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Executive Summary

The development of dexterous robotic hands capable of operating in unstructured envi-
ronments represents one of the grand challenges in robotics. Current rigid actuator sys-
tems, while precise, lack the compliance and adaptability required for safe human-robot
interaction and manipulation of diverse objects. This PhD research proposal presents a
comprehensive program to develop biologically inspired robot actuators that bridge
the gap between biological dexterity and robotic precision.

The proposed research addresses three fundamental challenges through three inter-
connected research directions:

1. Hybrid Actuation Architectures: Combining pneumatic, shape memory alloy
(SMA), and electroactive polymer (EAP) technologies to achieve high force density,
fast response, and inherent compliance in a single integrated system.

2. Embedded Intelligence through Morphological Computation: Leveraging
the physical properties of soft materials to offload computation from traditional
controllers, enabling adaptive grasping through body-environment interactions.

3. Bio-mimicry Mechanisms: Translating human hand anatomy—including tendon-
muscle architecture, ligament structures, and variable stiffness joints—into robotic
designs that preserve both dexterity and robustness.

The research program spans four years and employs a multi-disciplinary methodol-
ogy combining computational modeling, advanced fabrication techniques (including 3D
printing and soft lithography), and comprehensive experimental validation. Expected
outcomes include novel actuator designs with performance metrics surpassing current
state-of-the-art, validated prototypes for humanoid robotics applications, and fundamen-
tal contributions to the theoretical understanding of embodied intelligence in robotic
systems.

Keywords: Soft robotics, biologically inspired actuators, dexterous manipulation,
morphological computation, hybrid actuation, humanoid robotics
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1 Introduction and Motivation

1.1 The Challenge of Dexterous Manipulation

The human hand is an extraordinary manipulation system, featuring approximately 20—
27 degrees of freedom (DoF') that enable a vast repertoire of grasping, twisting, and in-
hand manipulation tasks (Piazza et al., 2019). This remarkable capability emerges from
the synergistic integration of compliant tissues, precise neural control, and sophisticated
sensory feedback. In contrast, robotic hands—despite decades of research—remain far
from achieving comparable dexterity, particularly in unstructured environments where
objects vary in shape, weight, texture, and fragility (Billard and Kragic, 2019).

The primary limitation lies not in control algorithms or sensing technologies, but in
the fundamental design of robotic actuators. Traditional rigid actuators, while offering
precision and repeatability, lack the inherent compliance essential for:

» Safe physical human-robot interaction
» Adaptive grasping of objects with uncertain properties
« Robust operation in cluttered, dynamic environments

o Energy-efficient manipulation over extended periods

1.2 The Promise of Biologically Inspired Actuation

Nature has evolved remarkably efficient solutions for dexterous manipulation through
soft, compliant structures (Rus and Tolley, 2015). Biological muscles combine high force
density, fast response, inherent compliance, and self-sensing capabilities—properties that
remain elusive in engineered systems. The emerging field of soft robotics has demon-
strated that bio-inspired approaches can achieve manipulation capabilities previously
unattainable with rigid systems (Polygerinos et al., 2017).

This proposal presents a research program to develop next-generation biologically
inspired actuators that can enable truly dexterous robotic hands for operation in un-
structured environments—a critical capability for humanoid robots in manufacturing,
healthcare, domestic, and disaster response applications.
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Figure 1: Graphical abstract illustrating the three research directions: hybrid actua-
tion architectures, embedded intelligence through morphological computation, and bio-
mimicry mechanisms converging toward dexterous robotic hands for unstructured envi-
ronments.

2 State-of-the-Art Synthesis

2.1 Soft Pneumatic Actuators

Soft pneumatic actuators (SPAs) have emerged as one of the most promising technologies
for compliant robotic manipulation. These actuators leverage pressurized fluid to generate
motion through deformation of elastomeric structures (Mosadegh et al., 2014).

2.1.1 McKibben Artificial Muscles

The McKibben artificial muscle, first developed in the 1950s, remains a foundational
design in pneumatic actuation. Modern variants have evolved into a diverse class of
actuators offering high power-to-weight ratios, compliance, and safe human interaction
(Daerden and Lefeber, 2002). Recent innovations include:

o Hyperboloidal PAM: A silicone hyperboloidal tube reinforced with straight Ni-
Ti alloy fibers achieving up to 15% contraction at 50 kPa—approximately 2.5x
greater than conventional McKibben muscles of equivalent dimensions.

o Miniaturized McKibben Muscles: Sun et al. demonstrated photothermal-
induced gas-liquid transformation to enable untethered, miniaturized McKibben
muscles for remote-controlled applications (Sun et al., 2024b).

» Fiber-Reinforced Origami Actuators (FORA): These novel actuators achieve
50% maximum contraction at 100 kPa input pressure—mnearly twice the range of
motion compared to conventional McKibben-type actuators with significantly im-
proved force distribution (Walker et al., 2024).
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2.1.2 Fabric-Based Pneumatic Actuators

Fabric-based pneumatic soft actuators exhibit substantial advantages over traditional sys-
tems in terms of adaptability, safety, and multifunctionality. By leveraging the intrinsic
flexibility and programmability of fabric materials, these actuators achieve complex mo-
tion control through air pressure modulation (Li et al., 2025d). Current research focuses
on:

o Enhancing multidirectional expansion capabilities
o Optimizing flexibility-force trade-offs

o Improving control accuracy and response speed

2.1.3 Pumpless Phase-Transition Actuators

Emerging designs based on liquid-gas phase transition eliminate the need for external
pumps. The electroconductive fiber-reinforced phase transition actuator (E-FPTA) gen-
erates 120% actuation strain with only 12 W power input, achieving extending, con-
tracting, twisting, bending, and helical motion through mechanically programmed fiber
patterns.

2.2 Shape Memory Alloy Actuators

Shape memory alloys (SMAs), particularly NiTi-based compositions, offer exceptional
strain capabilities and substantial load capacities (Jani et al., 2014). However, practical
deployment has been hindered by inherently slow thermal responsiveness.

2.2.1 Recent Advances in Actuation Speed

Li et al. introduced dual-responsive SMA technology using polydopamine integrated with
silver nanowires, achieving;:

o Approximately 3.2x faster actuation speed than unmodified fibers under NIR laser
irradiation

o 35% improvement in electrothermal responsiveness
» Wireless, fast-responding capabilities suitable for microrobotic systems (Li et al.,
2025c¢)
2.2.2 Dexterous Hand Applications

SMA-actuated robotic hands can provide higher levels of dexterity and compliance, with
mechanical structures designed similar to the musculoskeletal system (Kim et al., 2024).
Key advantages include:

« High force-to-weight ratio
e Quiet operation
o Muscular-like mobility

» Biocompatibility for wearable applications
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2.2.3 Control Innovations

Adaptive control strategies using gray-box models where only input current and output
displacement are measured have demonstrated higher position tracking accuracy and
stable performance in hand rehabilitation applications (Hadi et al., 2024).

2.3 Electroactive Polymer Actuators

Electroactive polymers (EAPs) are soft functional materials that undergo shape changes
in response to electrical stimuli, offering high actuation strain, flexibility, lightweight
construction, and energy efficiency (Bar-Cohen, 2004).

2.3.1 Dielectric Elastomer Actuators (DEASs)

DEAs produce strain levels exceeding 100% under relatively low voltages, enabling bio-
logically inspired actuation (Pelrine et al., 2000). Recent developments in liquid crystal
elastomer (LCE) actuators demonstrate exceptional capacity to exert loads 700x their
original weight (Li et al., 2025a).

Key applications include:

o Soft grippers with excellent adaptability for irregular objects
« Locomotion robots (multilegged, crawling, swimming, jumping)

e Wearable devices and exosuits

2.3.2 Ionic Polymer-Metal Composites (IPMCs)

IPMCs operate under low voltage (<5 V) and exhibit large deformation at minimal power
consumption (Shahinpoor and Kim, 2005). Their characteristics make them particularly
suited for:

o Underwater systems
» Biomedical implants (cardiac pacing, smart catheters)

e Prosthetics with biomimetic motion

2.4 HASEL Actuators

Hydraulically Amplified Self-Healing Electrostatic (HASEL) actuators represent a break-
through combining the advantages of DEAs and fluid-driven actuators (Acome et al.,
2018). They inherit high-speed and self-sensing capabilities while overcoming limitations
such as dielectric breakdown risk and leakage issues.
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Table 1: Comparison of Soft Actuator Technologies

Technology Force  Speed Efficiency Complexity Self-Healing
Pneumatic (McKibben)  High ~ Medium  Medium High No
Shape Memory Alloy High Low Low Low No
Dielectric Elastomer Medium High High Medium No
IPMC Low Medium High Low No
HASEL High High High Medium Yes

The HALVE (Hydraulically Amplified Low-Voltage Electrostatic) variant matches
mammalian skeletal muscle in average power density (50.5 W/kg) and peak strain rate
(971%/s) at 4.9x lower driving voltage (Rothemund et al., 2024; Kellaris et al., 2025).

2.5 Hybrid Actuation Systems

To overcome individual actuator limitations, hybrid systems combining multiple technolo-
gies have emerged (Li et al., 2020). These approaches leverage complementary strengths:

o DC motors for sufficient torque output
o SMA wires for fingertip rotation precision

o Electromagnets for enhanced load capability without stiffness changes

COMPARISON OF SOFT ACTUATOR TECHNOLOGIES FOR ROBOTIC HANDS
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Figure 2: Comparison of soft actuator technologies across key performance metrics rele-
vant to dexterous manipulation.

2.6 Morphological Computation and Embodied Intelligence

Morphological computation is a design paradigm that exploits physical body properties
to simplify control and enable adaptive behavior (Pfeifer and Bongard, 2007; Hauser
et al., 2011). Recent research demonstrates that soft robotic hands can achieve successful
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grasping of diverse objects through body-environment interactions, reducing controller
complexity to simple pneumatic logic (Kortman et al., 2025).
Key developments include:

« Physical Reservoir Computing: Biological structures act as physical reservoirs,
encoding joint angles and posture in high-dimensional pressure fields for accurate
state estimation (Sun et al., 2024a)

« AI-Embodied Systems: Integration of multimodal sensing/actuation with em-
bedded computing enables adaptive operation in diverse environments (Zhao et al.,
2025)

o Passive Dynamic Systems: Optimal use of morphological computation elim-
inates need for internal processing, as demonstrated in passive dynamic walkers
(Zhou et al., 2024)

2.7 Bio-Inspired Robotic Hand Design

Recent advances in biomimetic design have achieved remarkable dexterity:

2.7.1 Biomimetic Rigid-Soft Integration

Li et al. demonstrated that distilling complex anatomical structures into skeletal mech-
anisms with regular geometrics, strategically deployed soft ligaments, and elastic tendon
actuation enables controllable multi-DoF dexterity while providing resilience and com-
pliance (Li et al., 2025b). The resulting robotic hand demonstrates piano playing, power
and pinch grasping, and in-hand manipulation.

2.7.2 Biohybrid Actuators

A groundbreaking biohybrid hand using lab-grown human muscle tissue has achieved
18 cm length with multi-jointed fingers capable of individual gestures and combined
object manipulation—a significant advancement toward larger biohybrid limbs.

2.7.3 Anatomically-Inspired Structures

Research incorporating rarely discussed anatomical structures including tendon sheaths,
ligaments, and palmar plates has enabled highly accurate replication of human-like soft
mechanical fingers (Mohammadi et al., 2024).
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Figure 3: Bio-mimicry mechanisms: Translation from human hand anatomy (tendon-
muscle systems, ligaments, joint mechanics) to corresponding robotic implementations.

3 Gap Analysis and Research Justification

Despite significant advances, critical gaps remain that limit the deployment of soft actu-
ators in practical dexterous manipulation systems:

p

Gap 1: Energy Efficiency and Speed Trade-off
Current soft actuators face an inherent trade-off between response speed and energy
efficiency. Pneumatic systems require bulky compressors and consume significant
energy; SMAs suffer from slow cooling cycles; DEAs require high voltages that
pose safety concerns. No existing solution achieves the speed, efficiency, and safety
simultaneously required for household humanoid robots operating on battery power.

Gap 2: Integration Complexity
Hybrid actuation systems remain challenging to integrate due to:

o Incompatible control paradigms between actuator types
Difficulty in manufacturing multi-material structures
o Lack of unified modeling frameworks for heterogeneous systems

» Complex routing of power and signal pathways in confined hand spaces
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Gap 3: Limited Embedded Intelligence Exploitation
While morphological computation theory is well-established, practical implemen-
tations remain limited. Current soft hands either rely on traditional closed-loop
control (negating morphological benefits) or employ simple open-loop actuation
(sacrificing precision). The systematic design of actuator morphologies that inher-
ently encode intelligent behavior remains an open challenge.

Gap 4: Scalability to Full Hand Systems
Most research focuses on individual fingers or simple grippers. Scaling to anthro-
pomorphic hands with 15204 DoF introduces challenges in:

o Actuator miniaturization while maintaining force output
o Coordinated multi-finger control
» Heat management (particularly for SMA-based systems)

o Achieving anthropomorphic proportions with embedded actuation

Gap 5: Validation in Unstructured Environments

Laboratory demonstrations under controlled conditions do not translate to real-
world performance. Systematic benchmarking protocols for soft hands in unstruc-
tured environments—with variable lighting, object clutter, unknown object prop-
erties, and physical disturbances—are lacking.

J

These gaps motivate a comprehensive research program addressing actuator design,
intelligent integration, and systematic validation, as outlined in the following sections.

4 Proposed Research Directions

This proposal presents three synergistic research directions designed to address the iden-
tified gaps and achieve substantial impact on the field of biologically inspired robotic
manipulation.
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Figure 4: Research methodology flowchart showing three parallel tracks converging to-
ward integrated system validation in unstructured environments.

4.1 Research Direction 1: Hybrid Actuation Architectures
4.1.1 Objective

To develop integrated multi-modal actuator systems that synergistically combine the
strengths of pneumatic, SMA, and EAP technologies while mitigating their individual
limitations.

4.1.2 Technical Approach
The proposed hybrid architecture follows a hierarchical design philosophy:

1. Macro-Actuation Layer (Pneumatic): Fiber-reinforced pneumatic chambers
provide the primary gripping force and coarse positioning. Low-pressure opera-
tion (<100 kPa) ensures safety while achieving forces suitable for everyday object
manipulation (1-10 N per finger).

2. Precision Control Layer (SMA): Miniaturized SMA wire tendons provide fine
position control and fingertip dexterity. Novel surface-modified SMA fibers with
enhanced thermal responsiveness (3.2x faster than conventional) enable rapid ad-
justments without compromising the overall system response.

3. Sensing/Stiffness Modulation Layer (EAP): IPMC-based sensors provide pro-
prioceptive feedback while DEA elements enable variable stiffness control—a capa-
bility absent in purely pneumatic or SMA systems.
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Figure 5: Conceptual diagram of hybrid actuation system showing integration of pneu-
matic chambers, SMA tendons, and EAP sensing/modulation elements within a robotic
finger structure.

4.1.3 Key Innovations

Innovation 1.1: Multi-Physics Co-Design Framework

Development of a unified computational framework that simultaneously optimizes
pneumatic chamber geometry, SMA wire routing, and EAP sensor placement to
maximize workspace, minimize energy consumption, and ensure thermal manage-
ment.

Innovation 1.2: Integrated Manufacturing Process

Novel multi-material 3D printing workflow combining;:
o Direct ink writing for elastomeric pneumatic chambers
e Embedded SMA wire placement during print
o In-situ EAP electrode deposition

This approach eliminates assembly steps and ensures precise component alignment.

Innovation 1.3: Thermal Management Architecture

Strategic placement of heat-dissipating microchannels within the elastomeric struc-
ture to accelerate SMA cooling, targeting response times below 500 ms for full
actuation cycles.

4.1.4 Expected Outcomes

o Hybrid actuator modules with 5x improved energy efficiency compared to purely
pneumatic systems
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« Response times of <500 ms (from 2-3 s for conventional SMA)

« Demonstrated integration of >15 hybrid actuator modules into an anthropomorphic
hand

4.2 Research Direction 2: Embedded Intelligence through Mor-
phological Computation

4.2.1 Objective

To systematically design actuator morphologies that encode adaptive, intelligent behavior
within their physical structure, reducing reliance on complex computational control.
4.2.2 Theoretical Foundation

This research direction is grounded in the principle that the dynamics of compliant bodies
can serve as computational resources (Hauser et al., 2011). Specifically, the research will
develop:

1. Morphology-Behavior Mapping: Mathematical frameworks relating actuator
geometry, material properties, and environmental interaction to emergent grasping
behavior.

2. Physical Reservoir Computing: Exploitation of the nonlinear dynamics of soft
materials to perform computational tasks traditionally requiring electronic proces-
SOTS.

3. Self-Adaptive Compliance: Structures that autonomously adjust stiffness and
shape in response to contact, without active control intervention.

4.2.3 Key Innovations

Innovation 2.1: Computational Morphology Optimization

A novel design methodology combining:
o Genetic algorithms for topology optimization
o Finite element simulation of contact dynamics
o Reinforcement learning to evaluate grasping outcomes

The objective function explicitly rewards successful grasping with minimal control
complexity.

Innovation 2.2: Pressure-Encoding Morphologies

Finger structures where internal pressure distributions encode finger posture and
contact state. This enables proprioceptive sensing through a single pressure mea-
surement rather than distributed strain sensors.
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Innovation 2.3: Passive Pre-Shaping Mechanisms

Linkage designs that automatically pre-shape fingers during approach based on
object geometry, exploiting environmental constraints before contact occurs.

MORPHOLOGICAL COMPUTATION AND EMBEDDED INTELLIGENCE FOR ADAPTIVE GRASPING IN SOFT ROBOTICS

A. BIOLOGICAL INSPIRATION

B. SOFT ROBOTIC HAND

C. CONTROL ARCHITECTURE
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Figure 6: Morphological computation architecture: biological inspiration, soft robotic
implementation with embedded sensing, and simplified control through body-environment
interaction.

4.2.4 Expected Outcomes
e Demonstrated 10x reduction in control computation for common grasping tasks
» Novel morphologies achieving >90% grasp success rate with open-loop control

o Theoretical framework for morphological computation in multi-finger systems

4.3 Research Direction 3: Bio-Mimicry Mechanisms

4.3.1 Objective

To translate key anatomical features of the human hand into engineered structures that
preserve both dexterity and mechanical robustness.

4.3.2 Target Anatomical Features

1. Tendon-Muscle Architecture: The human hand employs a differential tendon
system where multiple tendons share common muscle origins. This provides:
o Reduced actuator count through underactuation
o Natural synergy patterns for coordinated motion

o Inherent force distribution across fingers
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2. Ligament Structures: Collateral ligaments constrain joint motion while palmar
plates prevent hyperextension. Robotic analogs using graded-stiffness elastomers
can provide:

« Joint range limiting without hard stops
o Energy storage during impact loading
o Predictable kinematics under load variation

3. Variable Stiffness Joints: Human fingers exhibit position-dependent stiffness

profiles. Implementing this in robotic joints enables:
o Compliant motion near singularities
e Stable force application at extended positions

o Natural impedance adaptation to tasks

4.3.3 Key Innovations

Innovation 3.1: Artificial Ligament Networks

Development of 3D-printed elastomer networks that replicate human hand ligament
function:

o Graded stiffness through multi-material printing
o Anatomically accurate routing based on MRI studies

o Self-limiting behavior preventing joint damage

Innovation 3.2: Variable Stiffness Tendon Sheaths

SMA-based tendon sheaths that modulate friction and stiffness along the tendon
path. This enables:

 Task-specific stiffness profiles (compliant for exploration, stiff for power grasp)
o Energy-efficient holding through friction locking

» Protection against external disturbances

| r
G

Innovation 3.3: Biomimetic Actuation Mapping

Translation of electromyography (EMG) patterns from human hand movements to
actuator commands, enabling intuitive control through:

o Learning from demonstration frameworks

o Transfer of natural synergy patterns

o Adaptive mapping for individual users

-
\
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4.3.4 Expected Outcomes

« Robotic finger with >80% kinematic similarity to human finger
o Demonstrated survival of drop tests from 1 m height (impact robustness)

o Natural motion patterns recognized as “human-like” by naive observers

5 Methodology

5.1 Design and Modeling
5.1.1 Multi-Physics Simulation

The research will employ a comprehensive simulation framework combining:

 Finite Element Analysis (FEA): ABAQUS and COMSOL for large-deformation

mechanics of elastomeric structures

« Computational Fluid Dynamics (CFD): For pneumatic chamber flow opti-
mization

o Thermal Modeling: For SMA heat transfer and cooling rate prediction

o Multi-body Dynamics: MATLAB/Simulink for whole-hand kinematics and con-
trol

5.1.2 Optimization Frameworks

Genetic algorithms and gradient-based optimization will be applied to:
o Actuator geometry for force-displacement characteristics
o Tendon routing for kinematic workspace

o Material distribution for morphological computation objectives

5.2 Fabrication Methods
5.2.1 Multi-Material Additive Manufacturing

The research will leverage state-of-the-art 3D printing technologies (Wallin et al.; 2018;
Truby and Lewis, 2016):

e Direct Ink Writing: For silicone elastomers with controlled porosity

« Embedded 3D Printing: For integrating SMA wires and sensors during fabrica-
tion

e Multi-Jet Fusion: For rigid skeletal components with high geometric complexity
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5.2.2 Soft Lithography

For high-precision actuator features:
o PDMS molding for pneumatic chamber fabrication
o EAP electrode patterning through transfer printing

o Multi-layer lamination for complex internal geometries

5.3 Experimental Validation
5.3.1 Actuator Characterization

Systematic testing protocols for:
o Force-displacement curves under varied loads
e Response time and bandwidth measurements
o Energy consumption and thermal profiles

o Fatigue life testing (>100,000 cycles)

5.3.2 Grasping Performance

Benchmarking against established protocols:
» YCB object set for standardized manipulation evaluation
o GRASP taxonomy coverage assessment

» Blind object identification through tactile exploration

5.3.3 Unstructured Environment Testing

Validation in realistic scenarios:

 Kitchen environment: handling fragile items (eggs, glasses), deformable objects
(bread, fruit)

o Workshop environment: tools, fasteners, cables

« Outdoor environment: variable lighting, wet/dirty surfaces
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6 Project Timeline and Milestones

PhD Project Timeline Gantt Chart: Biologically Inspired Robotics Research (4-Year)

Year 1 Year 2 Year 3 Year 4
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Figure 7: Four-year PhD project timeline showing work packages, milestones, and deliv-
erables.

6.1 Year 1: Foundation and Preliminary Design

WP1: Literature Review and Requirements Definition (Months 1-6)
o Comprehensive review of soft actuation technologies
o Definition of performance specifications for hybrid actuator
« Establishment of benchmarking protocols
WP2: Modeling Framework Development (Months 4-12)
o Multi-physics simulation environment setup
o Initial actuator concept development

e Milestone M1: Validated simulation framework

6.2 Year 2: Actuator Development and Characterization
WP3: Hybrid Actuator Fabrication (Months 10-24)

o Multi-material fabrication process development
o First-generation hybrid actuator prototypes
» Systematic characterization and iteration

e Milestone M2: Functional hybrid actuator module
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WP4: Morphological Computation Implementation (Months 18-30)

e Optimization algorithm development

e Morphology design iteration

o Physical reservoir computing validation

6.3

Year 3: Integration and Bio-Mimicry

WP5: Bio-Mimicry Mechanism Development (Months 24-36)

o Artificial ligament network fabrication

« Variable stiffness tendon sheath development

o Human-robot kinematic comparison studies

o Milestone M3: Bio-mimetic finger prototype
WP6: Full Hand Integration (Months 30-42)

o Multi-finger actuation integration

o Control architecture development

o Preliminary manipulation demonstrations

6.4 Year 4: Validation and Thesis
WPT: Unstructured Environment Validation (Months 36-45)

» Systematic benchmarking in realistic scenarios

« Comparative evaluation against state-of-the-art

o Milestone M4: Validated robotic hand system
WP8: Documentation and Dissemination (Months 42-48)

o Thesis writing and defense preparation

o Journal and conference publications

o Technology transfer activities

7

7.1

Impact Statement

Scientific Contributions

This research program will deliver fundamental contributions to:

1.

Soft Robotics Theory: Novel frameworks for multi-modal actuator design and
morphological computation in dexterous manipulation systems.

Bio-inspired Engineering: Systematic methodology for translating biological
mechanisms to engineered systems with quantifiable fidelity metrics.

Manufacturing Science: Advancement of multi-material additive manufacturing
techniques for integrated soft-rigid structures.
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7.2 Relevance to Humanoid Robotics

The proposed research directly addresses the critical bottleneck in humanoid robot de-
velopment: dexterous manipulation in unstructured environments (Cheng et al., 2025).
Current humanoids can perform simple grasps but lack nuanced dexterity for everyday
tasks. This research will enable:

« Household Robotics: Safe manipulation of deformable fabrics, fragile items, and
random clutter in domestic environments

e Manufacturing: Flexible automation requiring human-like dexterity for assembly,
inspection, and handling

o Healthcare: Assistive devices for rehabilitation and elderly care with inherently
safe interaction

« Disaster Response: Robust manipulation in debris-filled environments requiring

compliance and adaptability

7.3 Economic Impact

The global soft robotics market is projected to grow at 31% CAGR, reaching USD 14.15
billion by 2033. Joint actuators account for 30-50% of humanoid robot costs. Innovations
in energy-efficient, compact actuators will directly reduce system costs and accelerate
commercial adoption.

7.4 Societal Benefits

Beyond economic considerations, this research contributes to:
o Accessibility: Prosthetic and assistive devices with natural, intuitive operation
o Safety: Inherently safe robots for close human collaboration

o Sustainability: Energy-efficient actuation reducing robot operational footprints

8 Required Resources

8.1 Equipment

o Multi-material 3D printer (e.g., Stratasys J750 or equivalent)
« Soft lithography and cleanroom facilities

» High-speed camera system for motion capture

» Force/torque sensors and data acquisition systems

o Thermal imaging camera for SMA characterization
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8.2 Software
« ABAQUS, COMSOL Multiphysics for FEA

« MATLAB/Simulink for control development
« ROS (Robot Operating System) for system integration

o Python ecosystem for machine learning components

8.3 Collaborations

The research will benefit from collaborations with:
o Materials science laboratories for novel elastomer development
» Biomechanics groups for anatomical modeling validation

o Industry partners for application-driven requirements and testing

9 Conclusion

This PhD research proposal presents an ambitious yet achievable program to advance the
field of biologically inspired robot actuators for dexterous manipulation. By addressing
the fundamental gaps in energy efficiency, integration complexity, embedded intelligence,
scalability, and real-world validation, the proposed research will enable robotic hands
that approach human capabilities in unstructured environments.

The three synergistic research directions—hybrid actuation architectures, embed-
ded intelligence through morphological computation, and bio-mimicry mechanisms—
represent a comprehensive approach that leverages the latest advances in materials sci-
ence, additive manufacturing, and computational design. The expected outcomes will
have substantial impact on humanoid robotics, prosthetics, and human-robot interac-
tion.

The research program is well-aligned with global trends toward safe, adaptable, and
energy-efficient robotic systems. With the projected growth of soft robotics and humanoid
robot markets, innovations in dexterous manipulation will have significant scientific, eco-
nomic, and societal impact.
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