s?. Alternatively, if the
acceleration exceeds 25m/s?, an impact event is recognized by the program.

The controller’s functionality is presented in the Algorithm 1, there are four states
enumerated: initialization, flight, stance, and static, as shown in Figure 2-12. In the
initial phase(line 4), the hopper will tighten the tendon and reset its natural length
every time it runs the program. When a free fall is detected, the robot will goes into
flight state. In the flight phase(line 9), the tendon stretches and compresses the spring,
concurrently storing energy within the system. Upon impact detection, the system

goes into the stance phase(line 13) where the tendon releases and the spring returns
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Figure 2-12: State machine of controller.

to its original length. After a constant predetermined impact duration has elapsed,
the controller reverts to the flight state. considering the practical impact time and
preventing duplicate detection, the predetermined impact duration is set to 150ms.
This process results in consecutive jumps until the robot reaches a predetermined
number of jumps and enters static mode(line 23). The motor is gradually reset to
avoid tendon entanglement.

It is important to note that during our initial vertical hopping experiment, the
spring stiffness remains constant throughout each test. The PID parameters are
also kept constant to assure the hopping performance is constant during each test.
However, the pre-compression length is changing base on the energy amount required

for the system.
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Algorithm 1 Continuous Hopping Control Algorithm

Require: hopper, IMU sensor, and motor

Ensure: Continuous hopping for n times

1: State = enum(initialization=0, flight=1, stance=2, static=3)

2: Impact num = 0

3: while True do

4.

5:

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

24

25:

if State = initialization then
Initialize hopper with minimal torque and natural tendon length
if free fall is detected via IMU then
State = flight
end if
else if State = flight then
Stretch tendon and compress spring, storing energy
Monitor IMU sensor for impact detection
if Impact detected then
State = stance
Impact num = Impact num + 1
if Impact num > Max Impact then
State = static
end if
end if
else if State = stance then
Release tendon, allowing spring to return to the original length
Wait for predetermined impact duration
Set current state to flight
else if State = static then

Reset motor gradually to avoid tendon entanglement

end if

26: end while
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2.5 Future Improvements

On the mechanical side, our next step is to reduce the height of the hopper, and place
the motor at the middle plate to lower the center of mass of the hopper, which makes
it easier for balancing and controlling. Also, the threaded joint will be replaced by a
barbed hose and pipe connection, which provides a more reliable seal.

The hose connection also allows the air chamber and spring to be offset, providing
a design-level decoupling of these elements, and it streamlines the process of disas-
sembling or replacing the parts. Moreover, the offset allows for a smaller size of leg

which enable it to access larger orientation space.

Figure 2-13: Next version of hopper.
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Chapter 3

Bellows Model

In this chapter, we will elucidate the mathematical model that describes and forecast
the behavior of the bellows actuator. The results derived from the simulation and

their comparison with empirical data will be presented in the following sections.

3.1 Model of Air Chamber and Spring System

In the actuation system, both the air chamber and spring adopt a bellows-like struc-
ture, connected via a conduit. Each bellow can be modeled as an assembly of several
segments, where each segment is formed of two conical frustra of opposite orienta-
tions. The air chamber has segment count n., frustra heighth,., inner radii R,., and
outer radii r.. An identical representation approach is employed for the bellow spring,
with the subscript s signifying the corresponding parameters.

For this idealized model, the assumptions made are that there is no expansion on
the wall during the compression and release operations, and that the volume at the
point of connection between the chamber and the spring is insignificant. The volume
of the bellow is represented as a function of its height, yielding the following equations

for the volumes of the air chamber and spring:
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Figure 3-1: Air chamber and spring model

2

Vo(he) = gmchc(}zi + 72+ Rere) (3.1)
2

Vi(hs) = gmshs(Ri + 72+ Ryry) (3.2)

Considering the initial volumes of the air chamber V,, and spring Vo, and F, as
the standard atmospheric pressure, the present pressure, P, is derived from the ideal

gas law as:

Pl(ha hs)[‘/c(hc) + ‘/s(hs)] = PO(‘/CO + ‘/50) (33)

Given that the work done by the change in gas volume is equivalent to the work
executed by force displacing the bellow (PdV = Fdy), the force generated by the gas

is calculated as:

d[Ve(he) + Vi(hs)]

Fgas(h‘C? hs) = [Pl(hca hs) - PO] 2n2dh2

= [Py(he, hy) — Po]g(}zz +12+ Ryry)
(3.4)
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An increase in pressure prompts the spring bellow to expand. However, the bel-
low’s own structure constrains this expansion until the system attains equilibrium.
Experiments indicate that the predominant expansion occurs along the length of the
bellow, with minor lateral expansion. The elongation is determined by the following

force balance equation:

Foas(he,hs +€) =e- ky (3.5)

Where e denotes the spring elongation and kj, is the bellow stiffness.

It is observed that as the elongation effect mitigates pressure, there is a corre-
sponding reduction in force, which concurrently results in a decrease in the stiffness
range. To attain a higher level of stiffness, the bellow must withstand deformation
under significant pressure, necessitating a more rigid bellow. Nonetheless, a stiffer

bellow tends to have a lower stiffness range, thereby presenting a trade-off scenario.

3.2 Bellow Stiffness Measurement and Analysis

In this section, we conducted a series of experiments to investigate actuator and
ground properties, which is the basis of the next chapter’s energy analysis.

In the preceding section, the model that predicts the actuator’s stiffness was de-
scribed. The spring bellow’s stiffness can be manipulated through the displacement
of the air chamber. which is a function of the air pressure, and an increase in pressure
corresponds to an increase in spring stiffness.

In the prototype, the air chamber and spring have identical dimensions. The
specific parameters pertaining to the bellow segments are summarized in Table 3.1.
This set of parameters was designed as the optimal parameter based on experiments,
taking into account stiffness range, stability, size, and shape. Generally, a bellow
with less segment amount, wider diameter, and a smaller difference between the large

radius and the small radius will be more stable.
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Segment height | Large Radius | Small Radius | Segment Amount | Thickness
h R r n t

7.46mm 20.10mm 10.58mm 5 3mm

Table 3.1: Bellow design overview

We use a Material Testing System (MTS) machine to determine the stiffness. The
leg, composed of three springs, was inverted on the test plate. To ensure a level top
plate, all three air chambers had to undergo identical compression. To eliminate the
impact of damping effects, the velocity for the stiffness test was set at lmm/s. The
MTS compression length is set to 20mm which can circumvent the potential bellow
buckling issues. Each test of the same compression length would be repeated 3 times
to ensure the accuracy of the results.

The results of the test are depicted in Figure 3-3a and the raw data were listed
in Table 3.2. Due to both elongation and buckling problems in the bellows, the
practically achievable pressure range is narrower than the theoretical range. The
experimental setup is illustrated in Figure 3-2. The observed discrepancy might be
attributed to irregular expansion at the wall. Notably, the actual expansion also
occurs on the sidewalls, leading to wall deformation. This deformation can reduce
the pressure, subsequently decreasing the output force.

In Figure 3-3b, the variation in stiffness with increasing air chamber compression is
depicted. This stiffness is derived through a linear fit of the force-displacement curve,
as shown in Figure 3-3a. The graphical representation illustrates a trend of increasing
stiffness for an equivalent increment in compression, which can be interpreted as
an increase in the corresponding pressure. The error bars, signifying the standard

deviation from three repeated tests, endorse the good reproducibility of these results.
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Figure 3-2: Hopper leg stiffness test scenario.
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Figure 3-3: (a) Simulation and experiment comparison. (b) stiffness changing with
respect to air chamber displacement.
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Table 3.2: Hopper stiffness MTS test result

Air Cham- Stiffness (N/mm) Average Standard
ber Com- Stift- Deviation
pression ness(N/mm)| (N/mm)
(mm)

0 2.308 2.324 2.327 2.320 0.010

) 2.409 2.413 2.414 2.412 0.002

10 2.488 2.490 2.492 2.490 0.002

15 2.581 2.583 2.582 2.582 0.001

20 2.692 2.686 2.686 2.688 0.003

25 2.791 2.794 2.793 2.793 0.001

30 2.932 2.931 2.930 2.931 0.001

35 3.103 3.105 3.107 3.105 0.002

40 3.297 3.295 3.294 3.295 0.001

The findings suggest that the stiffness of the hopper leg can be modulated by
approximately 1.42 times, ranging from 2319N/m to 3295N/m with good linearity in

the process.
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Chapter 4

Robot Model

In the present chapter, the focus shifts to the explication of models for both the
hopper leg and the hopper-ground system. Proceeding from the elucidation of the
tunable-stiffness pneumatic spring actuator in the previous chapter, a more compre-
hensive exploration of the leg behavior, considered as an assembly of three springs,
is presented. This chapter then proceeds to formulate a model of the hopper and
the ground and simulate its hopping process. The simulated results are subsequently

juxtaposed against corresponding experimental data to draw meaningful inferences.

4.1 Hopper Leg Model

The leg of the hopper is composed of three pairs of air chambers and springs, which
collectively generate adequate force to propel the hopper and facilitate changes in
its orientation. This model endeavors to predict the trajectory and attitude of the
hopper leg during the central tendon retraction process, under the assumption that
the volume of the air chambers remains invariant throughout.

Adhering to the principle that a closed system in the absence of external forces will
naturally evolve towards a state of lower energy, the state of equilibrium can be framed

as an optimization problem that seeks to minimize the energy of the system[32].
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Presuming identical initial lengths [y and total volumes Vi = Vo + V. for each
spring, the lengths of the springs after the compression of the air chambers are denoted
as l1, Iy, and I3. Leveraging the ideal gas law, the potential energy of the gas in the

three chamber-spring pairs is expressed as follows:

3 Vo 3 lo 3 ) lo 1
Ugas = Z/ P(V;)dV; = Z/ PV (1;)dl; = Zg(Rngr?JrRsrs)PoVO/ mdli
i=1 Vl =1 lz‘ i=1 li 7
(4.1)
This equation postulates that the internal energy of the gas can be represented as

a function of the spring’s length. The equation can be simplified to:

(a1 + blo)(ag —+ blo)(ag + blo)
(a1 + bll)(ag —+ blg)(ag + blg)

Ugas = ¢+ In

(4.2)

where a, b, c are constants, a; represents the volume of the chamber which remains

constant, b is the spring volume constant, and c is the gas energy constant.

2
a; = —Wnchci(RZ + rg + R.r.)

3
b= g(Ri + 12 4+ Ryry) (4.3)
c=FKW

Assuming that each bellow spring has the same stiffness k;, the potential energy

of the three springs can be denoted as:

Figure 4-1: Hopper leg model
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Figure 4-2: Hopper leg model

1
Uspm'ng = §kb[(l0 - l1)2 + (lO - l2>2 + (ZU - l3>2] (44)

To derive the state of equilibrium by minimizing the energy, we can construct the
objective as the energy function, subject to geometrical and tendon constraints. The
optimization problem is constructed as follows:

gl;g Ugas + Uspm'ng

2R
st. =T~ Tp(x cosb; + y sinb;), i =1,2,3 (4.5)
T2 — 42 442 + 22

where point (z,y, z) is the center of the top plate, with the origin at the center of the
bottom plate. T is the length of the central tendon. Upon determining the lengths
l; of each spring, the structure of the hopper leg can be recreated leveraging the
geometric principles of the model. For the purpose of elucidating the analysis, the
hopper leg is depicted in an inverted position as illustrated in Figure 3-5. The toe,
situated at the center of the top plate, has its orientation defined by the lengths of
the three springs.

With the center of the bottom plate as the origin, three vertices can be written
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as[32]:
l; =T + Rot(q)Ry; — R, (4.6)

z Yy z

where ¢ = [%, %, Z,0] is the quaternion of top plate orientation. Rot(q) is the rotation

matrix converted from ¢, which is:

1=2(7)" 2(3)(7) 2(7)(7)
Rot(q) = | 2(£)(Z) 1—2(%) 0 (4.7)
2(7)(7) 0 1-2(3)"-2(3)

4.2 Hopper Leg Simulation

This simulation was performed based on the model proposed in Section 3.2. Given
the compression of the three air chambers, we build a simulation program to predict
the attitude of the bottom plate when the tendon is pulling. In Figure 4-3, a three-
dimensional depiction of the energy function of the hopper leg is presented, given
the condition that all three air chambers share equivalent pre-compression. It can
be observed from the graphical representation that the function exhibits convexity,
a property consistent with theoretical expectations. Furthermore, the point of min-
imal energy can be identified around coordinates (0,0), a finding which aligns with
empirical results obtained from our experimental study.

Figure 4-4 illustrates the changes in position and orientation of the bottom plate
as the tendon is pulling. The colors indicate the states during which the bottom plate
is pulled by the tendon. The scatter points at the middle delineate the trajectory of
the bottom plate’s center where the tendon is attached.

The simulation findings suggest that the energy optimization problem is convex
and solvable, eventually converging to a stable state with the minimum energy. How-
ever, due to time constraints, we have not yet performed experiments to validate this
model. In the near future, we plan to utilize a 3D motion capture system to gather

data and conduct hopping experiments within a three-dimensional space.
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Figure 4-3: Convexity of energy function.
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Figure 4-4: Bottom plate orientation and trajectory when tendon pulling for 30mm.
Each figure corresponds to an initial actuator state: (a) [0 0 0], (b)[4 0 0], (c)[0 4 0],
(d)[4 4 0], where each element in the 1x3 matrix pertains to a respective air-chamber
compression in millimeters.
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4.3 Hopper Dynamics Model

/S
Figure 4-5: Hopper model

The model depicted in Figure 4-5 portrays both the hopper and the ground as spring-
damping systems, characterized by a leg spring stiffness k; and a damping coefficient
d;, the ground uses the same notation with the subscript g. To sustain a continuous
hopping motion, the hopper requires the 'pre-compression’ of its leg whilst airborne
and its subsequent full release upon ground impact. In this model, The weight of the
hopper’s leg is denoted as my, with its natural length and pre-compression length
represented by L and p, respectively. The hopper’s body weight is symbolized as my,.
A complete jumping cycle can be partitioned into four distinct phases, each of which
is expounded upon in Figure 4-6. The hopper controller state machine is depicted in

Figure 4-7:

1. initial phase: The hopper starts at zero velocity and free falls until it impacts

the ground(zy = 0).
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Flight Phase

Flight Phase Stance Phase 1 Stance Phase 2

Figure 4-6: Phases of hopping

Model:
Ty =g
(4.8)

=g
2. Stance phase 1: Starting from an impact detection, the hopper’s body’s height

continues reducing until reaches the minimum height (2, = 0) .
Model:
Fl = kl(l —p— iIZ‘b—i-iIZ'f) — dl(iéb — ff)
by = —kgy — dyiy
mply = F1 — g

mexy = —F+ Fy—myg

3. Stance phase 2: Start with positive hopper body speed, meanwhile the spring is
fully released. This phase ends with the hopper toe leaving the ground(zs > 0).
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Figure 4-7: State machine of the model

Model:
ﬂ:kl(l—l’b+l’f)—dl(fb—aff)
F = —k Xrfs — d .Z"f
g g f g (4.10)
myTy = Fp — myg

myry =~ + Iy —myg

4. Flight phase: The hopper continues rising until the body velocity reduces to

zero(Z, = 0) . The leg spring may still vibrate in the air.

Model:

E :kl(l—p—$b+$f)—dl(fb—l:f)

mb:i"b = E — mMpg (411)

mpry = —F 4+ Fy —mjgg

Within each hopping cycle, energy is lost due to spring damping. As previously
mentioned, the 'pre-compression’ process infuses energy into the system, thereby
ensuring continuous hopper motion. In order to examine the comprehensive energy

expenditure throughout the hopping process, which encompasses both damping and
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spring potential energy, it is necessary to investigate the rate of change in energy over
time.
The rate of energy dissipation to the ground during the stance phase is given

by[19]:

. d [
E

9T a0 ; (kgwy + dyy)dry = kyws2y + dya's” (4.12)

The rate of energy loss to the hopper leg during the stance phase is:

_ % kil — @y + ) + di(y — ap)]d(wy — )
(4.13)

= kl(l —xp + .I'f)(x;b — l:f) + dl(.fb — ff)Q

E;

The energy injected into the system during each cycle is:

E, =k - p? (4.14)

Theoretically, if the hopping height remains constant throughout a cycle, the

energy gained and the energy lost to damping will always be equivalent.

4.4 Ground and Hopper Damping Measurement
and Analysis

In order to substantiate the proposed model, this section discusses ascertaining the
parameters of the system, which are subsequently utilized for simulation. The data
collected includes ground stiffness and the damping coefficient for both the ground

and hopper leg.
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4.4.1 Ground Stiffness Measurement

The ground is modeled as a spring-damping system within the hopper-ground model.
We selected three different materials, characterized by soft, medium, and hard stiff-
ness, for ground testing. To mimic the force perceived by the hopper as accurately
as possible, we employed a 3D-printed probe identical in size to the hopper’s toe, as
illustrated in Figure 4-8. The resulting data of stiffness is presented in Table 4.1.
The materials selected for simulating the soft and medium ground consist of different

types of foam, whereas the hard ground is represented by steel plate.

Figure 4-8: Toe-shape probe and ground material.

Table 4.1: Ground stiffness MTS test result

Material type | Stiffness Tests (N/mm) | Average Stiffness(N/mm)

Soft 2.095 2.187 2.068 2.117
Medium 15.250 | 15.533 | 15.485 15.423
Hard > 106
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4.4.2 Damping Measurement and Analysis

The damping force is the primary factor contributing to energy dissipation. It is
contingent upon both velocity and the damping coefficient. Owing to the complexity
of damping mechanisms, quantifying this material property poses a significant chal-
lenge. In our experiment, we employ two different strategies to measure the damping
coefficient.

The first and most direct approach involves using an MTS machine to perform a
compression test at a specified velocity. However, this method has its constraints. The
displacement length, restricted to 2cm for the hopper leg, is insufficient for the MTS
machine probe to undergo the acceleration and deceleration process, thus introducing
errors into the results. Furthermore, for materials with lower damping coefficients,
differentiating the damping from other energy-dissipating effects, such as friction,
requires testing across a range of velocities. However, the probe cannot achieve high
velocities within such a short timeframe, rendering the results less distinguishable.

An alternative approach entails measuring the damping force via height attenua-
tion in a free-falling object test. To measure the ground’s damping coefficient, a static
ball is dropped and its bouncing height recorded, thereby enabling precise calcula-
tion of the velocity at the moment of impact and liftoff. Compared to unidirectional
compression, an elastic collision in a compression-rebound process conserves kinetic
energy and momentum, implying that the primary energy loss is due to the damping
effect.

In the floor damping measurement experiment, we use a ball with the same di-
mensions as the hopper toe. This ball is 3D-printed and remains undeformed during
impact. After being dropped onto the ground material, the ball bounces back to a
certain height, a process captured by a 240 fps high-speed slow-motion camera. The
trajectory is then analyzed using the video analyzer ”tracker”, which employs vision
techniques to extract a specific color block or marker.

The damping force, contributing to momentum loss during impact, can be calcu-
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lated to determine the damping coefficient. Assuming a ball mass of m and an impact

time of ¢, the damping force Fgmping is given by:

mAV

; (4.15)

Fdamping =

Here, AV is derived from the initial height h; and the subsequent height ho, and it’s

an absolute value:

AV = \/ 29h1 — \V 2gh2 (416)

Here we assume that the force applied to the ball remains constant. To calculate
the damping force within the brief duration of impact, we utilize the average velocity
as a substitute for instantaneous velocity. The damping coefficient, denoted by ¢, is
subsequently computed by dividing the damping force by the average velocity. This
average velocity is calculated based on the absolute velocity observed at the points

of impact and lift-off.:

c = Fdamping _ 2W/L(\/ 2gh1 Y 29h2)
Vavg t( V 2gh1 + V 29h2)

(4.17)

The test scenario exemplification, along with the video tracker data visualizations,
is depicted in Figure 4-9 and 4-10. In the ground damping experiment, a 3D-printed
rigid ball is employed to carry out drop tests on various ground surfaces. Conversely,
the damping coefficient of the hopper leg is examined through a series of free drop tests
of legs with differing stiffness onto a rigid metal ground. Each screenshot is accom-
panied by a timestamp, which is also indicated on the plot. After offset elimination,
the ground position is normalized to zero. To accurately determine the impact time,
the data collected is interpolated to find the point of intersection on the x-axis. The

peak values extracted from the graph correspond to the maximum jumping height.
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Figure 4-9: Ground damping test example.
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Figure 4-10: Hopper leg damping test example.

The damping tests for each set encompass three trials at distinct drop heights,
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with results delineated in Tables 4.2. The terms ”Soft leg” and ”"Hard leg” refer to
the hopper’s leg at its minimum stiffness of 2320 N/m and maximum stiffness of 3295
N/m, respectively. ”Soft” and ”"Medium” ground, as listed in Table 4.1, represent
different ground materials characterized by varying stiffness.

In the experimental configuration, a metal track marked 20cm, 30cm, and 40cm
above the ground serves as the reference for the respective low, medium, and high
drop heights in the dropping height column. Although the exact height varies slightly

across tests, it is precisely ascertained through video tracking for data accuracy.

Table 4.2: Hopper leg damping test data

Test Material | Dropping Leg Damping | Average Standard
Height Coefficient Damping Deviation
(N*s/m) Coeflicient (N*s/m
(N*s/m)
Low 2.22
Soft Leg Medium 3.03 2.83 0.54
High 3.25
Low 2.79
Hard Leg Medium 2.42 2.54 0.22
High 2.39
Low 0.38
Soft Ground Medium 0.44 0.41 0.03
High 0.42
Low 0.43
Medium Ground | Medium 0.57 0.48 0.09
High 0.42

46



4.5 Hopper Dynamics Simulation

In this empirical investigation, the hopper is configured to release from a designated
height above the ground, and the simulation deploys identical parameter settings ex-
cept for the pre-compression, which governs the energy input into the system. The
pre-compression in the simulation is prescribed as 1.5mm for the softer leg (with a
stiffness of 2320N/m) and 0.8mm for the stiffer leg (3295N/m). The comparative
figures incorporate the visual tracking data of both the hopper body and foot, and
the simulated trajectory with an offset for the actual hopper structure. No tests
were conducted on the hard ground because an extremely hard material is incompat-
ible with the spring-damping model. Thus, testing was limited to medium ground
(15423N/m) and soft ground (2117N/m). The testing process was continued for 19
impacts, as illustrated in Figure 4-11 and Figure 4-12.

While the graph demonstrates certain relationships between the simulation and
the experimental data, a considerable discrepancy is observed in terms of pre-compression
and time expenditure. This gap in pre-compression signifies that the model is idealis-
tic, accounting only for damping energy loss. In contrast, in a realistic experimental
setup, energy loss may be attributed to multiple sources such as wheel friction, pul-
leys friction, leg regulators friction, collisions, motor flux braking heat dissipation,
energy loss in bellow buckling, among others. The time discrepancy noted in Figure
4-12 suggests that the model underestimates the energy dissipation on soft ground.
This is indicated by the fact that a lower jumping height would naturally lead to a

shorter duration.
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Figure 4-11: Tests on the medium ground. (a) Hopping with soft leg. Actual and
simulated pre-compression(mm): 37, 1.5. (b) Hopping with hard leg. Actual and
simulated pre-compression(mm): 33, 0.8.

48



Body and Foot Position Over Time
300 T T T T T

Simulated Body Position
Simulated Foot Position
~— Experiment Body Paosition
\ —_— Foot Position
250 4
200 f A ‘ e (! -
£ | [ | 11 1] |
= | i /
o
£
150 7
100 - \/ -
v
50 ! | I ! | I
1 2 3 4 5 6 7
Time(s)
(a)
Body and Foot Position Over Time
300 T T T T T T
Simulated Body Position
Simulated Foot Position
~ Experiment Body Position
e i Foot Position

250

Height(mm)
3
o

o
o

100

Time(s)

(b)

Figure 4-12: Figure 4-11: Tests on the soft ground. (a) Hopping with soft leg. Actual
and simulated pre-compression(mm): 56, 1.5. (b) Hopping with hard leg. Actual and
simulated pre-compression(mm): 53, 0.8.

49



Chapter 5

Hopper Energy Efficiency Analysis

This chapter analyzes the energy cost during the hopping and proposes a compliance
matching strategy base on the simulation result. We also conduct several experiments
using the previously designed hopper with a stiffness-tunable leg to verify the theory

and get the conclusion.

5.1 Energy Cost of Altering Stiffness

In the actuation mechanism, the leg-driving actuation system and the tunable stiff-
ness actuators are separately controlled, allowing for separate measurements. As
represented in Equation 5.1, the energy expenditure E of the three tunable-stiffness
actuators is integrated through the sum of respective motor power, which is current/;
multiplied V;. These motors (specifically, Pololu 100:1 Micro Metal Gearmotor HPCB

12V)are affixed to the lead screw, facilitating the compression of the bellow.

E = /t(z ViI,)dt (5.1)

During the assessment, the motors share an identical desired position, and energy
consumption is measured throughout a complete cycle, from the initiation to the

return to the starting point. The findings are visually represented in Figure 5-1.
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Figure 5-1: Pololu motor energy consumption

As the degree of compression increases, the energy required for attaining the same
level of compression grows. This trend is attributed to the augmented air pressure

which required more force.

5.2 Hopping Height Equilibrium

To substantiate the controllability of the hopping height, it is required to establish
the correlation between tendon compression and the resultant hopping height. In
the simulation delineated in Figure 5-2, parameters such as leg stiffness and tendon
compression are held constant, while the hopper is introduced at varying heights.
The simulation shows a limit cycle in the phase portrait, ultimately resulting in

convergence towards an equilibrium height.
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Figure 5-2: Simulation of Equilibrium Hopping Height. The left-hand side figures
illustrate time-domain trajectories, while the right-hand side displays the phase por-

traits.

Each pair of figures corresponds to a unique initial height from which the

robot commences: (a,b) 200mm; (c,d) 170mm; (e,f) 150mm.
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Simulated Parameters Values

Spring rest length(m) 0.1
Body mass(kg) 1.5
Foot mass(kg) 0.25
Ground stiffness(N/m) | 10000
Leg stiffness(N/m) 2600
Ground damping(N*s/m) | 0.4
Leg damping(N/m) 2.5
Pre-compression(mm) 2

Table 5.1: Parameters of equilibrium height simulation.

The simulation result suggests that when the tendon compression is maintained at
2mm and spring stiffness remains constant during the hopping process, the hopping
height eventually stabilizes around 150mm.

To empirically verify the existence of an equilibrium height, the hopper is dis-
charged from various initial heights, and its body and foot positions are tracked
utilizing a video tracker. The resultant tracking data are graphically delineated in
Figure 5-3, where color is employed to denote the initial height from which the hopper
descends. The experimental hopper parameters are detailed in Table 5.2. The result
from trials substantiates the conjecture that a hopper, operating under consistent
compression and stiffness parameters, tends to converge towards a steady hopping

height. In this particular case, the equilibrium height approximates 165mm.
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Experimental Parameters | Values

Hopper body rest length(m) | 0.13

Body mass(kg) 2.362
Foot mass(kg) 0.497
Ground stiffness(N/m) > 10°
Leg stiffness(N/m) 2319
Ground damping(N*s/m) 0
Leg damping(N/m) 2.83
Pre-compression(mm) 2.5

Table 5.2: Parameters of equilibrium height experiment.
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Figure 5-3: Trajectory of hopper body and foot in equilibrium height experiment.
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5.3 1D Hopping Energy Consumption

This section presents the simulation findings that demonstrate the optimization of
energy expenditure through the use of a leg with tunable stiffness while maintaining
identical hopping heights across different ground stiffnesses. The parameters utilized
in the simulation are outlined in Table 5.3. The previous model computes the tendon
compression necessary to attain the Equilibrium (EQL) height, which is a relative
height above the initial body height.

Two distinct data sets were simulated. Figure 5-4a presents a scenario where the
damping coefficients of the ground and leg are 10 and 5, respectively. Conversely,
Figure 5-4b illustrates a different situation, where the damping coefficients of the
ground and leg are 2 and 5, respectively. The two figures present contrasting out-
comes. They suggest that when the leg is less damped than the ground, a softer
leg on softer ground dissipates less energy compared to a harder leg. In contrast, a
harder leg consumes less energy compared to a softer leg on harder ground. However,
when the ground damping coefficient is smaller than that of the leg, a harder leg

consistently proves to be more energy-efficient.

Simulation Parameters Values
Relative hopping height(m) 0.02
Body mass(kg) 1.5
Foot mass(kg) 0.25
Ground stiffness(N/m) 2000, 5000, 10000
Leg stiffness(N/m) 2000 to 10000

Table 5.3: Parameters of damping energy loss simulation.
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Figure 5-4: Results of the damping energy loss simulation. (a) Damping loss when
ground damping coefficient d, = 10, leg damping coeflicient d; = 5. (b) Damping loss
when ground damping coefficient d, = 2, leg damping coefficient d; = 5.

In an effort to validate our initial findings, a series of experiments were conducted
wherein the real-time power output of the U8 motor was monitored to estimate the
total energy expenditure. To mitigate any influence of gravitational energy on the
results, the hopper was set to release at a height of 40mm above the ground, and it
was observed(by Tracker) to maintain an equilibrium height of 20mm after several
hops. The pre-compression length was adjusted to ensure this balance was achieved
when the hopper leg altered its stiffness or the ground material was switched.

Data collection commenced when the Inertial Measurement Unit (IMU) sensor
detected free-falling, and it terminated when the number of impacts met the pre-set
limit. As illustrated in Figure 5-5a, the initial phase of hopping (0-0.6s) showed some
instability, with significant torque and power output spikes that could potentially skew
the results. To circumvent this, data was collected only after three hops, recording
both the energy expenditure and total time. This modified approach yielded a more

consistent waveform, as depicted in Figure 5-5b.

56



—— body position(mm) —— body position(mm)

body and leg position ove . [ég position(mm) body and leg position ove €9 position(mm)
180 150
160 135
140 120
~ E 105
E 120 H
E z
2100 2%
kS x
. 75
0 60
40 45
30
00 06 12 18 24 30 36 42 48 00 04 08 12 16 20 24 28 32 36
Time(s) Time(s)

U8 motor feedback parameters U8 motor feedback parameters

3@ 50

°

3

T o °
$

2 -s0 -50

0.0 04 08 1.2 1

N TN NNV
V‘ lvwl | lyl lUl [ ||[| | Ul

0.0 04 08 1.2 16 2.0 2.4 2.8 32 3.6

-

Torque(Nm)
o

_ 25
3
8
$o 0.0
$
? -5 25
00 04 08 12 16 20 24 28 32 36
time(s)
Energy Cost During 20 hops: 82.387 ) Energy Cost During 20 hops: 38.809 )
<2 3!
z §
g g
So 30
00 06 12 18 24 30 36 42 48 00 04 08 216 2 24 28 32 3
s 25 s
3 S
s
8200 | £
s AWML A AL g2
175 L Lia LaaL Lad Loalm L
0006 12 18 24 30 36 42 a4 00 04 08 12 16 20 24 28 32 3
50 _
B 220
£ s £
2 2
[ 0
00 06 12 18 24 30 36 42 48 00 04 08 12 16 20 24 28 32 36
time(s) time(s)

(a) (b)

Figure 5-5: (a) Example data with unstable hops at the beginning. (b) Example data
after the hopper approach the equilibrium state.

The collected experimental data is detailed in Table 5.4. Only two leg stiffnesses
were tested, with a 'soft’ leg indicating zero air chamber compression and leg stiffness
of 2319 N/m, while a hard’ leg refers to the air chamber at its maximum compression
with a leg stiffness of 3295 N/m. The specific materials utilized can be referenced in

Table 4.1.
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Table 5.4: Hopper ground test data

Leg stiff- | Ground Pre- Energy Hopping | Average | Standard
ness stiffness compress- | consump- | time (s) energy Devi-
ion (mm) | tion(J) per sec- | ation
ond (Watt)
(Watt)
40.165 3.518
Soft Hard 34 40.746 3.499 11.376 0.267
38.809 3.492
44.471 3.679
Soft Medium | 37 46.653 3.512 12.747 0.607
45.970 3.572
74.779 4.153
Soft Soft 56 68.753 3.980 17.647 0.366
70.548 3.995
29.162 3.672
Hard Hard 29 27.723 3.504 8.040 0.197
27.735 3.355
33.638 3.832
Hard Medium | 33 33.720 3.622 9.026 0.268
32.909 3.661
68.419 4.097
Hard Soft 23 66.701 4.108 16.364 0.293
65.064 4.027

The results from the experiment demonstrate that a harder leg is more energy-

efficient on both hard and soft ground, which aligns with the simulation trend shown

in Figure 5-4b. A quantitative analysis reveals a remarkable enhancement in the
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energy efficiency of the hopper with increased leg stiffness. Specifically, there is a
substantial reduction in energy expenditure by 29.3% on hard ground and 29.2% on
medium stiffness ground. Meanwhile, on soft ground, the energy savings are found to
be 7.3%. These outcomes substantiate the significance of leg stiffness in optimizing
the hopper’s energy utilization across different terrains. Specifically, when the leg
exhibits more damping than the ground, a stiffer leg dissipates less energy compared
to a softer leg.

However, due to the limitations of the current experimental apparatus, there is an
ongoing search for more significantly damped materials possessing a larger damping
coefficient than the pneumatic bellow leg. Future work will involve conducting further
experiments to ascertain whether the proposed efficient locomotion strategy can be

empirically confirmed.
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Chapter 6

Conclusion

6.1 Summary

The principal objective of this thesis was to design, model, and test a hopping robot
equipped with a tunable-stiffness leg. In pursuit of this goal, we constructed mod-
els for the pneumatic bellows actuator, the hopper leg, and the hopping dynamics.
This work also entailed designing the mechanical structure for the hopper, in ad-
dition to developing the necessary hardware and software systems for sensing and
controlling the actuation. In order to validate our theoretical understanding, a set
of experiments were meticulously planned and executed. The results elucidated the
relationship between the energy expenditure in hopping and leg stiffness, demonstrat-
ing an alignment with our simulation findings. The result supports that within a land

that is less damped than the leg, a harder leg will always be more energy efficient.

6.2 Future Work

The current work presents multiple prospects for further exploration and refinement.
A key focus is to investigate the relationship between energy efficiency and leg stiffness

under varying ground conditions. Our simulations suggest the need for experiments
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on the ground with greater damping properties, potentially in the form of granular
materials. Alternatively, constructing a ground emulator, powered by a motor to
simulate ground movement during hopping, might serve as a promising solution.
Moreover, several aspects of the current system can be improved, such as en-
hancing airtightness, expanding the stiffness range, and refining the motor controller.
Given the verification of the energy efficiency theory, we plan to integrate additional
sensors on the hopper to actively monitor ground conditions. Control of the hopping
robot will also be an interesting topic, promoting the development of a more advanced

controller for this monopedal robot system.

6.3 Lessons Learned

Finishing my Master’s thesis is like wrapping up a two-year-long adventure, but it’s
just the start of my bigger journey in the world of research. Over the last year, I've
been deep into research and really understood what it’s all about. In essence, I have
come to perceive research as a continual cycle of identifying problems and crafting
solutions. This journey has been dealing with challenges from diverse fields, including
mathematics, mechanics, electronics, and software, each of which I am proud to have
overcome.

One of the most invaluable lessons I have gained from this experience is problem-
solving and critical thinking. I have become proficient in the art of dissecting complex
issues, learning to systematically delve into background knowledge, propose potential
solutions, and validate these hypotheses.

Furthermore, I have learned the significance of collaboration and teamwork in
research. Being a team leader teaches me the responsibility of leading by example
and the task of leveraging each member’s unique capabilities to attain our collective
goals.

Finally, the passion for exploration, creation, and truth-seeking, is the fuel that

drives research. It forms the bedrock of any successful research endeavor.
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Now, as I stand at the threshold of a new chapter in my academic journey, I am
excited and prepared to use the knowledge and skills I have acquired to achieve the

next milestone!
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