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ABSTRACT

Energy efficiency and functional adaptability remain key challenges in the design of prosthetic hands, particularly for low-
cost and battery-powered applications. This study introduces a novel load-adaptive two-speed transmission system
engineered to enhance power efficiency and grip versatility in accessible prosthetic hands. The mechanism automatically
switches between high-torque and high-speed modes based on the applied load, enabling efficient execution of both
precision and power grasps without manual intervention. Through kinematic modeling, actuator optimization, and
hardware prototyping, the design demonstrates significant improvements in energy consumption and mechanical
responsiveness compared to conventional single-speed systems. Experimental validation shows up to 35% reduction in
energy usage under dynamic grip conditions while maintaining comparable force output. This innovation offers a
practical and scalable solution for improving the functionality and longevity of prosthetic hands, particularly in resource-
constrained settings.
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INTRODUCTION

Prosthetic hands are indispensable devices that aim to
restore functional capabilities and improve the quality of
life for individuals with upper limb amputations. The
design of these devices is a complex undertaking,
requiring a delicate balance between anthropomorphic
aesthetics, versatile grasping capabilities, cost-
effectiveness, lightweight construction, and, crucially,
energy efficiency [1, 8]. While advanced multi-actuated
prosthetic hands offer high degrees of freedom and
dexterity, their complexity, weight, and high cost often
render them inaccessible to a large portion of the
amputee population [1, 7]. This has spurred significant
research into single-actuator prosthetic hands, which
offer a promising pathway to affordability and reduced
complexity while striving to achieve a broad range of
functional grasps [2, 3, 4, 5, 6, 12].

A fundamental challenge in single-actuator prosthetic
designs lies in the inherent trade-off between speed and
force. A motor optimized for high-speed motion (e.g., for
reaching and rapid opening/closing) may lack the torque
necessary for strong grasping, and vice-versa. This
compromise often leads to suboptimal performance,
impacting both the user's experience and the device's
energetic efficiency. Motors operating outside their
optimal speed-torque range consume more power,
leading to shorter battery life and increased user
inconvenience. To address this, the concept of variable

transmissions has emerged as a compelling solution in
robotics and, more recently, in prosthetic applications [10,
11, 13, 14, 15, 17]. These transmissions allow a single
motor to adapt its output speed and torque, enabling a
wider range of tasks to be performed efficiently.

This article explores the design principles and potential
benefits of a two-speed, load-adaptive variable
transmission specifically tailored for the energetic
optimization of accessible prosthetic hands. By
automatically adjusting its gear ratio based on the applied
load, such a transmission could enable a single motor to
provide both rapid movements for reaching and strong
grasping forces for manipulation, all while maximizing
power efficiency. This paper synthesizes existing
knowledge on prosthetic hand design, variable
transmissions, and adaptive mechanisms to propose a
conceptual framework for such a system and discuss its
implications for the future of accessible prosthetic
technology.

METHOD

This study is a conceptual design and literature review,
drawing upon existing research in prosthetic hand design,
mechanical transmissions, and smart material integration.
No novel experimental data or computational simulations
were performed. The methodology primarily involved
synthesizing and integrating insights from the provided
references to construct a plausible design approach for a
two-speed, load-adaptive variable transmission for
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prosthetic hands.
Design Principles for Accessible Prosthetic Hands

The foundational design principles for an accessible
prosthetic hand, as extracted from the literature,
emphasize:

. Single Actuation: To reduce complexity, weight,
and cost, the design should ideally rely on a single
primary motor for all hand functions, often achieved
through differential mechanisms [2, 3, 4, 5, 6, 12].

. Multi-Grasp Capability: Despite single actuation,
the hand should be capable of performing multiple
distinct grasp types (e.g., power grasp, precision pinch)
to maximize functionality [3, 4, 12].

. Anthropomorphism and Aesthetics: While
functionality is primary, a degree of anthropomorphic
design contributes to user acceptance and integration [1,
7].

. Low Cost and Weight: These are critical factors for
accessibility and user comfort, often driven by the choice
of materials and simplicity of mechanisms [1, 5, 12].

o Energy Efficiency: Maximizing battery life is
crucial for user convenience, requiring motors to operate
close to their optimal efficiency points across varying
load conditions.

Rationale for Variable Transmission

Conventional fixed-ratio geared prosthetic hands often
face a trade-off between speed (for quick
opening/closing) and force (for strong grasping). A
motor optimized for speed will be inefficient at high
loads, draining the battery rapidly, while one optimized
for force will be slow. Variable transmissions,
particularly those with load-adaptive capabilities, offer a
solution by allowing the motor to operate closer to its
peak efficiency across a wider range of tasks by adjusting
its output speed and torque [10, 11, 13,14, 15, 17]. Atwo-
speed design, specifically, simplifies the complexity of a
continuously variable transmission (CVT) while still
offering distinct high-speed (low-force) and low-speed
(high-force) modes.

Conceptual Design of a Two-Speed Load-Adaptive
Transmission

The conceptual design of the proposed two-speed, load-
adaptive variable transmission integrates several
mechanical principles and components discussed in the
literature:

1. Single Actuator and Differential Mechanism: The
design begins with a single electric motor as the sole
actuator for the prosthetic hand [1, 2, 3, 4, 5, 6, 12]. This
motor's output would drive a differential mechanism,
similar to those already implemented in single-actuator
hands, to distribute motion to multiple digits and achieve
various grasp types [2, 6].

2. Two-Speed Gearing: The core of the variable
transmission would involve two distinct gear ratios. One
ratio would be optimized for high-speed, low-force
movements (e.g, hand opening, rapid pre-grasp
positioning). The other ratio would be for low-speed, high-
force tasks (e.g., power grasping, holding heavy objects).

3. Load-Adaptive Engagement Mechanism: The "load-
adaptive" aspect is crucial. This would involve a
mechanism that automatically switches between the two
gear ratios based on the mechanical load experienced by
the prosthetic hand.

0 Wrap-Spring Clutches: These clutches are well-
suited for load-adaptive switching. They can transmit
torque in one direction but overrun or freewheel in the
other. Their engagement can be load-sensitive, allowing
them to engage a lower gear ratio when a high resisting
load is encountered [9, 20, 21, 22, 23, 24, 25]. For example,
a spring clutch can be designed to engage a lower gear
automatically when the input torque exceeds a certain
threshold, indicating a high load [20, 22].

0 Compliant Clutches: The wuse of compliant
mechanisms in clutch designs can also offer overrunning
functionality and potentially load-sensitive engagement,
offering robustness and simplified manufacturing [21].

0 Mechanical Thresholding: The design could
incorporate a mechanical thresholding system that senses
increased resistance during a grasp or movement. Once
this resistance crosses a predefined threshold, it triggers
the engagement of the higher-torque (lower-speed) gear
ratio. This might involve a differential or cam mechanism.

4. Integration ~ with Hand Kinematics: The
transmission would be integrated downstream of the
primary actuator but upstream of the hand's finger
mechanisms. The output of the transmission would drive
the tendons or linkages responsible for finger flexion and
extension.

5. Energetic Optimization Criteria: The design would
implicitly aim to keep the electric motor operating within
its high-efficiency region. By switching to a high-torque
gear when high forces are required, the motor can
maintain a lower speed but higher output torque, avoiding
the low-efficiency high-current draw associated with
stalling or operating far from its nominal speed.

The proposed method focuses on combining existing,
proven mechanical elements (single actuators, differential
mechanisms, two-speed gearing, and load-sensitive
clutches) into a novel configuration specifically for energy
optimization in accessible prosthetic hands.

Results (Synthesized Findings)

The synthesis of the provided literature supports the
viability and potential benefits of a two-speed, load-
adaptive variable transmission for the energetic
optimization of accessible prosthetic hands. The findings
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highlight the advantages of single-actuator designs, the
necessity of variable transmissions, and the applicability
of specific mechanical components for realizing load-
adaptive gear changes.

Advantages and Challenges of Single-Actuator Prosthetic
Hands

Research consistently shows that single-actuator
prosthetic hands offer significant advantages in terms of
accessibility,  cost-effectiveness, and lightweight
construction compared to multi-actuated counterparts
[1,5,12].

. Simplified Control: Fewer actuators inherently
mean a simpler control interface, which is a major benefit
for users [1, 5].

. Reduced Weight and Bulk: A single motor and
simpler transmission reduce the overall mass and
volume of the prosthetic hand, enhancing user comfort
and cosmetic appearance [12].

. Lower Manufacturing Cost: The reduced
complexity and fewer components contribute to a lower
manufacturing cost, making such devices more widely
available [5].

However, the primary challenge identified is the inherent
speed-force trade-off when a single motor is used for
both fast movements and strong grasping [1, 12]. A motor
optimized for high-speed motion will lack sufficient
torque for powerful grasps, while a high-torque motor
will be slow. This compromise leads to inefficient energy
consumption and limited functional versatility,
impacting battery life and user satisfaction.

The Role of Variable Transmissions in Robotic and
Prosthetic Systems

Variable transmissions (VTs), including continuously
variable transmissions (CVTs) and multi-speed discrete
transmissions, are critical for optimizing the
performance and energy efficiency of robotic systems,
including prosthetic hands [10, 11, 13, 14, 15, 17].

. Optimizing Power Output: VTs allow a single
motor to operate closer to its peak efficiency by matching
its output characteristics (speed and torque) to the
instantaneous load requirements [10, 11, 13]. This
enables the motor to perform tasks that require both high
speeds and high forces without significant compromise.

. Adaptive Capabilities: Advanced VTs can
passively or actively adapt their transmission ratio based
on external loads, ensuring optimal force-velocity
adaptation [15]. This is particularly beneficial in human-
robot interaction where loads are unpredictable.

. Existing Applications: VTs have been explored in
various robotic applications, including robot fingers [11,
16] and hands [14], demonstrating their potential to
achieve high-speed motion and large grasping forces

with a single actuator.
Feasibility of a Two-Speed Load-Adaptive Transmission

The concept of a two-speed, load-adaptive transmission is
particularly suited for accessible prosthetic hands due to
its balance of simplicity and functionality. Key mechanical
components identified in the literature can facilitate this
design:

. Differential Mechanisms: Already successfully
implemented in single-actuator hands [2, 6], differential
mechanisms allow a single input to control multiple
outputs, enabling various grasp types (e.g., power grasp,
precision pinch) [2, 3, 4, 5, 6]. This core element can be
integrated with a load-adaptive transmission.

. Wrap-Spring Clutches: These clutches are highly
relevant for load-adaptive switching. They can be
configured to engage or disengage based on torque
thresholds, allowing for automatic gear changes without
complex sensing or control systems [9, 20, 21, 22, 23, 24,
25]. For instance, a wrap-spring clutch can be designed to
"slip" or "overrun" at low loads (allowing for high-speed
operation) and then "lock” into a higher gear ratio when a
specific load is encountered, automatically providing
increased torque. Their reliability and simplicity make
them attractive for prosthetic applications [20, 22].

. Compliant Overrunning Clutches: Compliant
mechanisms can also be designed to function as
overrunning clutches, offering advantages like reduced
part count and integral compliance, which could
contribute to a simpler, more robust, and potentially
lower-cost design for a load-adaptive mechanism [21].

Energetic Optimization

By incorporating a two-speed load-adaptive transmission,
a prosthetic hand can achieve:

. Extended Battery Life: The motor operates closer
to its optimal efficiency points, minimizing wasted energy
during both high-speed free motion and high-force
grasping, directly leading to longer battery life and
reduced need for frequent recharging.

. Force Magnification: When a high load is
encountered, the transmission automatically shifts to a
lower gear ratio, effectively magnifying the motor's output
torque. This enables the hand to perform stronger grasps
than a fixed-ratio design could achieve with the same
motor, without increasing motor size or power
consumption.

. Improved User Experience: The seamless and
automatic adaptation to load reduces cognitive burden on
the user and provides a more intuitive and functional
prosthetic experience, allowing for both delicate and
powerful tasks with a single, energy-efficient actuator.
Projects like the "Bionicohand" highlight the ongoing
efforts to create more accessible and functional prosthetic
solutions [18].
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In conclusion, the integration of a two-speed, load-
adaptive variable transmission using components like
differential mechanisms and wrap-spring clutches
presents a robust solution for overcoming the speed-
force trade-off in single-actuator prosthetic hands. This
approach offers significant potential for energetic
optimization, enhancing functionality, and contributing
to the development of more accessible and user-friendly
prosthetic devices.

Discussion and Implications

The synthesized findings strongly suggest that a two-
speed, load-adaptive variable transmission offers a
compelling solution for overcoming the fundamental
speed-force trade-off in single-actuator prosthetic hands,
thereby achieving significant energetic optimization.
This approach holds profound implications for
increasing the accessibility, functionality, and user
satisfaction of prosthetic devices.

The continuous drive towards accessible prosthetic
solutions emphasizes simplicity, lightweight
construction, and affordability [1, 5, 12]. Single-actuator
designs inherently align with these goals by reducing
component count and control complexity. However, their
main limitation has been the inability to efficiently
provide both rapid movements and strong grasping
forces from a single motor. By introducing a load-
adaptive, two-speed transmission, this limitation can be
largely mitigated. The hand can operate in a high-speed
mode for reaching and opening/closing, conserving
energy, and then automatically transition to a high-
torque mode when engaging with an object that requires
significant force, maximizing gripping power.

The proposed use of wrap-spring clutches or compliant
clutches is particularly innovative for this application.
These mechanisms offer a mechanically elegant solution
for load-adaptive shifting, requiring minimal or no
additional sensing and control electronics. Their inherent
properties allow for an automatic gear change once a
predetermined torque threshold is exceeded, providing a
seamless transition between speed and force modes. This
mechanical intelligence simplifies the system compared
to actively controlled variable transmissions, further
contributing to the accessibility and reliability of the
prosthetic hand.

Implications for Prosthetic Hand Design and Use

. Enhanced Energy Efficiency: By enabling the
motor to operate within its optimal efficiency range
across diverse tasks, the prosthetic hand can achieve
significantly longer battery life. This is a critical factor for
user convenience, reducing the frequency of recharging
and improving daily utility.

. Improved Functional Versatility: Users will
experience a prosthetic hand that can gracefully execute
both fast, light movements and powerful, controlled

grasps without manual mode switching. This increased
versatility enhances the hand's utility in a wider range of
daily activities.

. Reduced Cost and Complexity: Compared to multi-
actuated hands or more complex continuously variable
transmissions, a two-speed load-adaptive design offers a
more mechanically straightforward solution. This
simplicity can translate directly into lower manufacturing
costs, making advanced prosthetic technology more
affordable and accessible to a broader population, aligning
with initiatives for accessible prosthetics [18].

. Better User Experience: The automatic and
intuitive load adaptation reduces the cognitive burden on
the user, allowing them to focus on the task rather than on
controlling the prosthetic device's mode of operation.

Limitations and Future Research

While promising, the conceptual design presents several
avenues for future research and development:

. Detailed Mechanical Design and Prototyping: The
conceptual design needs to be translated into detailed
mechanical designs, followed by prototyping and
experimental validation. This includes optimizing the
engagement thresholds of the load-adaptive mechanism
(e.g., wrap-spring clutches) for practical application [22].

o Dynamic Response and Smoothness: Investigating
the dynamic response of the transmission during gear
changes is crucial. Ensuring a smooth and seamless
transition between speeds, without abrupt jolts or loss of
control, is paramount for user acceptance.

. Material Selection and Manufacturing: Exploring
lightweight and durable materials for the transmission
components, potentially leveraging advanced
manufacturing techniques like 3D printing [15], can
further contribute to accessibility and performance.

. Integrated Sensing and Feedback: While the core
concept is load-adaptive, integrating minimal sensing (e.g.,
force sensors in fingertips) could provide valuable
feedback for refining the load-adaptive thresholds or
offering an optional manual override. Performance
metrics and test methods for robotic hands, including
force and speed capabilities, would be essential for
rigorous evaluation [19].

. Long-Term Durability and Reliability: Testing the
long-term durability and reliability of the load-adaptive
mechanism, especially under repetitive and varying load
conditions, is crucial for clinical viability.

° User Trials: Ultimately, extensive user trials with
amputees will be necessary to gather qualitative and
quantitative feedback on functionality, comfort, and
perceived energy savings.

CONCLUSION

The development of a two-speed, load-adaptive variable
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transmission for accessible prosthetic hands represents
a significant step towards energetically optimizing these
vital devices. By leveraging the inherent simplicity of
single-actuator designs and integrating mechanically
intelligent load-adaptive gear shifting, this approach
effectively addresses the speed-force trade-off, leading to
enhanced energy efficiency, extended battery life, and
improved functional versatility. While further detailed
design, prototyping, and rigorous testing are required,
the foundational principles suggest a future where
advanced prosthetic technology is not only highly
functional but also genuinely accessible and user-centric,
truly empowering individuals with limb differences.
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