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Abstract

Advancements in robot capabilities are often achieved through integrating
more hardware components. These hardware additions often lead to
systems with high power consumption, fragility, and difficulties in control
and maintenance. However, is this approach the only path to enhancing
robot functionality?

In this thesis, I introduce the PuzzleBots, a modular multi-robot system
with passive mechanisms. Leveraging the inherent agility of individual
locomotion, robots can collaborate to assemble into functional structures,
reconfigure, and adapt to different environments. We show that we can
enhance the physical capabilities of robot systems without significantly
complicating the hardware design. We first utilize the environment’s
structural features and forces. By using gravity as an activation force,
we can implement passive mechanisms as connections between robots,
without the need for additional power. By incorporating compliance
within the robot assembly to improve traction, coupled robots can navigate
challenging terrains more effectively. We then introduce our modular multi-
robot systems, where the collective performance surpasses the capabilities
of any single robot. By employing gravity as an activation force, we utilize
passive mechanisms as connections between robots, without the need for
additional power. Furthermore, we incorporate compliance within the
robot assembly to improve traction, enabling coupled robots to navigate
challenging terrains more effectively. We also utilize heterogeneity by
combining different types of robots, where each one of them has its own
strengths and weaknesses. Thirdly, we present our distributed model
predictive control framework, which facilitates precise, real-time control
over this highly constrained multi-robot system.

In summary, by utilizing the environment, coordinating an assembly of
multiple robots, and controlling them efficiently, we can improve robot
capabilities without complicating the hardware. We show the potential for
simpler and more sustainable robot designs by showcasing the effectiveness
of the PuzzleBot system, which uses fewer active components. I hope to
encourage future works about the use of passive mechanisms and simple
shapes to create efficient and functional robots.
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Chapter 1

Introduction

Commercial robotics has made signi�cant advancements in both capabilities and

agility. For instance, we now have quadrupeds adeptly navigating unstructured

terrains and humanoid robots performing back
ips. Specialized robotic platforms,

with di�erent locomotion techniques and unique morphologies, unlock new capabilities

that traditionally designed robots are incapable of. This enhancement in mobility

and 
exibility is frequently realized by introducing additional degrees of freedom

to the system, necessitating the incorporation of extra actuators. Nevertheless,

such novel mechanisms are challenging to model and control due to their distinctive

dynamics, actuation and localization noise, or inherent under-actuation. While precise

actuators and sensors with high frequency and resolution can reduce the uncertainties

in controlling the system, they come at a signi�cant energy cost that may not be

necessary. For example, to achieve agile motion and superior perception capability,

we can build robots with 500 Hz motors covered with full-body cameras, but do we

really need this for our applications?

Our goal is to design energy-e�cient novel robotic systems and develop robust

control and planning strategies to react and interact with challenging and dynamic

environments. This thesis demonstrates one step towards this goal through a recon�g-

urable robotic swarm system, thePuzzleBots. Inspired by the cooperative abilities of

ants to form functional structures in complex environments, I have designed the �rst

passive coupling in modular multi-robot systems and developed control frameworks

for the self-assembly of functional structures in response to environments. Such struc-

1



1. Introduction

tures can form bridges across gaps, traverse unstructured and challenging terrains,

and perform collective tasks, powered solely by individual locomotion. Applications

include disaster response, exploration in energy-constrained environments, and collab-

orative transport. However, creating dynamic, energy-e�cient, and robust functional

structures like those observed in natural systems remains challenging for robots. To

facilitate these behaviors, I also developed scalable real-time control frameworks

for our multi-robot system. The works spanned electronics and mechanical design,

controller development, simulation modeling based on hardware experiments, and

implementation on the actual robot hardware system.

Existing modular robot platforms that employ dynamic coupling and decoupling

methods focus mainly on the coupling mechanism itself. These existing magnetic or

active mechanical structures su�er from high energy consumption, limited mobility,

and lack of 
exibility in the assembly structure. Instead, the Puzzlebots utilize the

power and agility from locomotion, supplemented by environmental energy sources

such as gravity. This unique strategy facilitates formation without the need for

additional power or electronics. Modeling and controlling passive structures pose

considerable challenges, primarily due to their inherent compliance and the lack

of direct access to states. The complexity escalates signi�cantly in multi-robot

systems, where the states and action space grow exponentially with the number of

robots and inter-robot constraints. In this thesis, these challenges were successfully

addressed, leading to the development of large-scale autonomous robot swarms.

The system exhibits the capability to form dynamic assemblies, adapt and conform

to environmental structures, and execute collective tasks with high e�ciency and

precision.

Power-e�cient Passive Coupling Mechanism

Despite the wide use of magnets in facilitating coupling behaviors between robots,

the robust load-bearing capability demanded by magnetic forces requires signi�cant

energy input. Similar limitations hold for active mechanical coupling mechanisms

despite their relatively complicated design. Moreover, many modular robots often

compromise their independent mobility to accommodate these coupling mechanisms.

Passive coupling mechanisms, on the other hand, do not require additional power

2
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to maintain the coupling status between robots. The connection between robots

is formed utilizing the individual mobility of each robot module, which is notably

underexplored in prior research. In our initial work [75], I designed a modular mobile

robot system, thePuzzleBots, with a fully passive coupling mechanism, enabling

the robots to couple and decouple dynamically with locomotion from the wheels.

To the best of our knowledge, it is the �rst fully passive coupling mechanism on

modular robots without magnets, enabling robots to couple and decouple dynamically.

I also utilized redundancy in connections to provide additional robustness against

environment disturbances [76]. A robot coupled on the side to lock the connection

gives robustness and high rigidity for an assembled line con�guration, which is

essential for a functional structure such as a bridge. By utilizing the inherent agility

provided by the robot locomotion itself, robots can form con�gurations with di�erent

morphologies without compromising the power allocated to mobility. I have shown

that our modular system can form a chain-like or mesh-like bridge across a gap larger

than the body length of a robot, and 
exibly decouple to autonomously navigate the

environment.

Real-Time Control for Constrained Multi-Robot Systems

The assembled structure of a multi-robot system unlocks unique capabilities beyond

a single robot. Nevertheless, controlling a custom robot platform is challenging

due to the uncertainty in localization and actuation. These complexities are further

compounded on physically coupled robots due to the unmodeled contact dynamics and

constraints. Operating such systems in real-time within unstructured environments

further complicates the task. In our previous works [36, 74], we introduced a quadratic

programming (QP) based approach that formulated connectivity as linear constraints.

This approach was scalable to a large number of robots, enabling real-time operations

and adaptability in diverse environments. In our subsequent work [76] for the

PuzzleBots, I introduced a heterogeneous system of robots with varying levels of

agility and ground traction. The uni�ed framework of the connection-pair oriented

con�guration control algorithm is designed to model coupling geometry and status. I

incorporated the physical coupling of connection pairs into the linear constraints of

the QP-based controller. This approach allowed for real-time operations and e�cient

3
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responses to environmental structures. This reactive controller also further explored

the agility of each individual robot and gave it further 
exibility in changing the

rigidity of the connected assembly.

Flexible Assembly and Environment Adaptation

Although PuzzleBots in [76] possess the ability to dynamically con�gure into various

assemblies, the resultant structure remains rigid after the formation. While this proves

advantageous for load-bearing applications over gaps, it constrains their mobility and

renders them ine�ective on di�erent types of terrains. To broaden their adaptability to

diverse landscapes, such as uneven terrains and areas with varying height drops, I have

devised a 
exiblesoft anchor connection mechanism [77]. The assembled structure is


exible enough to form curved con�gurations compliant with environment structures

and rigid bridges across gaps. This soft coupling mechanism extends compliance

beyond two-dimensional planar motion, which signi�cantly enhances the adaptability

of the PuzzleBots. However, the inherent complexity of soft mechanisms poses

challenges in accurate modeling and precise control. To address these challenges,

I iterated the design and control process by developing a simulation of the soft

anchor model. I relaxed the previous restrictive constraints in [76] based on the data

collected from hardware experiments, and incorporated the soft connection into linear

constraints with a Model Predictive Control (MPC) framework. This enabled fast

computation and yielded more optimal control inputs for our densely constrained non-

holonomic multi-robot systems. We further developed a distributed MPC framework

[56, 78] for real-time scalable computation. We show that the inherited compliance

within a soft assembly of multiple robots provides increased traction. Multiple robots

can traverse challenging terrains that a single robot is not capable of.
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Chapter 2

PuzzleBots: Physical Coupling in

Robot Swarms

2.1 Introduction

Collaborative swarm behaviors have been widely observed in nature. Ants have

shown the ability to create functional structures like bridges by joining together and

collaboratively performing tasks in a complex environment [17, 45]. Robots face

similar challenges when they operate in uncertain environmental conditions. For

instance, gaps and holes may block the navigation of robots, particularly those having

small characteristic lengths. In such scenarios, the ability of robots can be extended

using physical coupling to form a functional swarm system and continue performing

the designated tasks.

Large groups of robots have been shown to improve the e�ciency and robustness

of task performances [36, 41, 44]. It has also been shown that physically coupled

structures of modular robots [14, 71] can navigate in con�ned spaces and go over

small gaps. In modular robots whose modules are initially coupled [71, 79], each

module has limited capability to navigate around the environment. Compared to a

multi-robot system where there is no physical connection between robots, coupled

modular robots are also less robust to module failure, meaning that if one of the

modules fails during execution, the entire system may be at risk. Most modular
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Figure 2.1: Three robots collaborate to cross a gap between two platforms.

robots address this issue by adding complicated coupling mechanisms [48, 65] that

consumes additional power, which is already limited on a small module.

Based on the above limitations, our goal with the PuzzleBots system is to build

a robotic swarms system where 1) individual robots can dynamically couple and

decouple with each other, 2) the coupling mechanism consumes minimum energy so

that the main tasks of each robot are not in
uenced, 3) there is su�cient mobility and

controllability of each individual robot to navigate within the environment, and 4) the

fabrication of the robot is easy and cost is low so that it is possible to manufacture

robots in larger quantity as a swarm system, even outside of the lab environment, i.e.

at the task site. We will study the coupling mechanism based on passive connections

- no additional components or power involved to perform the coupling behavior. To

the best of our knowledge, this is the �rst work that utilizes passive connections,

instead of active connections [14, 48, 49, 65], to form functional structures without

sacri�cing the mobility of each robot and minimizing energy consumption of coupling

mechanism.

The outline of the paper is as follows. In Section 2.2, we give an overview of the

related works in robotic swarm systems and modular robots. Section 2.3 presents the

detailed methods of our hardware and software platforms, including the mechanical

design of the coupling mechanism, electronics of PuzzleBot, and the controller of the

robots. In Section 2.4, we present experiments of characterizing the knobs for coupling

and the results of the coupled-system performing gap-crossing motility. Finally, in

Section 2.5, we conclude our results and discuss future work.
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2.2 Related Works

Robotics systems that involve interaction between multiple robots are able to demon-

strate broad, dynamic, and collective behaviors [5, 16, 44, 51, 52, 73]. Control

algorithms have been extensively studied in swarm systems where robots do not

physically interact with each other [5, 7, 41, 44, 52]. Robotic systems that actively

leverage physical connections between robots lie mostly within the domain of modular

self-recon�gurable robots [80]. Modular robots have shown exceptional performance in

their 
exibility and versatility to self-recon�gure for di�erent tasks [ 47, 79]. Modular

robots can be classi�ed into two groups by the connection types between the modules.

In the �rst group, robotic modules are connected throughout their execution, and the

research focuses on controlling the con�guration of the modules with respect to each

other [71]. Since the connection is not detachable, the 
exibility of this group of robots

is limited to a single connected component, and they are not resilient to module

failures during execution. The other group includes the ATRON [23], M-TRAN

III [ 26], SlimeBot [57], Lily [ 19], M-blocks [49], SMORES [65], FreeBot[28], and

Swarm-bot [18] in which robotic modules can couple and decouple during execution.

The Lily robots rely on external actuation from the 
uid to connect with each other.

ATRON, M-TRAN III and M-blocks do not require external actuation and 
exibly

connect with other modules using magnetic forces. Each module with the ATRON

and M-TRAN III systems has limited mobility on their own. While the M-blocks

modules can move by 
ipping along one of their axes, mobility of individual modules

are limited compared with a standard wheeled robots, for example [44]. SlimeBot,

SMORES, FreeBot, and Swarm-bot modules are able to move around the environ-

ment independently. The SlimeBots connections are loosely couple and the main

purpose is to communicate between robots, thus cannot bear any load. SMORES and

FreeBot utilize magnetic forces for connection. The SMORES connection can bear

the load of six robots. However, if the modules are misaligned, it can only support

the weight of one module. Electromagnetic connections may also consumes high

power [28] with high loads. Permanent magnets do not consumer power, but will

require additional power when separating the magnets. Swarm-bot has independent

grippers and complex connection mechanism, thus may not be able to carry load

multiple times of its weight. Our proposed system aims to overcome the challenges of
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the above examples; it consists of individual low-cost robots that can perform as a

swarm system while having the capability to physically couple with each other.

2.3 Methods

The goal of PuzzleBots robotic swarm system is to demonstrate inter-robot collabo-

ration by physically coupling with each other to form 
exible, functional structures

using a large number of robots. Therefore, the design considerations are as follows:

ˆ Each robot is equipped with a coupling mechanism that enables dynamic

coupling and decoupling behaviors with multiple robots.

ˆ To accommodate each robot's task performance, the coupling mechanism should

consume minimum energy during execution.

ˆ Su�cient mobility and controllability are required so that each robot can

navigate and complete tasks in the environment on its own.

ˆ To make it �nancially viable to build a system with a large number of robots,

the cost of each robot should be kept as low as possible.

This section will introduce our �rst design of the PuzzleBots prototype that ful�lls

the requirements mentioned above.

2.3.1 Robot Design

Figure 2.2 shows our �rst generation of PuzzleBots. Each robot weighs 62 g, including

battery and four motion trackers to be used in the Vicon motion-tracking System1.

A robot can carry a weight of 400 g, more than six times its own weight. Robots

are equipped with on-board power, actuation, communication, and computation

components. The coupling mechanism is inspired by the jigsaw puzzle. The body

of the robot is 3D printed with thermoplastic polyurethane (TPU), consisting of

eight knobs and holes equally distributed along the four sides of the robot, as shown

in Figure 2.3. There are two hooks on the outer side of each knob, one on the top

and one on the bottom. Detailed explanation about the working principle will be

provided in Section 2.3.2. Each robot is 50 mm in width, 50 mm in depth, and 35

1https://www.vicon.com/
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Figure 2.2: A PuzzleBot with motion trackers in Vicon system. Thexyz axis of the
robot body frame points front, left, and up, correspondingly.

Figure 2.3: Design of the assembled robot. Each side of the robot body consists of
two knobs and holes. There are hooks on top and bottom of each knob.

Figure 2.4: An exploded view of the PuzzleBot with mechanical and electrical parts.
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Figure 2.5: Coupling mechanism between two robots (white and purple): The initial
state where two robots are separated from each other.

mm in height, excluding the knobs. The mechanical and electrical components are

placed inside the robot as seen in Figure 2.4, where each component will be explained

in Section 2.3.3 and Section 2.3.4.

As cost and time play vital roles in building systems with a large number of

robots. We limit the cost by choosing commercially available parts. Each robot costs

around US$33.8, including - printing cost of the body (US$3), CR2 battery (US$2.45),

two DC motors (US$3.64 each), ESP8266 WiFi Module (US$6.95), gears and rods

(US$1.6), double-sided circuit board (US$5.7), and all other on-board electronics

(approximate US$6.8). Prices of small parts are computed based on purchasing

quantity of 10-15 since purchasing in bulk may reduce the price. The time for 3D

printing a robot chassis takes 4 hours and the assembly time for each robot takes

approximately 30 minutes.

2.3.2 Coupling Mechanism Design

The body of each robot is 3D printed with NinjaFlex Cheetah TPU with Tensile

Modulus 26Mpa. The knobs and holes shown in Figure 2.3 are printed with the body

as a single structure. The coupling mechanism works as the knobs on one piece can

�t in the hole of the other puzzle piece. Similarly, the knobs on the robot body are

designed to �t in the hole of other robots. As shown in Figure 2.5, initially, the two

robots are separated from each other. The �gures are zoomed in to focus on the
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Figure 2.6: The purple robot can insert its knobs into the holes of the white robot
without additional force.

Figure 2.7: When the purple robot tilts with gravity when it is coming to a gap, the
coupling mechanism is activated with hooks on the knobs blocking the movement.
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coupling mechanism for clari�cation. We are assuming that the two robots are on a


at surface so that the knobs and holes are aligned in the vertical direction. Two

robots can move towards each other, as shown in Figure 2.6. Since the maximum

height of the knob, including the top and bottom hooks, is less than the height of the

hole, ideally, one robot can slide its knobs into the other robot without any additional

force. During manufacturing, the 
exible TPU material is used to provide a tight

�t between the holes and knobs. As robots move towards a gap, the robot that �rst

leaves the platform will tilt due to gravitational force, resulting in the con�guration

shown in Figure 2.7. Both friction and the top and bottom hooks will block the

movement of the robot falling down the gap. This enables the robots to keep moving

to cross the gap towards the other platform, forming a bridge during the process.

The coupling process itself, where knobs are inserted into the holes, does not

consume any extra energy other than the energy needed for actuating the robot

movement. With this passive coupling mechanism, we can minimize the energy

used for coupling compared with other active methods to maximize individual task

performances. The connection, once the knobs are fully inserted, are able to hold

the weight of 389 robots. The characterization of the knobs used for coupling will be

discussed in Section 2.4.1.

2.3.3 Electronics

The electronics design accommodates the requirements introduced in Section 2.3.1

of on-board power, actuation, communication, and computation. As shown in

Figure ??, the circuit board is printed double-sided with a WiFi module, on-o�

switch, programming pins on the top, and all other components on the bottom. The

whole circuit is powered by a 3V CR2 battery, with a capacity of 850mAh. The

battery is available in both rechargeable and non-rechargeable versions. We are using

the non-rechargeable ones in the paper for simplicity. The microcontroller unit (MCU)

is an 8-bits ATMega328P that operates between 1.8V to 5.5V with an 8M oscillator.

It consists of six Pulse-width modulation (PWM) channels, which is convenient to

control the motors. The robot communicates with an external computer via the

ESP8266 WiFi module. ESP8266 is a low-cost, open-source, small (14:4 � 24:7 mm)

WiFi module that supports standard TCP/IP protocol and 2.4GHz WiFi connection
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Figure 2.8: Top view of the circuit board: 1) WiFi module ESP8266, 2) Programming
pins.

while consumes 215 mA current with maximum usage. The integrated AT command

interface enables easy communication with the microcontroller. O�cially it operates

at 3.3V, however with our experiments, it is able to operate normally with voltage

as low as 2.8V, thus �tting in our system with the 3V battery supply. The DC

motors operate at a voltage from 1V to 4V. These motors can provide a torque of

0.9 mNm with 370 mA current. We can control the velocity of the motor via PWM.

The DRV8833 dual H-bridge is a motor driver that has four PWM inputs and four

outputs. Each of the PWM inputs is connected with the corresponding MCU PWM

output pins, and the four outputs are connected with the two motors (two inputs on

each motor). This enables us to control the direction of the current going through the

motor, enabling the motors to rotate forward and backward. The DRV8833 operates

between 2.7V to 10.8V, with a peak current of 1A per H-bridge.

2.3.4 Mechanical Structures and Controls

We are able to control the velocity of the left and right sets of gears by providing

pulse-width modulation (PWM) signals to the two motors. In this section, we will

present the methods of controlling the velocity of the robots within our designed

mechanical structures.

As shown in Figure 2.10, each motor controls one side of the gear sets. The gear

g1 is attached to the motor. The gearsg2 and g3 form a set of double reduction gears.

The two side gears are identical, both referred to asg4; they also serve as wheels
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Figure 2.9: Bottom view of the circuit board: 3) Microcontroller unit ATMega328P,
4) DC Motors, 5) CR2 battery, 6) DRV8833 dual H-bridge motor driver, 7) 8M
oscillator.

for the robot. This enables larger friction between the ground, and also simpli�es

the design. We denote the linear velocity of geargi , i = f 1; 2; 3; 4g, as vi , angular

velocity as ! i , the number of teeth aszi , and reference diameter asdi . All gears have

the same module coe�cientM = di
zi

. With the con�guration in Figure 2.10, we have

v1 = v2; ! 2 = ! 3; v3 = v4, and vi
! i

= di
2 . Since PWM signal controls the angular

velocity of the motor ! 1, v4 = ! 1M z1z3
2z2

.

Two side gears on each side are identical, and each side is controlled by an

individual motor. For simplicity, we model our robot as a di�erential drive model.

Recall that in Figure 2.2, the forward direction of the robot is aligned withx axis.

Thus, we provide forward velocityvx and angular velocity! via WiFi to the robot.

With di�erential drive model, we are able to calculate the velocity needed on the left

vl and right vr as [27]

vr =
2vx + !L

2R
; vl =

2vx � !L
2R

(2.1)

whereL is the length between the wheels andR is the radius of the wheels, i.e. gear

g4. The output PWM signal from the MCU controls the rotational speed of each

individual motor denoting as! r on the right and ! l on the left. By combining the

equations of the gear sets and the di�erential drive, we have

! r =
z2(2vx + !L )

Mz1z3R
; ! l =

z2(2vx � !L )
Mz1z3R

(2.2)
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Figure 2.10: Side view of the robot with double reduction gear. The �rst pair consists
of gearg1 and gearg2 where gearg1 is attached to the motor andg2 is on the center
rod. The second part of the double reduction gear consists ofg3 and g4, whereg3 is
attached to g2. The two identical side gears are both referred to asg4. The two g4

also serve as wheels.

In our design, we havez1 = 8; z2 = 26; z3 = 8; M = 0:5; L = 40 mm; R = 17 mm.

During implementation, by substituting these values, we are able to control the robot

accordingly.

2.3.5 Swarms Coupling Behaviors

The algorithms used for the robots to couple and decouple are one-dimensional

rendezvous and anti-rendezvous behaviors for swarms. Rendezvous swarms behavior

is a consensus algorithm where each robot communicates with its neighbors to move

towards a direction that will eventually gather everyone together [40, 41]. Consider

our system ofN robots on a one-dimensional line, we denote the position of roboti

as x i 2 R with control input _x i = ui , wherei = f 1; : : : ; Ng. In our system setup, all

robots are able to communicate with each other via a central computer. Therefore,

we can simplify the rendezvous controller as

_x i =
1
N

X

j 6= i

(x j � x i ) (2.3)

As a result, the robots will move towards each other until they are physically coupled.

Once they are successfully coupled (min jjx i � x j jj = robot body length; 8i; j 2

1; : : : ; N; i 6= j ), they can perform other behaviors as one connected component.
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Similarly, the robots are able to decouple with each other via 1D anti-rendezvous:

_x i = �
1
N

X

j 6= i

(x j � x i ) (2.4)

As a result, the robots will move to decouple with each other and perform individual

tasks later on.

However, due to actuation uncertainty, the robots might not stay precisely aligned

during this 1D rendezvous behavior. In actual experiments, we utilize the environment

to reduce these uncertainties, e.g., having one robot stay against a wall.

2.4 Experiments

We characterized the coupling knobs for maximum performance of the coupling

mechanism. We then performed experiments of up to nine robots for the gap-crossing

behavior with di�erent environmental parameters. We also present frames from the

video where robots couple, cross a gap, decouple, and visit individual goals.

2.4.1 Characterizing the Coupling Knobs

The knobs and holes are the core part of the coupling mechanism, and the dimensions

determine the performance of connections. It is ideal to have the height of the knobs

(including the hooks) to match precisely the height of the holes. However, 3D printed

surfaces, especially surfaces that need support underneath, are generally not smooth.

Although TPU is a 
exible material, having a tight �t will require more torque from

the actuators. Thus, by experimenting with di�erent parameters, we design the height

of the knobs to be 1mm less than that of the holes.

The size of the hook on the knob is also an essential parameter for coupling. Two

possible coupling status with di�erent hook width is shown in Figure 2.11 and 2.12.

In Figure 2.11, the hook width is 1 mm and the hooks can lock the movement of the

robot on the right when it is tilted. When the robots are moving towards the gap,

the larger the tilting angle, the lower the front of the robot will be, and the smaller

the gap they will be able to cross. The larger the hook width gives a smaller tilting

angle, and thus better gap-crossing performance. However, as shown in Figure 2.12,

16



2. PuzzleBots: Physical Coupling in Robot Swarms

Figure 2.11: A successful coupling example with hook width 1mm when the robot is
tilted due to gravity. The hooks are able to block the movement of the robot's body.

when the hook width is too large (still smaller thanknob radius� wall thickness),

the hooks may fail to lock the movement.

As shown in Figure 2.13, we measure the tilting angles of robots when they move

towards a gap. The experiments are done with three robots, and the measurement

is performed when the second robot is just about to leave the platform. This is the

moment when the tilting angles are the largest. Due to gravity and the coupling,

the remaining two will also tilt when the �rst robot tilts. We measure their angles

� 1, � 2, � 3 with respect to the horizontal plane. The 1 mm hook width gives the

largest angle, while the 1.5 mm hook width gives the smallest tilting angle. Therefore,

in the remaining experiments, all robot knobs have a 1.5 mm hook for maximum

performance.

2.4.2 System Experiments

Gap-crossing Performance

The length of each robot is 50 mm. We analyze the performances of the gap-crossing

behavior with di�erent variables: number of robots (1, 2, 3, 6, 9), length of the gap

(10 mm to 100 mm), heading angle (0� to 50� ), height di�erence between the two

platforms (0 mm, 6 mm, 12 mm, the starting platform is higher than the target

platform). We perform �ve runs for each combination and recorded the number of
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