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SUMMARY

Terrestrial mobile robotics are crucial to a range of missions including planetary ex-

ploration, search and rescue, logistics, and national security. Many of these missions re-

quire the robot to operate on a broad variety of terrain. Physical adaptation can enable a

robot to intelligently interact with the environment to benefit from efficient and versatile

performance. We describe a new approach to physical adaptation through manipulation.

Specifically, this work investigates how manipulators can be used to change the vehicle’s

locomotive capabilities or increase vehicle traction. This work presents “swappable propul-

sors/anchors”, which can be easily attached/detached to adapt the vehicle by exploiting ge-

ometric features and permanent magnets. A new robot system that uses its manipulator to

swap between propulsors/anchors is created. This work experimentally demonstrates and

quantifies how this manipulation-driven adaptation method provides a unique combination

of energy efficiency and versatility in performance. We describe the design of swappable

propulsors/anchors, analyze how to manipulate them and describe how they can be used to

improve performance in mobility and payload transport across various surfaces.
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CHAPTER 1

INTRODUCTION

1.1 Overview

Mobile robotics can assist in a variety of important missions including search and res-

cue, planetary exploration, logistics, and environmental monitoring by maneuvering around

small entrances, transporting large payloads, and removing personnel from potential risks [1,

2, 3]. However, such missions often involve interacting with diverse and unpaved terrain.

Such terrain can feature substantial variations in height, grade, and friction. These varying

conditions can cause performance to degrade and can even result in catastrophic failure.

This article proposes a new manipulation-driven adaptation approach for enhancing

mobile robot efficiency and versatility on various surfaces. Specifically, we explore how

robots can utilize multi-purpose, vehicle-mounted manipulators to modify their method of

movement or ability to resist movement for different terrain. We liken this approach to how

humans change shoes for different types of terrain. The ability to change shoes enables a

broad range of locomotion capabilities. This can enable motion over varying terrain (run-

ning shoes and cleats), different modes of locomotion (shoes and roller skates), and even

locomotion in fluids (shoes and flippers). To ensure generality, we refer to features that pro-

pel the vehicle as “propulsors.” Propulsors can include wheels, legs, propellers, whegs [4],

or tracks. We refer to features that increase the overall effective coefficient of friction of

the system as “anchors.” Anchors can increase vehicle traction to allow the pulling of pay-

loads far greater than the robot mass. The use of manipulation enables the swapping of

propulsors/anchors on different surfaces. This concept of “swappable propulsors/anchors”

enables a broad range of adaptations while taking advantage of specialized tooling for var-

ious applications. The proposed solution of this work is outlined in Figure 1.1.
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(a) (b)

(c) (d)

Figure 1.1: Variations in terrain require mobile robots to physically adapt in order to op-
timize performance. (a) Wheels are used on flat grounds to enable efficient locomotion.
(b) Legs can be used to overcome obstacles. (c) Vehicle-mounted manipulators can enable
physical adaptation. (d) A sand propulsor can be devised to physically adapt wheels to
prevent slippage.

In this work, we identify key functional requirements to enable simple, yet robust

manipulation-based adaptations. Then with these requirements, we present a design frame-

work that can be fashioned to enable adaptive mobility and enhanced payload transport

across various surfaces. A unique prototype robot is designed and fabricated to experimen-

tally validate the efficacy of the design. The design, analysis, and experimental evaluation

demonstrate that the adaptation method improves energy efficiency and increases the ver-

satility of the system.

This work provides the following key research contributions: 1) developing a new

manipulation-based methodology for physical adaptation, 2) creating a permanent-magnet-

based mechanical design for swappable propulsors/anchors, 3) experimentally demonstrat-

ing that swapping propulsors enable energy efficient and versatile mobility across various

surfaces, and 4) experimentally validating that swapping anchors on different surfaces en-

3



able transportation of loads far greater than the robot mass through the increased effective

coefficient of friction.
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CHAPTER 2

BACKGROUND AND SIGNIFICANCE

2.1 Terrestrial Mobility

This section outlines some of the current state-of-the-art solutions for terrestrial mobility

across various terrain. This article categorizes these solutions into three different cate-

gories: static, passive-adaptive, and active-adaptive methods.

2.1.1 Static Methods

The mobile robotics community has produced a plethora of innovative designs for terres-

trial locomotion. Currently, many methods rely on static designs that are optimized for spe-

cific terrain. Static methods consist of mechanical systems that perform well on a range of

surfaces and do not modulate their physical form. Some examples are shown in Figure 2.1.

Wheeled robots are common examples of static methods. On relatively flat grounds, wheels

maintain continuous contact with the terrain. As a result, wheels are able to travel faster

and more efficiently than most legged robots [5]. Wheels are simple and robust in design

but are easily obstructed by obstacles greater in height than the radius of the wheel.

Tracks, much like wheels, are also another form of static methods. Specifically, tracks

have a much larger surface area of contact than wheels and as a result, they have high

traction and exert a much lower pressure on the ground. This feature allows tracks to be

an optimal choice on soft, low friction, and uneven ground such as mud, ice, or snow [6,

7]. Although high traction enables versatile locomotion for tracks, it also comes with the

drawback of low speed and has the potential to damage paved surfaces.

Whegs or rimless wheels are the practical middle ground between legs and wheels [4].

They combine the simplicity of wheels with discrete contact interactions provided by feet [8].
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This morphology allows whegs to change contacts from step to step and traverse varied ter-

rain that cannot be negotiated by wheels of the same radius. However, without articulation

in the limbs, whegs inevitably lack critical versatility for contact reconfigurability and are

vulnerable to particular substrates such as slatted surfaces or tangled obstacles [9].

Overall, static methods perform well on a range of surfaces but suffer from sub-optimal

performance when used in environments that are different from their intended design. As

a result, certain terrain can degrade performance or cause complete failure.

(a) (b) (c)

Figure 2.1: Static methods are mechanical systems that perform well on a range of surfaces
but do not modulate their physical form. (a) Wheels, (b) tracks, and (c) whegs.

2.1.2 Passive-Adaptive Methods

This problem has led to the growth of adaptive robots. Passive-adaptive systems can ad-

just their properties without centralized sensing or control. Currently existing solutions are

shown in Figure 2.2 and Figure 2.3. This provides increased versatility with relatively low

additional complexity. Wheels that can passively alter their radius have been developed for

improved versatility [10, 11]. These designs employ a passive mechanism that is triggered

by external disturbances from the environment. These methods allow energy-efficient loco-

motion without any energy input. However, the passive nature of these systems also leads

to some drawbacks. First, since adaptation is not controlled, adaptation may occur even

when such changes are not desired. Additionally, passive-adaptive systems rely on engi-

neered mechanisms for achieving adaptive behaviors. This can result in additional mass
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and mechanical complexity.

Figure 2.2: Wheel-leg transformers are activated by external triggers such as friction.

Microspines or spring-loaded spines are effective passive-adaptive solutions that can

enable mobility on extreme environments such as vertical surfaces through increased trac-

tion [12]. These devices perch onto asperities on rough surfaces by distributing the load

across numerous millimeter scale spines [13, 14]. The biggest drawback of these designs

is that the tips of the spines deteriorate overuse and must be polished or replaced.

(a) (b)

Figure 2.3: Microspines are effective passive-adaptive solutions that can enable mobility in
extreme environments through increased traction. (a) Spinybot II, (b) LEMUR-3.
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2.1.3 Active-Adaptive Methods

Active-adaptive methods can provide controlled adaptation. They use energy and actu-

ation to modify their mode of locomotion. Active-adaptive approaches offer increased

control. Examples of active-adaptive methods include wheels that can change diameter,

deploy spikes [15], or articulate their suspensions, as shown in Figure 2.4. Some designs

use controlled deployment of modes based on terrain or even re-positioning of mechanical

components to access multi-modal locomotion. Other active-adaptive designs can actively

lengthen their spokes to overcome obstacles [16]. One particularly interesting approach

is to transition between wheels and legs. Several methods have shown this capability [17,

18]. These are shown in Figure 2.5.

(a) (b)

Figure 2.4: Diameter variable wheels are great examples of active-adaptive methods that
use actuation and controls.

Another good example of active-adaptive methods is legs. Legs offer main advantages

in applications that require the use of intermittent contacts and the ability to shift the cen-

ter of mass relative to the contact locations [19]. These advantages chiefly manifest in

situations that require both an ability to transverse and manipulate geometrically complex

environments through discrete articulation of limbs [20]. In comparison to wheels, legged

locomotion offers the most flexibility, versatility, and dexterity in traversing the most dif-

ficult terrain [21]. However, in a linear, flat environment, legs are much slower, far less
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(a) (b)

Figure 2.5: Many transformers that can transition between wheels, legs, or tracks have been
developed.

energy efficient, and have limited payload capacity [22].

Active-adaptive designs hold great promise. However, active-adaptive designs feature

substantial electrical and mechanical complexity. This includes sensors, actuators, wiring,

and electronics. Additionally, incorporating new adaptations can quickly lead to excessive

size or weight.

2.2 Payload Transport

Mobile robots can transport large payloads in various environments to improve search and

rescue missions and planetary exploration. Outdoor, unstructured, or extra-planet environ-

ments often feature diverse terrain with a range of hardness, texture, and wetness. Different

surfaces often require unique traction methods. For example, gecko-adhesives perform well

on smooth clean surfaces [23] while microspines thrive on hard rough surfaces [13]. In en-

vironments with diverse conditions, payload-transport robots must be able to autonomously

optimize traction across diverse conditions.

Currently, many innovative solutions exist that increase vehicle traction for payload

transport on different types of surfaces. On flat, smooth surfaces, adhesive pads have shown

to enable adhesion for mobility and payload transport [24]. Similarly, gecko-inspired ad-

hesives on microbots have demonstrated the ability to pull loads at human scale forces [23,
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25]. The overall application of adhesives has been focused on small, microbots and their

size entails limited mobility, restricting them to unobstructed, flat, and smooth environ-

ments.

On hard, rough surfaces, various solutions have been introduced in the field. Rovers

with high-speed vacuum suction modules have been presented to provide high load-carrying

capacity [26], but at the cost of significant noise and reduced speed. Legged robots have

also been shown to pull heavy payloads on paved asphalt [21], but they require actuation

and power to fully engage traction with the given terrain. Microspines are alternate solu-

tions that offer high friction on rough surfaces with asperities. These works demonstrate

the benefit of multiple microspines for load sharing and scaling steep, vertical surfaces with

high shear forces and little, or even negative, normal forces [12, 13, 27, 28, 29, 30]. Mi-

crospines have also been used in applications for gripping and anchoring to increase the

overall payload capacity of the system by providing counter-reactionary forces in multiple

directions [31, 32]. In particular, leg spines have been shown to improve the performance

of millirobots during jumping and pulling on mostly flat or inclined surfaces [33, 34]. Mi-

crospines have also been implemented in aerial vehicles to enable perching capabilities for

landing and pulling payloads [35, 36]. Other applications include embedded toes to re-

duce the risk of slip [14]. While microspines have proven to be very effective on rugged

terrains with asperities, they also limit the mobility and speed of the system due to their

highly adhesive and frictional properties. These robots are designed to perform in extreme

environments, and as a result, adaptations to various environments are not preferred.

On soft, granular surfaces, tail-based anchoring robots have been developed to pull

heavy payloads by exploiting winch tension and plowing[37]. Mud is also known as a

common failure mode for wheeled vehicles, and the literature currently has no clearly op-

timal solution for traction in mud.

While optimal solutions exist for a range of terrain, such optimal solutions can fail

dramatically when used on different terrain. Therefore, there is a need for multi-purpose or
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adaptive systems. A recent publication demonstrated a microspine-rubber composite that

could be used for multipurpose traction on both smooth and rough surfaces that can support

large loads with a high coefficient of friction [38]. In contrast, adaptive solutions can be

more complex but offer the potential to provide traction across a larger range of terrain.

2.3 Approach

This work aims to combine the simplicity and robustness of static methods with the control-

lable versatility of active-adaptive methods. Specifically, this work presents an adaptation

solution that utilizes a vehicle-mounted manipulator to physically swap various propul-

sors/anchors across different surfaces to enhance performance. The remainder of the paper

starts by outlining the functional requirements for this new physical adaptation framework.

The work then describes the various designs of swappable propulsors which utilize direc-

tional magnetic forces for strong attachment and low-force detachment. Finally, a new

prototype robot is designed, implemented, and experimentally validated. The experimental

results illustrate how such methods can combine both energy efficiency and versatility.
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CHAPTER 3

MANIPULATION FOR EFFICIENT AND VERSATILE MOBILITY

3.1 Overall Swappable Propulsor Framework

3.1.1 Functional Requirements

This section outlines general functional requirements that are necessary to achieve the pro-

posed swappable propulsor framework. These requirements are intended to be broadly

applicable. Specifically, the propulsor must be able to handle locomotion forces, must be

detachable, and must not consume energy when attached. The idea of swappable propul-

sors can be extended to many types of locomotion, and a few conceptual designs are shown

in Figure 3.1. This figure illustrates how propulsors can be designed to traverse flat ground

(a), complex terrain (b), soft media (c), or even aquatic environments (d). The presented

framework assumes that a mobile robot can store and carry multiple sets of swappable

propulsors, each associated with a specific terrain. These propulsors must satisfy certain

requirements.

1. High holding force when engaged: During use, the propulsor must remain attached

to the robot in the face of the locomotion forces. This can be challenging because

the propulsors interact directly with the terrain and can bear a large fraction of the

robot’s weight.

2. Low-force detachment using manipulation: For the propulsors to be swappable,

they must be detachable using a vehicle-mounted manipulator. Vehicle-mounted ma-

nipulators have force/weight limitations, so the detachment force should be at least

five times less than the minimum holding force.

3. Zero power consumption under static conditions: A key potential advantage of
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swappable propulsors is improved energy efficiency. Therefore, swappable propulsor

designs should not consume power when engaged or disengaged.

Figure 3.1: a) Swappable wheel propulsor; b) swappable leg propulsor; c) swappable sand
propulsor; d) swappable fin propulsor. This figure illustrates the framework of the swap-
pable propulsor. A range of swappable propulsors (red) can be attached to a single housing
(black).

3.1.2 Permanent Magnets for Swappable Propulsors

There were no existing methods that satisfied the aforementioned functional requirements.

As a result, this work developed a new mounting design for swappable propulsors. This de-

sign leverages permanent magnets and mechanical advantage. Permanent magnets enable

large attachment forces with low added mass and zero static power consumption. However,
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permanent magnets cannot easily be turned on or off. Electromagnets constantly consume

power, and electro-permanent magnets require additional coils and electronics [39]. Sim-

ilarly, internally balanced magnets can have reduced detachment force but would require

internal springs and mechanisms for each unit [40].

A simpler solution is to use the manipulator to overcome the magnetic attachment force.

If the manipulator is used to pull the propulsor perpendicular to the ferromagnetic sur-

face (y-direction), Figure 3.2 demonstrates that the detachment force FB would have to be

greater than or equal to the magnetic force Fmag. This method would require a powerful

manipulator that would add considerable mass and complexity to the robot.

Figure 3.2: Static analysis of the permanent magnet detachment process. Tilting the propul-
sor can involve less force than pulling against the surface. Once tilted, the propulsor can be
easily removed.

Instead of trying to overcome the full magnetic attachment force, the implemented de-

sign exploits geometric features. This principle has been used previously for robots moving

along steel surfaces [41]. Consider a swappable leg propulsor that has an extrusion with

an angled edge so that it can rotate about point A (as shown in Figure 3.2). In this case, r

is the distance from the center of the magnet to the angled edge, and the resulting moment

created by the magnetic force about point A is Fmagr.

If a force FC is applied at the tip of the propulsor (point C) in the positive y-direction,

it will produce a moment FCh about point A. If this moment is greater than Fmagr, the
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propulsor will begin to tilt.

FC >
r

h
Fmag (3.1)

As the ratio of h to r becomes larger, the necessary tilting force decreases. In addition,

once tilting is initiated, the magnetic attachment force decreases due to the presence of

an air gap. The magnet can then be easily detached with a detachment force FD in the y

direction. This approach requires a multi-degree-of-freedom (DoF) manipulator, but can

greatly reduce the force/torque requirements.

3.1.3 Mechanically Constraining Steel Surface Mounts

The propulsors see considerable loads during locomotion. They must be able to withstand

these loads without detaching or displacing them in an undesired manner. In order to

maximize attachment, the design incorporates mating features to augment the magnetic

attractive force.

The propulsors are constrained to the robot by steel surface mounts and mechanical

frames. The mount consists of a T-slot opening and a surrounding frame. The swappable

propulsor has a matching T-slot fitting. The T-slot is used to provide room for attachment

and detachment. The T-slot has an angled opening that enables easy attachment and de-

tachment. The framing restricts the magnet-embedded propulsor in every direction except

the −z direction (as shown in Figure 3.3). This design is modifiable and is well aligned

with ground locomotion where the ground reaction forces would be in the +z direction.

The attachment process, shown in Figure 3.3, consists of placing the swappable propul-

sor at the T-slot opening with the T-slot fitting aligned with the opening. If the manipulator

approaches the T-slot opening within the magnetic attraction force threshold, the embedded

magnet will attach itself. Once attached, the propulsor is pushed across the steel surface to

the end of the T-slot framing to be constrained.

For detachment, two sequential linear motions are combined. The first motion consists
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of a linear drag in the negative z-direction (illustrated in Figure 3.3). The second motion

consists of a tilt, followed by a linear pull in the positive y-direction. Once detached,

Figure 3.3: Attaching the propulsor requires a two-step motion: 1) the magnet-embedded
propulsor attaches to the steel mount once it is brought in proximity; 2) a sliding motion
to constrain the T-slot. Detaching the propulsor requires a two-step motion: 1) a sliding
motion is required to release the magnet-embedded propulsor from constraint; 2) a lifting
motion is required to detach the propulsor.
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the propulsors can be stored in the mobile robot. Both the attachment and detachment

procedures can be executed using a position-controlled manipulator.

3.2 Vehicle-Mounted Manipulator

Currently, many ground robots carry manipulators to help interact with the environment,

deploy sensors, or collect samples. This work is interested in using such multi-DoF manip-

ulators to also attach and detach the swappable propulsors. Specifically, this work considers

a 6-DoF serial manipulator with a parallel gripper. The six degrees of freedom were chosen

so that the manipulator can reach objects both close and far. Two wrist joints were added so

that the feature of the T-slot framing could be properly utilized. The robot arm is illustrated

in Figure 3.4.

The arm dimensions are chosen so that the manipulator has the desired workspace.

Specifically, the gripper must be able to access both sides of the robot and the storage

compartment.

Once the arm dimensions are known (dependent on vehicle size), static analysis can be

used to obtain conservative estimates for joint torques during attachment/detachment. Since

the manipulator moves relatively slowly during this process, this work assumes that this

process is quasi-static. This work primarily focuses on detachment and assumes the forces

during attachment are roughly similar. During detachment, the robot arm must impose

sufficient forces to first slide the propulsor out of the T-slot, tilt it, and finally pull it off

the surface. These force values are typically measured experimentally. The results of this

analysis can be used in an approximate manner to a) design the magnetic features based

on a known manipulator, or b) select actuators for the manipulator based on the known

magnetic and geometric properties. Note, once actuators are identified, the analysis needs

to be repeated to account for the gravitational torques caused by the mass of each motor.
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Figure 3.4: A rendering showing the manipulator location, coordinate systems, and detach-
ment force directions relative to the robot.

3.3 Using Adaptation to Improve Performance

When switching between wheels and legs there are two key ways in which adaptation can

improve performance. These are 1) energy efficiency, and 2) versatility. Energy efficiency

is generally improved if the robot is able to travel using wheels whenever the terrain is

traversable. However, if obstacles are present, this creates interesting questions. Often

the vehicle can go around the obstacle, but this may take time and waste energy as a result.

Therefore, switching to legs may save energy by enabling the robot to take shortcuts. This is

only compelling if the energy it takes to swap the propulsors is less than the wasted energy

from taking the new path. This work utilizes easily attachable/detachable propulsors and

should not require considerable energy. Eswap represents the amount of energy used in the

swapping process. The swapping energy is the time integral of the arm electrical power,
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parm, and the robot hotel load, photel.

Eswap =

∫
(parm (t) + photel (t)) dt (3.2)

This work assumes that Eswap is the same for leg attachment and detachment. For swapping

to be energetically valuable, Eswap must be less than the difference between the predicted

energy with the present configuration and the predicted energy with the adapted configura-

tion.

Eswap <

tpresent∫
0

ppresent (t) dt−
tadapted∫
0

padapted (t) dt (3.3)

Note that the time in each mode can be different. This is used to account for the fact that

the speed of locomotion is different between modes. More importantly, the path can also

vary. For wheels and legs, this trade-off can be thought of as “around the obstacle” or “over

the obstacle.” Going around using wheels will have low average power consumption, but

going over the obstacle with legs may use less total energy.

Switching from wheels to legs can also enable versatility. This is particularly relevant in

the presence of obstacles. Wheeled robots have fundamental limits on the size of obstacles

they can traverse. Legged robots can often traverse larger obstacles. In some cases, these

obstacles may be so prevalent that sustained-legged locomotion is desirable. Other types

of swappable propulsors may enable locomotion over insurmountable barriers like steep

grades, soft ground, or even water. This versatility not only enables the robot to perform

in new environments but also when perception degrades. For example, in cases where

obstacle detection is challenging such as rain or night-time, the legged mode could be used

due to its superior robustness to terrain.
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3.4 Physical Implementation

This section describes the physical implementation of this new approach to adaptive ground

mobility. The prototype described in this work is designed to switch between wheels and

legs. Each key component is described in detail.

3.4.1 Vehicle Chassis Design

This work utilizes a wheeled vehicle that is capable of either four-wheel drive or six-legged

rHex-like locomotion [8]. The vehicle is a relatively flat box with six rotary actuators for

locomotion. The wheels are driven by 50 : 1 metal geared 12V DC motors. The wheels

are 105mm wide. Rubber tires are used on the four wheels. The vehicle frame is made of

Polylite PLA and was fabricated using a Lulzbot TAZ 6 FDM style printer. The vehicle

prototype is 465mm long, 320.8mm wide, and 204.8mm tall. The vehicle chassis is shown

in Figure 3.5. This vehicle is substantially bigger, stronger, and more reliable than the

previous prototype.

Figure 3.5: a) Wheel mode; b) leg mode. The swappable propulsor prototype has two
different modes of locomotion.
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3.4.2 Swappable Leg-Wheel Propulsor

The design of the robot is centered around wheeled locomotion. However, the system is

designed for easy conversion to legged locomotion. The wheel circumference is covered

with a rubber tire, but the interior of the wheel contains the T-slot features described in

Section 2. A leg can be added by first servoing the wheel so that the T-slot faces upwards.

The leg can then be inserted. The other two motors located in the middle have the T-slot

mount but do not have the rubber tire.

The wheels with tires have a diameter of 105mm, and the legs are based on whegs [8]

with a diameter of 100mm. The T-slots are fabricated using FDM printing. The T-slot

mount can withstand up to 56N . The T-slot opening is covered with a layer of 0.635mm

thick 430 stainless steel.

Each magnet is rated for a pull force of 5.4N . If the manipulator were to detach the

propulsor normal to the surface, it would need to exert 9.5N of force. The force needed to

tilt the propulsor is roughly 0.2N . Once tilted, the detachment force is greatly reduced and

is roughly 0.2N . It takes roughly 1.8N to slide the propulsor on the surface. These forces

are measured experimentally.

This means that the robot design can traverse hard terrain using legs because this can

lead to primarily high compressive forces (push against the T-slot housing). Traversing

softer terrain with legs is more challenging. Terrain that grabs the legs such as leaves or

mud can impose tensile (pulling forces). Since these are only resisted by sliding, only 1.8N

can be tolerated at each foot.

3.4.3 Manipulator Actuator Selection

The force measurements obtained above can be used to acquire rough estimates of the actu-

ator joint torques, τJ needed for each joint. These estimates can then be used to determine

appropriate manipulator actuators. Since the arm actuators are unknown, the arm is as-

sumed to have massless links. The mass of the swappable propulsor is neglected because
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it is very small. The measured attachment and detachment forces are combined with the

end-effector configuration to predict the necessary joint torques. Note that these torque

estimates are low, so actuators need to be sized with a substantial torque margin. These

torques are provided in Equation 3.4 with units in Nm.

τJ ∼
[
0.084 0.748 0.622 0.426 0.016 0.019

]T
(3.4)

3.4.4 Mobile Manipulator

The maximum torques calculated in Equation 3.4 were used to design the manipulator.

Based on the analysis, joints 1, 5, and 6 have relatively low torques. Therefore, these joints

were assigned smaller actuators. This helps reduce the size and mass of the manipulator.

The manipulator is comprised of three Dynamixel MX-106 servos, two Dynamixel MX-28

servos, and two Dynamixel AX-12A servos. A parallel-jaw gripper driven with an AX-12A

servo was designed. The gripper is 3D printed and is rated for a holding force of 4.91N .

The manipulator is located at the rear of the robot. The manipulator can be used for

other purposes beyond swapping propulsors. This can include sampling the environment,

manipulating objects, and utilizing sensors. The maximum payload of the manipulator is

400g. This arm is substantially stronger than the previous prototype in [42].

3.4.5 Modes of Locomotion

The robot utilizes six Pololu metal geared 12V DC Motors. The motors have a 50 : 1

reduction and are capable of 2.1Nm extrapolated stall torque and 200RPM maximum

speed. Each motor has a 64CPR encoder. Each motor is controlled with a brushed DC

motor controller board.

Wheel Mode: The wheeled mode of locomotion only uses four of the six motors. The

four wheels are regulated using proportional speed control.

Leg Mode: The leg mode uses all six of the motors coordinated together. A tripod gait
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pattern was implemented by using the phase shift gait trajectories in [8, 43]. The position

and velocity profiles of the gait pattern were generated and given as inputs for the robot.

The trajectories of the legs were tracked with PID position control.

3.4.6 Electronics and Computing

The entire robot system (vehicle and manipulator) is controlled using an Arduino MEGA

2560 microcontroller and an OpenCM9.04 microcontroller expansion board (shown in Fig-

ure 3.6). The robot is powered by an 11.1V, 5000 mAh lithium-ion battery. Each locomo-

tion motor is controlled using a motor control board. This board takes in the encoder and

hall-effect sensor data and uses a Texas Instruments DRV8871 motor driver to control the

motor. Control and communications are performed with an ATMega 328p microcontroller

located on each motor control board. The motor controllers communicate with the central

microcontroller using I2C. This enables position and velocity control over each of the six

motors.

System-level power was measured using an INA260 high-side DC current sensor break-

out board. Data was logged to an SD card using the Adafruit Data Logger Shield.

3.5 Experimental Results

3.5.1 Overview

A series of experiments were conducted to evaluate the performance of the robot system.

The main objective was to measure the energy consumption and cost of transport on various

terrain. Specifically, experiments were performed to evaluate the cost of transport (COT),

versatility, and energy consumption. For measuring power, the battery voltage, Vbattery, and

the battery current, Ibattery, were measured.

Pbattery = Vbattery × Ibattery (3.5)
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Figure 3.6: Annotated view of the internal components of the swappable propulsor proto-
type. 1) 11.1V Lithium Ion Battery; 2) custom-built I2C motor controller board; 3) storing
base for propulsors; 4) OpenCM 9.04 Expansion Board; 5) 9V battery; 6) Adafruit Data
Logger Shield; 7) Arduino MEGA 2560.

Cost of transport is the standard metric for comparing the energy consumption of mobile

systems [44]. COT represents the power needed to travel at a certain speed. In this work,

the input energy is electrical energy. The value is normalized using the mass, m, and the

gravitational acceleration, g. A lower COT means more efficient use of energy.

COT =
Pbattery

mg |v|
(3.6)

As a prerequisite, the experiments required the identification of accessible terrain with

large variations in friction, height, and grade. These were narrowed down to concrete,
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grass, gravel, and forest that were readily available on the Georgia Tech campus. During

the experiments, the robot operated on each terrain at maximum actuator speed over a fixed

amount of time. Terrain, presence of manipulator, and mode of locomotion were varied

in different combinations for each experiment. Each experiment had three trials and was

averaged. The experiments are illustrated in the accompanying video [45].

3.5.2 Initial Comparisons

To initially compare the two modes of locomotion, this work examined the performance of

wheels and legs on concrete. Experiments were performed by having the robot travel for

30s at maximum actuator speed (200RPM ) on concrete while measuring distance/speed

and power. The presence of the manipulator was varied as well. The results show that

wheels have a relatively low COT (0.52) and can overcome small barriers. However, they

cannot overcome larger obstacles that exceed the wheel diameter, such as a 127mm tall

curb. The power consumption and COT for the wheeled mode do not change substantially

when the manipulator is added. The results are summarized in Table 3.1 and shown in Fig-

ure 3.7. The legged performance had a substantially higher COT (3.4), mainly due to the

slower speed. However, the legged mode enabled traversal over the curb which caused

failure.

Table 3.1: Power Consumption Comparison for Adding Manipulator

Mode Power (W) Mass (kg) Velocity (m/s) COT

WHLa 21.52 4.8 0.883 0.517

WHL-Ab 21.88 5.8 0.883 0.435

LEGc 29.32 4.8 0.184 3.389

LEG-Ad 36.95 5.8 0.140 4.639
a WHL: Wheeled Locomotion.
b WHL-A: Wheeled Locomotion Manipulator Attached.
c LEG: Legged Locomotion.
d LEG-A: Legged Locomotion Manipulator Attached.

These basic results on concrete illustrate the overall advantages of the proposed method.
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Figure 3.7: Power consumption measurements on flat concrete surface over 20 meters. The
average power consumption for legged locomotion was 29.32 W. Average power consump-
tion for wheeled locomotion was 21.52 W.

The legged mode is more robust to terrain but suffers from low energy efficiency. One

approach would be to simply use the legs all the time. However, the energy benefits from

using wheels are substantial, especially if long distances are anticipated. In addition, the

presence of the manipulator on the vehicle does not substantially degrade the performance

of the wheels. Therefore, the ability to use the manipulator more than pays for itself in

terms of enabling energy efficiency.

3.5.3 Performance of Fully-Integrated System

Since the initial results validated the need for manipulation, further experiments were per-

formed with the arm attached to the robot. This work conducted similar experiments on

additional terrain including grass, gravel, and forest. These experiments exhibited similar

trends to concrete. Unlike the previous work [42], the wheeled robot did not immediately

fail on more complex terrain. This is due to the improved design; specifically, increased

ground clearance and more powerful motors. However, the wheeled robot did fail in the

presence of obstacles or on particularly challenging ground. The vehicle was unable to

move forward in the presence of multiple logs and tall grass in forest terrain. The wheel

mode had a slight degradation in COT on the other terrain. The wheels had a COT of 0.7
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on grass, 0.8 on gravel, and 0.76 on forest (before being obstructed by obstacles). The

results on traversable terrain are shown in Figure 3.8. The failure modes for the wheels are

illustrated in Figure 3.9.

Figure 3.8: Power consumption of the wheeled mode on different terrain, operating at
maximum speed.

Table 3.2: COT Comparison Table in Different Terrain

Mode Concrete Grass Gravel Forest

WHLa 0.435 0.693 0.779 ∞
LEGb 4.639 5.015 5.363 5.793

a WHL: Wheeled Locomotion.
b LEG: Legged Locomotion.
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Figure 3.9: a) Wheels failing due to curb. b) Wheels failing to traverse forest terrain due to
logs. c) Wheels getting stuck in tall grass.

The legged mode was examined on the same terrain, with a particular focus on the

environments that caused the wheeled mode to fail (curb, logs, tall grass/forest). Specifi-

cally, additional experiments were performed on obstacles to highlight the capability of the

robot and were performed until success was achieved. These results come in two forms:

steady-state over relatively uniform ground, and specific results over a particular barrier.
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The steady-state results are summarized in Table 3.2. Note how the COT is substantially

higher than the wheels. Simply put, the results show that wheels either provide excel-

lent energy efficiency or suffer from complete failure (no motion). Legs, on the other hand,

have reduced efficiency but can handle more diverse environments. Data from the leg mode

traversing each obstacle is shown in Figure 3.10. Photographic illustrations are also pro-

vided in Figure 3.11. The obstacle traversal data represents a clear extension of the team’s

past work in this area. The previous work did not examine obstacles in detail and did not

attempt obstacles as large as the ones observed in this study (the curb exceeds the diameter

of the wheel). While it is well known that a regular rHex robot can traverse such obstacles,

the presented system has some clear differences. First, the legs are attached only with mag-

nets, but the experiments showed that the attachment mechanism could handle the loads

from moving over obstacles. Second, the presented system cannot flip over like many other

rHex designs. This makes going over some obstacles more difficult. Lastly, the presence of

the arm means that the mass distribution is non-uniform. Nonetheless, the robot was able

to traverse obstacles that caused wheel failure.
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Figure 3.10: Electrical power data from the legged mode overcoming obstacles.

Figure 3.11: a) Legs overcoming the curb. b) Legs overcoming logs. c) Legs overcoming
tall grass.
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3.5.4 Manipulation for Physical Adaptation

The last step is to validate and quantify the actual physical adaptation. In this work, ma-

nipulation was achieved by replaying the hand-developed trajectories for each of the six

propulsor mounts. The manipulator joint trajectories and the propulsor mount angles are

stored onboard the robot microcontroller.

Closed-loop position control of the propulsor mounts is used to make sure they are

aligned correctly. Similarly, closed-loop control was performed on the angles of each of the

joints of the manipulator. The closed-loop control was performed by the servo-motors. This

methodology is vulnerable to errors such as poor grasping of the propulsor, or dropping of

the propulsor. These issues were not significant in this study, but need to be resolved for

actual field implementation.

For attaching the legs, the motion consists of the following steps:

1. Move to the desired storage location of the swappable propulsor.

2. Close gripper to grasp swappable propulsor.

3. Remove swappable propulsor by exploiting geometric features (tilting) and pulling.

4. Move to wheel mount and attach using magnetic forces.

5. Slide the propulsor to constrain in wheel mount.

Note that for a reliable swapping process, each wheel rotates to its known desired position

for optimal mounting and maintains its position. This process is repeated for each propul-

sor, with minor modifications for the attachment location. The steps for detaching the legs

are similar and are outlined below:

1. Move to desired wheel mount location.

2. Close gripper to grasp swappable propulsor.

31



3. Slide the propulsor to release from the wheel mount.

4. Tilt the propulsor and pull the propulsor away from the wheel mount with minimal

force.

5. Store propulsor in chassis.

The attachment trajectories are illustrated in Figure 3.12. These trajectories were de-

signed in Cartesian space using human inputs and the corresponding joint angles were

stored and used as commands to the manipulator joints. The figure shows the forward

displacement analysis predictions based on these joint angles.

The entire attachment process for all six propulsors takes 80s. The entire detachment

process for all six propulsors also takes 80s. Energy consumption during the swapping pro-

cess was also evaluated by measuring battery voltage and battery current usage. Three trials

were conducted for each process and the data sets were averaged. The power consumption

during attachment and detachment is shown in Figure 3.13. The power consumption dur-

ing attachment remains relatively flat. However, the spikes from detachment forces/torques

are shown clearly. The total attachment energy is 820J , and the total detachment energy

is 840J . For reference, the robot in wheeled mode could travel approximately 30m with

similar energy consumption. Switching from legs to wheel and then back to legs consumes

∼ 1660J or the equivalent of traveling 60m. Therefore if the obstacle-free path is substan-

tially more than 60m than the one with obstacles, it may save energy to switch to the legged

mode. The demonstration of the attachment and detachment process for all six propulsors

are illustrated in the accompanying video [45] and in Figure 3.14 and Figure 3.15. The

swappable propulsor was re-colored in post-processing to make it more visible in the fig-

ures.
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Figure 3.12: Illustrations of the manipulator’s attachment trajectories relative to the vehicle
body.

Figure 3.13: Power consumption during attachment (red) and detachment (blue).
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Figure 3.14: A photographic illustration of the swappable leg-wheel propulsor robot at-
taching a leg propulsor is shown. 1) Grasp the leg propulsor inside the chassis. 2) Detach
propulsor from storing base. 3) Attach the leg propulsor to the wheel. 4) Slide leg propul-
sor to constrain.

Figure 3.15: A photographic illustration of the swappable leg-wheel propulsor robot de-
taching a leg propulsor. 1) Grasp desired leg propulsor. 2) Slide leg propulsor. 3) Detach
the leg propulsor from the wheel. 4) Store leg propulsor inside the chassis.

3.6 Wheel-Wheg Hybrid Locomotion

The prototype previously shown demonstrated the transition between 4-wheeled locomo-

tion and 6-legged locomotion, which requires the swapping of 6 propulsors. However, this

process can be time-consuming and energy-intensive, particularly if an obstacle is minor

along the path. To make the approach more feasible, the number of propulsors requiring

replacement can be minimized by ensuring that the swappable propulsors complement the

currently installed propulsor on the robot. This strategy reduces the energy consumed dur-

ing manipulation. By choosing a reliable base propulsor, such as wheels or tracks, and

attaching/detaching only a pair of propulsors to surmount a specific obstacle on a particular

terrain, the overall energy efficiency and versatility of the system can both be significantly

increased. An example of this approach is shown in Figure 3.16.
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Figure 3.16: Physical prototype was reconfigured to enable more adaptations. Wheel
propulsor was chosen as the base propulsor with wheg propulsors as the complementary
propulsors. The storage space on the chassis enables another pair of swappable propulsors
to be carried around for a unique obstacle that cannot be traversed by the wheg propulsors.

The prototype was reconfigured for wheel-wheg hybrid locomotive capabilities in this

study. Wheel propulsors were selected as base propulsors, and a pair of swappable wheg

propulsors were installed on the middle pair of actuators which were initially used to enable

6-legged locomotion. This approach provides several advantages. Wheel propulsors pro-

vide energy-efficient locomotion across flat terrain while swappable wheg propulsors can

be actuated to overcome obstacles with a height greater than the wheel’s diameter. These

wheg propulsors can remain on the steel surface mounts and only need to be swapped with

a different swappable propulsor from its chassis when it encounters a unique obstacle that

the wheel-wheg hybrid locomotion cannot overcome. Overall, the average COT for this

configuration is equivalent to the 4-wheeled locomotion, and the energy needed to swap

propulsors reduces by a third of what it took to swap out 6 propulsors. The energy con-

sumed to swap out a pair of propulsors is shown in Figure 3.17. The total energy consumed
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during the process is approximately 1060J .

Figure 3.17: Power consumption during swapping of two pairs of swappable propulsors.

Figure 3.18: (a) Wheel-whegs overcome logs. (b) Wheel-whegs enable traversal through
tall grass/forest. (c) The robot fails to overcome the curb due to the mass of the manipulator.

The newly configured prototype was examined on the same terrain, with the same par-

ticular focus on the environments that caused the wheeled mode to fail (curb, logs, tall

grass/forest). The overall COT of the configuration had the same COT as the 4-wheeled

locomotion. The wheel-wheg hybrid locomotion was able to overcome the logs and the tall
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grass/forest terrain, much like the 6-legged locomotion. However, this configuration was

not able to overcome the curb. A photographic illustration is shown in Figure 3.18.

3.6.1 Climbing the Curb

Figure 3.19: Diagram of the robot climbing a curb.

The experiments demonstrated that the wheel-wheg prototype failed to overcome the

curb. At critical height, the mass of the manipulator creates a backward moment which

causes the robot to flip backward. This is illustrated in Figure 3.19. However, by re-

configuring the manipulator and shifting the center of mass of the arm, the robot can miti-

gate this failure, increasing the versatility of the system.

The following steps are necessary for the wheel-wheg mobile robot to traverse a curb:

1. The front end of the robot climbs onto the curb.
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2. The rear end of the robot climbs onto the curb with the propulsion of the whegs.

3. The robot lands on the ground without flipping.

Figure 3.20 shows a force diagram for the condition when the robot is stationary at the

time the front wheel starts to move up along the curb. NA and NB are normal forces applied

to the robot from the ground and the curb; FA and FB are the static friction experienced by

the wheels from the ground and the curb; and mrobot, R, d, and l are the mass of the robot,

the radius of the wheel, and the distance between the curb and the center of mass (COM)

and the rear wheel to the curb, respectively.

Figure 3.20: Force diagram when the robot stops at the time the front wheel starts to move
up along the curb.

Since the horizontal and vertical forces are balanced inFigure 3.20, FA = NB and NA+

FB = mrobotg (where g is the acceleration of gravity). Considering moment equilibrium

about the point of contact on the curb, NAl−mrobotgd−FAR = 0 holds. Rearranging and

substituting, the following can be found.
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NA =
mrobotgd+ FAR

l
(3.7)

FB = mg − mrobotgd+ FAR

l
(3.8)

The conditions for the robot to not slip on the ground and curb are FA < µANA and

FB < µBNB, respectively, where µA and µB are the coefficients of static friction of the

ground and the curb. Therefore, the larger value of d in Equation 3.7 and Equation 3.8

allows the conditions to be easily met. This means the backward-positioned COM can pre-

vent the wheels from slipping on the ground and the curb, thus providing large propulsion

needed to achieve Step 1. Since µA and µB depend on the surfaces of the terrain and the

curb, respectively, the conditions FA < µANA and FB < µBNB are variable according to

the environment. For the specific prototype used in this study, if the coefficient of friction

is insufficient to lift the robot, the wheg propulsor can be actuated to elevate the vehicle.

3.6.2 Shifting the Center of Mass for Obstacle Traversal

To analyze step 2 and enable climbing of the curb, the geometric boundary conditions

can be analyzed to find the optimal COM location. Figure 3.21 illustrates the instance in

which the robot is climbing the curb with height H , at a constant velocity, with the vehicle-

mounted manipulator extended forward. Fx1 and Fx2 are the friction forces applied to the

ground and the curb by the wheels and the whegs respectively. N1 and N2 represent the

normal forces applied to the robot. mvehicle and marm are the mass of the vehicle and the

manipulator. L, R and r are the length of the vehicle, and radii of the wheels and the whegs

respectively. θ and ϕ represent the angle of elevation of the vehicle and the angle of rotation

of the wheg respectively. a and b are the normal distances from the center of the wheg to

the COM of the vehicle and the arm respectively. x and z represent the COM location of

the arm which can be used to calculate the joint configurations of the manipulator.
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Figure 3.21: Diagram of the robot with an extended manipulator configuration climbing a
curb. The robot can shift the center of mass by changing the arm configuration.

By analyzing the moment about the point in which the wheg makes contact with the

curb, the boundary condition that produces the maximum clockwise moment for climbing

can be found. The geometric parameters to obtain this boundary condition is represented

in Equation 3.9, Equation 3.10, and Equation 3.11.

l1 =
L

2
cosθ + rcosθ (3.9)

l2 = acosθ + bsinθ + rcosϕ (3.10)

40



l3 = xcosθ − l2 − zsinθ (3.11)

Equation 3.12 and Equation 3.13 represent the horizontal forces and vertical forces bal-

anced in Figure 3.21, with Fx1 = µwheelN1 and Fx2 = µwheg. µwheel and µwheg represent the

coefficient of friction of the wheels and whegs against the ground and curb respectively. If

the coefficient of friction values decrease, say due to weather/terrain, the maximum height

value that the robot can overcome decreases. The moment about the point at which the

wheg makes contact with the curb is defined in Equation 3.14 with the previously defined

geometric parameters l1, l2, and l3.

∑
Fx = Fx1 + Fx2 = 0 (3.12)

∑
Fy = N1 +N2 −mvehicleg −marmg = 0 (3.13)

∑
Mcontact = Fx1H +mvehiclegl2 −N1l1 −marmgl3 = 0 (3.14)

By rearranging Equation 3.14, the COM of the arm x and z which produces the max-

imum clockwise moment to climb the curb can be found. This is represented in Equa-

tion 3.15.

Fx1H +mvehiclegl2 < N1l1 +marmgl3 (3.15)

Using these boundary conditions, a range of possible COM locations were found for

the wheel-wheg propulsor prototype. To obtain values that were feasible, the simulation in-

cluded self-collision constraints and conditions that bounded the manipulator from touch-

ing the ground. These values are shown in Figure 3.22 and Figure 3.23. The COM locations

x and z that produce the maximum clockwise moment were calculated to be 0.2763m and
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0.0495m respectively.

Figure 3.22: Plot showing the arm configuration that produces the maximum clockwise
moment.

3.6.3 Simulation and Experiments

Simulations and physical experiments were carried out to evaluate and validate the anal-

ysis. The simulation was run on ROS Noetic Gazebo with model parameters experimen-

tally obtained from the physical prototype. The simulation parameters used are outlined

in Table 3.3. The physical interactions of the model with different manipulator configura-

tions were replicated in the simulation. These are illustrated in Subfigure 3.24(a), Subfig-

ure 3.24(d), and Subfigure 3.24(e). After validating the analysis in simulation, the maxi-

mum COM location was tested on the physical prototype. The results are shown in Fig-

ure 3.24.

42



Figure 3.23: Plot illustrating the ranges of the possible COM locations with the self-
collision constraints and ground constraints.

Table 3.3: Model Parameters in Gazebo

Parameter Value

L 0.303 (m)

a 0.0115 (m)

b 0.0413 (m)

R 0.05 (m)

r 0.08 (m)

H 0.15 (m)

x 0.2763 (m)

z 0.0495 (m)

mvehicle 5.6 (kg)

marm 1.086 (kg)

µwheel 0.7

µwheg 0.6
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(a) Robot is unable to climb in simulation. (b) Robot is unable to climb the curb.

(c) Manipulator is extended in simulation. (d) Manipulator is extended to COM location.

(e) Robot successfully climbs in simulation. (f) Robot successfully climbs the curb.

Figure 3.24: Simulation and experiment of climbing the curb using the COM locations
found. The height used in this simulation is 0.15m. (a) & (b) Robot is unable to climb the
curb in default manipulator configuration. (c) & (d) Manipulator is extended to a possible
COM location. (e) & (f) Robot successfully climbs the curb with extended configuration.

3.7 Diversifying Swappable Propulsors

This section presents the different types of swappable propulsors that can be used across

different surfaces. Specifically, this section presents swappable propulsor designs that en-

able traversal over obstacles that wheels and whegs cannot overcome. Figure 3.25 illustrates

two distinct propulsor designs, which draw inspiration from existing solutions. The propul-
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sors are paired and designed to complement the wheel propulsors, reducing the number of

swaps while maintaining efficacy.

(a) (b)

Figure 3.25: (a) Swappable Sand Propulsor. (b) Swappable Spike Propulsor.

3.7.1 Swappable Sand Propulsor

Mobile robots operating on soft soils such as sand face significant challenges due to the

dynamic effects occurring at the wheel-terrain interface. When traversing soft, granular

media, a mobile robot may experience substantial slip and sinkage causing performance

failure [46, 47]. These failures are caused by the reduction in traction from the ripples

and fine-grained sediments inside the feature. This is shown in Subfigure 3.26(a). Nu-

merous existing solutions are available to address the aforementioned issue, including but

not limited to reducing tire pressure to augment traction [48], implementing sand paddles

or spokes [49], or navigating with tracks. To facilitate the physical adaptation of the ex-

isting wheels, a swappable sand propulsor with paddles was designed. Experiments were

conducted on sand terrain available on Georgia Tech campus to validate the usage. An

illustration of the experiments is shown in Subfigure 3.27(a). To traverse on sand, the

wheel-wheg configuration needed to consistently use the 4 wheels and the pair of whegs in
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order to move forward. The average COT resulted in 1.369. By attaching a swappable sand

propulsor on a pair of wheels, the robot was able to traverse sand with an average COT

of 0.887. Using the complementary sand propulsor resulted in a lower COT due to fewer

actuators being used and covering more distance in the same given amount of time. The

use of whegs caused a reduction in speed due to longer spokes causing the robot to elevate

vertically.

3.7.2 Swappable Spike Propulsor

Mobile robots operating on slippery surfaces such as ice face significant challenges due

to the reduced traction between the wheels and the ground. Wheel slip is inevitable when

a mobile robot is moving at a high speed or on a slippery surface. Specifically, these sur-

faces with low coefficients of friction can cause performance degradation with acceleration,

stopping, or turning [15]. Subfigure 3.26(b) illustrates how the wheels and wheg propulsors

have no efficacy in increasing traction to mitigate slip. A recent publication presented an

active-adaptive solution that deployed spikes to increase traction, enabling the vehicle to ac-

celerate 171% faster than tires. To facilitate the physical adaptation of the existing wheels,

a swappable spike propulsor was retrofitted. Experiments were conducted on polysynthetic

ice to validate the usage. An illustration of the experiments is shown in Subfigure 3.27(b).

(a) (b)

Figure 3.26: (a) Wheels can slip or get stuck in soft, granular media such as sand. (b)
Whegs/wheels slip on surfaces such as ice, which can significantly reduce performance.
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(a)

(b)

Figure 3.27: (a) Swappable Sand Propulsor displaces granular media to propel the vehicle
forward. (b) Swappable Spike Propulsor uses spike insertions to increase traction with the
slippery surface.
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CHAPTER 4

MANIPULATION FOR INCREASED PAYLOAD CAPACITY AND

VERSATILITY

Figure 4.1: (1) Vehicle-mounted manipulator can localize and attach the payload to the
vehicle. (2) An anchoring device can be engaged on a given surface to increase payload
capacity. (3) The anchoring device can be swapped using the manipulator for a different
surface. (4) The robot can pull the payload on a different surface using a different anchor.
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4.1 Swappable Anchor Framework

4.1.1 Functional Requirements

This section outlines the general functional requirements needed for the swappable anchor

framework. Swappable anchors are devices that engage with a given surface to increase the

coefficient of friction. Specifically, the anchor must be able to handle resistive forces from

the payload, must be detachable, and must not consume energy. Swappable anchors offer

solutions for increasing vehicle traction on various surfaces, and a few examples are shown

in Figure 4.2. This figure illustrates how anchors can be designed to increase friction on

(a) rough surfaces with asperities, (b) wet, muddy surfaces, (c) flat, smooth surfaces, and

(d) soft, granular surfaces. The presented framework assumes that a mobile robot can store

and carry multiple sets of swappable anchors, each associated with a particular surface. We

defined the following functional requirements for an efficacious swappable anchor design:

1. Increase coefficient of friction between the system and the surface. The anchors

should enable a mobile robot to pull loads that are substantially greater than the

robot’s mass. Once engaged, the surface contact of the anchors should increase the

overall vehicle traction.

2. High-holding force and zero power consumption during engagement. When en-

gaged, the anchors must remain attached to the robot to maintain effective contact

with the surface. Maintaining the engagement of the anchoring device should not

require energy consumption.

3. Low force detachment using manipulation. To pull loads on various surfaces,

anchors must be swappable using a vehicle-mounted manipulator. Manipulators have

force/weight limitations, so the detachment force should be sufficiently less than the

minimum holding force.

4. Reversible Anchoring. The mobile robot should be able to unanchor itself. This is
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needed to maintain robot mobility and enable payload transportation across various

surfaces.

Figure 4.2: a) Microspine anchor; b) macrospine anchor; c) adhesive-rubber anchor; d)
sand anchor. This figure illustrates how a range of swappable anchors can be designed for
a particular surface. A range of swappable anchors (red) can be attached to a single housing
(black).

4.1.2 Permanent Magnets with Mechanically Constraining Steel Surface Mounts

The mounting design described in the swappable propulsor framework [50, 51] satisfies the

aforementioned functional requirements 2) and 3). As a result, this work adapts the swap-

pable propulsor mounting design onto swappable anchors to enable reliable attachment and

easy detachment with permanent magnets and geometric features.

To ensure reliable attachment, this mechanism leverages permanent magnets with fer-

rous steel surface mounts and T-slots. Permanent magnets with ferrous steel enable large

attachment forces with low added mass and zero static power consumption. The design
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limits undesired detachments in unwanted directions by using mating features with T-slots

and mechanical frames. For easy detachment, the vehicle-mounted manipulator is used to

overcome the magnetic attachment force. By exploiting geometric features, we can reduce

the amount of force needed to overcome the attachment force. Specifically, we can use a

large moment arm to decrease the magnetic attachment force by creating an air gap.

4.1.3 Anchor Design for Payload Transport

We can enable reversible anchoring by attaching anchors to the center actuators. The an-

chors can be rotated to engage the surface during payload pull and disengaged during

motion. To maximize payload capacity, the swappable anchor must utilize an optimized

surface contact with a high coefficient of friction, resist vehicle displacement, and main-

tain reliable contact with the surface. We can ensure the anchors maintain contact with the

surface without any energy consumption by shaping the anchor such that the tensile force

from the winch causes the anchors to dig deeper into the surface. Figure 4.3 illustrates the

design of the anchor used in this study and the forces in play during a stable payload pull.

Figure 4.3: Force diagram representation of the vehicle pulling the payload using the
winch.
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∑
Fx = 0 = µmrobotg + Ff − P (4.1)

∑
Fy = 0 = mrobotg −N (4.2)

∑
Mactuator = 0 = mrobotgw +Nl − (Ff + µmrobotg)h (4.3)

∑
Manchor = 0 = mrobotg(w + l)− Ph (4.4)

µ represents the coefficient of friction of the tires. mrobot and P represent the mass

of the robot and the force of the payload respectively. We use h to represent the height

of the anchor. l represents the length of the anchor and w is the horizontal distance from

the center actuator to the center of mass. We denote Ff as the friction force and N as the

normal force of the wheels and anchors.

The static force balance for the x and y directions are provided in Equation 4.1 and Equa-

tion 4.2. Equation 4.3 depicts moments about the center actuator during payload pull. When

pulling substantially heavy loads, the friction forces may be large enough to generate a

clockwise moment and results in the anchor digging into the surface.

While this design can improve anchoring, the moment around the tip of the anchor can

cause the vehicle to flip over. Flipping over can degrade performance and may prevent the

robot from recovering its mobility. Therefore, we need to determine geometric parameters

that prevent flipping under expected loads.

Given a vehicle with known dimensions and a goal maximum payload, we can select

the dimensions of the anchor, h, l, such that the moment caused by the payload does not

flip the vehicle. Equation 4.4 denotes the condition that must be maintained to ensure the

tensile force from the winch does not create a moment and lift the robot during the pull.
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(a) Microspine Anchors (b) Macrospine Anchors

(c) Adhesive-Rubber Anchors (d) Sand Anchors

Figure 4.4: Anchor designs explored in this work. (a) Each layer has 4 microspines embed-
ded. To handle the maximum shear load, the microspines are inserted such that the angle
of contact, ϕ = 90 ∼ 155 deg. (b) Macrospine anchors use millimeter range radius tip
spikes to pierce into wet, cohesive surfaces. Once submerged, large surface area of contact
minimizes erosion of the surface. (c) Adhesive-rubber anchors consist of two layers, the
anchor mount, and the rubber layer. (d) Sand anchors utilize greater insertion depth (h) to
result in higher vehicle traction.

Substituting and rearranging Equation 4.4, we can obtain the set of possible dimensions

for h and l that can be used to prevent flipping under expected loads. This is denoted

in Equation 4.5.

mrobotg

P
=

h

w + l
(4.5)

4.2 Tailored Optimized Traction Mechanisms for Various Terrain

Varying terrain conditions are each associated with an optimal traction mechanism. We

identify optimized traction mechanisms from the existing literature and customize them for

swappable use on a mobile robot.
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4.2.1 Hard Rough Surface Contact Design

For hard rough surfaces, the existing literature has already provided an excellent traction

mechanism. Specifically, microspines are effective surface contacts for increasing friction

on hard, rough surfaces such as concrete or rocky terrain [12]. Microspines consist of

one or more hooks embedded in a rigid frame with a compliant suspension system. By

arraying tens or hundreds of these microspines, large loads can be supported and shared

between many attachment points. Since each spine has its own suspension structure, it can

stretch and drag relative to its neighbors to find a suitable asperity to grip. While most

previous microspine works have focused on low normal force (climbing applications) or

low total force (microbots), our application focuses mainly on high coefficient of friction

while supporting large normal loads. This will maximize ground friction and bear high

tensile loads from the winch during payload pulling.

To create a microspine anchor that can efficiently and effectively increase the friction

between the vehicle and the surface, we follow the design principles detailed in works [52,

38]. Since much of the design and analysis of the microspines have been researched al-

ready, we do not repeat them here. The design of the microspine anchor used in this work

is shown in Subfigure 4.4(a).

4.2.2 Wet Cohesive Surface Contact Design

Wet, cohesive surfaces such as mud, forest soils, marshes, littorals, estuaries, and wet fields

are ubiquitous in nature. These surfaces have properties changing in space and time, due

to their infinite number of possible compositions. Therefore, deriving a general model for

mud is complex and unpractical. Instead, we design a solution based on existing liter-

ature and empirically evaluate its efficacy and performance. In this work, we present a

macrospine surface contact solution that enables increased stationary vehicle traction.

Macrospines consist of steel hooks with larger radius tips in the millimeter range. These

millimeter range spikes, in comparison to microspines, can pierce deeply through the cohe-
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sive terrain without completely destroying the cohesion of the surface. Once the spikes are

submerged, the anchor makes large surface area of contact with mud, holding any erosion

that may occur in place.

Results from [53, 54] show that the relationship between submersion and friction on

mud can be approximated by a linear relationship whose slope is dependent on water con-

tent. Hence, we require a surface contact that can sink into the surface for high vehicle

traction. These studies also illustrated how too stiff or too soft contact does not provide as

much support force as intermediate stiffness. If the contact is too stiff, it either erodes the

surface or slips. Too soft, it loses traction. Therefore, our proposed design uses a suspen-

sion structure much like the microspines to passively distribute the load across spikes and

to prevent erosion of the surface. The design of the macrospine anchor used in this work is

shown in Subfigure 4.4(b).

4.2.3 Smooth Surface Contact Design

Studies from [38] have demonstrated that high-friction, long-wearing rubber is effective in

supporting large normal loads with a high coefficient of friction on flat smooth surfaces.

This work utilizes abrasion-resistant polyurethane rubber as surface contact. The design of

the adhesive rubber anchor is shown in Subfigure 4.4(c).

4.2.4 Granular Surface Contact Design

To increase vehicle traction on soft, granular media such as sand, we follow the principles

outlined in [37] to design our surface contact. The study illustrates how an anchoring device

can be utilized to increase insertion depth, h, which results in increased resistive force.

Greater insertion depth leads to larger normal loads with a higher coefficient of friction. The

design principles suggest two methods for maximizing insertion depth, static insertions,

and dynamic impact. The static insertions method is well aligned for this study, due to

the anchor design. The winch tension causes the anchors to dig deeper into the surface,
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increasing insertion depth. The design of the sand anchor is shown in Subfigure 4.4(d).

4.3 Implementation

This section describes the implementation of this new approach to payload transport. The

custom prototype vehicle described in this work is designed to increase the overall payload

capacity of the system across various terrain using four different swappable anchors. In

addition, we describe a high-level planner that is used to demonstrate payload transport

through autonomous payload attachment.

4.3.1 Prototype Vehicle

This work utilizes a four-wheeled vehicle with two actuators extruding at the center of

the chassis for reversible anchoring. The prototype vehicle can carry two pairs of anchors

(one on the chassis storage space, and the other on the actuators). The prototype vehicle

is shown in Figure 4.5. The wheels are driven by 50 : 1 metal geared 12V DC motors.

The center actuators are driven by 150 : 1 metal geared 12V DC motors. The wheels are

105mm wide. Rubber tires are used on the four wheels. The vehicle frame is made of a

combination of Delrin and Ultimaker Tough PLA and was fabricated using an Ultimaker

S5 printer. The vehicle prototype is 465mm long, 320.8mm wide, and 204.8mm tall. The

entire system has a mass of approximately 7kg. 1/10 Warn 8274 Winch is installed at the

rear.

4.3.2 Electronics

The low-level control of the entire robot system (vehicle and manipulator) is done with

an Arduino MEGA 2560 microcontroller and a U2D2 controller (shown in Figure 4.6).

High-level planning is enabled by the Raspberry Pi 3B+ using ROS. The robot is pow-

ered by an 11.1V, 5000 mAh lithium-ion battery. The winch is driven by a Cytron Dual

Channel 10 A DC motor driver. Each locomotive actuator is controlled using a custom
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Figure 4.5: Physical prototype vehicle used in this study. A 6 DoF vehicle-mounted ma-
nipulator with a USB camera is used to localize payload, attach the payload to the vehicle,
and swap anchors. The swappable anchor is used in tandem with the payload lock to pull a
load using the 1/10 Warn 8274 winch installed at the rear. There is extra anchor space on
top of the chassis to store a second set of anchors.

motor control board. This board takes in the encoder and hall-effect sensor data and uses

a Texas Instruments DRV8871 motor driver to control the motor. Control and communica-

tions are performed with an ATMega 328p microcontroller located on each motor control

board. The motor controllers communicate with the central microcontroller using I2C. This

enables position and velocity control over each of the six motors.

4.3.3 Vehicle-Mounted Manipulator

This work utilizes a 6-degree-of-freedom (DoF) manipulator mounted at the center of the

vehicle. The manipulator is comprised of three Dynamixel MX-106 servos, two Dynamixel

MX-28 servos, and two Dynamixel AX-12A servos. A parallel-jaw gripper driven with an

AX-12A servo was designed. The gripper is 3D printed and is rated for a holding force of

4.91N . Arducam B0203 USB camera is mounted on the gripper.

The manipulator can be used for other purposes beyond swapping propulsors. This can
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Figure 4.6: View of the internal components of the prototype vehicle. 1) Custom-built
I2C motor controller board; 2) U2D2 Controller; 3) Raspberry Pi 3B+; 4) 11.1V Lithium
Ion Battery; 5) 9V battery; 6) Winch Motor Controller; 7) INA260 DC Current Sensor; 8)
Arduino MEGA 2560.

include sampling the environment, localizing the payload using the camera, and attaching

the payload to the vehicle. The maximum payload of the manipulator is 400g.

4.3.4 Swappable Anchors

Four different anchors are fabricated based on the surface contact designs presented in the

previous section. The anchors are made of Ultimaker Tough PLA and were fabricated using

an Ultimaker S5 printer.

The mounting hub on the center actuators, which house the swappable anchors, are
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made of Ultimaker Tough PLA and 6061 aluminum. The T-slot mount can withstand up to

56N . The T-slot opening is covered with a layer of 0.635mm thick 430 stainless steel to

enable magnetic attachments.

Two 6.4mm nickel-plated neodymium magnets, each rated for a pull force of 5.4N ,

are embedded in each anchor. If the manipulator were to detach the anchor normal to the

surface, it would need to exert 9.5N of force. The force needed to tilt the anchor is roughly

0.2N . Once tilted, the detachment force is greatly reduced and is roughly 0.2N . It takes

roughly 1.8N to slide the anchor on the surface. These forces are measured experimentally.

Microspine Anchor

Each microspine is attached to a mounting layer with a 3D printed PLA piece. The mi-

crospines are inserted mid-print at 90 to 155 degrees and then printed over. Microspines

inserted at 90 to 155 degrees demonstrated maximum pull performance with a spring con-

stant of 0.9 kN/m for a single layer. #10 carbon steel fish hooks are cut in shape to be

used as microspines. A pair of anchors consist of 28 layers with a total of 112 microspines.

Macrospine Anchor

Each suspension layer is embedded with 15mm stainless steel US standard pyramid spikes.

The macrospine anchor consists of a total of 8 spikes.

Adhesive-Rubber Anchor

Each anchor mount is attached with a 101.6mm x 25.4mm x 12.7mm abrasion-resistant

polyurethane rubber rated at 70 Durometer.

Sand Anchor

The sand anchor uses 90mm x 90mm x 10mm Delrin plates to provide an insertion depth

of 90mm.
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4.3.5 Enabling Autonomous Payload Transport

A critical use case for the vehicle-mounted manipulator is to allow for the autonomous

retrieval of target payloads. With a camera-equipped 6 DoF arm, the robot is able to scan

its surrounding environment and identify target payloads using fiducial markers. The robot

can then approach the payload and attach a magnetic payload lock that allows the winch to

pull the load securely.

High-level motion planning, trajectory execution, and actuation of the manipulator are

run on ROS using the onboard Raspberry Pi. Tracking of fiducial markers is achieved with

the open-source AR-tag tracking library Alvar. The robot performs basic localization by

calculating the Euclidean distance to marker reference frames and navigates toward the

payload with a simple motion controller. Using the reference frame of the AR tag, the

system determines the desired end-effector orientation for proper lock placement and plans

a motion path using the default optimization of minimal path length. These manipulation

tasks are performed through the MoveIt motion planning framework and using the Open

Motion Planning Library (OMPL) planner. Once the payload lock is securely attached, the

robot proceeds with transporting the payload using the winch and anchoring system. The

state-machine of our planning scheme can be seen in Figure 4.7. The full demonstration of

the autonomous payload transport capability is shown in Figure 4.8 and the accompanying

video [45].

4.4 Performance

4.4.1 Increasing Friction to Transport Heavy Payloads

Outdoor testing was performed on surfaces readily available on Georgia Tech main campus.

A series of experiments were performed to quantify and compare the performance of our

prototype’s maximum innate capability (without anchors) to pull payloads to the maximum

payload capacity with swappable anchors. The experiments are shown in the accompanying
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Figure 4.7: ROS high-level planner state-machine chart used to demonstrate autonomous
payload attachment and transport in this study.

video [45] and in Figure 4.10.

First, to quantify the innate capability to pull payloads on different surfaces, we con-

ducted a series of static friction tests by attaching a precision spring force gauge to our

prototype vehicle. We define a vehicle’s maximum innate traction to be the point at which

the vehicle slips during a wheels-locked condition. For our system, the wheels are locked

using position control on the drive motors. Our initial tests measured the resistive force at

the onset of displacement. The tests measured the forces on five different surfaces (con-

crete, polysynthetic ice, sand, mud, and grass) by pulling with the spring force gauge.

Once the vehicle was displaced, the experiment was stopped. The peak force was verified

via video analysis and recorded for a set of different surfaces. Each surface was tested with

20 trials. With the resistive force measurements, we obtained the normalized coefficient of

friction of each condition on each surface. The results can be seen in Subfigure 4.9(a).

Results from Subfigure 4.9(a) indicate that innate vehicle traction using locked wheels

is consistent on concrete, mud, and grass with an averaged normalized coefficient of fric-
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(a) Survey Environment and Lo-
calize Payload

(b) Approach Payload (c) Grasp Payload Lock

(d) Attach Payload to Vehicle (e) Deploy Anchors and Pull Pay-
load

(f) Disengage Anchors

Figure 4.8: Photographic illustration of the autonomous payload transport. (a) The robot
localizes the fiducial marker on the designated payload. (b) The fiducial marker provides
the relative position, and the system is then able to approach the payload. (c) The robot
uses the manipulator to grasp the payload lock. (d) The robot plans a trajectory to attach
the payload to the vehicle using marker frames. (e) The robot retreats and deploys the
anchors onto the ground to displace the payload using the winch. (f) Lastly, the anchors are
disengaged.

tion of approximately 1.06. However, on surfaces with a lower coefficient of friction such

as polysynthetic ice and sand, vehicle traction degrades drastically. This clearly illustrates

the need for various surface contact solutions to increase vehicle traction during payload

pull. We conducted further experiments using microspine, macrospine, adhesive-rubber,

and sand anchors on 5 different surfaces. These conditions did not involve using motor po-

sition control. The results are shown in Subfigure 4.9(b), Subfigure 4.9(c), Subfigure 4.9(d),

and Subfigure 4.9(e) respectively.

Compared to the vehicle’s innate traction, the microspine anchors demonstrated up to

twice as much resistive force on concrete and grass with an increased coefficient of friction

of 1.42 and 2.02 respectively. On polysynthetic ice, sand, and mud, the microspine anchors

did not show much improvement.

Macrospine anchors resisted more load on mud and sand with an increased coefficient
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(a) Innate Vehicle Traction (b) Microspine Anchors (c) Macrospine Anchors

(d) Adhesive-Rubber Anchors (e) Sand Anchors (f) Innate Traction vs. Optimal
Anchors

Figure 4.9: Bar plots showing the normalized coefficient of friction of each condition on 5
different surfaces. The optimal surface for each anchor is marked with an asterisk below.
(a) Normalized coefficient of friction values using the vehicle’s innate traction. (b) Nor-
malized coefficient of friction values using microspine anchors. (c) Normalized coefficient
of friction values using macrospine anchors. (d) Normalized coefficient of friction values
using adhesive-rubber anchors. (e) Normalized coefficient of friction values using sand
anchors. (f) Normalized coefficient of friction values comparing vehicle’s innate traction
vs. optimal anchors.

of friction of 1.87 and 1.89. The adhesive-rubber anchors were able to withstand six times

more load on polysynthetic ice with a normalized coefficient of friction of 1.55.

Sand anchors showed three times more resistive capability on sand with an increased

coefficient of friction of 1.96. These results illustrate how each anchoring device improves

vehicle traction on its intended surface.

Subfigure 4.9(f) compares the vehicle’s innate pulling capability to an optimal anchor’s

capability. Note that no single design provides excellent performance across the terrain.

However, by swapping anchors, a system can improve its overall payload capacity by using

an optimal anchoring solution.

We also evaluated the overall performance of the optimized swappable anchors inte-
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grated with our system. Our tests consisted of measuring the maximum payload mass

quantity that the vehicle could pull using the winch before the wheels began to slip. For

consistency, the same surfaces were used, and the payload was placed on a wheeled cart.

Maximum payload testing was conducted by placing a known weight on the cart and then

having the winch pull the payload. The payload mass was increased by 5kg until the an-

chors failed. For this and subsequent tests, failure was defined as the robot rover displacing

a full body length. The results are shown in Table 4.1.

The fully integrated system (7kg mass) was able to pull 38 times the body mass on

concrete, 28 times on ice, 8 times on sand, and 16 times on mud and grass.

Table 4.1: Maximum Payload Capacity with Optimized Swappable Anchors

Concrete Ice Sand Mud Grass

265kg 195kg 60kg 115kg 115kg

Figure 4.10: Terrain testing across multiple surfaces. (1) Microspine anchors pulling up to
265kg on concrete. (2) Microspine anchors pulling up to 115kg on grass. (3) Macrospine
Anchors pulling up to 115kg on mud. (4) Adhesive-rubber anchor pulling up to 195kg on
polysynthetic ice. Sand Anchors pulling up to 60kg are shown in Figure 4.1.
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4.4.2 Using Manipulation to Increase Payload Capacity Across Various Surfaces

The last step is to validate and demonstrate the actual physical adaptation. OMPL planner

with optimization of minimal path length and self-collision constraints was used to demon-

strate the swapping of the anchors. The trajectory planner was given specific Cartesian

waypoints to execute the slide and tilt motion needed to attach/detach the anchors from the

mounting hubs. The anchors were designed with handles that could mate with the gripper

for consistent grasping at a fixed orientation. Closed-loop position control of the propulsor

mounts is used to make sure they are aligned correctly. The entire swapping process takes

100s. The demonstration of swapping two sets of anchors is illustrated in the accompany-

ing video [45].

(a) (b)

(c) (d)

Figure 4.11: Photographic illustration of the manipulation process of swapping two an-
chors. (a) The manipulator relocates the right stored anchor to the staging area for swap.
(b) The anchor installed on the actuator is detached and stored on the chassis. The anchor
placed on the staging area is attached to the actuator for usage. (c) The manipulator swaps
the right side anchors. (d) The process is repeated on the right side.
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CHAPTER 5

CONCLUSION

5.1 Contributions

5.1.1 Manipulation for Efficient and Versatile Mobility

This work examined a new approach to terrestrial locomotion that leverages manipulation-

driven adaptation. Specifically, this paper illustrated how a vehicle-mounted manipulator

can be used to physically adjust the system for improved efficiency and versatility. The

core contributions of this work are 1) developing a new manipulation-based methodol-

ogy for physical adaptation, 2) creating a permanent-magnet-based mechanical design for

swappable propulsors, 3) obtaining experimental results that demonstrate how swapping to

wheels improves energy efficiency and swapping to legs increases versatility. This work

further highlights the advantages of the swappable propulsor framework by investigating

the wheel-wheg hybrid locomotion configuration. This configuration reduces the number

of propulsors that need to be swapped down to a pair, decreasing the amount of time and

power consumed during the process by 33%. Furthermore, the propulsors are modified

to be complementary, meaning the propulsors are only actuated to overcome a unique ob-

stacle while maintaining the energy efficiency of 4-wheeled locomotion. This work also

investigates how a robotic system can use its manipulator to shift its COM to overcome a

critical height.

One of the key advantages of this framework is the endless possibilities of modifications

the system can undergo to overcome unique obstacles. Two unique propulsors for slippery

and granular surfaces are designed and validated for usage.
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5.1.2 Manipulation for Increased Payload Capacity and Versatility

In this work, we presented a mobile robotic system that utilizes a vehicle-mounted, multi-

purpose manipulator to physically adapt the robot with unique anchors suitable for a partic-

ular terrain to increase payload capacity. This work presented “swappable anchors”, which

can be easily attached/detached to adapt the vehicle using permanent magnets. Four unique

anchor designs were introduced and experimentally evaluated on five different surfaces.

The experimental results illustrated how this approach can increase the overall payload

capacity of a system on various surfaces by increasing the overall effective coefficient of

friction. This study also experimentally demonstrated how we can use the manipulator to

autonomously localize the payload using a visual sensor, attach the payload to the vehicle

using a permanent-magnet-based payload key/lock, and pull several times its body mass

using the swappable anchors. The proposed methods can enable ground robots to be more

adaptive, robust, and autonomous. Instead of requiring redesign, the robotic system can

modify itself relatively quickly and handle new terrain or conditions.

5.2 Discussion/Future Work

In this study, while the legged mode did provide greater versatility, it was not immune

to failures. Specific failure modes were legs being pulled out of the T-slot and the legs

breaking. The legs getting pulled out occurred mainly on forest terrain where the leg could

sink into the leafy ground. This can be improved by increasing attachment force, but this

has the trade-off of making desired detachment more difficult to achieve.

The 6-legged swappable propulsor gait was not optimized for maximum efficiency in

this study. Optimizing the gait will make this versatile locomotion capability more efficient

and reduce the overall COT across various surfaces.

Another potential failure mode is dirt/mud restricting the swappable propulsors. Per-

manent magnets can attach to the steel surface even with dirt/sand piling up on the steel
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surface mount. However, when external debris gets caught in between the T-slot mech-

anism, this prevents the installation of the swappable propulsor. Over a long duration of

experiments, dirt and external debris piled up within the mechanically constraining steel

surface mounts. Piled-up debris within the T-slot mechanism would hinder the position of

propulsors, cause detachment of propulsors, or prevent attachment of propulsors. In most

cases, rotating the wheels at maximum speed in wheel mode for some time cleared the de-

bris. For real-world deployment, a self-mitigating mechanism would need to be employed

in the system. A potential solution would be to add a locking mechanism to the T-slots

to prevent debris from piling up. Other solutions could include implementing a pneumatic

system on the gripper to blow away the debris.

To improve the manipulation process, high-level feedback through sensors is neces-

sary to confirm swapping and mitigate failures. One potential solution is integrating a

piezo-resistive/electric pressure matrix sensor on the gripper to detect whether the swap-

pable propulsor is grasped in the correct orientation. Combining this approach with other

feedback, such as a hall-effect sensor on the surface mounts or a camera mounted on the

manipulator, can ensure that the propulsors are correctly inserted for usage. These mea-

sures can prevent common failures such as dropping or misalignment of the propulsors

during attachment to the mounts.

Future directions of this work involve integrating the physical adaptation capability

into autonomous systems. In unknown environments, terrain and surface classifiers need

to be fused to determine the most suitable propulsors or anchors for optimal performance.

Swappable propulsors and anchors are designed for specific obstacles or surfaces, but it

would be interesting to allow autonomous systems to experiment with different options

and independently determine the most effective ones through reinforcement learning.
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