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A Review of the Performance of Extrinsically
Powered Prosthetic Hands

Revanth Damerla, Yi Qiu, Taylor M. Sun, and Shorya Awtar

Abstract—Extrinsically powered prosthetic hands offer the
potential to replicate the capabilities of a human hand and thus
enable an upper limb amputee to complete activities of daily
living. Over the past 20 years however, amputees have consis-
tently indicated that several user needs have not been met. Many
of these user needs are related to the hardware of the pros-
thetic hand, and in particular, its actuators and transmissions.
These needs include reduced weight and improved dexterity, hand
speed, hand strength, and functionality. To understand why these
user needs have not been adequately addressed, we first seek to
investigate the state of the art in extrinsically powered prosthetic
hands through a comprehensive review of the research, commer-
cial, and open-source literature. This review focuses specifically
on actuation of the prosthetic hands because actuation is cen-
tral to addressing the above user needs. This review, based on
actuation strategies, enables a characterization and exploration
of the actuation design space. We also compare the performance
of the reviewed prosthetic hands with both the human hand
and ideal recommendations for prosthetic hands to conclude
that existing prosthetic hands do not adequately address user
needs. This systematic characterization of the actuation design
space helps identify that improvements to transmission pathways
are the most promising avenue of further research and innova-
tion to enable future prosthetic hands that adequately address
user needs.

Index Terms—Actuators, biomechatronics, mechanical power
transmissions, physiology, prosthetics.

I. INTRODUCTION AND MOTIVATION

UPPER limb amputations are difficult to overcome because
they represent a sudden change in capability and can

lead to a significant reduction in independence. There were
approximately 41,000 upper limb amputees with an amputa-
tion occurring more proximally than the digits in the United
States in 2005 [1]. For all these amputees, some form of
prosthetic hand would be useful in restoring independence or
improving their quality of life. The goal of any prosthesis is
to provide the user with the ability to perform activities of
daily living (ADLs) in order to regain independence. In cases
involving wrist disarticulation (amputation at the wrist) or
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a more proximal amputation, the prosthetic hand must replace
the human hand with an end effector that approximates the
hand’s functionality to allow the user to complete ADLs. This
is a complex objective given the wide variety of tasks that
a human hand is capable of. These include highly dexterous
tasks such as putting on clothes and using silverware as well
as high-strength tasks such as gripping and carrying heavy
objects [2]–[7]. Four types of prosthetic hands are currently
used to restore varying degrees of this capability: cosmetic
or passive, body-powered, extrinsically (i.e., extrinsic to the
body) powered, and a hybrid of the latter two. Of these, extrin-
sically powered prosthetic hands represent the most promising
method of replicating human hand functionality because of
their potential to provide all of the Degrees of Freedom (DoFs)
of a human hand in an intuitive manner without any power
input from the user.

Unfortunately, rejection rates for extrinsically powered pros-
thetic hands have remained consistently high over the past
20 years [8]–[12], with some studies documenting rates higher
than 20%. These rejection rates are significant because they
suggest that user needs are not adequately met with mod-
ern prosthetic hands despite numerous recent technological
advancements. In addition, when both non-users (i.e., people
who have rejected extrinsically powered prosthetic hands) and
users with transradial (at the forearm) amputations were asked
how prosthetic hands could be improved, several answers were
consistently given over this time period including reduced
weight [9]–[15], increased comfort of the interface with the
user (e.g., socket or harness) [9]–[13], [16], improved control-
lability and better ease of use [11]–[14], [16]–[18], increased
durability [10]–[14], [16], and better functionality to enable
the user to complete desired ADLs [9]–[13], [18]. Better func-
tionality is related to several specific improvements including
increased dexterity [12], [13], increased hand strength [16],
and increased hand speed [15]. Dexterity requires both the
ability to complete small, precise actions (colloquially called
“fine-motor skills”) and accurately achieve the desired hand
posture or grasp.

This list of user needs can be mapped to the three basic
domains of the prosthetic hand: the interface with the user,
the control (comprised of interpretation of user intent and
control of actuators), and the hardware (comprised of struc-
tural components, battery and electronics, digits and joints, and
actuation). Among the above list of user needs, increased dura-
bility, reduced weight, increased hand strength, and increased
hand speed are directly related to the hardware while better
functionality and increased dexterity are related to both the

2576-3202 c© 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: University of Michigan Library. Downloaded on September 03,2021 at 13:55:58 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0002-7765-0402


DAMERLA et al.: A REVIEW OF PERFORMANCE OF EXTRINSICALLY POWERED PROSTHETIC HANDS 641

hardware and control. While addressing the aspects of these
user needs related to the interface with the user (see [19]–[22])
and control (see [23]–[27]) are also crucial, we focus on
those related to hardware within this paper. With the excep-
tion of increased durability, addressing the hardware-related
aspects of the other five user needs requires a specific examina-
tion of actuation, which consists of the choice and arrangement
of actuators and transmissions. Actuation accounts for a large
percentage of the weight of the prosthetic hand, dictates the
maximum hand strength and hand speed, and is directly tied to
dexterity and overall functionality. Actuation is therefore cen-
tral to both the design tradeoffs (tradeoffs across all prosthetic
hands) and performance tradeoffs (tradeoffs within the design
of a specific prosthetic hand) related to hardware. For exam-
ple, increasing hand strength typically requires larger actuators
and transmissions, limiting the choice of Architecture (i.e.,
arrangement of actuators – a design tradeoff across multiple
designs) and increasing the weight of the prosthetic hand
(a performance tradeoff within a given design). To address all
five of these user needs, it is therefore critical to understand
and improve upon actuation in prosthetic hands.

This paper seeks to present the current state of the art in
extrinsically powered prosthetic hand hardware through a com-
prehensive review of the research, patent, commercial, and
open-source literature. It includes and builds upon the find-
ings of several previous papers that have reviewed extrinsically
powered prosthetic hand hardware [26]–[32] to provide a more
contemporary and complete review of the literature. Several
of these papers, in particular [30], [31], have also discussed
specific aspects of the actuation and performance of extrinsi-
cally powered prosthetic hands. This paper builds upon these
findings and offers additional insights by focusing on each
of the a) actuators, b) transmissions, and c) Architecture of
each prosthesis and emphasizing performance pertaining to
all five user needs related to actuation. It also identifies that
existing prosthetic hand hardware does not adequately meet
these user needs, but also characterizes the actuation design
space of prosthetic hands that has been explored. In doing
so, we identify further innovation in transmission pathways as
the most promising avenue to enable prosthetic hands to ade-
quately address user needs. We also identify several promising
alternatives to commonly utilized transmission pathways as
well as other avenues within actuation where further research
and innovation could eventually enable adequate performance.

The paper is organized into four sections as follows.
Section II includes a brief anatomical overview of the human
hand and forearm as well as an overview of human hand
performance and recommended prosthetic hand performance.
This provides the ideal performance to serve as a benchmark
for evaluation of prosthetic hand performance. The third sec-
tion is a review of existing prosthetic hands, organized by their
Architecture. Finally, Section IV includes a final discussion
and conclusion.

A. Methods

For this review, extrinsically powered prosthetic hands
developed between 2000-2020, a time period that adequately

covers most modern innovations in the field, were identified
using several search engines and the following search terms:
(“prosthetic hand”, “prosthetic gripper”, “upper limb prosthe-
sis”, “robotic hand”) by themselves and in conjunction with
the terms (“powered”, “extrinsically powered”, “active”); the
references cited by each source were also reviewed to ensure
this review examined as many prostheses as possible. The
attributes and performance of each prosthesis were recorded.
In cases where certain values could not be found, the corre-
sponding authors, companies, or creators were contacted to
try to obtain the missing values. If no performance attributes
could be found, the prosthesis was removed from the review
as it could not be adequately compared. Prostheses were also
removed from the review if newer versions existed, leaving
a total of 96 extrinsically powered prostheses compiled here.

The following attributes were recorded for each prosthesis
when available: 1. Transmission pathways from actuator to
joint, 2. Total number of actuated DoFs, 3. Number of actu-
ators, 4. Weight of the prosthesis, 5. Maximum hand speeds,
6. Maximum hand forces, 7. Number of grasp patterns, and
8. Type of actuator. These attributes were chosen because they
are commonly reported and help convey the hardware’s ability
to meet the above five user needs. Weight, hand strength, and
hand speed are each addressed by one of the above attributes.
However, it is only possible to express dexterity and func-
tionality through a combination of multiple attributes. These
include the number of actuators and total number of actu-
ated DoFs as high values in both will lead to more dexterous
and anthropomorphic manipulation of digits. The number of
achievable grasp patterns, maximum hand speeds, and maxi-
mum hand forces are additional indications of the functionality
available in the prosthesis.

II. HUMAN HAND BACKGROUND

A. Architecture of the Human Hand

The human hand consists of five digits – four fingers typ-
ically modeled as having four DoFs and one thumb typically
modeled as having five DoFs [33]. Each finger is composed
of three bones and three joints starting at the end of the
palm, which houses the metacarpals (Fig. 1a). As shown
in Figs. 1a and 1b, the Proximal Phalanx is connected to
the metacarpal via the Metacarpophalangeal (MCP) Joint, the
Intermediate Phalanx is connected to the Proximal Phalanx
via the Proximal Interphalangeal (PIP) Joint, and the Distal
Phalanx is connected to the Intermediate Phalanx via the
Distal Interphalangeal (DIP) Joint. Each of these three joints
can Flex/Extend (F/E) such as when fingers ball into a fist
(Fig. 1c); the MCP joint can also Adduct/Abduct (Ad/Ab),
which is the side-to-side motion such as when the fingers
spread apart to grasp a wide object (rotation into and out of
the page in Fig. 1c). The thumb is composed of two bones –
the Proximal Phalanx and Distal Phalanx which are connected
via an Interphalangeal (IP) Joint that can F/E. The Proximal
Phalanx is connected to the metacarpal of the thumb via an
MCP joint that can also F/E and Ad/Ab.

The metacarpal of the thumb, i.e., the First Metacarpal, is
significant because it is independently actuated [34] and has
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Fig. 1. Hand Skeletal Anatomy and DoFs from a Dorsal View of the Right Hand, Adapted From [35]: a. Bones of the Digits and Palm, b. Major Joints of
the Digits, c. Kinematic Model of the DoFs of the Digits [33].

a much wider range of motion than any of the other four
metacarpals. It connects to the carpal (wrist) bones via the
Carpometacarpal (CMC) Joint, which is a saddle joint allowing
two DoFs. The first DoF is Opposition (Opp), which is similar
to F/E of other joints and enables the thumb to rotate out of
the plane of the palm and touch a fingertip. The CMC joint can
also Ad/Ab such as when the thumb moves closer or further
away from the fingers in the plane of the palm.

In total, there are 21 DoFs between the digits that are actu-
ated by a network of muscles located in the hand (intrinsic
hand muscles) and the forearm (extrinsic hand muscles) and
provide varying degrees of independence. Transmission of the
muscle actuation outputs is provided by tendons, which are
tough, fibrous tissue that connect each muscle to the bones of
the hand. The forearm contains the majority of muscle mass
responsible for actuating the hand, with forearm muscle mass
concentrated in the proximal half of the forearm [36]–[39].
Each finger is connected to three extrinsic hand muscles that
provide F/E, with the index and pinky fingers actuated by
an additional muscle each [34]. The thumb is connected to
a total of four extrinsic hand muscles that actuate several
DoFs [34]. These forearm muscles provide many of the high-
torque, -speed, and -power actuations of the digits’ DoFs. The
forearm is well-shaped for housing muscles for this purpose
because it has both a large diameter and a large length. The
large diameter means muscles can have large physiological
cross-sectional areas (PCSAs), which are associated with large
forces [40]–[42]; the forearm’s large length enables muscles
to contract at higher linear velocities [41]–[43]. The combina-
tion of these factors also means that these muscles can produce
higher power outputs.

While the hand contains significantly less muscle mass,
these intrinsic hand muscles still actuate several important
DoFs. Finger Ad/Ab, some auxiliary finger F/E capabilities,
and several DoFs of the thumb are actuated by muscles located
in the palm [34]. Since these muscles are significantly smaller
than those located in the forearm, they are more useful for
actuating DoFs that do not require significant power outputs
or for providing additional dexterity and capabilities in DoFs
that do. Thus, actuation in the human hand is distributed in
an intelligent manner between the hand and forearm based on
the required torque, speed, and power outputs of the various
joints.

While this muscle architecture leads to remarkably diverse
hand capabilities, it presents an important challenge in
designing a prosthesis. As noted above, the majority of the
actuation (i.e., muscles) for the degrees of freedom of the hand
is located in the forearm, and more specifically in the prox-
imal half of the forearm. From an evolutionary standpoint,
this is a great advantage because this reduces the joint torques
required at both the elbow and shoulder to move the arm due
to a smaller inertia and proximal center of mass. However,
this poses a great challenge in the design of prosthesis. The
residual limb for most amputees with wrist disarticulation or
transradial amputations will retain most of this portion of the
forearm, which no longer serves its biological purpose of pro-
viding hand actuation. The volume and mass available for
a prosthesis targeting these amputees is therefore limited to
what is primarily used for low-power actuation and structural
components in the human hand (e.g., hand bones, joints, and
intrinsic muscles). Thus, a key challenge in designing a pros-
thesis lies in the fact it must contain all the necessary actuation
for each DoF in a much smaller volume and mass compared
to the biological hand.

B. Human Hand Dimensions and Weights

The mean weight and volume of the hand and forearm for
men and women are shown in Table I. Percent of body weight
for the hand and forearm were found across multiple stud-
ies [36]–[39] and were averaged to obtain the values shown
in Table I. The mass of the hand and forearm were then
estimated using data from the median weights of men and
women living in the United States between 2011-2014 [44].
Two studies also measured the volume of the hand and fore-
arm for men [38], [39] but similar values could not be found
for women.

Various dimensions of the hand and forearm are listed in
Table II, which were obtained from several studies [45]–[49]
that measured these dimensions for people serving in the U.S
Armed Forces. This may lead to mean values that reflect
people who are younger and more muscular than the typi-
cal prosthesis user. In studies that listed the mean height and
weight of study participants [46], [47], the median weight
of participants in the studies was in some cases over 10kg
less than the median U.S. adult while the median heights of
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TABLE I
HAND AND FOREARM WEIGHT AND VOLUME FOR MEN AND WOMEN

TABLE II
MEAN FINGER, HAND, AND FOREARM DIMENSIONS FOR

MEN AND WOMEN

participants were within 1 cm of median U.S. adults. This dif-
ference in height is significantly smaller than the difference in
weight. Thus, circumference and width dimensions in Table II,
which are based on data from U.S. Armed Forces members,
may vary significantly from the general U.S. population while
length dimensions are more likely to represent the general
population well.

In spite of such variations, the values listed in these
two tables can be used to provide basic guidelines for the
weight and dimensions of a prosthesis based on the tar-
geted user demographic (e.g., target gender and amputation
types). However, additional factors should be considered. For
example, amputees may not be satisfied by a prosthesis that
weighs the same as the portion of the limb that they lost.
Factors such as quality of socket fit and irritation of the resid-
ual limb [10]–[13], [16] may limit the maximum weight of
a prosthesis that an amputee is able to wear. In addition, the
distribution of weight in the prosthesis should also be con-
sidered. A prosthesis with a more distal center of mass than
another of the same weight could be perceived as heavier
because of the longer moment arm at the amputee’s socket
and the larger inertia.

C. Human Hand Performance

Due to inconsistencies in reporting in prosthesis hardware,
three different metrics representing maximum hand forces are
commonly measured: maximum cylindrical grasp force, maxi-
mum pinch force (either index tip pinch, chuck pinch, or index
pulp pinch), and maximum fingertip force. These are described

TABLE III
MEAN GRASP, PINCH, AND FINGERTIP FORCES FOR MEN AND WOMEN

in further detail below. Similarly, three different values related
to maximum hand speeds are often reported (also described
in further detail below): maximum joint angular speed, max-
imum linear finger velocity, and time for hand to move from
fully open to fully closed. Hand performance in terms of
these values is reported in the literature [50]–[60], making
it a useful benchmark for evaluating prosthesis performance.
However, prostheses often do not need to achieve the same
level of performance to enable an amputee to complete most
of their ADLs. In several cases, lower capabilities are recom-
mended by clinicians and prosthesis designers as acceptable
performance for prostheses [28]–[30], [61]. For example, pros-
theses that can move as quickly as the biological hand can be
difficult to control. Likewise, grasp strength that is as high
as the biological hand may be unnecessary for completing
ADLs and challenging to control without sensory feedback.
Values for anthropomorphic capabilities of a biological hand
and recommendations for prostheses are listed in Table III
(hand forces) and Table IV (hand speeds).

Grasp strength is commonly evaluated with a grasp
dynamometer, which measures the force applied by the entire
hand to an object during a cylindrical grasp. The average val-
ues for healthy men and women are significantly higher than
the grasp strength for a prosthesis recommended by prosthesis
designers and clinicians. While these recommended capabili-
ties may be acceptable for completing many common tasks, it
could prevent amputees from completing tasks requiring high
grasp strength that a human hand could complete.

Three different types of pinches are often measured clini-
cally: index tip pinch, chuck pinch, and key pinch, which are
typically measured with a pinch dynamometer. Tip pinch is
a pinch performed between the index finger and thumb. Chuck
pinch is a three-digit pinch involving the index finger, middle
finger, and thumb. Key pinch is the grasp when the thumb pad
is placed on the lateral portion of the index finger.

Index fingertip force is the magnitude of force measured
at the fingertip when the index finger, in a fully extended
configuration, attempts to flex. This force is not measured
as commonly in clinical settings, and fewer sources were
found reporting these values. However, fingertip forces are
commonly reported for prostheses as they are simple and
inexpensive to measure and can still be a good indicator of
prosthesis strength.

While the hand strength data listed above is useful in under-
standing the overall performance of a human hand and for
comparing performance to a prosthesis, it can be more prac-
tical for a prosthesis designer to understand the strength at
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TABLE IV
ESTIMATES OF MAXIMUM HAND SPEEDS

Fig. 2. Methods for Calculating Maximum Joint Torques and Fingertip
Speeds: a. Finger Joint Torques, b. Thumb Joint Torques, c. Index Finger
Speeds.

individual joints. This can be done by estimating the maximum
torque exerted at each joint. A search of the literature did not
reveal any studies that systematically measured the maximum
joint torque of any digit by joint. However, one study measured
the forces at and orientations of each finger phalanx during
grasps of cylinders of different diameters for four men [62].
These forces and orientations are used to roughly estimate the
finger joint torques with mean phalanx lengths [63]. The max-
imum calculated joint torques for each finger joint across the
cylindrical grasps of various diameters are reported in Fig. 3,
assuming only F/E joint rotations (see Fig. 2a [64]). Thumb
joint torques were estimated using the force measured in key
pinch, the pinch with highest average force. Mean phalanx and
metacarpal lengths were used along with this force to estimate
maximum thumb joint torques for men, assuming the bones
are in a straight line (see Fig. 2b). Separate joint torque val-
ues for Opp and CMC Ad/Ab could not be obtained using this
estimation technique. The values plotted in Fig. 3 should only
be treated as estimates of the average finger joint torques for
men; error bars in the figure indicate the range in joint torques
based on variations of a single standard deviation in force, joint
angle (when applicable), and phalanx length. Studies that mea-
sure these values would aid prosthesis designers in creating
prostheses with more anthropomorphic joint performance.

Despite the approximate nature of these estimates, several
important observations can still be made. Firstly, the max-
imum torque capabilities decrease for joints that are more
distal. This is logical given that finger joints that are more
proximal may need to counteract forces applied with larger
moment arms (e.g., when pinching an object). It also means

Fig. 3. Estimated Maximum Joint Torques for an Average Man (Nm).

that more proximal phalanges can apply larger forces, which
can play a significant role during a cylindrical grasp. Joints
that are more distal can also play an important role in grasp-
ing. For example, DIP joints can contribute greatly to the
stability of a grasp and enable the hand to complete many
grasps. Similarly, the joints of the ring and little fingers
provide smaller torque output than those in other fingers
but can also contribute greatly to grasping. These observa-
tions are supported by analyzing usage of grasp patterns,
which can help to better understand the importance of cer-
tain fingers and joints [2], [6], [65]. While the thumb and
index finger are the most commonly used in performing
tasks [2], [6], [65], the majority of grasp patterns involve all
five fingers [2], [6], [65], [66], though not for the same func-
tions. In many cases, the thumb and first two fingers are used
when high forces and precision manipulation are needed while
the ring and little fingers often provide additional grasping
force or conform to objects to stabilize them [66], [67].

Maximum joint speeds of the index finger are recorded in
three forms in Table IV. Peak maximum joint speed refers to
the maximum speed during one cycle of movement from fully
extended to fully flexed. In contrast, continuous joint speed
refers to a maximum speed during typical use of the hand
while completing ADLs. MCP and PIP joint speeds of the
index finger were found in the literature, but similar values
could not be found for the DIP. Due to significant varia-
tion between sources in the reported speeds, these values are
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TABLE V
ARCHITECTURE 1 PROSTHESES

reported as a range. Since the index finger is generally one of
the quickest fingers, the values given could serve as an upper
bound for the recommended corresponding joint speeds for
all the digits. We converted the finger joint speeds into linear
speeds for the index finger in two motion cases: purely MCP
flexion and with both MCP and PIP flexion (see Fig. 2c). Both
values can be useful depending on the arrangement of joints
and actuation (or underactuation – when a single actuator
drives multiple DoFs) that are chosen. While anthropomor-
phic capabilities may be useful in certain cases, it may be more
useful to understand finger and joint speeds while completing
ADLs. Evaluations of the maximum joint speeds in fingers
while the human hand performs various grasps have been used
to recommend maximum joint speeds for prostheses [28], [29]
and can be used to calculate recommended maximum index
finger speeds. The time for the hand to close (i.e., time for
the hand’s digits to move from fully extended to fully flexed)
is also commonly reported for existing prostheses (but not the
human hand). Therefore, several resources have recommended
a range of values for a prosthesis [30].

For the hand prosthesis designer, this section can help
inform the selection of actuators and transmissions in the
design of a prosthesis. While the prosthesis may not have
to meet human hand performance in forces and speeds, the
targeted capabilities will impact the overall design and func-
tionality of the prosthesis. As noted above, a prosthesis that
is not able to meet the force capabilities of a human hand
may not be able to perform all the tasks an amputee would
like it to. Joint speed, however, can often be more related to
convenience. A prosthesis that is unable to meet joint speed
requirements may simply require the user to wait longer for
the hand to reach a certain orientation before a task can
be completed. This will likely not prevent the user from
completing most tasks but would impact the time needed
to complete it. This difference in practical consequences
between insufficient force and speed capabilities is important
when deciding on the transmission pathway that translates
actuator output to the force and speed capabilities of the
prosthesis.

III. REVIEW OF PROSTHESES

The 96 reviewed extrinsically powered prostheses fall into
four Architectures based on where actuators driving DoFs
of the hand are placed: 1. Actuators housed in the digits,
2. Actuators housed in the palm, 3. Actuators housed in
both the digits and palm, and 4. Actuators housed in the

forearm. Each of these Architectures presents different sets of
advantages and performance tradeoffs. In certain cases, these
advantages and tradeoffs enable prostheses employing certain
Architectures to better address certain user needs or be more
suitable for certain amputees. Within a certain Architecture,
prostheses can vary in several ways related to actuation,
including differences in number of actuators, number of DoFs,
and allocation of actuation for driving these DoFs. These
differences lead to several Design Strategies within each
Architecture that in turn present additional advantages and
performance tradeoffs.

Within this section, the reviewed prostheses are organized
based on the Architecture and Design Strategy they employ.
This approach to organization enables a review and evalua-
tion of each prosthesis in comparison with similar prostheses.
Furthermore, it enables a systematic, qualitative analysis of
the advantages and tradeoffs associated with each Architecture
and Design Strategy that can inform the design of future
extrinsically powered prostheses. Tables V–XI organize the
prostheses based on Architecture and Design Strategy and
describe their capabilities and performance. These tables also
describe the various methods of transmission from actuator
to rotation about a joint (called the transmission pathways)
utilized in each prosthesis using the following nomenclature:
Actuator (A), Joint (J), Unspecified transmission elements
(which may not include any additional transmissions elements
in certain cases) (_), Unspecified type of gears, gearbox,
or drive (G), Planetary gearbox (P), Cycloidal drive (C),
Harmonic drive (H), Spur gears (S), Worm-wormwheel
pair (W), Bevel gears (B), Helical gears (Hg), Rack and
pinion (R), Linkage (L), Screw and nut (e.g., lead screw,
ball screw, etc.) (Sc), Cam (Ca), Whippletree-type mecha-
nism (Wh), Tendon or other form of open cable system (T),
Belt or other form of closed cable system (Bt), and Other (O);
parentheses indicate coupling of various DoFs. For exam-
ple, the transmission pathway driving the thumb’s DoF in the
prosthesis shown in Fig. 4a would be APHgJ. In Fig. 4b, a sin-
gle motor and planetary gearbox drive MCP and PIP F/E of
three fingers via three separate tendons (one for each finger);
this transmission pathway is labeled APTJ(T). ‘APTJ’ indi-
cates that an actuator and planetary gearbox drive a tendon
that in turn drives actuation of at least one DoF while ‘(T)’
indicates that at least one additional DoF is also driven by
a tendon. Finally, the numbers of grasp patterns listed in the
tables are not standardized using a common grasp taxonomy;
instead, the number of grasps reported for each prosthesis is
listed.
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TABLE VI
ARCHITECTURE 2 MULTIGRASP-TYPE PROSTHESES

TABLE VII
ARCHITECTURE 2 RIC-TYPE PROSTHESES

Fig. 4. Examples of Transmission Pathways in Prostheses: a. Uncoupled
Thumb DoF [68], b. Coupled MCP and PIP F/E of Three Fingers [69].

A. Architecture 1 – Actuators Housed in the Digits

Prostheses using Architecture 1 house their actuators in
the prosthesis’ digits but may include an additional actuator
located in the palm, typically for Opp. The Tactile Sensor
Hand [70] is one such example, as shown in Fig. 5a. Each
finger consists of two phalanges, with the proximal phalanx
of each finger containing a Brushed DC motor (BDC) and

Fig. 5. Examples of Architecture 1 Prostheses: a. Tactile Sensor Hand [70],
b. Unnamed [74].

planetary gearbox that run along the length of the phalanx.
The axis of rotation of the actuator is reoriented via a worm
gear combination to be aligned with the desired MCP joint
rotation. In addition to this reorientation, the worm gear pre-
vents the phalanx from being backdriven, which is useful for
holding heavy objects or providing large forces without requir-
ing significant power input to the actuators; the motion of
the distal joint is coupled to that of the MCP via a tendon

Authorized licensed use limited to: University of Michigan Library. Downloaded on September 03,2021 at 13:55:58 UTC from IEEE Xplore.  Restrictions apply. 



DAMERLA et al.: A REVIEW OF PERFORMANCE OF EXTRINSICALLY POWERED PROSTHETIC HANDS 647

TABLE VIII
ARCHITECTURE 2 GREIFER-TYPE PROSTHESES

TABLE IX
ARCHITECTURE 2 ONE ACTUATOR PER DIGIT PROSTHESES

TABLE X
ARCHITECTURE 3 PROSTHESES

(APWJ(T)). While utilizing fingers with only two phalanges
may limit the capabilities of the Tactile Sensor Hand, partic-
ularly in the grasps it can perform, additional phalanges can
also increase the complexity of the transmission pathway and
the prosthesis’ weight. The thumb is actuated by two separate
motors to enable independent F/E (via the same transmission
pathway as the fingers) and Ad/Ab (using the same actuator,
planetary gearbox, and worm gear combination but located
within the palm – APWJ).

The Tactile Sensor Hand meets the anthropomorphic size
and weight parameters well, with anthropomorphic dimensions
and a weight lower than a median male’s. However, it is unable
to achieve anthropomorphic performance. The hand’s finger-
tip force is significantly lower than anthropomorphic values
for both men and women and its reported maximum MCP
F/E joint speed is also significantly lower than recommended
joint speeds. The prosthesis’ limited performance capabilities
are likely due to a couple of factors, including a conscious
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TABLE XI
ARCHITECTURE 4 PROSTHESES

decision to prioritize limiting the weight of the prosthesis. This
decision places strong constraints on the performance capabil-
ities of the actuators and transmissions, including limiting the
maximum power output. Limited motor power output creates
a difficult optimization problem where designers must decide
how to divide the output into speed and torque capabilities.
An attempt to achieve a middle ground can lead to insufficient
performance in both, as in this case. Insufficient power output
can be further exacerbated by the efficiency of transmission
elements. While a worm gear enables the non-backdrivable
feature of the fingers as discussed above, it can do so at the
cost of relatively low efficiency. This in turn places further
limits on the force and speed capabilities of each finger.

The actuator and transmission are also constrained by the
choice of Architecture, with both needing to fit within the
limited volume and shape of the first phalanx of the finger.
For example, the width of the finger places a fundamental
limitation on the maximum torque output of the motor and
may therefore require the transmission pathway to provide
a larger reduction ratio to achieve a high enough torque out-
put. Similarly, the natural axis of rotation for the BDC is
along the length of the phalanx as this allows for a larger
motor and gearbox. As a result, the transmission pathway must
include an element that reorients the axis of rotation correctly
for F/E. A previous version of the Modular Prosthetic Limb
(see Section III-B4) was able to avoid this challenge by using
a small and power-dense Brushless DC motor (BLDC) whose
axis of rotation was parallel to finger joint F/E [171], [172].
Another limitation of the Architecture is that some of the
power output of the actuator and transmission (among the
heaviest components of the prosthesis) must be consumed
in moving themselves. The inertia that comes from this can
reduce maximum hand speeds and impact the responsiveness
of the hand (related to joint acceleration). Finally, place-
ment of the actuators distally within the prosthesis may lead
to a larger perceived weight for the amputee. Thus, aiming
for a prosthesis mass that is less than a human hand’s (to
account for the greater inertia) is a common strategy for this
Architecture.

Two commercially available prostheses, the I-Limb
Quantum [71] and VINCENTevolution3 [72], [73] uti-
lize Architecture 1. Both prostheses have similar trans-
mission pathways to the Tactile Sensor Hand and use
digits with two phalanges (except for the thumb in the
VINCENTevolution3 which only has one phalanx). They each
utilize DC motors with a transmission housed in the proxi-
mal phalanx of each digit. The output of this combination is
connected to a worm gear to enable MCP F/E for each digit,
with F/E of the distal joints coupled to the MCP joints of
their respective fingers. Both prostheses also contain an actu-
ator with a similar transmission pathway within the palm to
provide a DoF like Opp.

As with the Tactile Sensor Hand, each of these prosthe-
ses weighs less than the median male hand and is offered
in multiple sizes that may also have different weights. This
demonstrates a clear emphasis on addressing the user need of
reduced weight, potentially at the cost of performance (e.g.,
better functionality). These prostheses also provide several
functions not found in most research and open-source prosthe-
ses, including a large number of achievable grasps, the ability
to program additional grasps, waterproof options, and the abil-
ity to connect a prosthetic wrist [71], [72]. Unfortunately, both
prostheses have few listed performance attributes, making it
difficult to compare their force and speed capabilities to the
human hand. However, data collected on the performance of
previous versions of these prostheses [30] can provide some
insight and comparison. The iLimb Pulse and Vincent Hand,
both released in 2010, had measured maximum finger MCP
F/E speeds of 110.6 and 103.3 ◦/s and maximum fingertip
forces of 11.18 and 8.44 N, respectively. These speed and
force values are near those of the Tactile Sensor Hand and
are well below recommended and anthropomorphic capabil-
ities, suggesting that these prostheses are likely limited by
similar considerations, tradeoffs, and challenges as the Tactile
Sensor Hand. However, these capabilities are likely to be lower
than for the i-Limb Quantum and VINCENTevolution3, which
both claim performance improvements over their respective
previous models.
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Three other prostheses utilize Architecture 1. The first [74]
(Fig. 5b) has a similar transmission pathway to the Tactile
Sensor Hand, with a small BLDC motor (housed in each digit’s
proximal phalanx) that eventually connects to a worm gear to
provide MCP F/E of each digit. A compliant linkage provides
coupling to the two distal joints in each finger and one distal
joint in the thumb (A_WJ(L)). This prosthesis is unique for
its use of three larger and more powerful AC motors that are
housed in the palm. One enables thumb Opp while the other
two provide wrist Pronation/Supination and Flexion/Extension.
While the use of small BLDC motors for digit F/E DoFs leads
to both slow speeds and low grip strength relative to other
prostheses, it enables the use of heavier actuators for DoFs
that require higher forces and speeds to complete ADLs. By
utilizing Architecture 1, there is significant space in the palm
to house these additional actuators with few constraints. This
space could also be used for housing batteries or electronics.

The second is the FiMec Hand [75], which uses small DC
servo motors at each joint to provide F/E; it also uses another
identical motor for Opp, leading to a total of 15 motors.
The high number of identical motors places limits on the
mass, size, and overall performance of each motor (and there-
fore the overall performance of the hand). However, it could
enable a larger range of achievable postures and grasps that
are not possible with joint coupling. The final prosthesis,
the F3Hand II [76], uses novel pneumatic artificial muscles
to actuate the fingers, but requires an external CO2 cylinder
to operate.

One of the key features of Architecture 1 is that since the
actuators are within the digits themselves, it is straightfor-
ward to ensure that each digit will be independently actuated.
A greater number of actuators also increases the number and
complexity of grasps that the hand can be capable of. However,
these actuators will require more electrical components (e.g.,
drivers and microcontrollers) and can be a greater burden to
the amputee. User burden due to multiple independently driven
joints primarily arises when triggering the actuation of these
joints. For example, a myoelectric prosthesis that only fea-
tures one actuator for flexion/extension may only require one
or two EMG sensors to trigger this motion. However, in a hand
with more actuators that can achieve many more grasps and
gestures, a remote (e.g., smartphone app) or other technique
may be needed to enable distinct triggers for each of them.
One method that has been suggested to reduce complexity in
control is to provide coupled actuation for the ring and little
fingers [70].

B. Architecture 2 – Actuators Housed in the Palm

Prostheses in Architecture 2 place actuators within the
palm of the hand. This Architecture offers significantly more
flexibility in number and type of actuators and their respec-
tive functions than Architecture 1, enabling a wider array of
Design Strategies. The differences across Strategies are related
to several factors, including differing prioritizations of user
needs. These distinct approaches to utilizing the available
space and weight therefore lead to varied performance and
functionalities.

Fig. 6. Examples of Architecture 2 Prostheses: a. Multigrasp Hand [69],
b. RIC hand [68], c. Ottobock System Electric Greifer [111], d.
Unnamed [119], e. Modular Prosthetic Limb (MPL) [131].

1) MultiGrasp-Type Prostheses: One such Design Strategy
is demonstrated by the Multigrasp Hand [69] (Fig. 6a). This
hand has five digits and utilizes four identical BLDC motors
and planetary gearboxes housed in the palm that actuate
9 DoFs via tendons connected to pulleys. Two of the motors
actuate Opp and thumb MCP F/E while a third actuates index
finger MCP F/E. Both the thumb and index finger do not have
joints more distal to their respective MCP joints (APTJ). The
three remaining fingers, which are capable of MCP and PIP
F/E, are actuated by the final motor via three separate tendons
(one per finger) with integrated compliance to enable adaptive
grasping capabilities (APTJ(T)).

This allocation of articulation separates the functions of the
hand’s digits based on how humans grasp objects. As dis-
cussed in Section II, the thumb and first two fingers are used in
most grasps and play an especially important role in precision
grasps such as pinches. The ring and pinky finger meanwhile
are more generally used to provide additional grasping force
and stability. This prosthesis functions similarly by placing
the focus of articulation on the thumb and index finger and
ensuring each DoF therein is independently actuated (i.e., no
coupled joints). This enables the two digits to have a higher
degree of dexterity and more strength than the other three.
The use of underactuation and compliance in coupling the
joints of the final three fingers provides the important addi-
tional grasping force and stability these fingers provide in the
human hand. This choice of actuation enables the prosthesis
to perform grasps that are either precise (e.g., index tip pinch)
or conformal (e.g., cylindrical grasp) while ensuring that each
digit has the dexterity needed to grasp objects similarly to a
human hand.

This choice of Design Strategy greatly reduces the number
of actuators needed to achieve the functionality targeted by
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the hand’s designers while maintaining a weight slightly above
that of a median male. However, the hand’s force performance
does not match a human hand’s. The pinch and fingertip
force capabilities are lower than their respective anthropomor-
phic values for both men and women. In addition, while the
maximum fingertip force of the index finger is 30 N, the com-
bined maximum fingertip force for the last three fingers is
23 N. This could place a significant limit on the maximum
grasp force of the prosthesis and illustrates a clear tradeoff to
this Design Strategy. The emphasis on dexterity and capabil-
ity of the thumb and index finger comes at the cost of grasp
force performance. However, these fingers could still con-
tribute to grasping and stabilizing an object, especially if the
object is lightweight or if little force is needed. The prosthe-
sis may therefore have acceptable force capabilities for some
amputees.

Several other prostheses within Architecture 2 employ sim-
ilar Design Strategies, but with variations in the number of
joints in the fingers and thumb. For example, the SmartHand
Transradial Prosthesis [77] contains four BDCs arranged sim-
ilarly to the Multigrasp Hand. However, each finger contains
three joints capable of F/E and the thumb can complete CMC
Ad/Ab and CMC, MCP, and IP F/E. The SmartHand there-
fore places similar emphasis on the digits and DoFs that
should be actuated but makes use of underactuation to enable
slightly different functionality. This can include better capa-
bility in conformal grasps compared to the Multigrasp Hand
but potentially at the cost of lower dexterity.

Three commercially available prostheses [78]–[81] also
employ this Design Strategy. While other important considera-
tions impact the design and success of commercially available
prostheses including cost of development, product price, recep-
tion by clinicians (e.g., prosthetists), and product regulations,
this helps demonstrate the Strategy’s appeal and that capa-
bilities of the thumb and index finger can be an important
consideration for amputees. In addition, while none of the
prostheses employing this Design Strategy achieve anthropo-
morphic force capabilities, most weigh about the same or less
than the median male hand. Improvements to these capabilities
may therefore require considering actuator and transmission
options that can provide larger force and torque outputs for
the same mass and dimensions (i.e., better force and torque
densities).

One alternative approach that could enable anthropomor-
phic force capabilities is to utilize fewer actuators. This would
allow each motor to be larger and heavier. Larger motors can
naturally achieve higher force and torque densities because
they can have a larger diameter and a smaller percentage of
the total weight of the actuator would be used for structural
components (e.g., frames and bearings). While this comes at
the cost of limiting other functionality such as dexterity and
precision grasping capabilities, these may be reasonable trade-
offs for amputees who place a greater emphasis on high force
and speed capabilities. This approach is used in two separate
Design Strategies within Architecture 2.

2) RIC-Type Prostheses: The first uses a single actuator
housed in the palm to actuate the four fingers together in cou-
pled F/E. Generally, either an additional actuator or the same

actuator will actuate the thumb’s DoFs. One example is the
RIC hand [68], [94] (Fig. 6b). This hand contains two differ-
ent BLDCs connected to planetary gearboxes. The first motor
is significantly larger, with the output of the planetary gearbox
connected to a non-backdrivable clutch via a pair of spur gears.
The clutch drives a roller screw that in turn actuates MCP
and PIP F/E of the four fingers via a linkage with integrated
compliance (APSOScLJ(L)). The thumb has one DoF that is
a combination of Opp and Ad/Ab, optimized over several trials
to find the most desirable axis of rotation. This joint is con-
nected to a helical gear pair driven via the smaller BLDC and
planetary gearbox that is naturally non-backdrivable (APHgJ).

This choice of actuation leads to a prosthesis that is approxi-
mately the weight of a median woman’s hand. The hand is also
capable of a pinch force that is between the capabilities of an
average man and woman. However, this may not translate to
anthropomorphic grasping capabilities because the motor pro-
vides the pinch force output of 1-2 fingers instead of all four.
Finally, it can also achieve a maximum joint speed and time
for hand to close that are both within the recommended range.

By reducing the number of actuators within the prosthesis
and shifting the focus away from maximizing dexterity (as
in Multigrasp-type hands), the hand was able to achieve more
favorable force and speed capabilities at a low weight; the low
weight also made it possible to include a prosthetic wrist into
the overall prosthesis [68], [94]. Furthermore, fewer actuators
can also translate to easier controllability and a lower product
price for the user. While motor and transmission capabilities
are still limited by the dimensions of the palm in this pros-
thesis, they are able to achieve higher performance. It also
increases the set of transmission options that can be used,
including a non-backdrivable clutch.

This Design Strategy can also be found in a commercial
prosthesis, the Ottobock Michelangelo [95]. The hand contains
a large BLDC located in the palm to actuate F/E of all five dig-
its and uses a smaller actuator to enable thumb Ad/Ab [30].
While the hand does not achieve the same speed and force
capabilities as the RIC hand, it demonstrates the commercial
viability of an approach that emphasizes speed and force capa-
bility, a potentially lower price, easier controllability, and other
relevant commercial considerations (see Section III-B1), at the
potential cost of dexterity and precision grasping capabilities.
Several other hands use a similar Design Strategy with var-
ied degrees of underactuation and transmission pathways, with
some using whippletree-type structures to enable underactua-
tion [96]–[99] and most employing planetary, spur, or other
gears as the first part of the transmission pathway.

3) Greifer-Type Prostheses: A second Design Strategy uti-
lizes a single actuator housed in the palm. In this case, the
hand contains 2-3 digits, with one digit representative of
a thumb that opposes 1-2 fingers. One example is the Ottobock
System Electric Greifer [111], [112] (Fig. 6c), a commer-
cially available prosthesis that consists of two opposing digits
each composed of two phalanges. A single motor housed in
the palm, with axis of rotation parallel to the digits’, drives
both digits. The two phalanges of each digit are coupled
via a linkage, ensuring they move in a motion that is con-
venient for pinching and grasping. The transmission pathway

Authorized licensed use limited to: University of Michigan Library. Downloaded on September 03,2021 at 13:55:58 UTC from IEEE Xplore.  Restrictions apply. 



DAMERLA et al.: A REVIEW OF PERFORMANCE OF EXTRINSICALLY POWERED PROSTHETIC HANDS 651

utilizes curved rack gears attached to the first phalanx of each
finger. These gear racks are driven by a pinion gear that is actu-
ated by the motor via a spur gear reduction and a mechanical
automatic transmission (possibly [173]). This automatic trans-
mission toggles between two reduction ratios based on the
load applied to the fingers, enabling the prosthesis to switch
between a high-speed mode and a high-force mode. The abil-
ity to switch between reductions automatically means a lighter,
less powerful motor can be used to achieve the desired capa-
bilities. As a result, the prosthesis achieves a grasp force
significantly above what is suggested as adequate and hand
speeds close to the recommended value at a weight less than
a median man’s hand. While this performance does not meet
anthropomorphic capabilities, it is likely to be adequate for
some amputees. In addition, the limited number of digits, actu-
ators, and DoFs may contribute to making this prosthesis easier
to use and therefore more dexterous in practice. However, the
hand’s appearance is far from anthropomorphic. Thus, while
its functionality and weight may be desirable, some amputees
may reject this prosthesis based on its appearance.

Several prostheses within this Design Strategy address
this issue and maintain an anthropomorphic appear-
ance [115]–[118] by making it possible to fit a covering
resembling a hand over them. Unfortunately, the transmission
pathways of these prostheses are not well-documented in the
literature. However, most of these options can also achieve
adequate grasp or pinch forces and similar hand speeds to the
Ottobock System Electric Greifer while weighing less than the
median male hand.

As with the RIC-type hands, prostheses that use this Design
Strategy can take advantage of the benefits that using fewer
actuators offer. The limited number of DoFs and digits com-
pared to the RIC-type hands also translates to less mechanical
complexity and additional mass available for actuation. These
prostheses also do not require the same degree of underactua-
tion, which can contribute to better dexterity and capabilities
in certain precision grasps, easier controllability, and lower
price. However, use of a single actuator places unique limita-
tions on the set of achievable grasps and the set of tasks the
prostheses can help achieve. For example, the digit represent-
ing the thumb is only able to F/E, preventing the prostheses
from achieving grasps such as lateral pinch.

All except one of the hands within this Design Strategy are
commercially available. The number of commercially avail-
able options suggests this Strategy offers a strong commercial
case and that high hand strength and speed capabilities, lower
price, and easier controllability, among other factors, can be
more attractive than total number of DoFs to amputees. These
prostheses can also offer certain additional functionalities that
are beneficial to users. For example, the Ottobock AxonHook
features a quick-disconnect wrist that allows it to be eas-
ily switched out with the Ottobock Michelangelo Hand. This
allows users to take advantage of the complementary sets of
functionalities the two prostheses offer and avoid some of the
tradeoffs inherent to a single Design Strategy. The prosthe-
sis options that are non-anthropomorphic in appearance also
offer hooks at the end of each digit [111]–[114] which make it
possible to passively carry objects such as bags. This Design

Strategy therefore presents several options to address the user
need of better functionality.

4) One Actuator Per Digit Prostheses: The final Design
Strategy in Architecture 2 seeks to provide better functionality
via independent actuation of each digit. This strategy naturally
requires at least five actuators and shares strong similarities
with Architecture 1 hands. One such example [119] (Fig. 6d)
contains five DC motors within the palm connected to plan-
etary gearboxes arranged such that one motor actuates each
digit. The thumb, index finger, and middle finger are actuated
by identical motors and planetary gearboxes while the ring
and pinky fingers are actuated by smaller ones. The output
of each planetary gearbox is connected to a bevel gear that
reorients the axis of rotation to drive the most proximal joint
of each digit. Each of the four fingers is capable of MCP, PIP,
and DIP F/E, whose rotations are coupled via planar link-
ages (APBJ(L)) while the thumb is capable of a combined
CMC Opp and Ad/Ab rotation coupled with MCP and IP F/E
via a combination of spatial and planar linkages (APBJ(L)).

Actuating each digit independently may help enable addi-
tional dexterity over the RIC-type hands, especially for the last
three fingers. Employing smaller motors to actuate the ring and
pinky fingers is an intelligent approach to reducing prosthe-
sis weight since these two fingers generally do not need to
match the force capabilities of the first three digits. This deci-
sion also enables each of the first three digits to be actuated
with a larger motor, leading to higher pinch forces without
compromising on dexterity. However, the spatial constraints
from housing five motors within the palm limit maximum
pinch forces to well below anthropomorphic capabilities and
the prosthesis’ maximum joint speeds are also below recom-
mended values. Given the prosthesis’ weight (between the
weights of the median man and woman’s hands), actuators that
are more torque and power-dense may be needed to improve
force and speed capabilities to recommended levels.

Many prostheses employing this design strategy also utilize
a sixth actuator to provide additional independent actuation to
the thumb. In many cases [125]–[129], either Opp, Ad/Ab, or
a combination of the two were actuated independently of MCP
and IP F/E. The additional actuators were often housed within
the phalanges of the thumb to enable a serial connection (and
simpler mechanical construction) and to avoid the spatial con-
straints that accompany housing an additional actuator within
the palm [128]–[131]. Several commercially available hands
also employ this Design Strategy [120]–[126], demonstrating
that independent actuation of each finger is an appealing fea-
ture to amputees, despite the additional control complexity
and higher price that can be associated with these prostheses.
These prostheses also generally achieve better force capabili-
ties than the other hands using this Design Strategy while still
maintaining weights below the median male hand. In partic-
ular, the Ottobock Bebionic 3 Hand can achieve a maximum
grasp force well above recommended grasping capabilities.
These commercially available prostheses likely utilize actua-
tors and transmissions with better force and torque densities
to achieve these capabilities.

The Modular Prosthetic Limb (MPL) [131] (Fig. 6e) is
a highly articulated prosthesis containing 10 actuators. Each
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finger is actuated by a BLDC located just under the MCP joint,
providing coupled F/E of the three finger joints. The BLDCs
have axes of rotation parallel to the MCP joint and are con-
nected to spur gears that in turn drive a cycloidal reduction.
The output of the cycloidal reduction is connected to a novel
linkage mechanism located in the finger that enables adaptive,
coupled rotation of the MCP, PIP, and DIP joints based on
external loads applied to the finger [174] (ASCLJ(L)). The
thumb has four DoFs that enable Opp (through a combina-
tion of CMC F/E and Ad/Ab), CMC Ad/Ab, and MCP and
IP F/E. Each DoF is independently actuated by a BLDC con-
nected to spur gears that drive a multi-stage planetary gearbox
connected to each joint (ASPJ). These actuators and trans-
missions are connected serially, with the first located in the
palm and the final three placed within the thumb. Finally, two
additional BLDC actuators located in the palm with the same
transmission pathway as used in the thumb provide Ad/Ab
of the finger MCP joints via additional linkage mechanisms
(ASPLJ(L)).

The MPL’s performance in both force and speed capabili-
ties is much closer to meeting anthropomorphic performance
than most prostheses. In particular, its force capabilities are
significantly higher than those reported for any other prosthe-
sis reviewed in this paper. The hand’s maximum grasp force
surpasses the mean grasp strength for women. In addition,
pinch capabilities either surpass or almost surpass those of the
average man for all three types of pinches. The MPL’s high
strength does not come at the cost of low speeds as its max-
imum finger joint speeds exceeds recommended capabilities
and is within the range of maximum continuous joint speed
capabilities for the human index finger. These performance
capabilities come partially at the cost of greater mass. The
reported combined mass of the hand and wrist is 1300 g,
which is significantly greater than mass of the average male
hand (540 g) but under the mass of the average male forearm
(1420 g). Unfortunately, the mass of the hand is not reported
independent of the wrist, so it is difficult to speculate on the
suitability of the prosthesis by itself for amputees with wrist
disarticulation. However, the prosthesis (including the wrist)
may attain the desired reductions in weight for some transra-
dial amputees while also providing significant improvements
in functionality, dexterity, hand strength, and grasping speeds.

The speed and force capabilities of this hand are the product
of innovative actuator and transmission solutions. The chosen
actuator is a compact, frameless BLDC that is small enough
to be oriented such that its axis of rotation is parallel with
most joints of the human finger. This is different than in
most prostheses in Architectures 1 and 2, which typically
have actuators oriented with their axes of rotation orthogo-
nal to those of the joints they are actuating. By doing so,
these other hands must reorient the axis of rotation through the
use of additional transmission elements such as bevel gears,
worm gears, linkages, or cable-based methods that can occupy
significant volume and weight and impact efficiency. The cho-
sen actuator in the MPL avoids this predicament, helping to
enable higher performance. The choice of custom, compact
cycloidal drives and planetary gearboxes are also important

in enabling the prosthesis’ performance capabilities. In par-
ticular, they provide large reductions (≥ 60:1) that enable
the large output torques needed for the uniquely high-force
capabilities of the prosthesis. Cycloidal drives can inherently
provide large torques for a small size and weight because of
larger regions of contact between the elements of the drive.
Several design choices made in the planetary gearbox, includ-
ing using more planets in the final stage, similarly enable the
hand’s high force capabilities within a small, lightweight pack-
age. Both of these transmissions appear to be more compact
and potentially lighter than many commonly used, commer-
cially available options with similar torque and speed output
capabilities [175], [176].

Another important feature of the MPL is the high number
of actuators housed within the hand. The prosthesis has more
actuators than any other prosthesis within Architecture 2 and
more than nearly every prosthesis across this review. This will
likely enable the prosthesis to complete many grasp patterns
that would not be possible for other prostheses; the decision to
actuate each DoF of the thumb independently can be especially
beneficial in this regard. Although there may be some hand
gestures that the MPL hand will not be able to achieve, it is
still able to adapt its grasps to irregularly shaped objects and
demonstrate impressive joint speeds and joint forces [174].

The MPL demonstrates that Architecture 2 hands can attain
a high level of performance, but at the cost of greater mass.
One factor that may contribute to this greater mass is that the
MPL team chose to use the same BLDC motor for all actu-
ated joints within the hand. Instead of using the same actuator
and transmission for every finger, it may be more desirable to
optimize both actuator and transmission choice to the practi-
cal function of the thumb joints and fingers. Using the same
actuator for all joints does however have the benefit of the
same electrical interface and fabrication procedure throughout
the hand, which can help reduce costs.

Overall, Architecture 2 presents significant flexibility in
Design Strategy when compared to Architecture 1, owing to
the palm’s rectangular and relatively large volumetric space
(compared to the digits). The diversity in Design Strategies
demonstrates that an ideal solution that addresses all user
needs has not been reached and is still needed. Instead,
most designers have attempted to best address user needs
with solutions that achieve a subset of the human hand’s
capabilities and functionality. It’s likely that the varied per-
formances, especially for commercially available prostheses,
are most attractive for certain groups of amputees based on
their user needs and other practical considerations such as
lifestyle and cost. The vast majority of prostheses reviewed
in this study (70 of the 96 reviewed prostheses) use this
Architecture, most likely because of the flexibility it provides
and its ability to be used by any transradial amputee regardless
of the location of amputation (i.e., applicable for those with
amputations near the wrist and near the elbow). These factors
and the promising performance of several prostheses demon-
strate that the Architecture should be investigated further
and that new designs may eventually adequately resolve all
user needs.
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Fig. 7. Examples of Architecture 3 Prostheses: a. Unnamed [151],
b. Fluidhand III [152].

C. Architecture 3 – Actuators Housed in Both the
Digits and Palm

Architecture 3 is a hybrid of the first two Architectures that
involves placing actuators in both the digits and the palm. In
one example [151] (Fig. 7a), the prosthesis contains ten iden-
tical BDCs connected to spur gearboxes, with five in the palm
and the other five located in the proximal phalanx of each
digit; an additional five SMA actuators are housed within the
palm. Each finger is capable of MCP, PIP, and DIP F/E while
the thumb is capable of Opp, CMC Ad/Ab and MCP and IP
F/E. One motor in the palm actuates the MCP of each finger
via a set of bevel gears (ASBJ) while the motor in the proxi-
mal phalanx similarly actuates the PIP, which is coupled to the
DIP via a closed cable system (ASBJ(Bt)). One SMA actu-
ator provides additional F/E articulation to all three DoFs of
each finger via a tendon connected to the intermediate phalanx
(ATJ(T)). The thumb is actuated similarly, with a motor in the
palm actuating CMC Ad/Ab (ASBJ) while the motor in the
proximal phalanx actuates MCP and IP F/E (ASBJ(Bt)). An
SMA actuator located in the palm provides coupled actuation
of Opp, MCP, and IP F/E (ATJ(T)).

This arrangement of actuators provides a high degree of
independent actuation to each DoF while maintaining a rel-
atively simple mechanical design. This can lead to a greater
number of achievable grasps and a higher degree of dexter-
ity. The arrangement of actuators is also a great option when
spatial constraints (limitation of both Architectures 1 and 2)
impact the number and size of actuators that can be used.
However, a prosthesis employing this Architecture and Design
Strategy requires compact actuators and transmissions that are
torque and power-dense in order to achieve desirable force and
speed capabilities while maintaining a reasonable weight. This
prosthesis demonstrates this challenge as it achieves a maxi-
mum key pinch force well below anthropomorphic capabilities.
Unsurprisingly, this Architecture is subject to many of the
same advantages and tradeoffs of both Architectures 1 and 2.
However, its ability to also help overcome certain limitations
of either of the two previous Architectures presents many
interesting possible Design Strategies that have yet to be
explored fully.

The Fluidhand III [152] (Fig. 7b) demonstrates an innova-
tive Design Strategy that attempts to overcome these limita-
tions through a novel approach to actuation involving hydraulic
actuators. This prosthesis contains a single hydraulic pump
within the palm of the hand that can modulate pressure and
flow rate of water in a closed-loop system. Hydraulic valves
housed in the palm control fluid flow into flexible fluidic actu-
ators located at the joints they actuate. These actuators provide
Opp, MCP F/E for all five digits, and PIP F/E for the index and
middle fingers. The valves enable semi-independent motion of
these DoFs that is mainly limited by the pump. Since the pump
can only enable flow in a single direction at a time, the digits
can only move together in a single direction. For example, it is
not possible to flex one digit while simultaneously extending
another. However, the use of hydraulics does enable a finger-
tip force that matches anthropomorphic capabilities and a hand
closing time within the recommended range. The hand is also
only slightly heavier than a median woman’s. This prosthesis
therefore demonstrates that hydraulics can offer a lightweight
form of transmission that enables high forces. However, its
force capabilities may be limited when multiple fingers are
required in a grasp. Improvements such as using a pump that
can provide higher output pressures may be needed in cases
where the force output in various grasps is not satisfactory.

D. Architecture 4 – Actuators Housed in the Forearm

Architecture 4 consists of prostheses that house their actu-
ators within the forearm, with transmission elements that
transmit the actuator outputs from the forearm to the digits of
the hand. Compared to the first three architectures, this design
more closely resembles a natural human hand in terms of the
location and distribution of actuators and transmissions. This
helps naturally reduce inertia, with bulky and heavy actuators
and transmissions in more proximal locations. However, they
can only be used by those users with amputations proximal
enough to accommodate these components.

One example is the CyberHand [155] (Fig. 8a), an anthropo-
morphic hand with five BDCs located in the forearm that each
drive one underactuated digit and achieve adaptive grasping.
Each motor is connected to a planetary gearbox that in turn
drives a non-backdrivable leadscrew via a pair of spur gears.
A slider driven by the leadscrew is connected to a tendon that
terminates in the distal phalanx of each digit (APSScTJ(T)).
Each motor drives a different digit through this transmission
pathway, enabling coupled MCP, PIP, and DIP F/E in the four
fingers and coupled CMC Ad/Ab and MCP and IP F/E in
the thumb. An additional, smaller BDC and planetary gear-
box are placed in the palm and drive Opp through a pair of
spur gears connected to a worm gear (APSWJ). This approach
leads to a very favorable distribution of weight in the prosthe-
sis. The hand weighs less than a median woman’s while the
total weight of the prosthesis, including the actuators in the
forearm, is lighter than the combined mass of a median man’s
hand and forearm. This prosthesis may therefore be suitable
for some transradial amputees, especially those whose ampu-
tations are more proximal. The distribution of weight may also
improve comfort and enable an amputee to wear the prosthesis
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Fig. 8. Examples of Architecture 4 Prostheses: a. CyberHand [155]
(red arrows indicate the most proximal joint driven by a single actuator),
b. Unnamed [166], c. Unnamed [168], d. Unnamed [169].

longer. The maximum grasp force of the prosthesis is greater
than the recommended minimum, but its joint speeds are well
below recommended capabilities. Thus, actuators that are more
power-dense may be needed to enable functionality that would
make this prosthesis more attractive to amputees.

The Design Strategy of the CyberHand resembles that of the
majority of prostheses in Architecture 4, which use various
numbers of BDCs [155]–[159], BLDCs [168], or unspeci-
fied types of motors [161]–[165] housed within the forearm
and connected to gearboxes; these actuate underactuated digits
through tendon transmissions. While this approach may lead
to difficulties in precision grasps and limited overall dexter-
ity, many of these prostheses have similarly favorable weight
distributions that may make them attractive options for tran-
sradial amputees. In certain cases, the prostheses are also able
to achieve recommended joint speeds and grasp forces.

Several hands within Architecture 4 explore alternative
actuation methods to conventional DC motors, which is par-
tially enabled by the forearm’s large volume and convenient
shape. SMA actuators located in the forearm are utilized
in [166]–[168] because of their low weight and size and high
force capabilities. In [166] (Fig. 8b), six SMA actuators con-
nect to tendons to actuate coupled MCP and PIP F/E of each
of the four fingers (ATJ(T)), coupled MCP and IP F/E of
the thumb (ATJ(T)), and independent CMC Ad/Ab of the
thumb (ATJ). Each SMA actuator was made from NiTi wire
and could only produce a force in a single direction. A bias
mechanism was therefore employed to enable the actuator and
digit to move back to their original positions. While this pros-
thesis weighed well below the combined weight of a median
woman’s hand and forearm, its force and speed capabilities

were below recommended and anthropomorphic capabilities.
A drawback of the actuators is the time needed for them to cool
down (up to ∼3s). This limits the speed with which the pros-
thesis can switch between grasps or postures (i.e., bandwidth).
Another drawback of SMA actuators is low efficiency (possi-
bly below 5% [166]), which leads to high power consumption
during operation.

One prosthesis [168] (Fig. 8c) sought to overcome these
disadvantages by pairing BLDCs with SMA actuators, utiliz-
ing five sets of opposing SMA actuators placed in the palm
to drive Ad/Ab of the five digits and 11 BLDCs placed in the
forearm that drive finger F/E and several thumb DoFs. This
approach utilizes SMA actuators for DoFs that require high
force outputs, but with low speeds, small displacements, and
low bandwidth. By also using opposing sets of actuators, the
prosthesis avoids some of the bandwidth limitations associated
with cooling time in the above prostheses. Unfortunately, the
performance of the SMA actuators and prosthesis Ad/Ab capa-
bilities were not reported. However, the approach to providing
Ad/Ab capabilities with lightweight, small-stroke, and high-
force actuators should be explored further and may enable
additional functionality that is useful for an amputee.

Another alternative actuator to DC motors is pneumatic
actuators, which are utilized in [169] (Fig. 8d). This prosthetic
arm is designed for transhumeral amputees and uses pneumatic
actuators powered by monopropellant hydrogen peroxide. All
the actuators are housed in the forearm, with five responsible
for actuating the 17 joints in the hand through a tendon-
pulley system (ATJ(T)). This actuation approach is attractive
because it can produce higher force outputs than many elec-
tromagnetic actuators. However, the actuators require storage
of fuel or a pressurized gas to power the actuators, which can
be unsafe and can add significant weight to the prosthesis.
Unfortunately, the force and speed capabilities of the pros-
thesis are not reported, making it difficult to compare these
actuators to DC motors. However, the prosthesis, which also
incorporates fuel storage and actuation for the wrist and elbow
weighs 2000 g. This approach may therefore be lightweight
enough to be feasible for some amputees if safety concerns
can be mitigated.

Architecture 4 presents several advantages over the previous
three Architectures. Among these, the most important may be
the additional volume and weight available for actuators and
transmissions, which could enable higher performance. The
forearm also presents a cylindrical cross-section that may be
more conducive for housing motors and other types of actu-
ators. The favorable weight distribution seen in many of the
prostheses in this Architecture also demonstrate that hybrid
Architectures that place actuators in the forearm, palm, and
fingers (similar to [168]) may also be feasible while still
addressing the user need of reduced weight. This flexibil-
ity and the above advantages may make this Architecture
the best option for adequately addressing user needs. While
these prostheses can only be used by those with more prox-
imal amputations, amputees may eventually choose to have
suitable amputations if a prosthesis using this Architecture is
able to address these improvements while other Architectures
cannot.
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IV. DISCUSSION AND CONCLUSION

The prostheses reviewed in this paper demonstrate that
designers have been mindful of user needs. The intentions
behind Design Strategies and an obvious emphasis on main-
taining an anthropomorphic weight and size make this mind-
fulness clear. Despite these intentions, the vast majority of
the prostheses are unable to achieve both recommended force
and speed capabilities and none can achieve both anthropo-
morphic force and speed capabilities while maintaining an
anthropomorphic weight. Thus, the required improvements
in actuation to achieve this while maintaining a desirable
weight and size remain an important design challenge for
future prostheses. In many cases however, prostheses achieved
acceptable speed capabilities but fell well short of desired
force capabilities. A special focus may therefore be needed
to provide improvements to actuation that enable sufficient
force capabilities.

Further evaluation using a consistent grasp taxonomy and
control architecture are also needed to understand whether the
prostheses achieve acceptable levels of dexterity and func-
tionality beyond force and speed capabilities. While many
prostheses do have a similar number and arrangement of actu-
ated DoFs as the human hand, most do not include enough
actuators to enable the same level of independence in these
DoFs. Further development in actuation may therefore be
needed to achieve the levels of dexterity and functionality
that users desire. Thus, adequately addressing user needs in
future prostheses requires continued investigation and innova-
tion to improve the performance of actuators and transmissions
in prostheses. To do so, an examination of similarities in
actuation across prostheses is a logical first step.

DC motors are used as the primary actuator for more
than 72% of the reviewed prostheses. This is not surprising
since DC motors offer specific powers (i.e., power output
per unit mass) and power densities (i.e., power output per
unit volume) that exceed the capabilities of human mus-
cle [41], [42], [175], [176]. While other actuators can offer
sufficiently high power densities and/or specific powers, few
can also achieve the power outputs and displacements needed
to actuate finger joints. Furthermore, DC motors are con-
veniently shaped, allowing them to be used in any of the
Architectures discussed above. There are also many com-
mercially available options, which can be cost-effective, con-
venient to use, and customizable (including customizable
transmissions). These reasons, among others, make DC motors
very attractive for use in a prosthesis. However, certain inher-
ent disadvantages have helped prevent prostheses using DC
motors from adequately addressing user needs.

A survey of two motor manufacturers’ (Faulhaber and
Maxon) catalogs of BDCs and BLDCs [175], [176], which
were commonly used in the reviewed prostheses, revealed
that for all motors under 60 mm in diameter (approxi-
mately the width of the wrist) and under 550 g in weight
(approximately the weight of the human hand), maximum
continuous torque outputs ranged from 1x10-5-0.2 Nm and
maximum speed outputs ranged from 200-7800 rad/s. Thus,
compared to recommended prosthesis capabilities, DC motors
typically achieve much higher speeds and lower torques.

This means that a significant reduction ratio, potentially greater
than 100:1, is needed to convert the power output of each
motor into the torque capabilities of any of the human hand
joints [77], [109], [110], [165]. For DC motors with suffi-
ciently high specific powers and power densities, the accom-
panying transmission pathway’s weight, volume, efficiency,
reduction ratio, and output force and speed performance will
dictate whether the prosthesis can adequately address user
needs. Unfortunately, many of the most commonly used trans-
mission solutions do not provide adequate performance in
these metrics to enable the prosthesis to address user needs.
Thus, further examination of and innovation in transmis-
sion pathways offers the most promising avenue to enable
prosthetic hands to adequately address user needs.

Geared transmissions, and in particular planetary gearboxes,
are commonly used in the reviewed prostheses’ transmission
pathways. Planetary gearboxes are favored for their compact
size, high efficiency, ability to achieve high reduction ratios,
and commercial availability, among other reasons. However, an
analysis of Maxon and Faulhaber catalogs reveal that if each
joint were to be actuated by a separate DC motor-planetary
gearbox combination that can achieve anthropomorphic torque
(Fig. 3) and recommended speed (Table IV) capabilities, the
total required mass for actuators and gearboxes would be over
2kg. This is greater than the combined weight of a median
man’s hand and forearm and thus would not be an attractive
method of actuation for a prosthesis. However, only 30-40%
of the mass required for actuation would be occupied by the
motors, meaning transmissions would account for most of the
mass. These results are not surprising as planetary gearboxes
utilize small gears, which limit the maximum torque output.
In order to increase torque output, the size of the gears must
increase, leading to gearboxes that are larger and heavier. This
makes planetary gearboxes better suited for DoFs requiring
lower torques, or only as the first steps in a transmission path-
way. However, gears are used as the last step in a transmission
pathway in at least 33% of the reviewed prostheses; gears were
also frequently combined with underactuated tendon systems
(which often offer low mechanical advantages) as the last two
steps in a transmission pathway. This placement of gears at the
end of transmission pathways helps to explain why so many
prostheses fall short of desired force capabilities.

The above tradeoff of planetary gearboxes, between torque
output and both weight and volume, suggests that further
investigation of transmission options that can achieve higher
force/torque outputs at a smaller weight may offer better alter-
natives that in turn can lead to prostheses that adequately
address user needs. Options such as linkages, lead- and ball-
screws, and parallel kinematic mechanisms (PKMs) may be
able to offer these capabilities. Linkages are found in many
prostheses but are usually used to ensure phalanges rotate in
certain sequences or achieve specific postures [177]. However,
linkages can also provide significant reduction ratios while
transmitting large forces/torques in a lightweight, compact
package [178], [179]. Lead- and ball-screws can also achieve
relatively large force outputs for small input torques. The
small travel range required from these screws in a prosthe-
sis means they can provide these capabilities within a small,
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lightweight package. PKMs can offer the ability to artic-
ulate multiple DoFs with ground-mounted (and therefore
more proximal) actuation in a compact, lightweight pack-
age [180]–[182]. These mechanisms can also offer significant
performance improvements over Serial Kinematic Mechanisms
for joints with multiple independently actuated DoFs (e.g.,
CMC, MCP joints) [182], [183]. Variable or automatic trans-
missions, which have been used previously for more than one
actuator in robotic hands [184], [185], offer another alterna-
tive and can reduce actuator mass. This is because the primary
actuator no longer needs to provide the desired torque or speed
outputs with a single reduction ratio. Instead, two or more dif-
ferent reduction ratios can be employed to achieve different
desired outputs. However, this option is only attractive if the
automatic functionality can be provided for sufficiently small
mass and electrical power. Most of the above-suggested trans-
mission options can enable a lower mass, but potentially at the
cost of a larger required volume. This could make Architecture
4 and other hybrid Architectures utilizing the forearm, which
naturally offer a larger volume, attractive options.

These Architectures may be necessary simply because of
the weight of actuators required to actuate each joint –
at least 650g in the analysis of DC motors and plane-
tary gearboxes described above. Further innovation in DC
motor design may enable a significant reduction in weight
that makes accommodating a large actuation weight unnec-
essary. However, both BDCs and BLDCs have been stud-
ied extensively, making the required improvement unlikely.
Innovation in alternative forms of actuation could therefore
offer a more viable path forward. In particular, actuators that
offer performance more similar to a human muscle (i.e., higher
output force/torque and lower output speed) would be desirable
as they would concurrently reduce the required size, weight,
and reduction ratio of the required transmission pathway. Most
current actuator options with these traits (e.g., piezo actua-
tors, hydraulic/pneumatic actuators, and artificial muscles) do
not yet offer high enough power densities, specific powers,
and power outputs with sufficient force, speed, strain, dis-
placements, bandwidth, precision, and efficiency when com-
bined with required power supplies, drivers, and additional
equipment [41], [186].

Finally, innovations in Architecture and Design Strategy
can play a critical role in satisfying user needs. For example,
Design Strategies optimized for specific sets of tasks (sim-
ilar to the Michelangelo Hand and Axon Hook) may offer
the simplest solution to achieving desired force and speed
capabilities while also addressing other user needs. Design
Strategies for new hybrid Architectures (including those uti-
lizing the forearm) can also offer many new solutions and
improved performance. Despite the large number of prosthe-
ses that have been created in just the past 20 years, the field
is far from saturated. Many of the reviewed prostheses share
significant similarities across Architecture, Design Strategy,
actuation, and transmission pathway. This leaves the door
open, especially for new Design Strategies (including those
using different actuators) and transmission pathways, that
can achieve significantly more than incremental improvement.
This may require novel approaches to the design problem

or a detailed examination of the fundamental capabilities of
different types of actuators and transmissions.

REFERENCES

[1] K. Ziegler-Graham, E. J. MacKenzie, P. L. Ephraim, T. G. Travison,
and R. Brookmeyer, “Estimating the prevalence of limb loss in the
United States: 2005 to 2050,” Archives Phys. Med. Rehabil., vol. 89,
no. 3, pp. 422–429, Mar. 2008, doi: 10.1016/j.apmr.2007.11.005.

[2] C. Sollerman and A. Ejeskär, “Sollerman hand function test: A stan-
dardised method and its use in tetraplegic patients,” Scand. J. Plast.
Reconstr. Surg. Hand Surg., vol. 29, no. 2, pp. 167–176, 1995,
doi: 10.3109/02844319509034334.

[3] C. M. Light, P. H. Chappell, and P. J. Kyberd, “Establishing a standard-
ized clinical assessment tool of pathologic and prosthetic hand function:
Normative data, reliability, and validity,” Archives Phys. Med. Rehabil.,
vol. 83, no. 6, pp. 776–783, 2002, doi: 10.1053/apmr.2002.32737.

[4] L. M. Smurr, K. Gulick, K. Yancosek, and O. Ganz, “Managing the
upper extremity amputee: A protocol for success,” J. Hand Ther.,
vol. 21, no. 2, pp. 160–176, Apr. 2008, doi: 10.1197/j.jht.2007.09.006.

[5] L. Resnik et al., “Development and evaluation of the activities measure
for upper limb amputees,” Archives Phys. Med. Rehabil., vol. 94, no. 3,
pp. 488–494, 2013, doi: 10.1016/j.apmr.2012.10.004.

[6] T. Feix, J. Romero, H.-B. Schmiedmayer, A. M. Dollar, and
D. Kragic, “The GRASP taxonomy of human grasp types,” IEEE
Trans. Human-Mach. Syst., vol. 46, no. 1, pp. 66–77, Feb. 2016,
doi: 10.1109/THMS.2015.2470657.

[7] A. Saudabayev, Z. Rysbek, R. Khassenova, and H. A. Varol, “Human
grasping database for activities of daily living with depth, color and
kinematic data streams,” Sci. Data, vol. 5, no. 1, pp. 1–13, May 2018,
doi: 10.1038/sdata.2018.101.

[8] L. Resnik, J. Cancio, S. Klinger, G. Latlief, N. Sasson, and L. Smurr-
Walters, “Predictors of retention and attrition in a study of an
advanced upper limb prosthesis: Implications for adoption of the DEKA
arm,” Disabil. Rehabil. Assist. Technol., vol. 13, no. 2, pp. 206–210,
Feb. 2018, doi: 10.1080/17483107.2017.1304585.

[9] L. V. Mcfarland, S. L. H. Winkler, A. W. Heinemann, M. Jones, and
A. Esquenazi, “Unilateral upper-limb loss: Satisfaction and prosthetic-
device use in veterans and servicemembers from Vietnam and OIF/OEF
conflicts,” J. Rehabil. Res. Develop., vol. 47, no. 4, pp. 299–316, 2010,
doi: 10.1682/JRRD.2009.03.0027.

[10] E. A. Biddiss and T. T. Chau, “Upper limb prosthesis use and aban-
donment: A survey of the last 25 years,” Prosthet. Orthot. Int., vol. 31,
no. 3, pp. 236–257, Sep. 2007, doi: 10.1080/03093640600994581.

[11] L. Resnik, S. Ekerholm, M. Borgia, and M. A. Clark, “A national study
of Veterans with major upper limb amputation: Survey methods, partic-
ipants, and summary findings,” PLoS ONE, vol. 14, no. 3, Mar. 2019,
Art. no. e0213578, doi: 10.1371/journal.pone.0213578.

[12] E. Biddiss, D. Beaton, and T. Chau, “Consumer design priorities for
upper limb prosthetics,” Disabil. Rehabil. Assist. Technol., vol. 2, no. 6,
pp. 346–357, 2007, doi: 10.1080/17483100701714733.

[13] L. C. Smail, C. Neal, C. Wilkins, and T. L. Packham, “Comfort
and function remain key factors in upper limb prosthetic abandon-
ment: Findings of a scoping review,” Disabil. Rehabil. Assist. Technol.,
Mar. 2020, pp. 1–10, doi: 10.1080/17483107.2020.1738567.

[14] S. M. Engdahl, B. P. Christie, B. Kelly, A. Davis, C. A. Chestek, and
D. H. Gates, “Surveying the interest of individuals with upper limb loss
in novel prosthetic control techniques,” J. Neuroeng. Rehabil., vol. 12,
no. 1, p. 53, Jun. 2015, doi: 10.1186/s12984-015-0044-2.

[15] C. Pylatiuk, S. Schulz, and L. Döderlein, “Results of an Internet survey
of myoelectric prosthetic hand users,” Prosthet. Orthot. Int., vol. 31,
no. 4, pp. 362–370, Dec. 2007, doi: 10.1080/03093640601061265.

[16] L. Resnik, H. Benz, M. Borgia, and M. A. Clark, “Patient perspectives
on benefits and risks of implantable interfaces for upper limb pros-
theses: A national survey,” Expert Rev. Med. Devices, vol. 16, no. 6,
pp. 515–540, 2019, doi: 10.1080/17434440.2019.1619453.

[17] M. Espinosa and D. Nathan-Roberts, “Understanding prosthetic aban-
donment,” Proc. Hum. Factors Ergon. Soc. Annu. Meeting, vol. 63,
no. 1, pp. 1644–1648, Nov. 2019, doi: 10.1177/1071181319631508.

[18] B. Peerdeman et al., “Myoelectric forearm prostheses: State of the art
from a user-centered perspective,” J. Rehabil. Res. Develop., vol. 48,
no. 6, pp. 719–737, Jan. 2011, doi: 10.1682/JRRD.2010.08.0161.

[19] C. Lake, “The evolution of upper limb prosthetic socket design,”
JPO J. Prosthet. Orthot., vol. 20, no. 3, pp. 85–92, Jul. 2008,
doi: 10.1097/JPO.0b013e31817d2f08.

Authorized licensed use limited to: University of Michigan Library. Downloaded on September 03,2021 at 13:55:58 UTC from IEEE Xplore.  Restrictions apply. 

http://dx.doi.org/10.1016/j.apmr.2007.11.005
http://dx.doi.org/10.3109/02844319509034334
http://dx.doi.org/10.1053/apmr.2002.32737
http://dx.doi.org/10.1197/j.jht.2007.09.006
http://dx.doi.org/10.1016/j.apmr.2012.10.004
http://dx.doi.org/10.1109/THMS.2015.2470657
http://dx.doi.org/10.1038/sdata.2018.101
http://dx.doi.org/10.1080/17483107.2017.1304585
http://dx.doi.org/10.1682/JRRD.2009.03.0027
http://dx.doi.org/10.1080/03093640600994581
http://dx.doi.org/10.1371/journal.pone.0213578
http://dx.doi.org/10.1080/17483100701714733
http://dx.doi.org/10.1080/17483107.2020.1738567
http://dx.doi.org/10.1186/s12984-015-0044-2
http://dx.doi.org/10.1080/03093640601061265
http://dx.doi.org/10.1080/17434440.2019.1619453
http://dx.doi.org/10.1177/1071181319631508
http://dx.doi.org/10.1682/JRRD.2010.08.0161
http://dx.doi.org/10.1097/JPO.0b013e31817d2f08


DAMERLA et al.: A REVIEW OF PERFORMANCE OF EXTRINSICALLY POWERED PROSTHETIC HANDS 657

[20] L. Ravensbergen, “Design of a transradial socket,” M.S. the-
sis, Dept. Mech. Eng., Eindhoven Univ. Technol., Eindhoven,
The Netherlands, 2010.

[21] R. D. Alley, T. W. Williams, M. J. Albuquerque, and D. E. Altobelli,
“Prosthetic sockets stabilized by alternating areas of tissue compression
and release,” J. Rehabil. Res. Develop., vol. 48, no. 6, pp. 679–696,
2011, doi: 10.1682/JRRD.2009.12.0197.

[22] Y. Sang, X. Li, and Y. Luo, “Biomechanical design considerations
for transradial prosthetic interface: A review,” Proc. Inst. Mech.
Eng. H, J. Eng. Med., vol. 230, no. 3, pp. 239–250, Mar. 2016,
doi: 10.1177/0954411915624452.

[23] D. K. Kumar, B. Jelfs, X. Sui, and S. P. Arjunan, “Prosthetic hand
control: A multidisciplinary review to identify strengths, shortcomings,
and the future,” Biomed. Signal Process. Control, vol. 53, Aug. 2019,
Art. no. 101588, doi: 10.1016/j.bspc.2019.101588.

[24] P. P. Vu, C. A. Chestek, S. R. Nason, T. A. Kung, S. W. P. Kemp, and
P. S. Cederna, “The future of upper extremity rehabilitation robotics:
Research and practice,” Muscle Nerve, vol. 61, no. 6, pp. 708–718,
Jun. 2020, doi: 10.1002/mus.26860.

[25] P. Geethanjali, “Myoelectric control of prosthetic hands: State-
of-the-art review,” in Medical Devices: Evidence and Research,
vol. 9. Auckland, New Zealand: Dove Med. Press Ltd., Jul. 2016,
pp. 247–255, doi: 10.2147/MDER.S91102.

[26] I. Vujaklija, D. Farina, and O. C. Aszmann, “New developments
in prosthetic arm systems,” in Orthopedic Research and Reviews,
vol. 8. London, U.K.: Dove Med. Press Ltd., Jul. 2016, pp. 31–39,
doi: 10.2147/ORR.S71468.

[27] V. Mendez, F. Iberite, S. Shokur, and S. Micera, “Current solu-
tions and future trends for robotic prosthetic hands,” Annu. Rev.
Control. Robot. Auton. Syst., vol. 4, no. 1, pp. 595–627, Jan. 2021,
doi: 10.1146/annurev-control-071020-104336.

[28] C. W. Heckathorne, “Upper-limb prosthetics: Components for adult
externally powered systems,” in Atlas of Limb Prosthetics: Surgical,
Prosthetic, and Rehabilitation Principles, 2nd ed. Rosemont, IL, USA:
Acad. Orthopedic Surg., 1992.

[29] R. F. Weir, “The design of artificial arms and hands for prosthetic
applications,” in Standard Handbook of Biomedical Engineering and
Design, M. Kutz, Ed. New York, NY, USA: McGraw-Hill, 2003,
pp. 1—59.

[30] J. T. Belter, J. L. Segil, A. M. Dollar, and R. F. Weir, “Mechanical
design and performance specifications of anthropomorphic pros-
thetic hands: A review,” J. Rehabil. Res. Develop., vol. 50, no. 5,
pp. 599–618, 2013, doi: 10.1682/JRRD.2011.10.0188.

[31] C. Piazza, G. Grioli, M. G. Catalano, and A. Bicchi, “A century of
robotic hands,” Annu. Rev. Control. Robot. Auton. Syst., vol. 2, no. 1,
pp. 1–32, May 2019, doi: 10.1146/annurev-control-060117-105003.

[32] J. T. Kate, G. Smit, and P. Breedveld, “3D-printed upper limb pros-
theses: A review,” Disabil. Rehabil. Assist. Technol., vol. 12, no. 3,
pp. 300–314, Apr. 2017, doi: 10.1080/17483107.2016.1253117.

[33] I. M. Bullock, J. Borràs, and A. M. Dollar, “Assessing assumptions in
kinematic hand models: A review,” in Proc. IEEE RAS EMBS Int. Conf.
Biomed. Robot. Biomechatronics, Rome, Italy, 2012, pp. 139–146,
doi: 10.1109/BioRob.2012.6290879.

[34] B. Hirt, H. Seyhan, M. Wagner, and R. Zumbasch, “Structure and
function of the finger joints,” in Hand and Wrist Anatomy and
Biomechanics: A Comprehensive Guide, 1st ed. Stuttgart, Germany:
Thieme, 2017, pp. 66–80.

[35] Hand and Wrist. Accessed: Oct. 27, 2020. [Online]. Available: https://
www.orthogate.org/press/musculoskeletal-medicine/anatomy/hand-
and-wrist/

[36] S. Plagenhoef, F. G. Evans, and T. Abdelnour, “Anatomical data for
analyzing human motion,” Res. Quart. Exerc. Sport, vol. 54, no. 2,
pp. 169–178, 1983, doi: 10.1080/02701367.1983.10605290.

[37] P. de Leva, “Adjustments to Zatsiorsky-Selyanov’s segment inertia
parameters,” J. Biomech., vol. 29, no. 9, pp. 1223–1230, 1996.

[38] W. T. Dempster and G. R. L. Gaughran, “Properties of body segments
based on size and weight,” Amer. J. Anat., vol. 120, no. 1, pp. 33–54,
1967.

[39] C. E. Clauser, J. T. McConville, and J. W. Young, “Weight, volume,
and center of mass segments of the human body,” J. Occup. Med.,
vol. 13, no. 5, p. 270, 1971.

[40] B. A. Garner and M. G. Pandy, “Estimation of musculotendon prop-
erties in the human upper limb,” Ann. Biomed. Eng., vol. 31, no. 2,
pp. 207–220, 2003, doi: 10.1114/1.1540105.

[41] I. W. Hunter, J. M. Hollerbach, and J. Ballantyne, “A comparative
analysis of actuator technologies for robotics,” in The Robotics Review
2, Cambridge, MA, USA: MIT Press, 1991, pp. 299–342.

[42] F. E. Zajac, “Muscle and tendon: Properties, models, scaling, and appli-
cation to biomechanics and motor control,” Crit. Rev. Biomed. Eng.,
vol. 17, no. 4, pp. 359–410, 1989.

[43] G. N. Askew and R. L. Marsh, “Optimal shortening velocity (V/Vmax)
of skeletal muscle during cyclical contractions: Length-force effects
and velocity-dependent activation and deactivation,” J. Exp. Biol.,
vol. 201, no. 10, pp. 1527–1540, 1998.

[44] C. D. Fryar, Q. Gu, C. L. Ogden, and K. M. Flegal, “Anthropometric
reference data for children and adults: United States, 2011–2014,” Vital
and Health Statistics, vol. 3, Nat. Center Health Stat., Hyattsville, MD,
USA, 2016.

[45] R. M. White, “Comparative anthropometry of the hand,” U.S. Army
Natick, Natick, MA, USA, Rep. TR-81/010, 1981.

[46] C. C. Gordon et al., “2012 anthropometric survey of U.S. army person-
nel: Methods and summary statistics,” U.S. Army Natick Soldier Res.
Develop. Eng. Center, Natick, MA, USA, Rep. NATICK/TR15-007,
2014.

[47] T. M. Greiner, “Hand anthropometry of U.S. army personnel,” U.S.
Army Natick Res. Develop. Eng. Center, Natick, MA, USA. Rep. TR-
92/11, 1991.

[48] J. W. Garrett, “Anthropometry of the air force female hand,” Aerosp.
Med. Res. Lab., Wright-Patterson AFB, OH, USA, Rep. AMRL-TR-26,
Mar. 1970.

[49] J. W. Garrett, “Anthropometry of the hands of male air force flight
personnel,” Aerosp. Med. Res. Lab., Wright-Patterson AFB, OH, USA,
Rep. AMRL-TR-69-42, 1970.

[50] J. G. Young, C. Woolley, T. J. Armstrong, and J. A. Ashton-Miller,
“Hand-handhold coupling: Effect of handle shape, orientation, and fric-
tion on breakaway strength,” Hum. Factors, vol. 51, no. 5, pp. 705–717,
Oct. 2009, doi: 10.1177/0018720809355969.

[51] W. P. Hanten et al., “Maximum grip strength in normal subjects from
20 to 64 years of age,” J. Hand Ther., vol. 12, no. 3, pp. 193–200,
1999, doi: 10.1016/S0894-1130(99)80046-5.

[52] C. A. Crosby and M. A. Wehbé, “Hand strength: Normative val-
ues,” J. Hand Surg. Am., vol. 19, no. 4, pp. 665–670, Jul. 1994,
doi: 10.1016/0363-5023(94)90280-1.

[53] V. Mathiowetz, N. Kashman, G. Volland, K. Weber, M. Dowe, and
S. Rogers, “Grip and pinch strength: Normative data for adults,”
Archives Phys. Med. Rehabil., vol. 66, no. 2, pp. 69–74, 1985.

[54] S. N. Imrhan and C. H. Loo, “Trends in finger pinch strength
in children, adults, and the elderly,” Hum. Factors J. Hum.
Factors Ergon. Soc., vol. 31, no. 6, pp. 689–701, 1989,
doi: 10.1177/001872088903100605.

[55] A. D. Astin, “Finger force capability: measurement and prediction
using anthropometric and myoelectric measures,” M.S. Thesis, Dept.
Ind. Syst. Eng., Virginia Polytechn. Inst. State Univ., Blacksburg, VA,
USA, 1999.

[56] C. W. S. Jansen, V. K. Simper, H. G. Stuart, and H. M. Pinkerton,
“Measurement of maximum voluntary pinch strength: Effects of fore-
arm position and outcome score,” J. Hand Ther., vol. 16, no. 4,
pp. 326–336, Oct. 2003, doi: 10.1197/S0894-1130(03)00159-5.

[57] Z. M. Li, V. M. Zatsiorsky, and M. L. Latash, “Contribution of
the extrinsic and intrinsic hand muscles to the moments in fin-
ger joints,” Clin. Biomech., vol. 15, no. 3, pp. 203–211, Mar. 2000,
doi: 10.1016/S0268-0033(99)00058-3.

[58] W. G. Darling and K. J. Cole, “Muscle activation patterns and kinetics
of human index finger movements,” J. Neurophysiol., vol. 63, no. 5,
pp. 1098–1108, 1990, doi: 10.1152/jn.1990.63.5.1098.

[59] K. J. Cole and J. H. Abbs, “Coordination of three-joint digit movements
for rapid finger-thumb grasp,” J. Neurophysiol., vol. 55, no. 6,
pp. 1407–1423, 1986, doi: 10.1152/jn.1986.55.6.1407.

[60] J. N. Ingram, K. P. Körding, I. S. Howard, and D. M. Wolpert, “The
statistics of natural hand movements,” Exp. Brain Res., vol. 188, no. 2,
pp. 223–236, Jun. 2008, doi: 10.1007/s00221-008-1355-3.

[61] R. Vinet, Y. Lozac’h, N. Beaudry, and G. Drouin, “Design methodology
for a multifunctional hand prosthesis,” Dept. Veterans Aff. J. Rehabil.
Res. Develop., vol. 32, no. 4, pp. 316–324, 1995.

[62] J. Lee, “An investigation of finger joint angles and maximum finger
forces during cylinder grip activity,” Ph.D. dissertation, Dept. Biomed.
Eng., Univ. Iowa, Iowa City, IA, USA, 1990.

[63] D. T. Case and A. H. Ross, “Sex determination from hand and foot
bone lengths,” J. Forensic Sci., vol. 52, no. 2, pp. 264–270, Mar. 2007,
doi: 10.1111/j.1556-4029.2006.00365.x.

[64] C. J. Hasser, Force-Reflecting Anthropomorphic Hand Masters. Wright-
Patterson Air Force Base, OH, USA: Armstrong Lab., 1995.

Authorized licensed use limited to: University of Michigan Library. Downloaded on September 03,2021 at 13:55:58 UTC from IEEE Xplore.  Restrictions apply. 

http://dx.doi.org/10.1682/JRRD.2009.12.0197
http://dx.doi.org/10.1177/0954411915624452
http://dx.doi.org/10.1016/j.bspc.2019.101588
http://dx.doi.org/10.1002/mus.26860
http://dx.doi.org/10.2147/MDER.S91102
http://dx.doi.org/10.2147/ORR.S71468
http://dx.doi.org/10.1146/annurev-control-071020-104336
http://dx.doi.org/10.1682/JRRD.2011.10.0188
http://dx.doi.org/10.1146/annurev-control-060117-105003
http://dx.doi.org/10.1080/17483107.2016.1253117
http://dx.doi.org/10.1109/BioRob.2012.6290879
http://dx.doi.org/10.1080/02701367.1983.10605290
http://dx.doi.org/10.1114/1.1540105
http://dx.doi.org/10.1177/0018720809355969
http://dx.doi.org/10.1016/S0894-1130(99)80046-5
http://dx.doi.org/10.1016/0363-5023(94)90280-1
http://dx.doi.org/10.1177/001872088903100605
http://dx.doi.org/10.1197/S0894-1130(03)00159-5
http://dx.doi.org/10.1016/S0268-0033(99)00058-3
http://dx.doi.org/10.1152/jn.1990.63.5.1098
http://dx.doi.org/10.1152/jn.1986.55.6.1407
http://dx.doi.org/10.1007/s00221-008-1355-3
http://dx.doi.org/10.1111/j.1556-4029.2006.00365.x


658 IEEE TRANSACTIONS ON MEDICAL ROBOTICS AND BIONICS, VOL. 3, NO. 3, AUGUST 2021

[65] M. Vergara, J. L. Sancho-Bru, V. Gracia-Ibáñez, and A. Pérez-
González, “An introductory study of common grasps used by adults
during performance of activities of daily living,” J. Hand Ther., vol. 27,
no. 3, pp. 225–234, 2014, doi: 10.1016/j.jht.2014.04.002.

[66] N. Kamakura, M. Matsuo, H. Ishii, F. Mitsuboshi, and Y. Miura,
“Patterns of static prehension in normal hands,” Am. J. Occup. Ther.,
vol. 34, no. 7, pp. 437–445, Jul. 1980, doi: 10.5014/ajot.34.7.437.

[67] C. Rosales, L. Ros, J. M. Porta, and R. Suárez, “Synthesizing grasp
configurations with specified contact regions,” Int. J. Rob. Res., vol. 30,
no. 4, pp. 431–443, Apr. 2011, doi: 10.1177/0278364910370218.

[68] T. Lenzi, J. Lipsey, and J. W. Sensinger, “The RIC arm—
A small anthropomorphic transhumeral prosthesis,” IEEE/ASME
Trans. Mechatronics, vol. 21, no. 6, pp. 2660–2671, Dec. 2016,
doi: 10.1109/TMECH.2016.2596104.

[69] D. A. Bennett, S. A. Dalley, D. Truex, and M. Goldfarb, “A multi-
grasp hand prosthesis for providing precision and conformal grasps,”
IEEE/ASME Trans. Mechatronics, vol. 20, no. 4, pp. 1697–1704,
Aug. 2015, doi: 10.1109/TMECH.2014.2349855.

[70] T. Zhang, L. Jiang, and H. Liu, “Design and functional evaluation of a
dexterous myoelectric hand prosthesis with biomimetic tactile sensor,”
IEEE Trans. Neural Syst. Rehabil. Eng., vol. 26, no. 7, pp. 1391–1399,
Jul. 2018, doi: 10.1109/TNSRE.2018.2844807.

[71] i-Limb Quantum Catalog, Össur, Reykjavík, Iceland. Accessed: Nov. 8,
2020. [Online]. Available: https://www.ossur.com/en-us/prosthetics/
arms/i-limb-quantum?tab=specification

[72] Flyer VINCENTevolution3, Vincent Systems GMBH, Karlsruhe,
Germany. Accessed: Jun. 4, 2020. [Online]. Available: https://
www.vincentsystems.de/evolution3

[73] S. Hussain, S. Shams, and S. J. Khan, “Impact of medical advancement:
Prostheses,” in Computer Architecture in Industrial, Biomechanical and
Biomedical Engineering. London, U.K.: IntechOpen, 2019.

[74] M. Hioki et al., “Design and control of electromyogram prosthetic
hand with high grasping force,” in Proc. IEEE Int. Conf. Robot.
Biomimetics (ROBIO), Karon Beach, Thailand, 2011, pp. 1128–1133,
doi: 10.1109/ROBIO.2011.6181439.
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