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Abstract: Soft robotics represents an emerging field that offers inherent compliance and adaptability. Over the past
five years, research on actuation for soft robotic hands has grown explosively. Classic tendon-motor and pneumatic
systems now incorporate high-torque micro-servos, textile bellows rated for millions of cycles, and millisecond-level
smart valves. Meanwhile, new actuation methods such as electro-hydraulic HASEL pouches, photothermal liquid-
crystal elastomers, and bio-hybrid muscle strips bring additional advantages to the robotic hands, including high
energy density, cable-free light activation, self-repair capabilities, and quiet operation. This review first examines the
fundamental designs of soft dexterous hands and soft metacarpophalangeal joints, looking at their working principles
and key implementations for each actuation type. Then, this review explores their performance metrics, advantages,
limitations, and suitable application scenarios. Finally, this review comprehensively compares critical parameters like
actuation force, speed, and control complexity, highlighting the complementary strengths of these approaches and
identifying areas for potential integration and future development.

Keywords: robotic hand; soft robotics; humanoid dexterous hand; embodied intelligence; prosthetics; robotic
manipulation

1. Introduction

The field of humanoid robotics is currently experiencing a significant surge in both research activity and the
development of commercial prototypes. These advanced systems are progressively transitioning from traditional
controlled industrial environments to operating in collaborative settings alongside humans [1]. This increased
demand for human-machine interaction reveals a critical limitation of traditional robotic hands, whose rigid nature
can be unsafe and clumsy when dealing with the unpredictability of the real world [2]. Soft robotic dexterous
hands, however, have emerged as a promising alternative to traditional rigid grippers, offering inherent compliance,
adaptability to object geometry, and safe interaction capabilities. These advantages arise from their construction
using flexible and deformable materials that can conform to irregular shapes and absorb impacts or unexpected
forces [3]. Concepts of structural reconfigurability have also been explored beyond the scope of hand designs. For
example, in intelligent automotive factories and in evolutionary robotics, adaptive mechanism can be utilized for
deformable morphing and multivariable stiffness [4,5].

In recent years, several key trends have driven soft robotic hand research. One major trend is the emergence
of novel actuation methods. Beyond conventional electric motors, researchers are now exploring innovative ways
to power soft hands, including electro-hydraulic HASEL (Hydraulically Ampluated Self-healing Electrostatic)
pouches, which offer high power density in flexible forms [6], and photothermal liquid-crystal elastomers that
change shape in response to light and heat [7]. There are even explorations into using living muscle tissue for bio-
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inspired designs, which offer inherent self-healing capabilities and highly efficient energy conversion from
nutrients [8]. These new methods contribute significantly to soft robotic hands that are lighter, quieter, and can be
more highly integrated within compact designs. In addition, drawing upon the insipiration of advancement in
lightweight material in the automotive industry, soft hand skeletons can be improved to minimize mass while
preserving durability [9].

Simultaneously, substantial progress has been made by enhancing traditional actuation methods, notably
tendon-driven systems and pneumatics, through sophisticated control strategies, novel materials, and integrated
sensing. For instance, conventional tendon-driven systems now achieve nuanced, compliant movements thanks to
advanced algorithms, often integrating high-torque micro-servos to achieve greater precision and force density [10].
For pneumatic systems, advancements include textile bellows rated for millions of cycles and millisecond-level smart
valves, which have significantly improved their precision and response time, narrowing the gap with tendon-driven
systems [11,12]. Advanced manufacturing techniques such as reconfigurable intelligent assembly lines found in the
automotive industry may be capable of creating more complex and task-specific soft-hand modules [13].

Previous reviews of soft robotic dexterous hands mainly focused on either general soft robotics principles or
specific categories of soft grippers and continuum manipulators. These often provided broad overviews of
materials, fabrication, or basic actuation mechanisms [14,15]. While these existing surveys offered valuable
insights into foundational aspects, they frequently lack a detailed, comparative analysis of the diverse emerging
actuation types specifically tailored for multi-fingered dexterous hands. Other studies adopted a
compartmentalized approach, examining palm or finger designs in isolation [16]. Many didn’t delve into the
nuances of how these varied mechanisms enable complex, multi-degree-of-freedom movements crucial for
dexterous manipulation. They also didn’t comprehensively compare their performance trade-offs regarding force,
speed, precision, or practical considerations like integration and weight distribution. This created a notable gap in
the current literature. To address this, we conducted a comprehensive review covering various recent
advancements in actuation for soft robotic dexterous hands. By examining multiple actuation approaches in this
specific context, we aim to provide insights into their relative strengths and weaknesses, guiding future research
and application development.

This review is structured as follows. Section 2 is dedicated to in-depth examinations of individual actuation
families: pneumatic systems, tendon-driven mechanisms, electro-hydraulic HASEL pouches, photothermal
liquiderystal elastomers, and bio-hybrid actuators, respectively. These sections illustrated the working principles,
recent innovations, and representative implementations of each actuation types. Section 3 then provides a
comprehensive comparative analysis, evaluating these diverse actuation methods across key performance metrics
such as force output, response speed, control precision, and integration adaptability, further contextualized by a
detailed table of specific robotic hand systems. Finally, Section 4 concludes the paper by summarizing the key
findings, highlighting critical trade-offs, and offering perspectives on future research directions and the potential
for synergistic development in the field of soft robotic dexterous hands.

2. Soft Robotic Dexterous Hands
2.1. Pneumatic Soft Robotic Dexterous Hands

Pneumatic soft robotic dexterous hands (Figure 1 (1-8)) operate on the principle of controlled deformation
through pressurized air. These systems typically consist of elastomeric chambers arranged in finger-like structures
that, when pressurized, expand in predetermined directions to generate motion patterns similar to human fingers.
Multi-fingered pneumatic soft hands have gained significant attention due to their inherent compliance and ability
to conform to various object shapes without complex control systems.

The design and fabrication of pneumatic soft dexterous hands have seen significant advances in recent years.
Devi et al. developed a novel underactuated multi-fingered soft robotic hand for prosthetic applications, utilizing
asymmetric bellows flexible pneumatic actuators (ABFPA) to create versatile, dexterous motion. Their design
incorporated strategic chamber geometries and reinforcement patterns to achieve anthropomorphic finger
movements with minimal control complexity [17]. For purely pneumatic systems, Gupta et al. demonstrated
learning dexterous manipulation for a pneumatically actuated soft robotic hand capable of in-hand manipulation
tasks through the coordinated control of multiple soft fingers [18]. Recent designs exploit compliant mechanisms
to amplify effectual output; Zhang et al. combine rigid skeletal structures with soft ligaments and elastic tendon
actuation to mimic the musculoskeletal system of human fingers. This design achieves high dexterity and
adaptability while maintaining structural and control simplicity [10]. Higueras-Ruiz et al. introduce a monolithic
helical “cavatappi” artificial muscle made from twisted, coiled PVC tubes. It can exhibit a maximum work and
power of 1.42 kw per kilogram, and robust operation over 10,000 cycles [19].
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Control strategies for pneumatic dexterous hands have evolved to address the nonlinear dynamics inherent
in soft structures. Preston et al. developed programmable soft pneumatic valves which enabled complex actuation
sequences and precise force control in soft multi-fingered hands [11]. These valves use piston actuators and
bistable pneumatic switches, supporting digital and analog control. This allows for pressure regulation, logic
operations, and human-robot interfacing. Such control advancements have significantly improved the performance
of pneumatic dexterous hands, addressing earlier limitations in precision and response time.
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Figure 1. Overview of recent soft robotic hands with different actuation types. (1) Gu [20] ; (2) Gollob [21]; (3)
De Pascali [22]; (4) Puhlmann [12]; (5) Zhang [23]; (6) Wall [24]; (7) Zhou [25]; (8) Higueras-Ruiz [19]; (9) Li
[26]; (10) Mohammadi [27]; (11) Yao [28]; (12) Laffranchi [29]; (13) Gilday [30]; (14) Nazari [31]; (15) Lu [32];
(16) Ren [33]; (17) Yoder [34]; (18) Yuen [35]; (19) Zhang [36].

The performance characteristics of pneumatic soft dexterous hands include high inherent compliance,
excellent force distribution across contact surfaces, and the ability to absorb impacts. These properties make them
particularly suitable for handling fragile or irregularly shaped objects. Cao et al. combined soft fingers with bellows
actuators to achieve flexible and adaptable grasping. In this work, the pneumatic bellows act as dampers, absorbing
shocks and impacts during manipulation. This design enables the robotic hand to distribute forces evenly across
the contact surface, reducing stress concentration and minimizing the risk of damaging fragile items. In the demo,
the hand can grab fruits with a mass of 356.4 g [37]. Li et al. demonstrated a pneumatic soft robotic hand equipped
with a hybrid actuator system for real-time control of bending shapes and programmable grasping modes. The
hand can perform both pure bending and helical motions, enabling multimodal grasping and dexterous
manipulation [38]. These hands utilize specialized valve systems that facilitate rapid pressure changes for
improved response times while maintaining the inherent safety advantages of pneumatic systems.

2.2. Tendon-Driven Soft Robotic Dexterous Hands

Tendon-driven soft robotic dexterous hands (Figure 1 (10—14)) operate on principles inspired by biological
musculoskeletal systems. These hands typically employ flexible cables or tendons attached to specific points on soft,
multi-fingered structures and controlled by motors located remotely. When the tendons are pulled, they create tension
that deforms the soft fingers in predetermined ways, resulting in controlled movements like bending or grasping,
allowing for complex multi-fingered coordination. As a result, tendon-driven hands achieve excellent conformance
and grip stability through purely mechanical means, while using fewer actuators than degrees of freedom.

The design and fabrication of tendon-driven soft dexterous hands have shown remarkable innovation in
creating biomimetic systems. Mizushima et al. developed a multi-fingered robotic hand based on a hybrid
mechanism of tendon-driven actuation and jamming transition, enabling variable stiffness control across multiple
fingers [39]. This approach enabled both robust power grasping and precise fingertip manipulation. King et al.
presented a comprehensive framework for designing, fabricating, and evaluating tendon-driven multi-fingered

3 of 10



1JAMM 2025 https://doi.org/10.53941/ijamm.2025.100029

foam hands, demonstrating how soft, compliant structures could achieve complex, human-like manipulation
patterns [40]. Their design incorporated distributed routing pathways through foam fingers to achieve differential
tension distributions across multiple joints. Schlagenhauf et al. further advanced the control methodology for these
tendon-driven soft foam robot hands, enabling more sophisticated multi-fingered coordination for complex
manipulation tasks [41].

Recent advancements in tendon-driven systems for dexterous hands include the work of Li et al., who
developed the Tactile SoftHand-A, a 3D-printed, tactile, highly-underactuated anthropomorphic robot hand with
an antagonistic tendon mechanism [42]. This design incorporated distributed tactile sensing across multiple soft
fingers while maintaining a minimalistic actuation approach. Zhou et al. presented a novel design and control
approach for tendon-driven robotic fingers based on grasping task analysis, which incorporated biomimetic
principles into a multi-fingered dexterous configuration [43]. Their system effectively adapted to various object
geometries while maintaining precise control over individual fingers.

Beyond advancements in mechanical design, the manipulation capabilities of tendon-driven soft hands have
also advanced significantly in recent years. Yao et al. developed the SWIFT hand, enabling the system to learn
optimal tendon tensions and motion primitives directly through real-world interaction. Through self-supervised
learning, the hand acquires dynamic in-hand pen-spinning skills entirely via trial-and-erro—without prior object
models—achieving 100% success with three pens after just 130 sampled actions per pen [28]. The arrangement of
tendons in multi-fingered designs presents unique challenges. Li et al. conducted a comprehensive fingertip
manipulability assessment of tendon-driven multi-fingered hands, providing important insights into optimal
tendon routing strategies for maximizing dexterity [42]. They demonstrated how proper routing configurations
could significantly enhance manipulation capabilities with minimal actuation complexity.

2.3. Electro-Hydraulic HASEL Pouches

Electro-hydraulic HASEL (Hydraulically Amplified Self-healing Electrostatic) actuators were introduced by
Kellaris et al. as thin, thermoplastic pouches partially filled with a liquid dielectric and patterned with compliant
electrodes [6] (Figure 1 (17)). When a few micro-amperes of high voltage (4-9 kV) are applied, Maxwell stresses
drive the liquid toward one end, causing the opposite polymer shell to contract—producing muscle-like strokes.

HASEL pouches give a rare mix of large, muscle-like strain, millisecond response and built-in self-healing.

These strengths make them attractive for lightweight prostheses and soft grippers. Yoder et al. demonstrates
that Peano-HASEL actuators enable a prosthetic finger to be much faster (10.6x), have higher bandwidth (11.1x),
and consume less energy (8.7 less) than a DC motor-driven finger, while reaching 91% of the original range of
motion [34]. Yet the architecture of HASEL still demands a 4-9 kV supply plus fault-tolerant insulation, and
leaked dielectric oil is unacceptable in clinical settings—practical hurdles that have so far limited HASEL hands
to laboratory prototypes with forces below high-power tendon systems [6,34].

2.4. Photothermal Liquid-Crystal Elastomers (LCEs)

Liquid-crystal elastomers combine an aligned mesogenic network with an elastic backbone; heating disorder-
drives the mesogens, yielding anisotropic contraction along the director. Ware et al. manipulated the alignment of
LCE domains to achieve controllable shape changes [44]. More recently, advanced fabrication techniques—such
as fiber drawing and UV-programmed alignment—have enabled the creation of tendon-like LCE filaments that
exhibit reversible actuation strains of 30—45%, closely matching the compliance of biological tissues [45].

Recent innovations have integrated these LCE tendons into functional soft robotic devices (Figure 1 (15)).
For example, Lu et al. demonstrated a biomimetic prosthetic hand with LCE tendons and integrated liquid metal
heating elements, achieving up to 43.6% contraction strain and 536 kPa contraction stress under joule heating; this
hand can coordinate all five fingers to carry a 200 g water bottle and use four fingers to lift a 252 g bag [32]. Since
LCE tendons are entirely polymeric, they operate silently and are MRI-transparent, making them suitable for
medical applications and stealth robotics.

2.5. Living-Muscle (Bio-Hybrid) Actuators Wires

Bio-hybrid hands harness cultured skeletal-muscle bundles to pull artificial tendons, providing unmatched
compliance and inherent proprioception (Figure 1 (16)). Cvetkovic et al. showed that millimetre-scale muscle rings
can drive 3-D printed hydrogel skeletons for hundreds of cycles [46]. Building on microfluidic nutrient circulation,
Morimoto and Takeuchi demonstrated centimetre-scale muscle sheets delivering milli-newton forces for soft-
robotic fins [47]. Most recently, Ren et al. arranged five MuMuTA muscle bundles around a 3-D printed hand
skeleton and achieved individually controlled finger flexion in a culture bath [33]. Nevertheless, force density lags
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synthetic actuators by up to two orders of magnitude, and continuous operation outside CO»-controlled incubators
faces unresolved challenges in nutrient delivery, sterility, and temperature management. Thus, bio-hybrid hands
remain a compelling but still exploratory path toward lifelike robotic manipulation.

2.6. Dielectric Elastomer Actuators

Dielectric elastomer actuators (DEAs) promise fast, silent muscle-like motion, yet fitting enough active
material into a hand-sized mechanism is still hard. Yuen et al. [35] tackled this by rolling six-layer silicone strips
twice around themselves and threading a Kevlar tendon through the hollow core, so axial stretch becomes remote
cable tension (Figure 1 (18)). The resulting 1.42 g double-roll module delivered 0.69 N blocked force with 1.84
mm free stroke at 1.25 kV. A pair of these cable-DEAs, plus a 3-D-printed frame, formed a 4.4 g two-finger gripper
that reliably lifted objects up to 5.5 g. These results highlight cable-driven DEAs as a compact path to bring high-
bandwidth artificial muscles into compliant robotic hands without overcrowding the fingertip.

2.7. Piezoelectric Ceramics Actuators

Piezo-ceramic stacks deliver an exceptional blend of sub-millisecond response, nanometre positioning and
high force density. Zhang et al. [36] embed twelve metal-ceramic “sandwich” stacks directly into the fingers of a
390 g robotic hand, eliminating gears and backlash (Figure 1 (19)). Each stack achieves 15 nm open-loop resolution
and drives a full stroke in roughly 0.5 ms. Despite the lightweight frame, the hand lifts 14.76 kg. These figures
show that piezoelectric ceramics can scale from micro-actuation to macro-scale grasping while offering high
stiffness, low hysteresis (around 3.95 %) and immunity to electromagnetic interference—qualities well-suited to
precision industrial and surgical manipulation.

2.8. Hybrid Approaches

Researchers have increasingly explored hybrid approaches that integrate multiple mechanisms within
multifingered dexterous hands (Figure 1 (9)). These approaches aim to combine the inherent compliance and the
distributed force capabilities of pneumatic systems with the precision and control efficiency of tendon-driven
mechanisms.

Zhu et al. developed pneumatic and tendon actuation coupled multi-mode actuators specifically for soft
robotic dexterous hands, enabling a broad force and speed range that would be unattainable with either approach
alone [48]. Their system incorporated pneumatic chambers for primary force generation and tendons for fine
positioning, allowing individual fingers to switch between high-force and high-precision modes. Li et al. presented
a dual-mode actuator for soft robotic hands that integrated pneumatic and tendon-driven elements in an
antagonistic configuration, enhancing both the grasping strength and precision control of multi-fingered
manipulation [26]. This approach enabled variable stiffness control across multiple fingers simultaneously,
addressing one of the key limitations of purely soft systems.

Kumar et al. demonstrated fast, strong, and compliant pneumatic actuation for dexterous tendon-driven hands,
using specialized pneumatic systems to drive tendon-based multi-fingered hands with improved response
characteristics [49]. Their design maintained the advantages of remote actuation while enhancing the speed and
force capabilities through precision-controlled pneumatic assistance. Zhou et al. introduced the DexCo hand, a
dexterous and compliant multi-fingered robotic hand that employs a hybrid soft fluidic actuation system,
combining pneumatic actuation in the palm with hydraulic actuation in the fingers. This innovative design
leverages the rapid response and compressibility of pneumatics for palm flexibility while utilizing the precise force
transmission of hydraulics for fine finger control. The DexCo hand demonstrates remarkable in-hand manipulation
capabilities, rivaling human dexterity, and represents a significant advancement in fluidic actuation for robotic
hands [50]. These hybrid approaches represent a promising direction for multi-fingered dexterous hands,
potentially offering better performance across multiple metrics compared to single-mode actuation systems.

3. Comparative Analysis

To effectively evaluate and compare soft robotic dexterous hands with different actuation types, we must
consider multiple performance metrics that are critical for dexterous manipulation tasks (Table 1). The selection
of these parameters is guided by the fundamental requirements of dexterous hands in various application domains.

Different implementations across multiple research groups demonstrate consistent patterns in performance
trade-offs between these actuation methods. The Harvard RBO Hand [12], utilizing pneumatic actuation,
demonstrates excellent adaptability and compliance, but with less precision compared to tendon-driven systems
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like the Yale OpenHand [51]. These implementation-specific Differences reveal fundamental characteristics
inherent to each actuation approach.

Table 1. Comparison of specific soft robotic dexterous hand implementations.

# Paper Actuation Type  DoF Mass (g)  Force/Payload Response Time  Stand-Out Feature(s)
I Gu[20] Pneumatic 6 292 2.3 kg load 0.2 Hz Bidirectional human-
machine interface
Pneumatic . .
2 Gollob [21] (metacarpopha- 2 - S0N 0.5Hz Hybrid rigid—soft, multi-

e material construction
langeal joint)

Direct integration into

3 De Pascali [22] Pneumatic 7 8/actuator 18 N pulling force 1 Hz . .

functional devices
4 Puhlmann [12] Fabric pneumatic 16 - 39N - Actuated palm + thumb spread
5 Zhang[23] Pneumatic bellows 11 138 (f)(ffeN blocking Multi-material 3D-printing

Customizable rehabilitation
6 Ridremont [52] Pneumatic 6 1400 0.06 N-m/finger 1 Hz tasks in both flexion and
extension modes

. 3 active Grasping a . . .
7 Zhou [25] Pneumatic | passive 1.5 kg bottle - Multi-material 3D-printing
Higueras-Ruiz . . High mechanical efficiency
8 [19] Pneumatic 1/finger 0.014/mm 0.5 kg tensile load 2 Hz (45%) and high power density
9 Laffranchi [29] Tendon-driven 13 480 150 N - Underactuated differential drive
. Low-budget printed
10 1[\;[%}1 ammadi Tendon-driven 13 253 21.5 N grip 0.77 Hz prosthesis (material cost
200 USD)
Dynamic in-hand pen-
11 Yao [28] Tendon-driven 6 - - - spinning through self-
supervision
. . Silicone fingertips for high
12 Gilday [30] Tendon-driven 11 120 - - friction and gentle contact
5N for Non-invasive
13 Nazari [31] Tendon-driven 6 360 fingertip/18 N for - sonomyography via a
palmar grasping wearable ultrasound probe
14 Lu[32] LCE 5 - 252 g - Independent finger control
15 Ren[33] E:s/:;g muscle 5 - 8 mN/finger 2 Hz Individual finger control
16  Yoder [34] Electro-hydraulic oo (38~43) - 25Hz High actuation speed
(HASEL)
Ultra-light rolled DEA
17 Yuen [35] DEA 1/finger 4.42 0.69 N 25 Hz modules, low fingertip inertia
Piezoelectric .
18  Zhang [36] Ceramic 12 390 14.76 kg 2000 Hz High frequency
19 Li[26] Hybrid finger 1800 43N ; Compact, untethered

operation

Force generation capabilities represent a critical parameter for evaluating soft dexterous hands, directly
impacting their ability to manipulate objects of varying weights and apply appropriate pressure during grasping
tasks. Pneumatic soft dexterous hands typically generate higher forces at their operational pressure ranges than
tendon-driven systems of similar size and weight. For example, the RBO Hand-2 demonstrates fingertip forces up
to 8.3 N at normal operational pressures, while the comparable Yale OpenHand Model T achieves approximately
10 N with its tendon-driven system. The stress of photothermal LCEs remains in the hundreds-of-kilopascal range,
an order of magnitude below pneumatic fabrics, and UV-induced ageing gradually reduces stroke; even the best
laboratory samples show measurable loss after a few thousand high-temperature cycles [44]. This difference is
particularly important for applications requiring robust grasping of heavier objects.

Response speed and bandwidth show significant variation between actuation types, with direct implications
for dynamic manipulation tasks. Tendon-driven dexterous hands consistently demonstrate faster response times
due to direct mechanical actuation, as evidenced by the tendon-driven hand developed by Zhang et al. shows
response speed of 2.5 Hz [10]. In comparison, Pascali et al. developed a 3D-printed pneumatic robotic hand that
only shows a 1 Hz response speed despite comparable finger dimensions [53]. HASEL cells can match the speeds
of tendon-driven dexterous hands because fluid inertia is low and dielectric relaxation is fast (10.6 times faster
than a DC motor actuator) [34]. Classic pneumatic actuators operate safely at around 1 Hz, limited by pneumatic
filling [22]. Living muscle sheets contract at physiological rates (1-2 Hz) but tire quickly without nutrient
perfusion [47]. Piezo-ceramic stacks push the response speed at kilohertz level [36]. For photothermal LCEs, fast-
cooling hollow fibres have cut recovery to sub-second times, making cyclic actuation plausible for lightweight grippers.
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Control precision emerges as another distinguishing factor between these actuation approaches. Tendon-
driven systems generally provide better position control precision, as shown by the ProMain-I’s positioning
accuracy of £5 mm [53] compared to the Makenzie’s research £10 mm [54]. This precision advantage derives
from the more direct force transmission pathway in tendon systems and the avoidance of compressibility issues
associated with pneumatic actuation. However, recent advancements in valve technology for pneumatic systems
have narrowed this gap. Decker et al. developed programmable soft pneumatic valves, enabling differential
pressurization across finger segments. The glove-controlled soft robotic hand they developed could match human
finger angles within 2° over a range of 0° to 130° [11]. Furthermore, insights from intelligent connected vehicles,
where two-degree-of-freedom tire models allow for higher precision automatic lane change, could inspire an
improved in-hand manipulation planner to further enhance control precision [55].

Weight distribution capabilities differ significantly between these approaches, with important implications
for hand design. Tendon-driven dexterous hands allow for remote placement of actuators, potentially resulting in
lighter end effectors, as demonstrated by Gilday et al.'s design with 120 g total system weight [30]. Pneumatic
systems often require proximal valves and pressure regulation components. Although recent innovations have
improved their distribution capabilities, even miniaturised setups add over 100 g to the user [23]. HASEL
electronics weigh less than 50 g but introduce kilovolt insulation and oil handling issues [34]. LCEs require nothing
beyond thin wires or optical fibres, making them attractive for confined joints [32]. Yuen et al.'s DEA finger only
weights 4.42 g, indicating significant light-weight advantage [35]. Living muscle tissue demands the heaviest
support—reservoirs, microfluidics, and temperature control—keeping the system firmly in the lab for now [33].

4. Conclusions and Future Perspectives

This review has examined the fundamental principles, key implementations, performance characteristics, and
applications of soft robotic dexterous hands with different actuation types. The comparative analysis reveals that
each approach offers distinct advantages and faces specific challenges, making them complementary rather than
competitive technologies for multi-fingered dexterous manipulation. Pneumatic soft dexterous hands excel in
inherent compliance, force distribution, and impact absorption, making them particularly suitable for handling
delicate or irregularly shaped objects in structured environments. However, they face challenges in miniaturization,
energy efficiency, and precision control. Tendon motors dominate commercial prosthetics: they satisfy the
simultaneous demand for high force, fast response, battery operation, and compact packaging. On the other hand,
Tendon-driven robotic hands struggle with issues related to the tendon routing complexity, friction, and lower
force output. These challenges underscore the importance of flexible joints control algorithms [56,57], which can
effectively translate actuator outputs into precise and reliable manipulation performance. Origami-enabled
structures [58] represent another compelling approach with significant potential for enhancing dexterous hand designs.
At the same time, hybrid palms that embed pneumatic thumb-spread hint at a near-term future where small compliant
sub-actuators overlay the high-power tendon core to boost dexterity without inflating battery load [12]. Therefore,
future research should focus on the integrated design of mechanisms, control strategies, and actuators to advance
soft dexterous hands towards robust, reliable, and practical manipulation capabilities.

A second wave of research converges on soft-fluid and electro-active architectures that foreground safety,
transparency, or niche operating environments. HASEL pouches already rival motor bandwidth while providing
self-healing dielectric resilience [34]; their bottlenecks are kilovolt electronics and oil containment, both solvable
with piezo-step HV converters and gel-encapsulated fluids now appearing in stretchable-battery research. Joule-
heated LCEs can be driven wirelessly and remain MRI-safe, making them attractive for in-body tools [32].

Looking forward, integrating structural reconfiguration frameworks from automotive manufacturers and
morphing-stiffness strategies from evolutionary robotics could inspire new soft-hand architecture that can
dynamically alter form and compliance to respond to task requirements [4,5]. Moreover, digital-twin approaches
utilized in automotive production for real-time simulation and optimization can offer a direct blueprint for virtual
prototyping of soft hands [59]. In fact, adopting Industry 4.0 paradigms, including cyber-physical systems, digital
twins, and cloud-connected big-data analysis in metal-forming, offers another direct template for scalable
prototyping [60].

Looking further ahead, we can expect muscle bundles to grow by densifying myofibrils and embedding
vasculature-mimicking microfluidics in the next decade [33,47]. To escape the incubator, closed-loop perfusion
with antibiotic-loaded hydrogels and thermoelectric heaters may keep tissue viable in ambient air for days, long
enough for exploratory field trials.

These research directions hold the potential to significantly advance soft robotic dexterous hands, leading to
systems that combine the adaptability and safety of soft structures with the precision and functionality needed for
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complex manipulation tasks. As the field continues to mature, with the ongoing miniaturization of high-energy-
density flexible batteries, roboticists could, for the first time, choose actuators on a spectrum ranging from metal gears
to living tissue, assembling “cyber-organic” hands that adjust their mechanics as naturally as the human original.
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