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Abstract

Design Of Husky Carbon V.3

by

Yogi Shah

Master of Science in Robotics

Northeastern University, December 2025

Dr. Alireza Ramezani, Adviser

This thesis presents the mechanical design, fabrication, assembly, and experimental val-
idation of Husky V3, a significantly improved iteration of the Husky robot family—a multi-modal
ground-aerial platform that addresses multi-locomotion integration through thrust modulation and
posture control. The quadruped architecture employs appendage repurposing capable of transition-
ing between legged and aerial locomotion modes. This work addresses critical compliance and
structural deficiencies encountered in Husky Carbon V2, where excessive torso and link flexion
compromised flight safety and control stability. The redesign prioritizes structural rigidity through
comprehensive component optimization, substantial weight reduction, and integrated wire routing
embedded within the leg structure to ensure safe operation and aesthetic presentation. Key inno-
vations include a novel print-in-place (PIP) articulated ankle joint design that eliminates multi-part
assembly complexity and bearing installation requirements, replacing them with a single-piece rev-
olute joint. Additionally, custom bearing-embedded motor casing designs facilitate clean wire rout-
ing while maintaining structural integrity. Experimental validation demonstrates that these design
refinements successfully eliminate structural flexion, reduce system mass for improved thrust-to-
weight ratio, and establish Husky V3 as a robust, practical platform for multi-modal locomotion
research.
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Chapter 1

Introduction

1.1 Background and Motivation

Current paradigms in autonomous mobility have increasingly specialized platforms: ground-

based robots excel in traversing complex terrain with extended operational duration and payload

capacity, while aerial vehicles provide rapid transit and access to otherwise unreachable environ-

ments. However, this specialization creates a critical operational gap in scenarios requiring both

long-duration presence and the ability to overcome significant environmental obstacles. Integrated

legged-aerial systems that combine the terrain adaptability of quadrupedal locomotion with aerial

propulsion represent a promising solution to this dichotomy [15], [31]. Yet, such hybrid platforms

remain largely unexplored due to fundamental conflicts in design requirements: powerful actuators

and rugged structures needed for terrestrial locomotion directly compromise the lightweight, effi-

cient design demanded by aerial mobility [15]. The mechanical integration and control complex-

ity of seamless legged-aerial locomotion significantly exceeds that of conventional single-modal

platforms. Consequently, the design and development of robots capable of unified legged-aerial

locomotion remains an under-addressed research challenge.

Legged locomotion systems demonstrate distinctive advantages in obstacle traversal and

terrain adaptation through their integrated agility and dynamic balancing capabilities [29], [2]. Be-

yond conventional structured obstacles such as street curbs, staircases, and debris fields, these sys-

tems prove particularly valuable on unstructured natural terrains characterized by inclines, rocky

composition, and muddy substrates, where traditional wheeled locomotion proves inadequate [12],

[10],[35]. Recent advances in learning-based control have enabled quadrupedal robots to achieve

remarkable robustness across challenging natural environments, demonstrating zero-shot general-
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CHAPTER 1. INTRODUCTION

ization to deformable terrains such as mud and snow, dynamic footholds like rubble, and overground

impediments such as thick vegetation [29], [39], [73]. These developments underscore the critical

role of proper footholds and body posture control in enabling quadrupeds to navigate complex ter-

rain [1], [19].

To overcome inherent limitations of single-mode locomotion, researchers have increas-

ingly explored multimodal systems that combine complementary movement strategies. A seminal

example is LEONARDO (LEgs ONboARD drOne), a bipedal robot developed at Caltech that seam-

lessly integrates bipedal walking with distributed electric propeller thrusters [25]. LEONARDO

demonstrates synchronized control of legs and aerial propulsion to achieve complex maneuvers—including

slackline walking, skateboarding, and dynamic balancing—that are challenging for purely terrestrial

or aerial platforms [25]. This breakthrough platform exemplifies how multimodal locomotion en-

ables robots to adaptively select movement strategies based on environmental demands, improving

efficiency and operational capability across diverse terrains.

Further advancing this paradigm, recent work has extended thruster-assisted capabilities

to quadrupedal platforms. The M4 (Multi-Modal Mobility Morphobot) robot, published in Na-

ture Communications, utilizes diverse forms of ground locomotion, including quadrupedal walking

combined with thruster-based aerial mobility and morphing structures to negotiate collapsed struc-

tures and rough terrain [36]. Similarly, work on micro quadruped-quadrotor hybrids demonstrates

that coordinated motion control schemes leveraging bio-inspired central pattern generation (CPG)

controllers enable seamless terrestrial-to-aerial transitions, with stable walking and flying configu-

rations in complex environments [74]. These platforms have demonstrated particular promise for

search-and-rescue operations and multi-elemental disaster response scenarios [31].

The integration of aerial capabilities with legged systems necessitates careful consider-

ation of actuator selection and morphological design. Distributed propeller-based thrusters offer

compact, powerful, and modular solutions compared to traditional rigid rotorcraft [25], [24],[40].

Additive manufacturing has emerged as a transformative approach for rapid prototyping and fabrica-

tion of complex legged structures, enabling the integration of rigid and compliant elements in novel

configurations [9][5] [70]. Recent advances in 3D printing technology—including multi-material

fabrication and the integration of actuator systems—have enabled researchers to design and deploy

soft and hybrid robotic platforms with unprecedented design flexibility [11], [53]. These manufac-

turing approaches facilitate rapid iteration and enable deployment of research platforms suitable for

challenging field environments [13].

Exemplifying this capability, the Crater Observing Bioinspired Rolling Articulator (CO-
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CHAPTER 1. INTRODUCTION

BRA) [45] represents a bio-inspired multimodal snake robot engineered to navigate extreme lunar

terrain through morphing locomotion strategies. COBRA achieves terrain adaptability by transi-

tioning between two distinct locomotion modes: sidewinding for traversing flat and low-incline

surfaces, and tumbling[21] locomotion where the robot forms a circular barrel configuration by

linking its head and tail for rapid movement on steep slopes[46][44][47][48]. This morphing ca-

pability—enabled by additive manufacturing of modular articulated segments—demonstrates how

biologically-inspired design combined with advanced fabrication techniques creates platforms ca-

pable of autonomous operation in harsh, unpredictable environments[50][20][51]. Equipped with

onboard computation, stereo vision, inertial measurement, and joint feedback systems[21], CO-

BRA validates that 3D-printed segmented architectures can integrate sensing and actuation while

maintaining structural robustness for field deployment in extreme conditions such as lunar crater

navigation, establishing a precedent for manufacturing-enabled morphing platforms applicable to

terrestrial exploration and dynamic environment adaptation.

Building upon the success of morphing locomotion in terrestrial and extreme environment

robotics, research has increasingly focused on achieving dynamic morphing in aerial platforms. This

work presents Aerobat, a bioinspired flapping drone that exemplifies advanced morphing capabil-

ities through coordinated actuation of 14 body joints in a tail-less configuration [42][52][61][41].

Unlike conventional flapping wing designs that rely on open-loop stability and fixed wing geometry,

Aerobat integrates mechanical intelligence with closed-loop control to enable dynamically versa-

tile wing conformations, allowing real-time adaptation to aerodynamic demands and environmental

disturbances. The key innovation in Aerobat’s design framework lies in the strategic deployment

of low-power primer actuators that produce significant flight control authority through the robot’s

computational morphing structures, achieving substantial control effects despite minimal actuation

power and weight penalty[60][43][57][58]. By hosting numerous lightweight primers distributed

across the body, Aerobat demonstrates that morphing-based flight control can be achieved without

sacrificing platform agility or energy efficiency, fundamentally challenging the paradigm of fixed-

geometry aerial platforms. Aerobat’s successful untethered flight validation with joint motion reg-

ulation establishes that bioinspired morphing is not limited to terrestrial locomotion but extends to

aerial domains, where coordinated appendage reconfiguration and distributed low-power actuation

enable flight modes impossible with conventional rigid-wing designs, providing a complementary

perspective to ground-based morphing platforms like Cobra and informing the design of hybrid

terrestrial-aerial systems[55][59][16].

Our research trajectory began with Harpy [40] [6][30][25][37], a successful bipedal thruster-
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CHAPTER 1. INTRODUCTION

assisted platform that demonstrated the feasibility of aerial-augmented locomotion by seamlessly

integrating flight capabilities with dynamic bipedal walking through coordinated thrust vectoring

and leg dynamics. Harpy’s success in morphing between distinct locomotion modes inspired a fun-

damental shift in our research philosophy: rather than designing task-specific subsystems, we could

architect platforms where individual components serve multiple functional roles, enabling locomo-

tion plasticity through intelligent repurposing. This vision evolved into M4—the Multi-Modal Mo-

bility Morphobot[36]—a wheeled platform equipped with repurposable thrusters that dynamically

transition between ground-based mobility, autonomous flight[62], and hybrid trotting locomotion

by strategically reallocating thrust vector direction and magnitude[33]. Building upon Harpy’s dis-

tributed thruster integration, M4 demonstrates that aerial-augmented locomotion extends beyond

traditional bipedal or quadrupedal structures: by decoupling propulsion from locomotion mode, a

wheeled platform with intelligent thruster reallocation achieves the agility of aerial vehicles, the

stability of ground robots, and novel hybrid gaits through coordinated modulation of wheel torque

and thrust vectoring, establishing a new paradigm for adaptive robotics where locomotion plasticity

emerges from component repurposing rather than mechanical reconfiguration[49]. Building on this

foundation, we extended these thruster capabilities to quadrupedal systems, which led to the incep-

tion of the Husky robot family—a morpho-functional quadruped equipped with thrusters enabling

flight and jetpack-assisted maneuvers.

The first iteration, Husky Carbon[63][28], was specifically engineered to address the de-

manding requirements of search and rescue operations and multi-elemental disaster response scenar-

ios. In such environments, robots must navigate unpredictable weather, including collapsed struc-

tures, floods, and unstable wind patterns, while maintaining the agility to access confined spaces

and the capability to rapidly traverse open areas [56][27][26]. Fabricated with reinforced thermo-

plastic material through additive manufacturing, Husky Carbon integrates morphing leg structures

with coordinated flight dynamics and shoulder-mounted thrusters to create a unified legged-aerial

platform. Inspired by canine leg structure and aerial vehicle agility, this design delivers safe, agile

ground-based locomotion combined with rapid aerial maneuvering, enabling a versatile quadrupedal

platform capable of operating effectively across diverse disaster environments.

This vision evolved further with Husky Carbon V2, which fundamentally addresses the

limitations encountered in the previous iteration by tackling the challenges of short flight duration,

weight constraints, and complex actuators that hindered precise control and system reliability. These

practical constraints motivated a comprehensive redesign focused on simplicity, modularity, and

enhanced operational efficiency. Husky V2 prioritizes a streamlined design approach, utilizing
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CHAPTER 1. INTRODUCTION

off-the-shelf actuators and components to maintain hardware simplicity while achieving the same

versatile capabilities. Unlike conventional multi-modal robots that rely on distinct appendages for

each locomotion task, Husky V2 achieves functional redundancy with minimal overhead through

shared, reconfigurable leg structures. This design philosophy—emphasizing structure repurposing

and integrating perception[68][69] with terrain-aware control—addresses the inherent complexity

of integrated hardware and control strategies while maintaining compactness and embeddedness,

enabling deployment in search and rescue operations, environmental monitoring, and autonomous

exploration missions.

1.2 Contributions and Thesis Outline

This thesis documents the mechanical design and development of Husky V3, representing

a substantial advancement over its predecessor, Husky Carbon V2, with significant improvements in

weight reduction and operational efficiency. The primary contributions of this research are outlined

below:

Mechanical Design Contributions

• Lightweight and robust: The total robot weight was reduced by 2̃0% (from 6.7kg Xkg),

resulting in a lift-to-weight ratio of 2.67:1

• Structural Strength: departing from the previous flexible component design, this version

adopts a more rigid and structurally robust configuration.

• Component optimization:

– The torso design eliminates structural flexion for enhanced rigidity.

– Foot and ankle assemblies have been removed to reduce mass and complexity.

– Thrust bearings at the ankle joint have been replaced with a 3D printed pin-in-place

(PIP) revolute joint design, reducing component count and weight.

– Fastener standardization has been implemented to minimize variation in sizes and lengths,

simplifying assembly and maintenance.

Platform flexibility & Prototyping

5



CHAPTER 1. INTRODUCTION

• Embedded wire architecture: based on the previous design complexity, this platform has

been designed with channels and custom motor casings with part embedding for wire routing

to have seamless morphing and flight

• Easy Part Replacement: designed to enable rapid component replacement if damaged dur-

ing experiments

• In-house Prototyping: Employing iterative design refinement and economical multi-material

3D printing, this prototype facilitates evaluation of structural robustness and mechanical fail-

ure boundaries.

Outline of This Thesis This report is structured as follows:

1. Introduction and Background – A review of the Husky V2 platform and its bio-inspired

goals

2. Design and Methodology – Detailed documentation of the mechanical architecture, material

selection, joint design, and embedded wire routing

3. Prototyping and Assembly Process – An overview of the fabrication, integration, and testing

methods

4. Comparative Analysis – Performance improvements over previous versions

5. Conclusion and Future Work – Reflections on system capabilities and a road map for au-

tonomous multi-modal operation

6



Chapter 2

Literature Review

The design of advanced legged robots requires careful integration of mechanical archi-

tecture, actuator systems, and structural optimization to achieve robust multi-modal locomotion.

This literature review examines the state of the art in quadrupedal robot design, with particular

focus on actuator selection, joint design, structural optimization, fabrication methods, and hybrid

legged-aerial platforms—all critical to the development of Husky V3.

Actuator design represents a fundamental design choice that directly influences locomo-

tion performance, control bandwidth, and system reliability. The challenge in designing actuators

for legged robots is achieving high torque density while maintaining impact robustness and min-

imizing mass—requirements that traditional manufacturing-oriented actuators fail to satisfy [72].

[72] introduces the proprioceptive actuation paradigm implemented in the MIT Cheetah, demon-

strating that high-bandwidth force control can be achieved through collocated force sensing at mo-

tor currents without requiring external force sensors or series elastic elements. This approach uses

high-torque-density motors with single-stage backdriveable planetary gearboxes, enabling the robot

to control contact interactions at the feet during dynamic conditions including high-speed locomo-

tion exceeding 13 mph. The proprioceptive framework provides impact mitigation naturally through

motor backdrivability, eliminating the need for additional compliance elements that would add mass

and complexity.

Building directly on this foundation, [7] extends proprioceptive actuation to all three de-

grees of freedom per leg in the MIT Cheetah 3, compared to only hip and knee actuation in prior

generations. This architectural improvement enables true 3D locomotion control without external

force sensors, achieved through identical high-torque-density motors at all joints and co-axial joint

placement that reduces structural complexity. The resulting platform demonstrates a cost of trans-
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port (CoT) of 0.45 during trotting—approaching biological efficiency—and exhibits reactive terrain

adaptation capability enabling blind stair climbing.

The principles of actuator design extend beyond proprioceptive control to broader effi-

ciency considerations. [54] develops systematic design principles for energy-efficient legged lo-

comotion, establishing how to minimize three primary energy dissipation modes: Joule heating in

motors, transmission losses through gearboxes, and interaction losses at ground contact. By inte-

grating motor selection, gearbox design, and low-inertia leg structures, the MIT Cheetah achieves

efficiency comparable to biological quadrupeds. This work demonstrates that mechanical design

choices directly enable control efficiency rather than control alone determining locomotion effi-

ciency.

For practical research platforms balancing performance with accessibility and cost, [22]

introduces the Mini Cheetah featuring custom modular actuators integrating brushless motors with

internal planetary gearboxes. This design enables rapid component replacement, easy modification

for experimental variations, and low-cost fabrication, making the platform accessible for accelerated

research cycles. The modular philosophy proves essential for iterative design refinement.

More recently, [64] presents a chain-driven, sandwich-legged quadruped robot empha-

sizing reliability, safety, and cost-effectiveness. This platform employs quasi-direct-drive (QDD)

actuators combining off-the-shelf BLDC motors with single-stage planetary gearboxes, achieving

robust actuation without proprietary motor designs. Key innovations include robust cable strain

reliefs, efficient heat sinks for thermal management, and mechanical motion limits to restrict leg

motion—design features addressing practical reliability requirements often overlooked in research

platforms. The dual-motor configuration reduces leg inertia while the sandwich leg architecture

optimizes structural performance, resulting in a 25 kg platform developed under $8000 that suc-

cessfully executes trot and crawl gaits on uneven terrain.

The mechanical design of joints fundamentally influences leg kinematics, ground reaction

force control, and manufacturing complexity. [23] addresses kinematic leg design through analy-

sis of closed-loop linkage mechanisms, examining how effective mechanical advantage changes

with leg configuration and exploring optimal singularity placement. This work establishes that

joint geometry design involves trade-offs between workspace, force transmission efficiency, and

singularity-free regions.

Extending kinematic analysis to structural optimization, [38] develops multi-objective

topology optimization frameworks for overconstrained robotic limbs, balancing competing demands

for stiffness, flexibility, and mass. The resulting optimized leg designs, when fabricated through 3D
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printing, demonstrate 35% improvement in obstacle clearance compared to conventional designs.

This suggests that topology-optimized monolithic structures can outperform traditional articulated

designs by enabling distributed compliance rather than concentrating it at discrete joints.

The evolution toward integrated compliant joint modules is exemplified by [18], which

introduces novel ANYdrive compliant actuator modules combining motors, gearboxes, and elec-

tronics into single integrated units. These modules achieve torque control bandwidth exceeding 70

Hz with high disturbance rejection capability and demonstrate exceptional robustness against im-

pulsive loads—critical for dynamic running and jumping. The integrated controller design enables

real-time feedback at each joint, supporting hierarchical control architectures.

For hybrid platforms requiring rapid morphing between configurations, [66] demonstrates

metamorphic aerial robot design with bi-stable arms that morph between flight and perching con-

figurations. The use of bi-stable mechanisms enables rapid morphing in 0.97 seconds with minimal

energy input, suggesting that mechanical cleverness through spring-based bistability can reduce ac-

tuation requirements in hybrid systems. This principle proves valuable for appendage repurposing

in legged-aerial platforms.

In contrast to complex compliant mechanisms, [64] emphasizes simplified joint articu-

lation using quasi-direct-drive architecture without series elastic elements, prioritizing reliability

and cost-effectiveness. The sandwich-leg design integrates structural elements to maintain stiff-

ness while reducing mass, demonstrating that simplified articulation combined with optimized leg

geometry can achieve performance comparable to more complex systems.

Leg geometry profoundly affects locomotion efficiency, terrain adaptability, and achiev-

able accelerations. The sandwich-legged architecture presented by [64] reduces leg inertia through

dual-motor configuration and optimized mass distribution, enabling agile movements while main-

taining structural integrity. The distributed motor placement also improves load-sharing and reduces

stress concentration compared to traditional coaxial designs.

Compliant leg design offers advantages for terrain adaptation and energy efficiency. [65]

develops systematic topology optimization for monolithic compliant quadruped legs, demonstrating

that integrated stiffness gradients—rather than discrete rigid and compliant zones—improve both

obstacle clearance and compactness. The topology-optimized designs, when fabricated through

3D printing, enable features that would be impossible or prohibitively expensive with traditional

machining.

The principle of leg geometry optimization extends to gait analysis and energy efficiency.

[17] provides systematic comparison of quadrupedal architectures, establishing that efficient and
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versatile locomotion emerges from integrated mechanical and control design rather than actuator

selection alone. Recent comparative studies extending these principles to terrain-adaptive control

demonstrate that proprioceptive force feedback—whether from dedicated sensors or inferred from

motor currents—enables reactive terrain adaptation without external environmental sensing.

Structural rigidity proves critical for hybrid aerial-ground platforms where torso and link

flexion compromises flight stability and control precision. Component optimization through topol-

ogy analysis enables achieving required stiffness targets while substantially reducing mass. [64]

demonstrates that sheet metal fabrication combined with 3D printing enables cost-effective struc-

tural design, with particular attention to stress concentration at mounting locations to prevent bend-

ing under high ground reaction forces.

Weight reduction directly improves thrust-to-weight ratios essential for aerial transitions

and efficient locomotion. [54] emphasizes low-inertia design principles throughout mechanical

architecture, establishing that both reflected inertia (from motors and gearboxes appearing in the

load) and structural inertia (mass of leg segments) must be minimized. The MIT Cheetah design

achieves this through careful component selection and structural optimization.

Material selection and component consolidation strategies prove effective for mass reduc-

tion. Eliminating multi-part assemblies through print-in-place (PIP) design—such as integrating

revolute joints directly into printed structures—reduces total mass while improving manufactur-

ing simplicity and reliability. [71] demonstrates that additive manufacturing enables embedding

of internal structures, integrated actuators, and optimized material gradients within single-piece

components, fundamentally changing design possibilities compared to traditional subtractive man-

ufacturing.

Additive manufacturing has transformed legged robot fabrication, enabling rapid pro-

totyping, complex integrated structures, and cost-effective iteration. [71] presents an integrated

design and fabrication strategy combining 3D printing with rapid prototyping, demonstrating un-

precedented design flexibility for multi-material systems and complex geometries. The approach

enables simultaneous fabrication of structural elements, mounting features, cable routing channels,

and bearing pockets within single printed components.

The shift toward accessible research platforms emphasizes practical fabrication approaches.

[64] adopts low-cost fabrication techniques including laser cutting and 3D printing to achieve so-

phisticated functionality within strict cost constraints. The combination of sheet metal components

(for high-stress structural elements and efficient mass distribution) with 3D-printed structures (for

complex integrated features) optimizes both cost and performance. This hybrid manufacturing ap-
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proach proves more practical than monolithic additive manufacturing for large structural elements.

Custom component design directly integrated with the fabrication process exemplifies

modern legged robot development. [8] develops application-driven design of 3D-printed pneumatic

actuators with embedded bellows and integrated material properties, demonstrating how fabrication

technology enables integrated designs. Similar principles apply to bearing-embedded motor casings

and integrated cable routing channels—design features that traditional manufacturing would require

as multi-part assemblies.

The benefits of rapid prototyping through additive manufacturing extend beyond speed to

design flexibility. [64] emphasizes how 3D printing enables evaluation of structural robustness and

mechanical failure boundaries through iterative refinement, with each iteration providing empirical

data on performance and failure modes informing the next design cycle.

Integrated wire routing within structural elements improves aesthetic presentation, pro-

tects sensitive components, and eliminates external cable management complexity. Proper routing

of power and signal cables within leg structures and torso components requires careful channel

design to avoid interference with moving parts while maintaining structural integrity.

[75] and [67] address cable management in complex robotic systems, establishing fun-

damental principles of routing constraints and deformation dynamics. While these works focus

on manipulating cables as primary actuators, their analysis of routing feasibility and deformation

provides foundational understanding for embedding passive cable paths within robot structures.

[14] demonstrates open-source modular robot architecture principles including standard-

ized interfaces for actuators, computing, and sensing. The architecture emphasizes clean inter-

nal organization through systematic bus arrangements and modular connectors. Custom bearing-

embedded motor casing designs and leg structure channels—as implemented in [64]—facilitate

seamless wire routing essential for hybrid platforms where structural integrity during high-force

impacts and multi-modal transitions demands careful design.

The integration of embedded architecture with structural design proves particularly im-

portant for aerial operation. Exposed wires and loose internal components can shift during flight,

affecting center of mass and control characteristics. Embedding wires directly within printed leg

structures with dedicated channels enables—simultaneous achievement of structural optimization

and clean internal organization.

Hybrid legged-aerial platforms represent a frontier in multi-modal robotics, requiring in-

tegration of ground and aerial capabilities without mechanical redundancy. [34] designs the Flying

Star robot, demonstrating that appendage repurposing enables multimodal adaptability by combin-
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ing sprawl-tuned legged crawling with aerial flight in a single integrated platform. The approach

avoids dedicated appendages for each mode, reducing complexity and mass.

[32] presents the ATMO robot, achieving smooth ground-to-aerial transitions through

model-predictive control adapted to near-ground aerodynamics. The work demonstrates that aero-

dynamic effects near ground level—often treated as disturbances—can be exploited through control

to enable efficient transitions. This principle suggests that mechanical design choices enabling pre-

cise attitude control support the aerodynamic transition mechanisms.

[3] develops co-design optimization methods integrating topology, actuation, morphing

strategy, and controller parameters for morphing drones. Results demonstrate 8-15% improvements

in energy efficiency and mission time for co-designed drones compared to sequential design ap-

proaches, establishing that simultaneous optimization of mechanics and control yields superior hy-

brid platform performance.

[4] proposes passive rotary joints for rapid aerial morphing without additional actua-

tors, achieving variable geometry in flight. This work suggests that mechanical cleverness through

passive mechanisms can enable multimodal functionality without proportional increases in actua-

tion—a critical principle for platforms where every gram impacts thrust-to-weight ratios.

The literature establishes several critical design principles directly applicable to Husky

V3: Proprioceptive Actuation: Motor current-based force sensing ([72], [7]) enables high-bandwidth

control without external force sensors, reducing complexity, mass, and cost. This principle supports

reactive terrain adaptation and smooth aerial-ground transitions. Structural Rigidity Through Opti-

mization: Monolithic and semi-monolithic designs using topology optimization ([38], [64]) elim-

inate flexion while reducing mass through informed material placement. This directly addresses

the flexion problems encountered in Husky Carbon V2. Integrated Wire Routing: Embedded chan-

nel and bearing-embedded motor casing designs ([14], [64]) facilitate clean internal organization

essential for hybrid platforms. Strategic placement of routing channels within printed leg struc-

tures enables simultaneous achievement of structural optimization and clean aesthetics. Simplified

Articulation: Print-in-place revolute joints ([66] principles applied to ground robotics) reduce as-

sembly complexity and component count while improving reliability through elimination of bearing

installation steps and mechanical fasteners. Single-piece revolute joint designs prove more reliable

than multi-part assemblies. Multi-Material Fabrication: Combined sheet metal and 3D printing

([64]) optimizes cost-effectiveness while maintaining structural performance. Sheet metal handles

high-stress structural elements while 3D printing enables complex integrated features. Co-Design

Philosophy: Simultaneous optimization of mechanics and control ([3], [32]) yields superior hybrid
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platform performance compared to sequential design. Mechanical choices should be informed by

anticipated control strategies rather than designed independently. Dual-Motor Leg Architecture:

The sandwich-leg configuration ([64]) reduces leg inertia, improves load distribution, and enables

simplified joint design compared to coaxial architectures. Distributed motor placement also im-

proves structural efficiency.
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Chapter 3

Methodology

3.1 Methodology Overview

The development of Husky V3’s with much robust hardware and smooth multi-modal ca-

pabilities necessitated a comprehensive initial design review to assess mechanical feasibility, iden-

tify structural deficiencies, and establish design refinement priorities. The design review process

was systematized across three hierarchical levels: (1) general leg architecture common to all four

limbs, (2) leg-specific assemblies (Legs 1-4), and (3) torso. Following identification of design de-

ficiencies, an iterative redesign process was implemented, progressing through component-level

refinements, mechanical subassembly integration, electrical routing, full leg assembly, torso inte-

gration, and final system assembly

3.2 Initial Design Review Protocol

A structural inspection was conducted on the assembled Husky V2 refer Fig. 3.1 to eval-

uate mechanical performance, component integration, and bearing/fastening integrity across all ma-

jor subsystems. Observations were categorized by assembly hierarchy and documented to inform

iterative design modifications.

3.2.1 General Leg Architecture Review

Inspection of the common leg design revealed six primary design considerations requiring

modification:
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Figure 3.1: Shows leg assembly of Husky V2

Fastening and Connector Design:

• Clamp designs in femur connectors exhibited inadequate clamping force distribution, neces-

sitating geometric redesign for improved load transfer

• Tibia connectors were over-constrained at both ends. Removing the end clamps reduced

parasitic stiffness and enhanced compliance

• Foot-end clamping mechanisms required redesign to accommodate proper fastener engage-

ment and load distribution

Passive Compliance Architecture: The fibula proximal connector (passive element) exhibited

elastic behavior under compression and demonstrated undesired contact against the femur connector

during load conditions, indicating the need for geometric refinement to maintain separation and

proper compliance characteristics

Fastener Standardization: Hip bone fasteners lacked uniformity across the four legs; standard-

ization of screw specifications (length, diameter, material) was prioritized to reduce component

inventory and ensure consistent mechanical properties
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Optional Weight Optimization: Propeller mounting and flight lock architecture were identified

as candidates for lightweight redesign

3.2.2 Leg-Specific Assembly Review

Individual inspection of each leg revealed localized design and assembly deficiencies:

Leg 1 (Front Right):

• Fibula proximal connector exhibited excessive play (wobbling) primarily attributable to bear-

ing assembly clearances exceeding design tolerances

• Knee motor (FRK-11) demonstrated increased stiffness and potential mechanical damage

compared to identical units in remaining legs, suggesting a manufacturing defect or improper

assembly

• Knee claw connector required re-fabrication with proper fastener specifications

Leg 2 (Back Left):

• Hip bone assembly identified as requiring re-fabrication due to fastener specification errors

(screw length and quantity)

• Tibia bone exhibited anomalous acoustic emissions and rotational drift, indicating internal

structural damage or component degradation

• Tibia distal connector demonstrated mechanical failure requiring replacement

Leg 3 (Front Left):

• All fasteners and design elements, with the exception of general leg architecture items, met

design specifications and required no immediate modifications

Leg 4 (Back Right):

• Tibia bone assembly generated significant acoustic noise during manual articulation, consis-

tent with internal bearing or fastening degradation

• Hip bone assembly exhibited fastener specification errors identical to Leg 2, requiring stan-

dardized re-fabrication
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3.2.3 Torso System Review

Inspection of torso-mounted subsystems revealed structural and integration issues:

Electrical Power Architecture: Voltage regulator mounting plate exhibited a mechanical frac-

ture, necessitating redesign to accommodate thermal expansion cycling and vibration isolation

Structural Integration:

• Front plate torso mounting assembly revealed two missing fastener nuts, indicating incom-

plete assembly or loss of components during handling

• Anti-twist cross member (lateral stiffening element) exhibited inadequate torsional rigidity

and improper load distribution, requiring geometric modification and reinforcement

• Battery mounting interface lacked sufficient mechanical stability; redesigned mounting brack-

ets were required to prevent battery shifting during dynamic locomotion

General Mechanical Wear: Plate clamps around torso-mounted rods demonstrated accelerated

wear patterns, suggesting either inadequate material selection, improper preload specification, or

manufacturing surface finish defects

3.3 Design Evolution and Refinement

3.3.1 Torso Structural Integrity

The original torso structure as shown in Fig.3.2 suffered from three critical design flaws

that compromised structural integrity during operation. Motors mounted directly on a thin pelvis

plate caused inward lean of motor assemblies, while hip motor torque loads transmitted through

flexible structures induced body twist and misalignment. Additionally, body tube clamps positioned

at far end corners created uneven load distribution and caused parallel slipping under operational

loads. To address these issues, the refined design integrated several key structural improvements:

body tubes were enveloped directly into the pelvis plate structure for symmetric load transfer cen-

tered at motor positions, dual-contact body tube mounts supported by reinforcing ribs were imple-

mented to resist roll and yaw loads more effectively, pitch resistance was achieved through upper
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Figure 3.2: Shows the Husky V2 torso with electronics having Jetson Nano on one side and Voltage

regulator and U2D2 board on the other.

and lower body tube enclosures creating a fully-constrained structural frame, and the cross mem-

ber was converted from a floating design to direct plate-to-plate fastening to establish continuous

torsional load paths throughout the structure.

Initial prototype testing of the ribbed pelvis plate seen in Fig.3.3 revealed four primary

fabrication and assembly challenges that required iterative refinement.

• Support Structure Fragility: Delicate support structures for dual-contact body tube mounts

broke during support material removal; resolved by reorienting the part for upward-facing rod

printing to reduce support complexity.

• Insufficient Clearance for Hip-Bone Rotation: Limited clearance during aerial-to-legged

mode transformation constrained joint articulation; clearance geometry around the pelvis ar-

ticulation zone was increased to accommodate full range of motion.

• Lower Backbone Mounting Conflict: Backbone mounting interface clashed with ridge

structure, restricting torso movement; ridge geometry was repositioned to provide adequate

clearance for torso articulation during mode transitions.
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Figure 3.3: Shows comparison of old and initial iteration of redesign for Pelvis Plate. (A) & (B) are

isometric views of Old Pelvis Plate, (C) & (D) are the isometric view of initial redesign.
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Figure 3.4: Exploded view of the new Torso

• Inadequate Screw Mounting Distance: Screw mounting distances from base proved insuf-

ficient for proper fastener engagement and load transfer; base offset distance was increased

to ensure reliable fastener seating and secure attachment of carbon fiber rods.

To address torso twist issues, the design was further refined by incorporating two additional carbon

fiber rods for enhanced flex resistance. To mitigate the resulting weight increase, a larger-diameter

carbon fiber rod was selected with reduced wall thickness: 1 mm thickness with 12 mm outer

diameter and 10 mm inner diameter, compared to the previous 2 mm thickness with 10 mm outer

diameter and 6 mm inner diameter. The larger diameter provided proportional structural strength

while maintaining reduced mass. These rods were enclosed using a dual-contact grip design that

secured the carbon fiber rod from both internal and external surfaces, providing firm constraint

and preventing slippage. This integrated approach yielded a robust torso structure that effectively

resisted torsional flexure while maintaining mass efficiency objectives. Figure 3.4 illustrates the

final ribbed pelvis plate design, demonstrating significantly improved torsional rigidity compared

to the previous iteration while preserving controlled flexibility.
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Figure 3.5: (A) & (B) are isometric views of Old HipBone, (C) & (D) are the isometric view of New

Hipbone Design

3.3.2 Hip Bone Redesign

The original hip bone refer Fig.3.5 exhibited three critical deficiencies that compromised

assembly quality and structural performance. Motor mounting screws positioned in-line with per-

pendicular motor mount features created severe accessibility constraints, preventing adequate fas-

tener torquing and integrity verification. The original claw design for bearing capture demonstrated

inadequate grip strength and flexure under load, causing loss of bearing preload and increased runout

during dynamic operation. Additionally, the extended stem length created excessive moment arm

for motor mounting, amplifying torque reaction loads on the femur connector and increasing struc-

tural deflection proportionally with load, which degraded motor positioning accuracy. To address

these issues, an iterative design evolution was pursued: the first iteration introduced an L-shaped Y-

grip design with internal rib structures for distributed load bearing and repositioned fastener axes to

improve motor screw accessibility, successfully shortening the stem to reduce moment arm. How-

ever, printing complexity remained high. The final design adopted an L-shaped C-grip configuration
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Figure 3.6: shows the setup for testing the Hipbone with toque enabled motor.

that simplified claw geometry for improved 3D printability while maintaining accessibility for both

motor-mounted fasteners, achieving a 7-gram weight reduction and improved bearing grip through

optimized contact geometry.

The final L-shaped C-grip hip bone design integrated several key improvements to resolve

identified deficiencies. Optimized claw geometry provided positive bearing restraint with reduced

material, while dual motor fastener accessibility was achieved through independent screw paths that

avoided geometric conflicts. Integrated internal ribs distributed loads effectively without excessive

material addition. These refinements collectively enhanced assembly accessibility, bearing retention

reliability, and structural load path efficiency, validating the transition from the original constrained

design to a more functional and fabrication-friendly design.

Load Testing Validation: Tensile strength testing of the hip connector was conducted using the

following experimental protocol as shown in Fig.3.6. A blue mounting bracket was fastened to the

test table to establish a fixed reference point, and a motor assembly was installed on the hip bone.
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Incremental loads were applied in 2.6 kg intervals ranging from 0.5 kg to 10 kg, with simultaneous

measurement of motor position error and motor current consumption(calibrated at 0.088°/value and

2.69 mA/value, respectively, based on the Dynamixel Datasheet). This methodology enabled quan-

titative assessment of structural deflection and motor performance degradation under progressively

increasing load.

Stage Load Range (kg) Deflection (°) Current (mA)

L1 0.5–3.1 0.44 270

L2 3.1–5.7 0.53 242

L3 5.7–8.3 0.88 470

L4 8.3–10 0.53 269

Total 0.5–10 2.38 1,520

Table 3.1: Deflection and current measurements across different load ranges

From Table 3.1, the hip connector demonstrated linear load response up to 10kg, validat-

ing the redesigned geometry for Husky V3’s operational loading envelope.

3.3.3 Hip Distal Connector Redesign

The original Hip Distal connector exhibited insufficient clamping geometry as seen in

Fig.3.7, resulting in femur-bone slippage under dynamic loads and inadequate bearing capture with

preload loss. Iterative refinement focused on three areas: optimized bearing grip surface geometry

for enhanced contact and restraint, increased structural depth for improved bending resistance, and

simplified clamping action for improved assembly reliability. The final redesigned femur connec-

tor achieved enhanced clamping geometry with optimized bearing contact surfaces and improved

structural stiffness, ensuring positive femur restraint and reliable bearing preload maintenance dur-

ing operation.

Load Testing Validation: Femur connector tensile strength testing established a critical man-

ufacturing principle: parts oriented with load direction aligned to the Z-axis printing direction

demonstrate maximum tensile strength, indicating that optimal fabrication orientation significantly

enhances structural performance. Validation testing compared two specimens fabricated with differ-

ent printing orientations, revealing a key finding in robustness: despite orientation variations, both

specimens withstood loads of approximately 18 kgf or greater. This result in fig.3.8 demonstrates
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Figure 3.7: shows comparison of the old and new HipDistal Connector, and the image on the right

shows the printing orientation and under test, both orientations demonstrate similar load-bearing

results.

Figure 3.8: Shows the redesigned HipDistal Connector and the wire routing channel.
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Figure 3.9: left bottom shows the exploded view of the XH540 motor assembly, left top figure

represents the motor casing with embedded bearing, and right figure is a reference for the locations

of this motor assembly.

that the redesigned femur connector maintains structural reliability independent of fabrication orien-

tation, providing manufacturing flexibility without sacrificing performance. The redesigned femur

connector successfully achieved reliable femur link restraint across all operational loading condi-

tions, with demonstrated load capacity exceeding 18 kgf. This design robustness across multiple

printing orientations validates both the structural refinement and the practical fabrication of the

component for field deployment.

3.3.4 Motor Casing with Idler Support

The primary objectives for motor casing design, shown in fig.3.9, were establishing clean

wire routing for thick 16-gauge wires and providing firm passive side support for the idler pulley

system. The design underwent iterative refinement to address multiple challenges. The implemen-

tation of idler horn locking was based on dynamixel mechanisms, and reusing peripheral dynamixel
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Figure 3.10: left image shows the slicing interface of adding a pause, and the right image shows

support painting

parts required careful geometric adaptation. Achieving precise tolerances for press-fit bearing in-

stallation while securing the plastic clevis clip proved particularly challenging. Once these initial

challenges were resolved and the casing was mounted, dynamic leg flexure during operation caused

bearing displacement and idler horn detachment from the casing. To address this issue, a bearing

embedding strategy was implemented: the 3D printing process was paused at a critical stage, and

a bearing was manually inserted into a predesigned cutout, ensuring secure bearing retention dur-

ing subsequent dynamic loading. This hybrid fabrication approach successfully eliminated bearing

slippage and maintained idler horn stability throughout operational cycles. The bearing embedding

methodology is demonstrated in Fig. 3.10 and is executed through the following procedure:

1. Design the Cutout

2. Create a cutout in your design that encompasses the bearing’s dimensions.

3. Slice the Model: slice the model in Bambu Studio and scroll through the layers to review

your design.

4. Check for Supports: verify that no supports are present in the embedding region. Removing

supports while the print is paused can shift the bearing, causing print failure.
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Figure 3.11: Translucent view of the front left upper leg to observe the wire routing path(orange

wire)

5. Remove Unwanted Supports (if needed): If supports appear in the embedding region, use

the support painting tool in Bambu Lab. Right-click to paint the regions where supports

should not generate.

6. Slice Again: slice the model again after removing the unwanted supports.

7. Add a Pause Command: add a pause command right before the interfacing layer begins at

layer 59 or 4.84 mm height from the bed.

8. Insert the Bearing: When the print pauses, insert the bearing into the cutout.

Resume the print and watch a few layers to confirm the embedding is successful and the

bearing remains properly positioned.

3.3.5 Wire pipeline

Once the wire exits the motor casing of the hip sagittal motor, it must route through the

passive side and into the rear of the hip frontal motor. To achieve clean, organized wire routing
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Figure 3.12: Translucent view of the front left upper leg to observe the wire routing path(orange

wire)

in this critical transition zone, a specialized wire guide design was developed. This component se-

cures the wires while enabling tangle-free motion and preventing interference with motor operation.

The wire guide design ensures proper cable management throughout the dynamic range of motion,

maintaining structural organization and protecting against potential entanglement during terrestrial

and aerial mode transitions. The design and use can be seen in Fig. 3.11 and 3.20.

3.3.6 Electronic Speed Controller (ESC) Mounting

ESC mounting brackets were redesigned to address excessive weight, bulky features, and

poor thermal management. Snap-fit assembly and lightweight geometry reduced system mass, while

improved thermal pathways and enhanced EMI shielding improved component reliability and heat

dissipation during sustained operations. The features and snap fit design can be observed in the

fig.3.12.

3.3.7 Ankle Bone - Living Hinge Articulation

Iterative development introduced elastomeric elements for distributed compliance and

systematically evaluated multiple living hinge geometries. Initial prototypes refer to A, B, D, and

E in Fig.3.13 exhibited three primary issues: excessive slack in the articulation system, elevated

friction during joint rotation, or unfavorable printing orientations that resulted in structurally weak

components. Following comprehensive testing, design C in fig.3.13, a conical geometry design,

demonstrated promising performance characteristics.
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Figure 3.13: Shows PIP living Hinge design concepts for the ankle joint.

Figure 3.14: displays the directions of load that could act on the joint under the dynamic motion of

the robot.
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Figure 3.15: Redesign Ankle bone wireframe view, TibiaDistal Connector and Leg Orientation.

This refined design leveraged an innovative Print In Place (PIP) fabrication approach,

eliminating post-print assembly requirements. The living hinge features a conical geometry with

33-degree slopes optimized to exploit the 3D printer’s overhang printing capability, enabling direct

fabrication of a fully functional PIP articulated joint. This design methodology combined advanced

geometry optimization with additive manufacturing process capabilities, substantially reducing as-

sembly complexity and improving manufacturing efficiency. Fig.3.14 shows load testing direction

for validating this design approach: Direction 1 achieved approximately 25 kg load capacity with-

out breakage, while Direction 2 recorded approximately 23 kg, demonstrating robust performance

across multiple loading orientations. The parallel arrangement of the two revolute joints enables

load sharing and prevents concentrated stress, enhancing the overall torsional stiffness and reliabil-

ity of the articulated ankle system. Simulated ground contact loading tests further confirmed ankle

bone living hinge performance by characterizing hinge deflection across the operational load range,

demonstrating repeatability over multiple loading cycles, and verifying compliance property reten-

tion without permanent deformation. These validation results establish design reliability for field

deployment, shown in Fig.3.15.
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Figure 3.16: show the signal and power architecture of Husky V3 which is the same as Husky V2.

Image: Chenghao Wang
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3.3.8 Electronics Architecture

The Husky V3 platform employs the same electronics architecture as Husky V2 as seen

in Fig.3.16. A 22.2V LiPo battery serves as the primary power source, feeding two DC-DC con-

verters that regulate voltage to 12V for controller systems and 5V for onboard computing subsys-

tems. Motor actuation is powered directly at 22.2V through Electronic Speed Controllers (ESCs),

which receive PWM commands from the flight controller and drive the four brushless motors and

propellers for aerial propulsion. The central Pixhawk flight controller manages aerial dynamics and

coordinates PWM outputs to the ESC array while receiving wireless commands via radio transmitter

and pymavlink protocol. Legged locomotion is controlled through a Jetson Nano onboard computer

operating at 12V, which communicates with the servo motor controller via the Dynamixel SDK pro-

tocol. The servo controller manages all twelve joint servos through a TTL bus network, providing

coordinated leg motion and receiving feedback for real-time kinematic adjustments. All compo-

nents operate in synchronized harmony through multiple communication protocols—Pymavlink for

flight control, Dynamixel SDK for actuator coordination, and wireless radio telemetry for exter-

nal command input—enabling seamless transitions between terrestrial and aerial locomotion modes

while maintaining centralized power distribution and decentralized functional control architecture.

3.4 Assemblies

This section covers the details on how the assemblies are designed starting with torso,

Upper Leg, wire routing and finally ending with lower leg and ankle .

3.4.1 Torso Assembly

Torso assembly is relatively straightforward, as illustrated in Figure 3.17 and Figure3.18.

Four carbon fiber body tube rods, each 395 mm in length, are attached to the pelvis plate and secured

with screws. In parallel, the backbone assembly is prepared. This backbone design is inherited from

the Husky family architecture: front and back plates are embedded in the backbone plate connector

and backbone connector, which are then assembled with the carbon fiber backbone rod. The front

backbone plate connector is screwed into the assembled pelvis plate, and a second pelvis plate is

attached from the rear, fully enclosing the backbone assembly. Following this step, the motors, ESC

mounts, electronics mounts, and perch are installed. Finally, the voltage regulator, U2D2 board, and

BEC (Battery Elimination Circuit) are mounted as shown in Figure 3.16. 3.17.
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Figure 3.17: Shows the new assembled torso with electronics having Jetson Nano on one side and

Voltage regulator and U2D2 board on the other.
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Figure 3.18: Shows the exploded view of new assembled torso without electronics.

3.4.2 Upper Leg Assembly

In Fig. 3.19, assembly of this integrated system begins at the BLDC motor end, where the

motor is mounted on the knee proximal connector. Wires are then routed through the motor casing

and exit directly into the knee distal connector. Managing the passage of three 16-gauge wires

and three 22-gauge wires through the confined channel requires a systematic assembly procedure.

The 22-gauge wires are routed first, followed by using a single-strand wire as a guide to thread

the thicker 16-gauge wires through the channel and out toward the femur. Before inserting the

femur into the connector, a small washer is placed through the knee distal connector’s hole. This

washer protects against potential damage during femur screw fastening and interlocking. A similar

assembly sequence is repeated for wire routing through the hip distal connector into the hip sagittal

motor casing, with wires exiting through the idler horn. This methodical routing strategy ensures

proper wire organization while protecting conductors from damage during assembly and operation.
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Figure 3.19: Shows the exploded view of the Upper Leg Assembly.

3.4.3 Wire Routing

The routing of wires represents a critical design consideration for operational safety and

system reliability. Proper cable management protects the robot from two primary hazards: entan-

glement in the radial line of motion of sagittal motors and potential damage from propeller blade

contact. Beyond safety considerations, effective wire routing provides significant cosmetic advan-

tages, contributing to a clean and professional appearance of the Husky v3.

The wire routing system begins at the knee BLDC motor with three 16-gauge wires. These

wires travel through the motor casing internally, then continue along with the dynamixel commu-

nication wires through the designed channels in the knee distal connector to the hip sagittal mo-

tor. From there, the wires exit and travel parallel to the sagittal motor through a dedicated routing

pipeline. The cables enter the hip frontal motor’s passive side and exit on the opposite side, where

the daisy-chained dynamixel motor cables connect to the splitter board via the U2D2 interface. Sep-

arately, the BLDC wires connect directly to the ESC (Electronic Speed Controller). Fig.3.20 gives

a visual of the wire path through the parts.
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Figure 3.20: Translucent view of the front left upper leg to observe the wire routing path(orange

wire)
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Figure 3.21

3.4.4 Lower Leg & Ankle Assembly

From a kinematic standpoint, the lower leg and ankle represent two distinct links with

separate functional roles. The Tibia Proximal connector functions as part of the lower leg link,

while the ankle assembly operates as an independent articulated joint. Due to the PIP fabrication

approach, the Tibia Proximal connector is printed as an integrated component of the ankle bone

and cannot be separated without damage. The ankle bone printing orientation is critical: the part

is positioned flat on its side with the cone joint tip facing upward. Crucially, the cone tip must be

oriented perpendicular to the print bed to ensure proper geometry and structural integrity. A Droplet

design feature, previously detailed in Fig.3.15, is incorporated to facilitate tibia bone insertion into

its connector. Since the ankle assembly is fabricated as a complete unit, no post-print assembly

is required. The Fibula Proximal connector features two 4x11x4 bearings positioned on opposite

sides to enable smooth passive rotation and is secured to the knee distal connector using a shaft

screw through the designated through-hole location, as shown in Fig.3.21.
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Results

This chapter presents the validation process for Husky V3, focusing on the innovative

print-in-place (PIP) articulated joint and optimized lightweight design. Testing procedures evalu-

ate structural integrity of refined components including the pelvis plate, hip bone, femur connec-

tor, ankle living hinge, and ESC mounting brackets. Experimental protocols assess load capacity,

compliance retention, and durability across operational conditions. Wire routing integration is doc-

umented for both functional performance and aesthetic presentation. Validation confirms Husky

V3’s structural reliability and component performance under dynamic operational loading.

4.1 Prototype Overview

A primary design objective for Husky V3 was the elimination of torso and leg flexion,

which had significantly compromised walking gait stability and flight control in previous iterations.

The prototype maintained the original kinematic architecture without scaling factors, preserving the

fundamental locomotion principles established in earlier designs. A notable design modification

repositioned all hip frontal motors internally within the torso structure, departing from the previ-

ous external mounting configuration. Despite this geometric change, the kinematic performance

remained largely unaffected, requiring only minor adjustments to the robot’s URDF (Unified Robot

Description Format) model. A concurrent design priority was substantial weight reduction to im-

prove the thrust-to-weight ratio and enhance aerial performance. Husky V2’s mass characteristics

are presented in Table 1, with comparative analysis to the Husky V3 prototype provided in Table 2,

demonstrating the mass reduction achievements through design optimization and additive manufac-

turing refinement
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Figure 4.1: Shows the different modes of operation, which is also the sequencing of how the transi-

tion from Stance to aerial or reverse takes in action.

Figure 4.2: Morphing from Stance mode to Flight mode
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Figure 4.3: Morphing from Flight mode to Stance mode

Figure 4.4: Shows the flight test with its path, yellow and red dots being the start and end position

respectively.
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Robot/Part Body Hip Upper leg Lower leg Ankle Foot BLDC Servos Battery Prop

Husky V2 2.335 0.033 0.733 0.060 0.053 0.075 0.197 0.165 0.500 0.021

Husky V3 2.240 0.025 0.674 0.032 0.035 0.025 0.197 0.165 0.500 0.021

Table 4.1: Component Mass Breakdown (KG).

Figure 4.5: Shows the tethered trotting test for one gait cycle which is for 0̃.4s.

4.2 Full CAD Model

This section presents:

1. Detailed location of the CAD model folder and access information.

2. Comprehensive list of all components.

3. Breakdown of all component weights (CAD estimations and experimental measurements).

4. Detailed list of subassemblies.
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Item No. Part Number Description Qty. Weight

1 pelvisPlate BB Part of Torso 2 78

2 bodyTubeCF BB Carbon Fiber Tube

12x10x395mm

4 20.5

3 backBoneFrontConnector BB Backbone assembly 1

4 backBoneBackConnector BB Backbone assembly 1

5 backBoneBackPlate BB Carbon Fiber back bone plate 2

6 backBoneFrontPlate BB Carbon Fiber back bone plate 2

7 backBoneTubeConnector BB Backbone assembly 4

8 backBoneTube BB Cabon fiber Tube 10x6x72mm 2

9 perchV20.3 BB Perch 1 135

10 XH540Torso CC Dynamixel XH540-W270-T

with custom motor casing

4 170

11 mountESC BB front ESC mounting with pix-

hawk mount

1 20

12 mountESCBack BB Back ESC mounting with 4 way

splitter

1 25

13 u2d2mounting BB Chest plate mounting for U2D2

and Voltage regulator

1 13

14 jetsonMounting BB Chest plate mounting for Jetson

Nano

1 11

15 esc40A BB alpha 40A SEC 4 55

16 nvidiaJetsonNano BB Nvidia Jetson Nano computer 1 242

17 orangeCubePixhawk BB OranageCube Pixhawk FLight

controller

1 34

18 u2duPowerHubBoard BB U2d2 Power hub board for

power distribution and control

1 30

19 3pExtensionBoard BB Extension board for Star topol-

ogy of dynamixels

1 10

20 tattu1300mahBattery BB 22.2v 1300mah battery 1 240

21 voltageRegulatorZKJVA12KX BBStepdown Voltage Regulator 1 55

Continued on next page...
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Item No. Part Number Description Qty.

22 hipbone HL Hip bone 4 25

23 hipProximalConnector UL Supports bearing for Hip Sagit-

tal motor

4 7

24 XH540Leg CC Dynamixel XH540-W270-T

with custom motor casing

8 170

25 kneeDistalConnector UL 4 25

26 hipDistalConnector UL 4 28

27 femurBone UL Carbon Fiber Ellipse Bone 4 10

28 propMotor UL SUNNKSKY X3515S 4 196

29 props15x5 HL propellors 15x5cm 4 23

30 tibiaProximalConnector LL 4 20

31 tibiaBone LL 8 14.5

32 tibiaDistalConnector LL 8 9

33 fibulaProximalConnector LL 4 10

34 ankleBone AL 4 50

35 bearing6806 CC 12 24

36 bearing694ZZ CC 16

37 B18.3.1M - 2.5 x 0.45 x 6 Hex

SHCS – 6SHX

Wire Pipeline on ilder end 19 0.5

38 B18.3.1M - 3 x 0.5 x 30 Hex

SHCS – 18SHX

HipDistal Connector 1 1

39 B18.3.1M - 3 x 0.5 x 12 Hex

SHCS – 12SHX

Torso Assembly 8 1

40 B18.3.1M - 3 x 0.5 x 20 Hex

SHCS – 20SHX

Leg Assembly 32 1

41 B18.3.1M - 3 x 0.5 x 25 Hex

SHCS – 18SHX

Torso Assembly 10 1

Table 4.2: Bill of Materials
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Conclusion

This thesis has documented the mechanical design and development of Husky V3, ad-

vancing the Husky Carbon V2 platform through comprehensive refinement of structural compo-

nents including the PIP articulated ankle, optimized torso architecture, and integrated wire routing.

Iterative design methodology combined with additive manufacturing optimization has produced a

lightweight, structurally rigid platform with improved thrust-to-weight ratio and operational relia-

bility. Validation testing confirms robust performance across load conditions, demonstrating design

viability for multi-modal locomotion and establishing Husky V3 as a practical platform for future

legged-aerial robotic research.

The main achievement of this work was removing structural flexion from the torso and

legs, which had caused problems with walking stability and flight control in earlier versions. By

redesigning the body tube supports, strengthening the pelvis plate, and using optimized carbon fiber

rods, the torso became much more rigid while still allowing some controlled movement for terrain

adaptation. The print-in-place (PIP) articulated joints showed that 3D printing can create complex

joints without needing assembly after printing, making manufacturing simpler. The redesigned

motor casing with embedded bearings solved movement problems and created a clean wire routing

system. Overall, these improvements show that careful iterative design produces robust, practical

designs suitable for field-deployed robots.

In addition to structural improvements, Husky V3 became significantly lighter than Husky

V2, which improved its power-to-weight ratio for better flight performance. Testing showed that an-

kle joints can withstand 23-25 kg of load without breaking and maintain flexibility through repeated

cycles. The dual joint design in the ankle effectively distributes twisting forces, improving stabil-

ity during transitions between ground and flight modes. Using standardized fasteners, lightweight
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mounting brackets with snap-fit connections, and better thermal management for electronics shows

that optimization improves the entire system, not just individual parts. These achievements demon-

strate that Husky V3 is a practical, reliable platform for multimodal locomotion research.

Future work on the Husky V3 platform should focus on several key areas to advance

the design further. Comprehensive field testing can identify structural weak points and fracture lo-

cations that may not have been revealed during laboratory validation, providing valuable data for

next-generation refinement. The passive side of the motor can be optimized to absorb additional

axial and radial loads, extending motor lifespan and improving overall performance reliability. The

Fibula Proximal connector presents an opportunity for redesign using print-in-place (PIP) fabrica-

tion techniques, which would eliminate assembly complexity and reduce component weight while

maintaining structural integrity. Additionally, continued optimization of additive manufacturing

parameters and material selections can further reduce system mass without compromising perfor-

mance. These improvements would advance Husky V3 toward a more refined, lighter, and more

reliable multi-modal locomotion platform.
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