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Abstract—The human wrist contributes greatly to the mobil-
ity of the arm/hand system, empowering dexterity and manip-
ulation capabilities. However, both robotic and prosthetic re-
search communities tend to favor the study and development of
end-effectors/terminal devices (hands, grippers, etc.) over wrists.
Wrists can improve manipulation capabilities, as they can orient
the end-effector of a system without imparting significant trans-
lational motion. In this paper, we review the current state of the
art of wrist devices, ranging from passive wrist prostheses to actu-
ated robotic wrist devices. We focus on the mechanical design and
kinematic arrangements of said devices and provide specifications
when available.

Index Terms—Amputee, commercial, design, mechanism, par-
allel, prosthetic, review, robot, serial, wrist.

I. INTRODUCTION

THE spatial orientation of an end-effector such as a hand or
a gripper is closely tied to its ability to perform a desired

task, and nearly all robotic and prosthetic arms incorporate some
type of wrist for this purpose. Yet both the academic and indus-
trial research communities have tended to place more focus on
hand/gripper development than that of wrist systems. Recent
prosthetics investigations, however, have shown that increased
dexterity in wrist prostheses may contribute more to manip-
ulation capacity than a highly dexterous terminal device with
limited wrist capability [1]. The role of the wrist becomes par-
ticularly significant when using a simple end-effector, or when
an object fully constrains the fingers of the hand, such as during
a cylindrical grasp.

The objective of this paper is to thoroughly review the design
of artificial wrist devices in order to identify design strengths
and trends, as well as suggest future directions for wrist devel-
opment. We consider both prosthetic and robotic wrists in this
review, as they share many of the same features. We characterize
a prosthetic wrist as a unit that changes the orientation of a ter-
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minal device and is used by upper-limb amputees. In contrast, a
robotic wrist is a device used in a nonhuman, robotic system to
orient an end-effector. In many cases, the end-effector of a robot
is a manipulation device, such as a robotic hand. However, ori-
entation sensitive devices, such as tactile sensors or solar panels
also feature often as end-effectors.

We focus on the mechanical design of the presented wrist
devices, specifically: mobility in terms of degrees of freedom
(DOF), kinematic architecture, actuation details, and physical
design parameters when available. We examine both commer-
cial devices and research prototypes.

In particular, we only consider devices that replace or cre-
ate wrist function as opposed to those that augment it. Wrist
exoskeletons fall into the latter category, as they support in-
tact wrist capacity. As they are generally placed in parallel with
the intact human wrist, these exoskeletons have different motion
constraints and design requirements imparted on them that most
standalone wrist designs do not. The design principles, require-
ments, and objectives within exoskeletons make them separate
enough from standalone wrists to warrant their exclusion from
this review.

Furthermore, we exclude works that only discuss the kine-
matic representation of a wrist from the review. While these
representations are key for determining the workspace charac-
teristics and singularities of (mostly parallel) mechanism, they
do not fully address the physical implementation of the kine-
matic architecture into hardware. These kinematic representa-
tions generally do not address all the physical design issues,
namely, size scale, weight, actuator selection, physical interfer-
ence/collision of components, or passive joint limitations. These
issues may in turn limit the application of a design due to torque,
speed, weight/size, or range of motion requirements.

Very few previous reviews of wrist devices have been pub-
lished. A preliminary version of this paper was published by
the authors, covering only wrist prostheses [2], in which design
trends, strengths, and deficiencies were identified. Otherwise,
the only other published review is [3], which reviews the major
advancements in wrist technology up to 1989, focusing primar-
ily on devices utilized in industrial settings as well as some
additional designs by the author. The inclusion criteria for this
review are the following.

1) The wrist devices discussed herein must have been phys-
ically implemented.

2) Details regarding the actuation and kinematic arrange-
ment must have been published in a refereed journal or
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Fig. 1. DOFs of the human wrist and their ranges, shown from a neutral position. From left to right, pronation/supination, flexion/extension, and radial/ulnar
deviation.

conference proceedings, patents, or within commercial
product catalogs.

3) The devices must primarily impart rotational motion to
the respective terminal devices or end-effectors.

We begin with an overview of human wrist biomechanics
to provide a baseline of comparison for both prosthetic and
robotic wrist devices. We subsequently introduce terminology
relevant to the mechanical design of the devices regarding their
topology and physical architecture. The following sections re-
view wrist devices and their characteristics, organized by DOFs
in the ascending order, then by mechanism type, and actua-
tion method when appropriate. Physical specifications (such as
weight, length, and torque) of the devices are provided when
made available. Finally, we present the takeaways regarding
wrist design as findings of the review.

II. BACKGROUND

A. Human Wrist Capabilities

The healthy human wrist serves as an effective baseline to-
ward which prosthetic wrists are designed, and a point of ref-
erence for which any orientation device may be considered. It
is capable of motion in 3-DOFs, namely pronation/supination,
flexion/extension, and radial/ulnar deviation. Each DOF is a
paired set of motions, referring to positive and negative motion
within each DOF. Henceforth, each DOF shall only be referred
to by its positive direction of motion.

For an unaffected wrist, the maximal ranges of motion gen-
erally fall between 76°/85°, 75°/75°, and 20°/45° for prona-
tion/supination, flexion/extension, and radial/ulnar deviation,
respectively [4]–[6]. These DOF are coupled, meaning motion
in one DOF may serve to limit the range of motion in the other
two.

Healthy individuals only utilize a portion of each joint’s
full range of motion during activities of daily living (ADL).
Investigations into these “functional” ranges of motion suggest
that they fall between 65°/77°, 50°/70°, and 18°/40° for

pronation/supination, flexion/extension, and radial/ulnar devia-
tion, respectively [7]–[10]. The DOF and their ranges of motion
can be seen in Fig. 1.

B. Wrist Terminology and Characteristics

In this section, we define relevant terminology for the re-
view, which we use to both structure the review and discuss the
individual devices.

1) Degrees of Freedom (DOFs): We primarily categorize the
devices by the number of DOFs. Each DOF is defined (at least
instantaneously) by rotation about an axis in space. An n-DOF
wrist will typically have n linearly independent axes of rotation,
except at any singular points in the workspace of the mechanism.

2) Mechanism Type: Depending on the kinematic arrange-
ment of its joints and linkages, a mechanism may be classified
as a serial, parallel, or hybrid mechanism.

A serial mechanism, or serial chain, consists of a sequen-
tial connection of joints and links, resulting in motion of the
end-effector relative to the static base. The types of joints that
comprise a serial chain are Revolute (R), Prismatic (P), Univer-
sal (U), and Spherical (S) joints. Each type of joint and their
DOF are shown in Fig. 2. The human wrist may effectively
be considered a serial RU chain, indicating it is kinematically
equivalent to a universal joint (located at the carpal bones) in
series with a revolute joint (within the forearm).

A parallel mechanism consists of two or more serial chains
that connect a (generally fixed) common base to a mobile com-
mon platform. With respect to wrist deceives, the platform is
usually the end-effector or terminal device. An example parallel
mechanism, the S, 3SPS is shown in Fig. 3. The “3SPS” portion
of the name indicates that there are three serial chains, all of
which have a spherical, prismatic, and another spherical joint
in series. The preceding “S” indicates there is another serial
chain comprising solely of one spherical joint, though it is still
in parallel with the other three SPS chains.

A hybrid mechanism is simply a chain of serial and parallel
mechanisms. An example hybrid mechanism could be a 2DOF
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Fig. 2. Mechanical joint types and corresponding DOFs. (a) Revolute ro-
tator (R). (b) Revolute flexor (R). (c) Prismatic (P). (d) Universal (U).
(e) Spherical (S).

Fig. 3. S, 3-SPS parallel mechanism.

parallel mechanism that has a single revolute joint on the plat-
form, allowing for “roll” motion of the end-effector.

3) Actuation Method: In the context of this review, a wrist
may be passively, body powered, or actively actuated. This clas-
sification is useful mainly for prosthetic wrists, as neither passive
nor body-powered wrists are used outside of prosthetics to our
knowledge.

With passively actuated wrists, external forces and torques are
used to reorient the end-effector. In prosthetics, such devices are
usually manually articulated by the amputee user. They often
use the opposite hand to twist or adjust their wrist device, but
forces that arise due to manipulation may also reorient the wrist,
though purposefully or unintentionally.

Body-powered prosthetic devices affect articulation by using
motion and forces generated elsewhere on the body of the user.
A typical arrangement involves a Bowden cable that connects
a wrist or end-effector to a shoulder harness (or, more recently
dermal anchor patches). As the user moves their shoulder rela-
tive to their arm, force is transmitted along the cable and results
in prosthetic device articulation.

Actively actuated wrists utilize powered actuators to generate
motion of the end-effector. These systems often feature electric
motors, but may also be pneumatic or hydraulic systems. We
consider a device to be actively actuated only if the actuator
causes motion of the end-effector or terminal device. Thus, an

active hand with a passive wrist would not be considered to be
an active wrist.

C. Wrist Design Objectives

Though varied in design and appearance, most wrist devices
seek to achieve similar objectives. Namely, devices should be
designed to provide spherical rotational motion, meaning that
the axes of rotation of a multi-DOF wrist should intersect, or the
distance between axes should be minimized. Linear movements
of the end-effector are generally accomplished via proximal
joints in the arm system. Generally, weight and rotational inertia
should be minimized as well, as wrists are often located near
the distal end of the arm. Minimizing mass and inertia often
involves minimization of the total size of the wrist (especially
length along the forearm axis), although this objective is more
critical in prosthetic and mobile robots than in industrial robots.

III. SINGLE-DOF WRISTS

We first begin the review by discussing single-DOF wrist
units, then discuss 2- and 3-DOF devices within their own sub-
sequent sections. Within these sections, we arrange the wrists by
the mechanism type, and, when appropriate, by the articulation
type as well.

A. Serial 1-DOF

A serial 1-DOF wrist is, by the definition of serial mechanism,
a standalone revolute joint placed immediately proximal to the
end-effector or terminal device. We may discuss these devices
broadly as belonging to one of two categories: rotators and
flexors. While kinematically equivalent as a single revolute joint,
the wrists in these two categories often have differing packaging
requirements, aspect ratios, and additional functionality.

1) Passive Serial 1-DOF: As discussed in Section III-C,
both passive and body-powered mechanisms are used exclu-
sively as prosthetic wrists. Thus, discussion of these two types
of wrists, regardless of their DOFs, will be limited to prostheses,
and not robotic applications. Discussions of active wrists shall
cover both prosthetic and robotic wrist devices.

Passive single-DOF wrist prostheses have been the most com-
mon wrist devices for the past 75 years, mainly due to their com-
pactness, mechanical simplicity, and low weight. These devices
may broadly be separated into two categories, namely, rotators
and flexors. Rotators serve to pronate or roll the terminal de-
vices along the longitudinal forearm axis, whereas flexors will,
as their name suggests, flex or pitch the terminal device.

Passive rotators, such as [11]–[21], are the first and more
common of these two categories. To enhance their functional-
ity, these devices often include additional features. One such
device, the Hosmer-Dorrance (HD) Friction Wrists utilizes an
adjustable clutch in order to hold the terminal device at any ro-
tated position [11]. Other friction clutch rotators are described in
[12] and [13]. Some rotators incorporate locking mechanisms
[11], [15]–[17], which lock the terminal device at a discrete
number of points until a latch or button is pressed, unlocking
the device. One such wrist, the OttoBock (OB) Ratchet Type
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Fig. 4. Single-DOF prosthetic wrists. (a) OB Ratchet Type Rotation (R) [15]. (b) HD Rotation Wrist (R) [11]. (c) OB Electric Wrist Rotator [15]. (d) TB Supro
Wrist. Size scales indicated by black bars are shown.

Rotation, can be seen in Fig. 4(a). Locking of passive wrist de-
vices may also be achieved through the use of nonbackdriveable
mechanisms, as in [19] and [20], in which the user must man-
ually twist a collar on the wrist in order to rotate the terminal
device. Further additional functionality may include the use of
a “quick disconnect,” allowing the users to easily switch their
terminal devices [19]–[21].

Passive flexors, which are the second category of passive
single-DOF wrists, are generally the devices which lock at dis-
crete flexion intervals [11], [15], [22]–[24]. Commercially avail-
able locking flexion wrists include the HD Sierra, HD Flexion
Friction Wrist [11], OB MyoWrist Transcarpal [22], [23], and
the OB MyoWrist 2Act [15]. These devices usually may lock in
3–5 positions within their ranges of motion. Locking wrists of
this nature are often used in concert with body-powered terminal
devices, as the cable actuating the terminal device will not cause
the wrist to change its position. For more continuous motion, the
OB Adapter with Flexion [15] incorporates a frictional disk to
hold the wrist in a flexed position, under limited loads. Though
specifically integrated into the i-Limb series of prosthetic hands,
the Touch Bionics (TB) Flexion Wrist [25] offers both locking
in some flexed positions and offers spring loaded flexion while
unlocked. Notably, the hydraulically actuated hand in [26] uti-
lizes a check valve system to provide wrist flexion locking at
an arbitrary position. Many flexor units are used in series with
either active or passive rotators, allowing for 2-DOF motion.

All of the aforementioned passive rotators require external
forces (from the user’s other limb or environmental features)
not only to rotate the terminal device, but also to access any
additional functionality, such as locking or adjusting the fric-
tion within the clutches. This may be problematic for bilateral
amputees, who will tend to experience greater difficulty in ad-
justing the passive wrists with a nonintact opposite arm.

2) Body-Powered Serial 1-DOF: To alleviate some of the
issues of passive prostheses, body-powered prosthetic wrists
employ a Bowden cable system to exert control over the wrist.
As described in Section III, body-powered systems involve a
body-harness-connected cable, which may either serve to actu-
ate a prosthetic wrist or toggle a motion-locking mechanism. An

example of a device actuated by body-powered cable is dis-
cussed in [27], which alternates between pronation and supina-
tion of the terminal device with subsequent cable pulls, locking
when there is no tension on the cable. Alternatively, the HD
Rotation Wrist [11] [see Fig. 4(b)] uses a cable to unlock and
pronate the wrist. Pronation is resisted by a torsional spring,
which tends to supinate the wrist. Releasing tension on the ca-
ble reengages the lock.

Some wrists which are considered passive in the context of
this review use a Bowden cable system not to directly actuate the
wrist, but to toggle or release locking mechanisms on passive
joints. Devices such as the OB Ratchet Type Rotation Series [15]
and the device detailed in [20] all utilize an elastic element for
the wrist to return to a neutral pronation position when unlocked.
As such, the user does not need to use their other hand to unlock
the wrist.

3) Active Serial 1-DOF: Active 1-DOF wrists are often
found in both prosthetic and robotic applications. Within the
field of prosthetics, these are generally used with myoelectric
(EMG) systems that enable a user to control rotation through
muscle signals. Active wrists may be standalone units [15], [28]
integrated into a prosthetic hand [29]–[32], or integrated into the
forearm within larger prosthetic arms [33]. In robotics applica-
tions, single DOF units are commonly used but rarely discussed
due to their simplistic nature. Similar to the passive wrists, active
1-DOF units may also be categorized into rotators and flexors.

Active rotators [15], [28]–[30], [32], [34]–[36] are the most
common powered units in wrist prostheses. Standalone devices
include the Motion Control (MC) Electric Rotator [28] and the
OB Wrist Rotator [15] [see Fig. 4(c)], both of which have been
designed for compatibility with many terminal devices, leading
to relatively widespread use. The noncommercial standalone
design described in [34] employs pronation about an axis skewed
from the forearm longitudinal axis, with the authors claiming
rotation about this axis leads to better manipulation performance
when compared to other 1-DOF devices.

As powered rotators are much less compact than their passive
counterparts (due to motor and drive train packaging), some
rotators are incorporated directly into a terminal device in an
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attempt to shorten the overall length of the prosthetic system.
Both the OB Michelangelo Hand [30] and TB i-Limb Quan-
tum [36] utilize compact rotators, namely AxonRotation and
SuproWrist [see Fig. 4(d)], respectively, which fit within the
prosthetic socket and lower palm of the respective hands. In
[32], a small motor and a spur gear pair incorporated into the
base of the hand are used to impart wrist rotation with few com-
ponents. The MANUS Hand [29] utilizes an ultrasonic motor
and a low reduction gear train to achieve compact packaging
as well as a hollow channel to pass wiring from socket to hand
through the wrist.

Active flexors also tend to be incorporated into existing
robotic hand or terminal device systems. In both [33] and [31],
the wrist flexion mechanism and rotary actuators are located
within the body of the hands. In contrast, in [37], prismatic ac-
tuators responsible for flexion are located within the forearm of
the robotic arm assembly.

B. Parallel 1-DOF

As single-DOF wrists are kinematically equivalent to a single
rotational joint, parallel mechanisms generally are not used as
single-DOF wrist devices. The mechanical simplicity of serial
devices compared to parallel devices appears to outweigh poten-
tial benefits of using a single-DOF parallel mechanism, such as
a four-bar linkage. However, single-DOF parallel mechanisms
often find use in other devices, such as ankle prostheses. For
example, in [38], a four-bar linkage with compression springs
as links serves as a passive single-DOF ankle prosthesis. This
device stores and releases energy in the compression springs to
provide powered push-off during gait. A four-bar mechanism is
also used in an active ankle prosthesis in [39], with an electric
motor injecting power during gait. In both of these cases, the
customizable kinematics and increased load bearing capacity of
four-bar mechanisms were reasons for incorporating them over
simple revolute joints. Single-DOF wrist prostheses with sim-
ilar requirements may be suitable candidates for using 1-DOF
parallel mechanisms in their design.

C. Single-DOF Wrist Discussion

The clearest theme within single-DOF wrists is that most
of the devices are passive prostheses with serial mechanism
architecture. As these have been the standard wrist prosthesis
for the most of the last century, it is not surprising they are the
most prevalent in this category.

Compared to their passive counterparts, active single-DOF
wrists tend to incur significantly greater length in their designs,
especially with rotators. By the content of this review, it may
seem that active 1-DOF wrists are either standalone wrist pros-
theses or additional features in hand designs, but the commonal-
ity of 1-DOF units in all fields minimizes discussion on devices
outside of these applications. Improvements to the torque pro-
duction, strength, and compactness of active 1-DOF rotators
will allow for increased manipulation capabilities for both am-
putees and mobile robots. These units currently do not match the
capabilities of the human wrist in terms of torque production,

strength, and compactness. This limits the manipulation capa-
bilities of amputees as well as for robotic systems (e.g., mobile
humanoid robots).

IV. 2-DOF WRISTS

Unlike single-DOF wrists, 2-DOF devices not only include
prosthetic wrists, (including those proposed in academic envi-
ronments), but wrists used in robotic applications, such as solar
panel and camera orientation, as well.

A. Serial 2-DOF

There are only two combinations of serial wrist mechanisms
resulting in 2-DOF rotational motion, namely, revolute-revolute
(RR) chains or universal (U) joints (see Fig. 2). Both are em-
ployed regularly to achieve 2-DOF rotational motion.

1) Passive Serial 2-DOF: While not as common as single-
DOF passive wrist prostheses, there exists a variety of pas-
sively articulated, commercially available 2-DOF wrists. Many
of these devices [40], [41] consist of a flexor unit in series with
a rotator, forming a U joint. One such device, the OB RoboWrist
[40], provides simultaneously lockable pronation and flexion,
and while unlocked, provides frictional resistance against mo-
tion that can be adjusted by turning a collar on the wrist. The
MC Flexion Wrist [41] similarly consists of a lockable prona-
tion and flexion mechanism, but utilizes elastic elements to bias
the wrist to a neutral position when unlocked. The HD Four-
Function [11] wrist is a serial combination of the HD Rotation
Wrist and HD Sierra Wrist, incorporating both body powered
and locking functionality.

Other commercial wrist prostheses opt for a simpler and
more compact design by using a constrained spherical joint
to achieve passive 2-DOF motion. In both the OB Myolino [15]
[see Fig. 5(a)] and Liberating Technologies OmniWrist [42], a
circumferential groove around ball is constrained with a pin, thus
only allowing flexion and radial deviation. Set screws around
the circumference of the socket are used to adjust the amount of
friction on the joint, allowing for greater torque resistance.

Noncommercial 2-DOF devices are detailed in [43] and [44].
In [43], two lockable single-DOF units are stacked with axes of
rotation orthogonal (but nonintersecting) to one another, result-
ing in a relatively long resultant wrist. To achieve more length
reduction, the wrist design in [44] [see Fig. 5(b)] uses a bevel
gear differential with elastic elements connected to the input
gears. This arrangement achieves flexion and radial deviation
with spring return. Additionally, this wrist actively switches
between two stiffness levels, allowing for different types of ma-
nipulation to occur.

Passive 2-DOF wrists also may be found integrated into some
prosthetic hand designs [45], [46]. In [45], the mechanism that
attaches the hand to the prosthetic socket comprises two revolute
joints with intersecting axes, but the geometry of the hand and
near-parallel orientation of the axes appear to limit the wrist
to virtually 1-DOF motion. In [46], a universal joint serves as
a 2-DOF wrist, but also as a means to transmit power from a
motor in the forearm to a grasping mechanism in the hand.
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Fig. 5. Serial 2-DOF prosthetic and robotic wrists. (a) OB Myolino (U) [15]. (b) Montagnani switchable stiffness wrist (RR) [44]. (c) Verleg Hydraulic Wrist
Prosthesis (RR) [61]. (d) Intuitive Surgical EndoWrist with forceps (RR) [70]. Size scales indicated by black bars are shown.

2) Body-Powered Serial 2-DOF: Due to the nature of
tendon-driven systems, body-powered devices become less
practical as the number of DOFs in the prosthetic system in-
creases. Namely, each actuated DOF requires at least one ten-
don. Thus, in [47], two cables are routed into the wrist prosthesis
to separately lock/unlock and control pronation and flexion of
the wrist. Additional cables require more harnessing as well as
a corresponding unique motion to “select” and apply tension to
a particular cable. This leads to unwieldly systems that may sac-
rifice actuation of other DOF (such as the opening and closing
of a terminal device).

3) Active Serial 2-DOF: Active serial 2-DOF wrists are
the point at which prosthetic and robotic systems begin to
overlap. Similar designs may be employed between transra-
dial/transhumeral prostheses and the arms of humanoid robots.

Like passive 2-DOF wrists, some active designs simply place
two active 1-DOF units in series with one another. Prosthetic
wrists, such as [48]–[51], are composed of a pronation and a
flexion unit placed together in this way. In [48], two motors are
placed directly next to each other within the forearm volume,
and use slightly different gearing systems to actuate their DOFs
(internal ring gear versus bevel gear). In [49], however, the
flexion motor is placed directly on the top of the pronation
motor, resulting in an uncomplicated yet large design, occupying
the forearm volume. Notably, this wrist could generate torques
comparable to that of a healthy adult, though achievable speeds
were not discussed.

As 2-DOF motion cannot fully replicate the capabilities of the
human wrist, some wrist designs [52], [53] have implemented
coupling between the flexion and radial deviation DOFs. In [52],
motion statistics during ADLs were used to determine which
axis (perpendicular to the pronation axis) was used most often.
The subsequently proposed wrist design proposed implements
a pronation unit with the coupled flexion/deviation axis in se-
ries, with the coupled axis 35° from the nominal flexion axis.
Similarly, the forearm portion of the notable DEKA Arm [53]
prosthesis uses coupled flexion/deviation in series with a pow-
ered pronation unit, presumably for similar reasons as in [52].
The designs of both of these wrists are indicative of the trade-
off between the mechanical complexity and anthropomorphic
motion.

The RIC Arm [54], a research transhumeral prosthesis de-
signed to be within the form factor of a 25th percentile female
arm, makes use of orthogonal cycloidal drives housed within
the forearm to impart pronation and flexion to the terminal de-
vice. The ToMPAW [55], a research device designed to be a
modular prosthetics testing platform (especially for myoelec-
tric control systems), utilizes a similar pronation and flexion
configuration.

The arms of humanoid robots are often similar to tran-
shumeral prostheses, though their applications may determine
size and additional functionality required in their design. One
such example, the “table-top” sized NAO humanoid [56], [57],
produced by SoftBank Robotics, is designed to mimic human
motion and gesturing, but must accomplish these goals in a much
smaller package. It achieves pronation and wrist flexion using
micromotors and high reduction gear stages. Alternatively, the
DLR TORO humanoid features an arm design [58] similar in
size to the human arm, as its primary applications are related
to manipulation tasks. The wrist of this robot consists of the
pronation and flexion units in series with one another. As com-
pliant manipulation is a particular application of this robot, both
DOFs were designed to be variable stiffness actuators, and thus
employ two motors each (to control both position and stiffness
at each joint).

In order to eliminate the necessity of a constant holding
torque, the wrists in [59] and [60] use worm gearing in their
pronation and flexion mechanisms, rendering both DOFs in
each wrists nonbackdriveable. Moreover, as these are both tran-
shumeral prostheses, the wrist actuation motors occupy the fore-
arm volume.

To reduce weight or mechanical complexity of wrist designs,
some systems employ hydraulic [61] [see Fig. 5(c)] or pneu-
matic [62] actuation. Though these may achieve the aforemen-
tioned goals, additional reservoir systems, pumps, or compres-
sors are needed in tandem with these devices, leading to addi-
tional equipment that must be transported by the user.

Constrained S joints may be used for powered 2-DOF motion.
One such example is the RSL Steeper BeBionic Wrist [63], which
constrains motion of 2-DOFs of the spherical joint at any instant
via another pin-and-groove system (similar to the OB Myolino
[15]). The unconstrained DOF is actuated by a single motor,
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and via a button press, may be changed from flexion to radial
deviation by the user.

In [64], a bevel gear differential is used to create a wrist with
pronation and flexion motors placed obliquely to the forearm
longitudinal axis. While this design places more mass distally,
the compact design occupies less forearm volume, making it
more suitable for amputees with distal amputations. A simi-
lar differential design is employed in the transradial prosthesis
design of [65], though motors are placed within the forearm vol-
ume and a tendon drive is used to actuate the input bevel gears.
In both of these cases, both motors may contribute to actuate the
same DOF, potentially allowing for greater mechanical power
input to each DOF, though only actuated one at a time.

Other tendon-driven serial 2-DOF wrists have been designed
for a variety of applications, such as transradial prostheses
[66], [67], anthropomorphic robotic arms [68], surgical robots
[69]–[71], and solar tracking systems [72].

The wrist of the transradial prosthesis in [66] utilizes Bow-
den cables to actuated a constrained S joint (resulting in a U
joint). Though three motors were required for 2-DOF actua-
tion, the motor could be placed in a way to reduce loads on
the elbow or outside the forearm (due to the use of Bowden
cables).

Similar to transradial prostheses, anthropomorphic robotic
hands attempt to replicate the capabilities and appearance of
the human hand. The anthropomorphic University of Bologna
IV hand (UB-Hand IV) [68] contains a wrist composed of two
R joints offset by a small distance with perpendicular axes,
with each R joint driven by an antagonistic tendon pair. Ten-
dons that actuate the hand pass through channels in line with
the wrist axis, causing no net torque on the wrist due to hand
actuation.

The tendon-driven surgical robotic wrists in [69]–[71] are
examples of the EndoWrist instruments [see Fig. 5(d)] for use
with the da Vinci surgical system produced by Intuitive Surgi-
cal. In [69], a coupled tendon drive actuates both the pitch and
the yaw of the surgical wrist device, with the tendons routed
through extruded channels on the surface of the wrist. Fric-
tion is potentially reduced in [70], in which pulleys are used
for tendon routing, though the same tendon coupling scheme
is used. In [71], slight modifications are implemented to the
wrist design of [70] to allow for the tool distal to the wrist
to be exchanged. As these wrists are intended to be used in
a laparoscopic surgery, these wrists must be rather compact.
Utilizing a tendon drive system allows for the actuators to be
placed in a separate housing away from the wrist, and the ten-
dons routed to the wrist through a long shaft, thus the wrist
need only be large enough to route tendons. However, the size
and drive system make these wrist devices exceedingly prone
to friction and wear, thus requiring replacement after one to ten
operations [73].

The solar tracking system in [72] utilizes two tendon drive
systems to actuate the DOFs of a U joint, allowing a solar panel
to track the sun optimally. Motors with pulleys route and actuate
the tendons, and each tendon attaches to the panel underside on
each end via a tension spring, maintaining tensegrity even when
the panel is buffeted by the wind.

B. Parallel 2-DOF

Excluding planar linkages, much of parallel mechanism re-
search and design focuses on creating mechanisms with two or
more DOFs. When these mechanisms are nonplanar, either by
implementing 3-DOF translational motion or 2-DOF rotational
motion, these mechanisms may be called spatial linkages.

The subsequently presented parallel mechanisms are all active
devices. While it is likely passive parallel mechanisms find their
uses in other cases, within wrist devices, only active wrists
appear to have incorporated such mechanisms.

1) Active Parallel 2-DOF: To achieve 2-DOF rotational mo-
tion in a parallel mechanism, a passive U joint may be placed in
parallel with multiple actuated legs with different joint topolo-
gies. The passive U joint constrains the motion of the actuated
legs, which are often higher DOF serial linkages with one ac-
tuator each. This approach is implemented in wrists used in a
variety of applications [74]–[77].

The wrists of the NASA Robonaut 2 humanoid robot [74] uti-
lize a U, 2PSU parallel mechanism. The U joint connects the
hand to the forearm of the robot, and the PSU linkages, via P
joint actuation, differentially actuate flexion and radial devia-
tion. In [75], the same mechanism architecture is used in a solar
tracking system. The workspaces, packaging constraints, and
optimization goals are different between the two applications of
this mechanism; thus, the geometry of these mechanisms varies
quite largely. A similar mechanism is described for the use for
endoscopic surgery in [76], though this instance employs 3 PSU
linkages in parallel with the central U joint. Though [76] is a
2 DOF system, all three P joints are actuated, thus resulting
in redundant actuation. While this may improve load bearing
properties, the actuators must be carefully coordinated to result
in permittable motion. All of these mechanisms impart flexion
and radial deviation to their respective end-effectors.

The mechanism detailed in [77] is a U, 2RRR configuration
[see Fig. 6(a)]. The platform and the base are coupled with a
passive U joint, and the two RRR legs actuate the two DOF via
rotary motors that drive the most proximal R joints. The axes of
the R joints in the legs intersect the center of rotation of the U
joint, theoretically making this a spherical mechanism. In such
configurations, every component rotates about the same fixed
center of rotation.

Other 2-DOF spherical mechanisms include [78]–[80]. As
these are only 2-DOF mechanisms, they do not truly recreate full
spherical motion. In [78], a five-bar linkage consisting of only
R joints is used to preposition a camera for endoscopic surgery.
As before, the revolute joints all point toward a common center
of rotation, which results in all links of the mechanism being
constrained to move on virtual spherical surfaces. As none of
the links pass through the center of rotation, the camera may
be placed such that it only undergoes rotational motion with no
translation. In [79], an overconstrained, singularity free, six-bar
mechanism (also utilizing only R joints with center-pointing
axes) is designed to have a hemisphere of reachable workspace.
However, to avoid link interference, some links use circular
tracks and sliders instead of simple pin joints to create R joints,
resulting in considerably more friction in the mechanism.
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Fig. 6. Parallel 2-DOF robotic wrists. (a) Duan parallel mechanism (U, 2RRR) [77]. (b) Rosheim Omni-Wrist VI (SS, 4RSR) [82]. (c) Canfield Carpal Robot
Wrist (3RSR) [83]. (d) Sone High Angle Active Link (3RRRR) [81]. Size scales indicated by black bars are shown when known.

The wrist described in [80] uses two spherical cam-roller sys-
tems in parallel to control pitch and roll of the end-effector. The
geometric complexity of the cams, rollers, and other elements to
support these components in this mechanism makes its fabrica-
tion quite difficult, with the spherical cams milled on a five-axis
computer numerical control machine.

A design that includes only R joints, but is neither a spherical
mechanism nor a single closed-loop linkage, is described in [81]
[see Fig. 6(d)] capable of hemispheric pitch and yaw motion.
This design uses a 3RRRR mechanism, where two of the three
base R joints are actuated and the third is passive. The lower six
R joints have a common center of rotation, as do the upper six (as
the mechanism is symmetric from base to platform), resulting
in two spherical mechanisms in series with one another. The
mechanism is designed to be used as a constant-velocity joint
for optical applications, though it also appears to be a 2-DOF
orientation unit in its own right.

The Omni Wrist (OW) series [82] by Rosheim is a series of
singularity free, hemispherical workspace wrist devices using
similar parallel kinematic structures. The OW V and OW VI [see
Fig. 6(b)] employ an SS, 3RSR and an SS, 4RSR structure,
respectively. In both cases, the central SS chain constrains the
platform to the surface of a virtual sphere, and two of the base
R joints are actuated for active pitch and yaw motion. Careful
kinematic design allows the S joints in the RSR chains to only
utilize a small portion of their ranges of motion. Between, the
two mechanisms, the OW VI, utilizing four RSR legs, may
loosely have better load bearing properties.

Similar to both of the aforementioned designs is the Carpal
Robot Wrist [83] [see Fig. 6(c)], which employs a 3RSR struc-
ture. Though this mechanism nominally has a third translational
DOF, it may be constrained through the use of an SS chain in the
center as well. Notably, this mechanism uses three intersecting
pinned R joints to implement the S joints in the RSR chains,
leading to a much greater workspace of the S joint, as the ball
and socket constraints are removed. This is particularly useful
if the translational motion is desired.

A variety of other 2-DOF parallel wrist units are designed
for a variety of applications for specific functionality. In [84], a

solar tracking mechanism using a PU, PUR architecture capable
of pitch and yaw motion is described. The actuated P joints
lie against the ground and offer nonbackdrivability and high
force transmission with a low profile, all of which are desirable
characteristics in solar power applications.

The 2-DOF wrist described in [85] uses two slider crank
mechanisms in parallel, connected with a universal joint, to im-
part flexion and radial deviation to a humanoid robot wrist. In
both the slider cranks, the sliders are linear series elastic actua-
tors, which allows the wrist to be position or torque controlled.
The RoboRay wrist [86] implements a flexion and radial devi-
ation wrist using a U, 2PUR mechanism. The central U joint’s
flexion axis is designed with pulleys, routing tendons from the
forearm to the hands for finger actuation This approach compen-
sates for tendon length changes passively due to wrist motion,
though the mechanism does twist individual tendons, which may
result in wear or failure.

C. Hybrid 2-DOF

By the definition of hybrid mechanisms, hybrid 2-DOF wrists
consist solely of a single DOF rotator in series with a 1-DOF par-
allel mechanism. Only active hybrid mechanisms were found,
thus passive and body-powered sections shall be omitted.

1) Active Hybrid 2-DOF: The two hybrid 2-DOF mecha-
nisms described subsequently [87], [88] are both incorporated
into transradial prostheses. The SVEN Hand [87] was one of
the earliest actuated transradial prostheses and actuated hands.
It utilizes a rotator placed in series with a four-bar linkage that
actuates flexion. Alternatively, the wrist described in [88] con-
sists of a four-bar linkage, actuating a plate to impart flexion.
Within the plate, a linearly actuated rack drives a pinion to
impart pronation to the end-effector.

D. 2-DOF Wrist Discussion

Serial 2-DOF wrists are applied across a variety of applica-
tions. No single actuation system appears to be most successful
within these wrists, though many have individual features par-
ticularly useful for their applications.
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Fig. 7. Serial 3-DOF wrists. (a) MC MultiFlex (RU) [89]. (b) Barrett WAM Arm (RRR) [98]. (c) Kuka LBR iiwa (RRR) [106]. (d) Chirikjian Spherical Stepper
Motor (S) [112]. Size scales are indicated by black bars.

The majority of 2-DOF passive prostheses have only been
available for the relatively recent past. Elastic bias [41], [44],
frictional [15], [42], or continuous locking mechanisms are in-
cluded in these devices more often than their 1-DOF counter-
parts, potentially better enabling manipulation with the pros-
thetic hand.

As active wrist prostheses are not often able to match the
torque production capacity of the human wrist, differential
mechanisms [64], [65] allowing synergistic actuation of a single
DOF can result in higher torque production in a small package.
The tradeoff between size and torque-production/robustness is
the biggest challenge to address in these devices. Though a
wrist may be able to achieve human torque levels [49], it can-
not do so without occupying a larger volume than the human
wrist and significant portion of the forearm. On the other hand,
when compactness is required, such as in the NAO humanoid
[56] or minimally invasive surgical robots, both fabrication dif-
ficulty and fragility of the devices increase significantly. Some
compromise between weight/size savings and strength can be
achieved by using hydraulic [61] or pneumatic [62] actuation,
although these systems come with the separate considerations
and issues of additional hardware requirements, such as reser-
voirs and pumps.

Parallel 2-DOF wrists employ a variety of different types of
designs. Constraining the end-effector with a passive U joint cir-
cumvents the necessity of having a purely spherical mechanism
and allows more freedom in addressing the other issues common
with parallel mechanisms, such as joint limits and singularity.
Moreover, many of these devices can achieve large singularity
free workspaces [74], [75], [81], [82], [84].

V. 3-DOF WRISTS

Wrist designs capable of 3-DOF rotational motion can arbi-
trarily orient their end-effectors (up to a workspace limit). While
the human wrist is naturally capable of 3-DOF motion, some of
the subsequently described wrists outperform the human wrist
in some aspects, such as range of motion or torque output, but
generally not size or compactness.

A. Serial 3-DOF

Serial 3-DOF wrist devices are prevalent in robotic applica-
tions, though some prosthetics incorporate 3-DOF wrists into
their designs. As no 3-DOF body-powered wrists were found,
we shall not dedicate a subsection to them.

1) Passive Serial 3-DOF: Few 3-DOF passive wrists exist
outside of those that are simply combinations of off-the-shelf 1-
DOF prosthetic wrist units, which were described in Section IV-
A-1. However, the MC Multiflex [89] [see Fig. 7(a)] uses a 1-
DOF rotator in series with an elastically biased U joint, forming
an RU chain. The design is similar to the MC Flexion Wrist
[41], described in Section V-A-1, though incorporating the third
DOF (radial deviation) into the Multiflex only results in a 6 mm
length increase compared to the Flexion Wrist.

The prosthetic hand described in [90] employs a passive S
joint as a wrist in its design. The S joint is a simple ball and
socket design, though the ball has a channel running through
it, allowing tendons to pass from the forearm to the hand. The
encapsulation required for the ball and socket joint restricts the
range of motion, and as the wrist cannot be locked, manipulation
may be difficult due to instability without high friction in the
joint. Passing the tendons through the center of the ball does
decrease their respective torques on the wrist, however.

2) Active Serial 3-DOF: The most common approach for
achieving 3-DOF active motion is by arranging active rotators in
series, with axes at different orientations. This approach is used
within both prosthetics and robotics. The Modular Prosthetic
Limb [91], designed by the Johns Hopkins University’s Applied
Physics Laboratory, uses a rotator located proximally to pronate,
and two identical motorized units placed in series with a 90°
offset between the two for flexion and deviation. The same
approach is used in the Osaka City University Hand [92].

The serial RRR approach is exceedingly common within in-
dustrial robot arm applications. Many commercially available
industrial arms, such as the Kuka KR-16 [93], Kawasaki K-
Series [94], Fanuc M Series [95], Durr EcoPaint [96], Hon Hai
/ Foxconn robot arms [97], and Barrett WAM [98] [see Fig. 7(b)],
utilize the roll-pitch-roll arrangement for their wrist design. The
axes of the three joints intersect at a common point, allowing for
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spherical end-effector motion, and for the more proximal joints
of the robot arms to provide translational movements decoupled
from the spherical wrist motion. This design often results in a
singularity at the zero position, when the two “roll” axes are
collinear. However, the range of motion and flexibility in pack-
aging constraints (roll motors and gear train can be placed away
from the center of rotation) make this configuration appealing
and suitable for industrial arms. It is worth noting that the pitch
and one of the roll DOFs within these arms are often actuated
via a bevel gear differential, which allows motors to be placed
along the longitudinal direction of the wrist, saving space and
potentially reducing rotational inertia.

The roll-pitch-roll design is also used in humanoid robots
[99], [100], robotic arms for satellite servicing [101], and in
surgical robotic wrists [102].

Instead of using a second inline roll joint, some wrist designs
achieve 3-DOF motion via a roll-pitch-yaw configuration. In
this case, the yaw axis is perpendicular to both the roll and pitch
axes and would correspond to radial deviation in the human
wrist. When the yaw axis intersects the pitch and roll axes, the
mechanism is generally considered a spherical wrist, and could
be considered an RU chain. This architecture is used in surgical
robots, such as the DLR Mirosurge [103] and in some of the
EndoWrist Instruments by Intuitive Surgical [104], [105], all of
which use tendon-driven systems for actuation due to packaging
constraints (merits and disadvantages common of tendon-driven
surgical wrists systems were discussed in Section V-A-3). Com-
pared to roll-pitch-roll wrists, the relative workspaces of roll-
pitch-yaw wrists tend to be smaller due to geometric constraints,
as the pitch and yaw joints cannot usually achieve 360° rota-
tion without physically colliding with other parts of the wrist.
The same issue can be seen with two-yoke universal joints [see
Fig. 2(d)], which can be described as pitch-yaw devices. Some
robotic arms, such as the Kuka LBR iiwa [106] [see Fig. 7(c)]
alleviate this issue by not using the dual-yoke type of geometry,
and only constrain the R joints on a single side. The resulting
geometry looks much like a roll-pitch-roll wrist with the pitch
joint at 90°, which is considered the neutral position of the
wrist. This allows for a larger range of motion while potentially
sacrificing strength or payload.

Besides surgical and industrial arms, roll-pitch-yaw wrists
are often used in humanoid or anthropomorphic robotic arms
due to their resemblance to the human wrist. The ARMAR III
humanoid [107] as well as the anthropomorphic arm described
in [108] utilizes direct drive to actuate the pronation (roll) DOF,
and two tendon drives actuated via ball screws to actuate the
universal joint at the wrist for flexion and radial deviation (pitch
and yaw, respectively). The Humanoid Robot Prototype HRP-
4 [109] utilizes a servo motor and harmonic drive in each of
its three wrist DOF, and use a belt system to ensure the axes
all intersect despite the motors being placed serially. In [110],
McKibben actuators are used to actuate each DOF of an RU wrist
mechanism of an anthropomorphic arm, reducing the mass and
rotational inertia of the arm, though requiring an air compressor.

An interesting RU mechanism that uses slotted disks is im-
plemented in the hand/wrist system described in [111]. A motor
and an internal ring gear pronate the distal end of the forearm,

which houses the flexion, radial deviation, and hand actuators.
An S joint with a pin protruding radially is actuated by two
disks: one with a spiral track cut into it, and the other with a
simple diametric track. The pin is constrained to lie in the track
of both disks, which are stacked upon one another. By rotating
the disks either in opposition or together, the wrist is flexed or
radially deviated, respectively.

Some serial wrist designs opt to use a single spherical joint
instead of a serial chain [112]–[114]. Spherical stepper mo-
tors are described in both [112], [113] [see Fig. 7(d)]. While
the overall geometry is that of a ball and socket joint, the
ball is actually the rotor and the socket is the stator. The
ball is impregnated with permanent magnets, and the socket
houses a plurality of electromagnet windings, thus no wires
cross the joint. Activating the electromagnets in different con-
figurations and sequences results in rotation of the ball about
different axes. Using a more traditional approach, the pros-
thetic wrist detailed in [114] actuates a spherical joint with
five equally spaced tendons connecting to its platform. As ten-
dons are only capable of exerting tension, the authors deter-
mined that at least five were necessary to actuate the 3-DOF
joint.

B. Parallel 3-DOF

Parallel 3-DOF motions are capable of exhibiting fully spher-
ical motion, though some mechanisms are cable of coupled
translation with 3-DOF rotation. Moreover, these mechanisms
are all active devices, so passive and body-powered subsections
shall be omitted.

1) Active Parallel 3-DOF: Of all purely rotational parallel
mechanisms, the most well known is the Agile Eye [115] [see
Fig. 8(a)]. This mechanism, designed for camera orientation,
is a symmetric 3RRR mechanism, with base R joints actuated
with rotary motors. As all of the R joint axes must intersect at a
central point, high precision is necessary in both fabrication and
assembly of the Agile Eye. However, the Agile Eye remains a
point of inspiration for 3-DOF spherical mechanisms.

A mechanism that uses similar architecture to the Agile Eye
is the Spherical Haptic Device [116], hereon known as SHaDe,
is a 2RRR, RRRU spherical mechanism designed to be used
as a haptic feedback tool for spherical MC. The RRRU leg is
used in place of an RRR chain to allow for a larger unobstructed
volume between the base and platform of the mechanism. This
allows the user to operate SHaDe over a large range of motion
without their hand contacting any of the legs of the mechanism.

Though the Agile Eye has a large pitch and yaw workspace,
roll capability is small in comparison. To achieve continuous
rotation, a 3RRR, RUR mechanism was designed and described
in [117]. This mechanism essentially consists of the standard
Agile Eye design with an additional RUR mechanism running
centrally from the base to the platform with actuation at the base
R joint. The platform contained a bearing in which the distal R
joint was housed, thus the 3RRR portion of the mechanism re-
sulted in redundant actuation. Torsional movement was achieved
by rotating the U joint, allowing for continuous rotation up to
certain angular limits dictated by the U joint.
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Fig. 8. Parallel and hybrid 3-DOF mechanisms. (a) Agile Eye (3RRR) [115]. (b) Hammond Micromanipulation Wrist (2PRRU, RUUR) [122]. (c) Hong Surgical
Wrist and instrument (3PSR, RUUR) [121]. (d) Vanderbilt Gas Actuated Arm Prosthesis (Hybrid: [R][RPR, SPS]) [123]. Size scales indicated by black bars are
shown when known.

To address the difficulty in precision fabrication of the Agile
Eye, the Agile Wrist [118] was designed, employing a 3RRRP
architecture. In this mechanism, the revolute joint axes are not
required to intersect exactly at the center of rotation, and the
addition of a passive prismatic joint prevents the mechanism
from becoming overconstrained if intersection does not occur.
Though the motion of the end-effector is not perfectly spherical,
the spatial displacements apply small contributions to the overall
platform pose.

Another mechanism that attempted to simplify the manufac-
turing issues of the Agile Eye while still only allowing spherical
motion is Argos [119]. Argos is nominally a 3RRRS mechanism,
with the base R joints actuated via rotary motors. However, the
second and third R joints in each of the legs are implemented
via a steel cable pantograph mechanism. As a result, each of the
legs is a planar mechanism, simplifying the fabrication process,
and the combination of the three legs then fully constrains the
platform. Argos is suggested to be the rotational equivalent of
the translational Delta parallel robot [120].

A spatial mechanism intended for use in minimally invasive
surgery is described in [121] [see Fig. 8(c)]. The wrist described
therein uses a 3PSR, RUUR parallel architecture, in which the P
joints and the base R joint are actuated. While the 3PSR portion
of the mechanism can accomplish 3-DOF motion, the central
RUUR constrains the motion and enables roll of the end-effector,
as the distal R joint sits in a bearing.

A wrist meant for micromanipulation is detailed in [122] [see
Fig. 8(b)]. The architecture is a 2PRRU, RUUR. Similar to the
previously described wrist, the RUUR provides unlimited roll
motion to the end-effector. The 2PRRU mechanism actuates
an intermediate platform, coupled to the distal platform with a
rolling gear pair for each leg. This results in the distal platform
having twice the pitch and yaw of the intermediate platform.

C. Hybrid 3-DOF

Hybrid 3-DOF mechanisms generally use a 2-DOF parallel
mechanism in series with a rotator, either proximal or distal
to the 2-DOF orientation mechanism. Once again, we limit the

discussion to solely active mechanisms for the same reasons
stated previously.

1) Active Hybrid 3-DOF: Hybrid mechanisms wrists incor-
porated in transradial prostheses [123]–[125] all consist of
a pronation mechanism in series with a 2-DOF flexion and
radial deviation mechanism. In [123] [see Fig. 8(d)], the prona-
tion mechanism is driven via pneumatic actuation of a lead-
screw against a slotted cylinder. The flexion and radial devi-
ation mechanism employs a U, RPR, SPS configuration. The
prismatic joints are pneumatically actuated, and all actuators
are placed near the elbow. Alternatively, in [124], the prona-
tion mechanism, a simple rotator, is placed distal to the 2-DOF
flexion/radial deviation device, which uses an SS, 2RPU mech-
anism.

The surgical wrist robot detailed in [126] uses a spherical five-
bar mechanism to actuate pitch and yaw motion, and a rotary
motor with a center pointing axis rolls the end-effector.

D. 3-DOF Wrist Discussion

Perhaps most striking observation regarding 3-DOF wrists is
the similarities in architecture and even physical design between
devices. Robots across all applications utilize a roll-pitch-roll
configuration due to the simple design and high range of motion.
As evidenced by the industrial arms, roll-pitch-roll and roll-
pitch-yaw systems can be used in high load applications, despite
their serial construction.

As serial 3-DOF wrists are often part of larger arm systems,
it is a priority for actuators to be far from the wrist, and as
proximal to the elbow as possible. This can be accomplished
simply through tendon systems, as in [102], [105], [107], and
[108]. However, these systems are far weaker than the standard
transmission counterparts, such as gear and belt drives. A trade-
off clearly exists between the actuator placement flexibility and
torque production capabilities.

The 3-DOF parallel mechanisms previously presented appear
to belong to two groups: namely, those that utilize a central
passive constraining joint (universal or spherical) which has
lower mobility than the actuated legs [117], [121], [122], and
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those that have legs of equal mobility to the platform [115],
[116], [118], [119], [126]. Though the former category often
requires more components than the latter as the legs have higher
mobility, the legs need not to be fabricated as precisely. The
passive central constraint enforces the lower DOF mobility of
the platform, as opposed to the legs themselves limiting its
mobility. This relaxes some of the constraints on the leg design
and geometry, such as intersecting joint axes in the Agile Eye
[115], potentially making their fabrication simpler.

VI. DISCUSSION

Physical specifications of a number of wrist devices are pre-
sented in Table I. Because the joint axes do not always follow
the same order that they appear in the human wrist for some
of the presented wrist devices, the torque and range of motion
values in the table appear in the same order of the joints when
listed from proximal to distal. As industrial robotic arms may
come in a large variety of form factors with different physical
specifications, the smallest arm (by mass) from each catalog
was selected to be featured in Table I for better comparability
with other mechanisms.

Apart from the major trends identified at the conclusion of
each section, other comparisons may be made between various
groups of wrists. Namely, we discuss differences between se-
rial and parallel wrists, commercial and research devices, and
prosthetic and robotic wrists.

A. Serial Versus Parallel

A great number of differences exist between serial and par-
allel wrist mechanisms. Notably, serial mechanisms tend to be
longer than their parallel counterparts when comparing across
devices with the same number of DOFs, though the use of tendon
drives and bevel gear differentials may alleviate this issue, due
to some freedom conferred in actuator placement. If differential
couplings are not used, only a single actuator is responsible for
an output DOF. Though this only allows power input from a sin-
gle motor, it is much simpler to introduce compliance [41], [44],
[89] or measure loads than it would be in a parallel counterpart.

With serial mechanisms, range of motion and torque specifi-
cations is often simply determined by actuator selection (in the
case of active devices) and basic shape geometry, and is not con-
figuration dependent. Moreover, the use of fewer components
can potentially lead to greater robustness, though loads must be
transferred through the entire wrist mechanism.

Parallel mechanisms often have many more architectures
and geometric design parameters that can affect the ROM and
producible torque. However, this additional complexity allows
greater freedom in the design process. For example, collocating
axes of rotation may be feasible (e.g., [78], [81], [115], and
[116]), and actuators may be placed proximally to reduce iner-
tia of the device (e.g., [74], [84], and [86]. Passive constraints,
such as a central universal joint [74]–[77], [117], [123], can be
used to bear loads away from actuators and increase stiffness
of the mechanisms. However, issues that are not present in se-
rial wrists, such as link/end-effector interference [74], [116]
and individual joint ROM, must be addressed in successful

implementations of parallel wrist designs. These issues become
more difficult to deal with as the desired workspace of a mecha-
nism grows larger, indicating a tradeoff between range of motion
and stiffness. This tradeoff not only serves as a major difference
between serial and parallel mechanisms, but also within parallel
mechanisms themselves.

In most of the parallel wrist mechanisms, motion along an
arbitrary DOF requires tandem actuation of multiple motors
[74], [75], [119]. This coupling allows multiple actuators to
contribute to a single motion. However, in some configurations,
actuators may actually work in opposition to one another, or the
wrist may be in a singular configuration, unable to actuate in a
particular direction. Singular configurations also exist in serial
wrists, such as in the roll-pitch-roll configuration when the pitch
is neutral, but other configurations such as roll-pitch-yaw only
experience a singularity when either pitch or yaw reaches 90°.
The singularities are much more predictable, and mechanisms
are easily designed for singularities to lie outside of the desired
workspace.

The variety of architectures within parallel mechanisms
leaves much room for wrist development within the subfield,
especially when compared to serial mechanisms. Within serial
wrist mechanisms, only a few types of architectures are pos-
sible, though improvements to the actuation systems (motors,
transmission, etc.) in terms of size, reliability, and power density
still may be made. Though the architectures of many parallel
mechanisms, and specifically spherical mechanisms, have been
described exhaustively and indexed in atlases, physical imple-
mentations remain scarce. Part of this may be attributed to the
difficulty in creating the successful physical implementation
of a parallel mechanism. Small manufacturing errors can lead
to overconstraint and large increases of internal forces. Diffi-
culty can also arise in the software and method used to control
the mechanism as the forward kinematics are difficult to solve.
For some redundantly actuated parallel mechanisms, mitigation
of internal forces requires additional sensors and sophisticated
control methods.

B. Commercial Versus Research Wrists

Stark differences exist between commercial and research-
based wrists as well. Commercially available wrists come as
standalone devices in prostheses or are an integrated part of in-
dustrial and surgical arms. Commercial prosthetic wrists tend
to be passive devices with discrete locking positions, adjustable
friction clutches, or elastic joints, all of which are potentially
useful for manipulation. Active wrist prostheses are also com-
mercially available [15], [28], [36], though they are restricted to
1-DOF devices.

Almost all multi-DOF commercial active wrists covered in
this review utilize a serial roll-pitch-roll (e.g., [93] and [102]) or
roll-pitch-yaw architecture (e.g., [98] and [105]), driven by belts
(or tendons) and/or bevel gear differentials. Tendon drives are
popular among commercially available surgical robots, whereas
belt drives are more common amongst heavy duty industrial
robots. Both of these drivetrain systems allow for actuator place-
ment away from the wrist and end-effector, this reducing size
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in surgical robots and inertia in industrial arms. Industrial arms
utilize bevel gear differentials [93], [95], [96], [98] to collo-
cate axes of revolution in a compact volume, and potentially
allow multiple motors to contribute to a single DOF. Though
many commercial products exist that use these designs already,
there is likely a room to develop devices that depart from this
architecture and actuation scheme.

As most of these wrists belong to industrial robots, their de-
signs show high robustness and torque capacity when compared
to research wrists, which have varied designs and design goals.

Research wrists are seen in broad applications, including from
prostheses, humanoids, solar trackers, and surgical robots. The
designs employ serial, parallel, and hybrid mechanisms. As ex-
pected, research devices incorporate a greater variety of cou-
pling schemes [34], [52], [86] and actuation technology [29],
[51], [112].

C. Prosthetic Versus Robotic

Though robotic wrists encompass a wide variety of applica-
tions, many comparisons may still be made between prosthetic
and robotic wrists. Many of the differences are enforced sim-
ply by the fact that prostheses require direct human interaction
to function. For example, prosthetic wrists may be passive or
body powered, whereas robotic wrists are solely active devices.
Prosthetic wrists also include externally adjustable functionality,
such as adjustable friction or locking. Any adjustment of robotic
wrists is generally accomplished within the control system.

Still, a number of nonobvious differences exist between these
two categories. Whereas robotic wrists may be serial, paral-
lel, or hybrid devices, all standalone prosthetic wrists are serial
chains, though in a few cases transradial and transhumeral pros-
theses may incorporate parallel or hybrid wrists [123]–[125].
This may be indicative of a minimum amount of space needed
to implement a parallel mechanism based wrist with comparable
performance to a serial chain.

Coupling of output DOFs is more common amongst pros-
thetic wrist devices [34], [52], [53] as well. These devices are re-
sults of efforts to reduce the complexity, size, etc., of wrist pros-
theses by sacrificing actuation and motion capabilities. Robotic
applications instead tend to utilize the normal design approach
of multiple orthogonal axes of rotation, such as those seen in
roll-pitch-roll wrists and similar architectures.

Though intended for use as prostheses, there are no ma-
jor differences between transhumeral/transradial prostheses and
anthropomorphic humanoid arms besides the control scheme
(inputs generated from user instead of autonomous system).
However, design and design goals are more varied in anthropo-
morphic robots (such as tendon decoupling mechanisms in [68],
[86] or housing power components in [74]), which often utilize
portions of the forearm to house actuation drivetrains or power
components for the end-effector. On the other hand, the thrust
for prostheses design is to generally reduce weight. Moreover,
limitations on available control inputs to prostheses, especially
multiarticulated hands and limbs, reduce the need or feasibility
of dexterous wrists in prosthetics compared to anthropomorphic
humanoid robots.

While it may appear that active prosthetic wrists are simply
a subset of robotic wrist technologies, backdrivability is often
different between the two. As a prosthetic wrist user must also
carry the power source, a device with low power consumption is
generally beneficial. Use of nonbackdrivable transmission ele-
ments such as lead screws is an effective way to minimize power
consumption by resisting external loads passively when the mo-
tors are deactivated. The design goals of minimized size and
weight make it sensible for prostheses to utilize small, though
highly geared rotary motors to achieve somewhat human levels
torque output, rather than heavy motors with minimal gearing.
These high gear ratios make even the nonlocking transmission
relatively nonbackdrivable. Heavily geared systems also intro-
duce significant backlash when multiple gear stages are placed
in series. Combined with the nonbackdrivabililty, this may make
prosthetic wrists rather vulnerable to impulsive loading and
collisions.

While some robotic wrists also use screw elements or highly
geared motors, the looser size restrictions allow use of larger
motors with smaller gear ratios, or even direct drive. Back-
drivability can then be implemented on some robotic hardware,
which may then allow the “teaching” of a robotic arm by phys-
ically manipulating the robot externally. These low gear ratios
also may enable force sensing at the actuator, or even force
control.

VII. CONCLUSION AND TAKEAWAYS

Considering the entire group of designs, it is apparent that
the intended use of the design greatly affects the performance
and physical implementation of a particular wrist. Where minia-
turization or low distal inertia is key, tendon drives are a clear
strategy for successful implementation. Alternatively, imple-
mentation of wrists in industrial settings tends to use a variety
of gear drives. Investigating ways to take smaller wrist designs
and scaling them to the larger size (and taking larger wrist de-
signs and scaling them to the smaller size) would likely yield
interesting solutions and different implementations of specific
transmission elements that would enable them for the different
size scale.

Though wrist designs have not been a particularly active field
of study over the last few decades (compared to hand develop-
ment), a number of gaps in the literature would benefit from
additional focus. Namely, identifying factors that make paral-
lel mechanisms more tractable or appropriate for commercial
cases would allow their benefits to be conferred more easily.
Automating parallel mechanism design to allow for entry into
commercial devices such that expert knowledge is not required,
or developing more utilitarian architectures is one such develop-
ment direction. Mechanically, developing ways to more easily
be fabricate the passive subcomponents of parallel mechanisms
(especially at small size scales) and making these subcompo-
nents more robust may also lead to more confidence and adop-
tion of these architectures.

While it appears that serial wrists may have little room left
for development, the design of a 3-DOF serial wrist which does
not occupy the entire forearm volume of a prosthesis, humanoid
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robot arm, industrial arm, etc., is still a challenge. While this is
likely due to the fact that actuators have greater constraints on
their positioning, some transmission elements (tendons, belts,
etc.) can be leveraged to achieve more freedom in actuator
position.

The use of hybrid mechanisms (combinations of serial and
parallel mechanisms) could be especially beneficial in achiev-
ing this remote positioning without the complexity of coupled
DOFs. For example, using separate four-bar linkages in paral-
lel with one another could allow for proximal actuator posi-
tioning, with only simple, passive elements at the wrist joint
itself.

The majority of the active wrists described herein use electric
motors as the primary source of actuation. Use of pneumat-
ics, whether in rigid pistons, McKibben Actuators [127], or
other soft actuators, may be a good method to distribute weight
and actuation away from the wrist, though practicality may be
limited outside of fixed base robotic systems. Similarly, shape
memory alloy (SMAs) actuation systems such as that in [90],
or ultrasonic motors as in [29] and [51] may be beneficial in
future wrist designs, though the technology still appears rela-
tively immature compared to electric motor, or even pneumatic,
actuation.

As of yet, it appears quite difficult to achieve torque and
speed capacity of the human wrist while maintaining similar
size, weight, and inertia. Many robotic systems easily outper-
form the human wrist in terms of torque and speed, but their use
of large motors with high gear ratios prevent miniaturization and
can also preclude backdrivability. While the latter point may not
be as important in systems specifically requiring accurate po-
sitioning, systems which are meant to interact with an external
environment in a manner similar to humans generally require
some amount of compliance or modulable impedance, espe-
cially when trying to control forces. Developing lightweight,
compact actuators, and transmissions with high torque capac-
ity would be of great benefit in the fields of prosthetics and
humanoid robots.

Finally, establishing methods to evaluate wrists, and devel-
oping insightful metrics and sets of hardware specifications re-
quired to complete tasks, may further help designers and end
users alike assess suitability of a particular wrist device for their
purposes, and drive development toward useful goals.
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