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Abstract— Extrinsically powered prosthetic wrists have the
potential to offer significant improvements to the functionality and
dexterity of a prosthetic hand. They can also reduce a user’s
overreliance on their intact limb and help prevent injury from
overuse of upper limb (both intact and residual) and trunk joints.
Despite these potential advantages, there are very few prosthetic
wrist options that are commercially available and these devices are
not commonly used by prosthetic hand users due to several factors
including inadequate performance specifications. In this paper, we
first seek to establish the target specifications for a prosthetic wrist
suitable for both median men and women. We then complete a
comprehensive review of the state-of-the-art in extrinsically
powered prosthetic wrists in the research, commercial, and patent
literature. This review determines that no existing prosthetic wrist
meets the target specifications due to the presence of actuators and
transmissions that do not offer sufficient torque density, power
density, and specific power. In order to address this challenge and
produce a prosthesis that achieves target specifications, we next
review the performance of existing actuators and transmissions
and determine that Brushless DC motors with planetary gearboxes
and ball screws offer the best potential to achieve the target
specifications. We then present the design of a novel two Degree of
Freedom parallel kinematic prosthetic wrist that incorporates this
actuator-transmission combination. This first iteration of the
proposed prosthetic wrist meets the target torque, speed, and
weight but does not meet the target dimensions or range of motion
yet. We propose design improvements in subsequent iterations
that could lead to a prosthetic wrist that meets all the target
specifications of torque, speed, weight, and volume.

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

. INTRODUCTION AND MOTIVATION

XTRINSICALLY powered upper limb prostheses,

including prosthetic hands [1]-[8], wrists [9], elbows, and
shoulders [10]-[13] have the potential to help the 41,000
amputees missing more than their fingers in the United States
[14] and many more worldwide [15]-[17] overcome the
challenges associated with upper limb loss. These challenges
include efficiently completing activities of daily living (ADLS)
and maintaining a sufficiently high degree of independence. For
those with limb loss at the wrist (i.e. wrist disarticulation) or
more proximally, the prosthesis must ideally comprise an end
effector that approximates the functionality of the lost hand as
well as the wrist to allow the user to complete ADLSs.
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Unfortunately, rejection rates for extrinsically powered
prosthetic hands without a prosthetic wrist have remained
consistently high (>20%) over the past 20 years [18]-[22].
Furthermore, studies have documented that unilateral upper
limb myoelectric prosthesis users (i.e. having one intact upper
limb and using a prosthetic hand without a prosthetic wrist on
the amputated limb) are over reliant on their intact upper limb
[23], [24]. One study has shown that 75-94% of upper limb use
by a unilateral amputee was with their intact limb [24]. An
additional study found that the median use of the intact limb for
individuals with unilateral upper limb absence was 79% while
the median use of the dominant hand in individuals with two
intact upper limbs was 52% [23]. A large proportion of
amputees (>50%) have also reported significant pain and
injuries to both their intact and residual limbs and other parts of
the body including the trunk, neck, and back [25]-[28]. The
pain and injuries can come from several sources including
phantom limb pain or overuse of joints due to overreliance of
the intact limb or compensatory motions of various bodily joints
while completing tasks; injuries can include arthritis, joint
degradation, muscle injuries, and tendonitis [25]-[28]. These
high rejection rates, the overreliance on the intact limb, and
prevalence of pain and injuries in amputees are significant
because they demonstrate that user needs are not adequately
met with current prosthetic hands only (i.e. without a wrist)
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 the past 20 years including reduced
weight [19]-[22], [29]-[31], increased comfort of the interface
with the user (e.g. socket or harness) [19]-[22], [29], [32],
improved controllability and better ease of use [21], [22], [29],
[30], [32]-[34], increased durability [20]-[22], [29], [30], [32],
and better functionality to enable the user to complete desired
ADLs [19]-[22], [29], [34]. Better functionality is related to
several specific improvements including increased dexterity
(both of the hand and wrist) [22], [29], increased hand strength
[32], and increased hand speed [31]. Dexterity requires both the
hand and wrist to complete small, precise actions (colloquially
called “fine-motor skills”) and accurately achieve the desired
hand posture or grasp (i.e. have the necessary independently
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controlled Degrees of Freedom (DoFs)).

The prosthetic wrist is a crucial component to addressing the
user need of better functionality, particularly increased
dexterity, in a prosthetic hand. Just as the human wrist and
forearm provide critical articulation that adjusts the orientation
of the hand and help it achieve a desired hand posture, the
prosthetic wrist can provide the same for a prosthetic hand.
Thus, the absence of a prosthetic wrist for prosthetic hand users,
even a passively flexible or manually adjustable wrist, can have
significant repercussions. Several studies have demonstrated
that completing ADLs without a wrist requires significant
compensatory motions of both the shoulder and trunk (e.g.
leaning to the side) both for prosthetic hands without a
prosthetic wrist [35]-[38] and for intact upper limbs with a
fused (via a brace) wrist [38]-[40]. As discussed above,
compensatory motions can lead to overuse of joints over time
that can lead to injuries and pain.

Several studies have also investigated whether a passively
flexible [41]-[43] or manually adjustable [43], [44] prosthetic
wrist can offer a performance improvement versus no wrist to a
myoelectric prosthetic hand user. These studies have not
demonstrated improved performance across all tasks. This is
not surprising given that these prosthetic wrists are not
extrinsically powered and therefore cannot be actively (e.g.
myoelectrically) controlled. However, these studies and one
survey have consistently found that prosthesis users prefer the
functionality and added dexterity of these prosthetic wrists over
no wrist [41]-[45]; one study also found that users would have
further preferred an extrinsically powered prosthetic wrist [41].
One additional study has investigated the importance of a
prosthetic wrist by constraining the number of DoFs of a human
hand and wrist in subjects with intact limbs [39]. This study
demonstrated that a two DoF wrist capable of Pronation/
Supination (P/S) and Flexion/Extension (F/E) (see Fig. 1) with
a 1 DoF gripper performed approximately as well as an intact
23 DoF human hand with a 1 DoF P/S wrist in completing the
Southampton Hand Assessment Protocol (SHAP) tasks [39].

These findings demonstrate the importance of an
extrinsically powered prosthetic wrist, which can provide the
significantly better dexterity users desire in their prosthetic
hand, reducing reliance on their intact limb and compensatory
motions. This can improve their ability to perform ADLs and
also lower the risk of injuries from overuse of joints. However,
most commercially available prosthetic hands are not sold with
an accompanying prosthetic wrist [3], [8]. There are a few
separately sold options for prosthetic wrists [10]-[12], [46]—
[51] that typically offer only one (either P/S or F/E) DoF. As
discussed above, a prosthetic wrist with more than one DoF
provides significantly improved performance over just one DoF
and a prosthesis with all three wrist DoFs is necessary to
provide sufficient dexterity (see Section IIC). Furthermore,
existing prosthetic wrists are relatively heavy and do not offer
torque and speed outputs that are comparable with the human
wrist and forearm (i.e. inadequate specifications — see Section
[11). Finally, these options also entail additional cost and
complexity. Given this, most prosthetic hand users decide to not
include an extrinsically powered prosthetic wrist with their
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Fig. 1 DoFs of the Human Wrist and Forearm

prosthetic hand despite the above-described potential benefits.

In this paper, we seek to first understand why commercially
available prosthetic wrists have inadequate specifications and
secondly to begin to address this challenge with a novel two
DoF prosthetic wrist capable of F/E and Radial/Ulnar Deviation
(R/U). While the ultimate objective is to provide a prosthesis
with all three DoFs (which is necessary to provide sufficient
dexterity), the presented prosthetic wrist is an important
intermediate step toward achieving this objective. We begin by
identifying the target specifications for a prosthetic wrist that
can be used by a median man or woman, which are based on the
performance of the human wrist (Section I1). We then review
the specifications of existing prosthetic wrists and show that
none of them meet the target specifications (Section II). It is
shown that the current gap is mainly due to limitations of
existing actuators and transmissions, which cannot provide
adequate torque density, power density, and specific power to
achieve the target specifications (Sections Il and V). This
motivates the design of a new prosthetic wrist that overcomes
the limitations of existing prosthetic wrists through the
selection of actuators, transmissions, and a mechanism that can
achieve the target prosthetic wrist specifications. Next, we
review the capabilities of existing actuators and transmissions
to identify that Brushless DC Motors with planetary gearboxes
and ball screws offer the best potential to achieve the target
prosthetic wrist specifications (Section V). In Section V, we
present the design of the novel two DoF parallel kinematic
prosthetic wrist. The presented two DoF prosthetic wrist
incorporates the above actuator-transmission combination and
can achieve the target prosthetic wrist performance and weight
but is slightly larger than the target dimensions and does not
meet the target range of motion. We also suggest design
improvements for how a future iteration of this prosthesis can
achieve all target specifications. Finally, Section VI presents
the evaluation of a fabricated prototype of the prosthetic wrist
to report how well it achieves the desired target specifications.

Il. HUMAN WRIST BACKGROUND

A. Architecture of the Human Wrist and Forearm
The human wrist consists of eight small carpal bones that
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connect the distal ends of the two bones of the forearm — the
radius and ulna — to the proximal ends of the metacarpals in the
hand [52]. Together with the radius, ulna, and metacarpals, the
carpal bones provide two DoFs through a complex of joints: 1.
Flexion and Extension (F/E) and 2. Radial and Ulnar Deviation
(R/U) (Fig. 1). The radius and ulna also provide a third DoF —
Pronation and Supination (P/S) — by crossing over one another
along the length of the forearm [53].

Each of these DoFs is actuated by muscles and tendons
housed in the forearm. F/E and R/U are primarily provided by
five muscles that originate near the elbow and insert near the
proximal ends of the metacarpals [54]. These muscles are
located in the superficial layers of the posterior and anterior
compartments of the forearm (i.e. near the surface of the top and
underside of the forearm). The location of these muscles and
tendons produces the highest possible moment arms about the
wrist and therefore enables higher joint torques. Actuation for
P/S on the other hand is primarily provided by three muscles
that originate on the ulna and elbow and insert onto the radius,
allowing the two forearm bones to rotate relative to one another
[54]. Two additional muscles assist in actuation of this DoF and
help stabilize the forearm [54].

B. Human Wrist and Forearm Weight and Dimensions

The mean weight and volume of the hand and forearm for
men and women are shown in Table | and are adapted from [8].
Given that a transradial (at the forearm) amputee will have some
of their forearm intact, less than half of the weight of the
forearm is a logical target for the weight of the prosthesis.

Dimensions of the wrist and forearm are listed in Table I,
which were obtained from several studies [55]-[61] that
measured these dimensions for U.S. adults with average ages
under 30 or people serving in the U.S Armed Forces. As noted
previously [8], this may lead to values that reflect people who
are younger and more muscular than the typical prosthesis user.
In studies that listed the median height and weight of study
participants [57]-[60], 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 participants were within 4 cm
of median U.S. adults. This difference in height is significantly
smaller than the difference in weight. Thus, length dimensions
in Table Il are more likely to be representative of the general
U.S. population than the width, thickness, and circumference
dimensions. However, the wrist is relatively bony and generally
lacks significant muscle mass or fatty tissue, meaning these
dimensions may still be representative of the general U.S.
population despite the difference in weight with participants of
the studies. They can therefore still help serve as target
dimensions for a prosthesis.

C. Human Wrist Performance

Wrist Range of Motion (RoM) in its 3 DoFs is a critical
component of the dexterity it provides and is shown in Table
I11. While the human wrist can reach certain extreme values in
each DoF (denoted as Maximum RoM in Table I1) [62]-[67],
several studies have measured wrist RoM during completion of
ADLSs and have demonstrated that the full RoM of the wrist is

TABLE |
HAND AND FOREARM WEIGHT AND VOLUME FOR MEN AND WOMEN

Women
0.53 [77], [79]

Dimensions Men
% Body Weight 0.63 [76]-[79]

2 Mass of Hand for Median US
£ Adult by Weight (g) 540 380
Volume (cmd) 363 [76], [78]
. % Body Weight 1.66 [76]-[79] 148 [77], [79]
& Mass of Forearm for Median
£ Us Adult by Weight (g) 1420 1060

Volume (cm®) 909 [76], [78]

TABLE Il
MEAN HAND, WRIST, AND FOREARM DIMENSIONS FOR MEN AND WOMEN
Dimensions Men Women
Wrist Thickness (mm) [57], [58] 43.0 37.0
Wrist Width (mm) [55]-[59] 63.1 56.1
Wrist Circumference (mm) [57]-[61] 1724 1495
Flexed Forearm Circumference (mm) [59], [61] 307.0 259.1
Radial-Stylion Length (mm) [59], [61] 268.6 2425

TABLE Il
MEAN WRIST AND FOREARM RANGE OF MOTION

Maximum RoM (°) Functional RoM (°)

Degree of Freedom

Pronation 83 [62]-[66] 61 [68]-[71]
Supination 100 [62]-[66] 75 [68]-[71]
Flexion 76 [62]-[64], [66], [67] 54 [71]-[74]
Extension 73 [62]-[64], [66], [67] 48 [72]-[75]

Radial Deviation
Ulnar Deviation

25 [62]-[64], [66], [67]
45 [62]-[64], [66], [67]

22 [73]-[75]
38 [71]-[74]

generally not required (Functional RoM in Table I1) [68]-[75].
Since these studies used different ADLs in determining
Functional RoM, certain studies found significantly lower
values in certain DoFs. These outlier values were removed in
order to ensure a representative maximum Functional RoM is
listed. Table 111 illustrates that Functional RoM is substantially
lower than Maximum RoM in both F/E and P/S. The Functional
RoM also demonstrates the utility of each DoF in completing
ADLs. A prosthesis with only one or two DoFs will therefore
likely not provide adequate dexterity. R/U in particular is
frequently left out of prostheses; while the human wrist has less
RoM in this DoF, the Functional RoM demonstrates that
articulation in R/U is still valuable.

The maximum joint torque in each DoF is reported for both
men and women in Table 1V. Studies that measure these values
typically measured maximum joint torque in several postures
(e.g. wrist fully pronated during a P/S torque measurement) or
at several joint speeds (e.g. P/S torque measurement at both 0
°/s and 30 °/s in P/S). Therefore, two separate maximum values
are listed for both men and women. True Maximum refers to
the maximum value measured in each study across all postures
or joint speeds while Mean Maximum uses the mean across all
postures or speeds. True Maximum is therefore always higher
than Mean Maximum. It is likely acceptable to use the Mean
Maximum value in Table IV as a target for a prosthesis as the
True Maximum reflects a single orientation or speed that is
unlikely to consistently be used in practice.
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TABLE IV
MAXIMUM WRIST JOINT TORQUES FOR MEN AND WOMEN

Degree of Men Women

Freedom True Maximum Mean Maximum True Maximum Mean Maximum

Pronation | 10.3 [58], [84]-[86] 9.0 [58], [84]-[86] 5.1[58], [85], [86] 4.5 [58], [85], [86]

Supination | 10.8 [58], [84]-[86] 9.5 [58], [84]-[86] 5.3[58], [85], [86] 4.6 [58], [85], [86]

Flexion 14.6 [57], [58], [87],[88]  12.7 [57], [58], [87], [88] | 9.7 [58], [88] 8.8 [58], [88]

Extension | 9.3[57], [58], [87], [88] 7.9[57], [58], [87], [88] | 6.8[58], [88] 5.8 [58], [88]

Radial 14.3 [58] 13.0 [58] 8.8 [58] 8.2 [58]

Ulnar 135 [58] 12.4[58] 8.8 [58] 8.0 [58]

The mean maximum wrist joint speed in each DoF is reported TABLEV
in Table V. Unfortunately, relatively few studies have measured MEAN MAXIMUM WRIST JOINT SPEEDS :
these values. However, three different values are reported for Degree of b Max During ~ Mean During
. . eak (rad/s) . Practical
each DoF when available. Peak refers to the maximum Freedom Tennis (radls)  racs (radis)
instantaneous joint speed that can be measured. Two studies Pronation 38[62] 19 [81]
have provided measurements for these values [62], [80]. Supination 33[62] 5 [81]
However, the peak value is substantially higher than what is Flexion 271[62],[80] 17[81] 1.7 [82], [83]
likely to be used in practice. One study measured the maximum Extension 26[62], [80]  8[81]
joint speeds in tennis players, which requires relatively extreme Radial Deviation  10[62], [80] 3 [81] 17182]
maximum joint speeds in all three DoFs [81]. Finally, two Ulnar Deviation  11[62], [80] 15[81]
studies have measured the joint speeds during practical tasks TABLE VI
[82], [83], with one measuring mean joint speeds across many TARGET PROSTHETIC WRIST SPECIFICATIONS
professions [83]. These values provide a reasonable, but lower Weight or
bound on the speeds necessary to effectively perform ADLSs. Dimension Value
Two studies have recommended that the maximum joint speed DoFs F/E and R/U
for Flexion/Extension of the fingers of a prosthetic hand be 3.0- Weight (9) 260-370
3.5 rad/s [1], [2], which can also serve as an upper limit for Width (mm) 55-60
maximum joint speeds in a prosthetic wrist. Beyond these Thickness (mm) 35-40
speeds, controllability can become an issue for prosthetic hand Length (mm) 70-100
users [3] Performance FIE R/U
D. Target Prosthesis Specifications ?o(:r':/t' io)rque (Nm) 2535 ;?{‘;5
Table VI describes the target specifications for the prosthetic Joint Speed (rad/s) 2-35 235

wrist design presented below, which are informed by the above
values for the human wrist and forearm and the motivation to
produce a prosthesis that provides sufficient performance to
address the user needs for both median men and women. The
prosthesis described in this paper will only provide F/E and R/U
and a future iteration will include P/S. The target weight for the
prosthesis was set to 260-370 g, 25-35% of the median female
wrist to ensure the inclusion of P/S would not lead to an
infeasible weight for the intended users. A target width and
thickness of 55-60 mm and 35-40 mm respectively were
initially chosen. Although these values can be larger than for a
median woman, it enables the largest possible space for
actuators, transmissions, and other components and is unlikely
to prevent a user from completing most ADLs. For example, the
median woman’s palm thickness at the thenar pad is much
thicker — 51.7 mm [55]. Finally, a target length of 70-100 mm
was chosen because it is about 30-40% of a median woman’s
radial-stylion length. This length enables future inclusion of P/S
while still being suitable for transradial amputees.

RoM in both DoFs was informed by the Functional RoM,
where 25/45 for R/U denotes a 25° RoM in Radial Deviation
and a 45° RoM in Ulnar Deviation, leading to a total of a 70°
RoM in R/U. A joint torque target of 8-12 Nm was set in both
DoFs to provide a sufficiently large percentage of the Mean

Maximum joint torque for both men and women. This joint
torque should be adequate for all ADLs except those requiring
more extreme strength such as carrying very heavy objects. A
joint speed target of 2-3.5 rad/s was set to exceed mean speeds
during ADLs but not exceed what is likely to be controllable for
the user. As with the human wrist, the target torque and speed
performance are not required simultaneously. Instead, high
torque would be required at low speed (i.e. near stall) and high
speed would be required while holding relatively small weights.

1. REVIEW OF EXISTING PROSTHETIC WRISTS

In order to develop a prosthesis that meets the above target
specifications, it is crucial to understand the specifications of
existing prostheses and determine whether any have achieved
the target specifications. We have therefore conducted a
comprehensive review of the research, patent, and commercial
literature. This review builds upon the findings of a previous
paper that has reviewed extrinsically powered prosthetic wrists
[9] but differs significantly by specifically focusing on each of
mechanisms, actuators, and transmissions. These components
of an extrinsically powered prosthesis account for the majority
of the weight and size and provide its performance.
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A. Methods

For this review, a similar process to that used in [8] was used.
Extrinsically powered prosthetic wrists described in English
and developed between 2000-2021, a 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
prosthesis”, “robotic hand”, “prosthetic wrist”) 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 measured specifications of each
prosthesis were recorded. In cases where certain values could
not be found, the corresponding authors, companies, or creators
were contacted to try to obtain the missing values. If the design
was never built or if no specifications 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 21
prostheses compiled here.

The specifications of each prosthesis are compiled in Table
VII. In several cases, only theoretical values were reported for
a prosthesis. These values are not reported in the table because
they would imply an efficiency of 100%. Given the high
reduction ratios often employed in these prostheses, this
assumption is not practical. Losses due to friction, viscous
damping, inertia, and other factors can substantially impact
performance. For example, the theoretical maximum torque
output for the prosthesis reported in [89] is 0.584 Nm. However,
the measured maximum torque is 0.0596 Nm, meaning an
efficiency of approximately 10%.

An interesting consideration is the total weight of muscle
used to actuate the 3 DoFs of the wrist. These values were
calculated from the measured volume of each muscle
responsible for actuating each DoF from [90]. Unfortunately,
this study, which measured muscle volumes for both living men
and women, did not list mean muscle volume for men and
women separately but provided a single average. However, a
different study could not be found providing these volumes in
living men and women (and not cadavers) separately. The
volumes were converted to weight assuming a muscle density
of 1.037 g/cm3[91]. Since F/E and R/U are actuated by the same
group of muscles, the weight for their actuation was considered
together. The muscle weight for P/S includes the brachioradialis
muscle, which also aids in flexion of the elbow. The resultant
weights can serve as a helpful benchmark for the maximum
target weight of the actuators and transmissions used in a
prosthetic wrist; the standard deviation can then be used to
adjust targets for prostheses meant specifically for either men
or women. Ideally however, these components should weigh
even less than human muscle to ensure the prosthesis will not
be too heavy for the user. For a prosthesis meant for both men
and women with transradial amputations, the actuators and
transmissions for F/E and R/U each should weigh 50-75g while
a P/S module could weigh 100-150g (assuming elbow flexion
can be provided by the residual limb or by actuators and
transmissions housed in the upper arm for users with

Potentio Here

Fig. 2 Examples of Prosthetic Wrists: a. Motion Control Standard Electric Wrist
Rotator [46], b. Modular Prosthetic Limb v3 [13], ¢. Unnamed [98], d.
Unnamed [99]

transhumeral or more proximal amputations). While this weight
distribution can be altered for a prosthesis with 3 DoFs, 50-75¢g
for each actuator and transmission is a reasonable target for the
2 DoF prosthesis capable of F/E and R/U described in this work.
This weight also leaves a reasonable weight for the other
mechanical and structural components of the prosthesis.

A final consideration is the type of mechanism used in the
prosthesis — serial kinematic, parallel kinematic, or a
combination of the two. In the human wrist, F/E and R/U are
provided by a parallel kinematic mechanism (PKM) and are
connected in serial with P/S. This takes advantage of several
aspects of both types of mechanisms. Serial kinematic
mechanisms (SKMs) can be simpler, more modular, and have
greater ranges of motion than the parallel kinematic options
[92]-[94]. However, if both F/E and R/U are provided through
a serial kinematic approach, the axes of rotation for these DoFs
may not intersect as they do in the human wrist [13]. Currently,
no study has been conducted to demonstrate whether non-
intersecting F/E and R/U axes are unintuitive for prosthesis
users or lead to any loss in performance. PKMs on the other
hand can have ground-mounted actuators, can be more compact
and lightweight, and potentially have higher speeds, torques,
and stiffnesses [92]-[94]. In a prosthesis, the benefits between
these two types of mechanisms must be compared while also
accounting for the chosen actuator and transmission
combination. Given the strict spatial constraints of a prosthesis,
specific actuator and transmission combinations may only be
feasible with either a SKM or PKM.

B. Prosthesis Review

Eight of the reviewed prostheses provide a single DoF,
including four of the five commercially available prostheses.
These prostheses were intended for either P/S [46]-[49], [89],
[95] (Fig. 2a) or F/E [50], [51], [96], [97]. Of these eight, at
least four (but likely more) of the eight prostheses use a Brushed
or Brushless DC (BDC or BLDC) Motor connected to a
gearbox, whose output directly drives a wrist joint [50], [51],
[89], [96], [97]. At least one additional prosthesis uses an
ultrasonic motor instead [95]. A common theme among these
prostheses is that they often provide at least a functional range
of motion, with several P/S prostheses providing a full 360°+
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TABLE VII
PROSTHESIS SPECIFICATIONS
Prosthesis Name Year #/Type of DoFs RoM (°) Serial or ¥Vhii((i:tl?n;ss Length  Weight  Max Joint Max Joint ~_Actuator Actuator-Transmission Pathway (Weight (g))
yp Parallel (mm) (mm) (9) Torque (Nm)  Speed (rad/s) Type Y gnt(g
9.0-10.8 — P/S,
Median Male Wrist 63.1 x43.0 280-570* 7.9-14.6 — F/E,
3 (FIE, RIU, PIS) ?2%2{;%5 Serial and 12.4-143 - R/U g?gg: EE Human  P/S— Muscle (151+75)-Tendon
25/45 _ R/lj Parallel 4.5-53-PIS, 10/11 RIU " Muscle  F/E+R/U — Muscle(153+69)-Tendon
Median Female Wrist 56.1 x 37.0 210-420* 5.8-9.7 — F/E,
8.0-8.8 - R/U
. . 55/55 — F/E, 55-60 x 2-3.5-FIE,
Target Prosthetic Wrist 2 (F/E, RIU) 25745 R/U 35-40 70-100 260-370 8-12-F/E, R/U RIU
F/E, R/U — Maxon ECX Speed 13L HP (33.7*) — Maxon
This Design 2021 2 (F/E, R/U) gggg - E//E Parallel 66 x 52 1314  320* 3421 B E//E ;/ZJ FIE, BLDC  GPX 13 Speed 25:1 (26%) — 1:1 Spur Gears (8) - Ball
) Screw + Nut (10) — S-S Link (11)
Motion Control Standard
Electric Wrist Rotator 1 (P/S) N/A 47 x 47 70 143 1.7 29
(comm.) [46]
Motion Control Powered I - . -
Flexion Wrist (comm.) [50], 1 (FIE) 86/67 nA o A8TAX e 25855 2.3 3.1 pLpc  BLDC - 2-Stage Friction Planetary Drive - 32:3 Evoloid
[51] 46.74 Gear Drive
Ottobock Electric Wrist
Rotator (comm.) [47] 1 (P/S) 360+ N/A 96 1.78
[O4s8s]ur[L11-gli|mb Wrist (comm.) 1-(PIS) N/A 56 150 1.6 Motor — Planetary Gears
MANUS-HAND [95] 2004 1 (P/S) N/A Ultrasonic Shinsei USR30 (~48) — 10:1 Spur Gears
1 (P/S but with .
N : Faulhaber 0620 K 006 B (2.5) — 5:1 Belt Drive — Faulhaber
Unnamed [89] 2012 ?gg:tsigai?)le axis of N/A 40 x 40 65 87 0.0596 43 BLDC 08/1K 16:1 (3.8) — 10:1 Pinion and Ring Gears
DTM Wrist [96] 2017 1 (FIE) % N/A 175.47 1.0 BDC MicroMo 1724 006SR (27) — Faulhaber 415:1 gearbox —
' ) 3:1 Planetary Gearbox
Unnamed [97] 2021 1 (FIE) 90/90 NA  43x29 37 125 gpc  Dynamixel XM-430-W210-R (105, BDCs — Gears -
Mounting Plate)
2 (PIS S
LUKE Arm (comm.) [10]- - . P/S — Motor — Harmonic Drive
[12] E/C)Emal;lgil/%]) of Serial F/E — Motor — Gears and Non-Backdrivable Clutch
Osaka City University Hand 11 266-P/S,
[100] 2011 3 (P/S, F/E,R/U) 175 -F/E,  Serial DC Motor P/S, F/E, R/U — DC Motor — Gears
18.6 - R/U
50.4/89.3 —
Unnamed [101] 2014 2 (P/S, FIE) P/S Serial 690 DC Motor P/S, F/E — Lobot LDX-218 (60, DC Motor — Gears)
22.4/41 - FIE
. 45x35- 58-F/E 25-F/E, 22—~ 7.9-FIE, F/E — BLDC Motor (26) — Planetary Gear — Non-
RIC Arm [102], [103] 2016 2 (PIS, FIE) Serial  Le Module Module 57 S 87-p)s  BLPC packdrivable Clutch - Cycloidal Drive
Unnamed [104] 2019 ZR/(S;S FIE or 132 : Ejg Serial 74 %74 118 330 4.3 BDC P/S, FIE — HITEC D980TW (79, BDC — Spur Gears)
Modular Prosthetic Limb v3 . P/S, F/IE, R/U — BLDC Motor — 4:1 Planetary Gearbox —
[13] 2020 3 (P/S, FIE, RIV) Serial 21 BLDC 76:1 Cycloidal Drive
103 -P/S - Pneumatic P/S — Pneumatic Cylinder — Rack and Pinion
Unnamed [105] 2014 2 (PIS, FIE) 84 EJE Serial 52.8 x 52.8 95.4 0.3209 - F/IE Cylinder F/E — Pneumatic Cylinder — Link
Unnamed [106] 2009 2 (P/S, RIVU) 260 -PIS, Parallel ~0.56 DC motor P/S, R/U — DC motors — Spur Gears — Cable + Pulleys
>20-R/U
Unnamed [107], [108] 2011 2 (P/S, FIE) >40-P/S  Parallel AC motor P/S, R/U — AC Motors — Bevel Gear Differential
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Unnamed [98] 2011 2 (P/S, FIE) 360-P/S  Parallel 60 x— 48 0.073 - F/E éﬁ; PIS, DC motor P/S, F/E — DC motors — Gears — Bevel Gear Differential
105-F/E, 40 .. . .
' 77 Serial and Pneumatic P/S — Bimba 021.5-DXPV — Barrel Cam
Unnamed [109] 2008 3 (PIS, F/E, RIV) b g’ U9~ parallel Cylinder  F/E, R/U — Bimba 022-DXPV/021-DXPV — Link
70-PIS, o il and P/S — Maxon RE 25 (130) — Maxon GP26B (108) — Link
Unnamed [110] 2008 3 (P/S, F/E, R/U) 50/50 — F/E, parallel <280 BDC F/E, R/U — Maxon RE 25 (130) — Maxon GP26B (108) —
30/30 - R/U Pulleys + Cable
90 - FIE, 1.84_PJS (Pé)87 geeiftll;ﬁZe;ulJel;glzsR (18) — Faulhaber 15A 249:1
Unnamed [99] 2018 3 (F/E, RIU, PIS) ?l?ét; o Parallel 86x8 180 578 g/(bs ~FIE, BDC FIE, RIU Actuonix P16-50-64-12-P (95, BDC )

Slider and Rail — Link

* 20-40% of the median forearm weight, * theoretical weights of components — measured total motor + gearbox weight = 63 g, ¥ measured weight without base plate — designed base plate theoretically adds 11 g

rotation. In most cases, the prostheses also meet the minimum target joint speed of 2
rad/s and weigh less than half of the target weight. However, 2.3 Nm was the highest
measured joint torque among these prostheses, substantially less than target or
anthropomorphic joint torques. These prostheses are also relatively long, making it
challenging to connect multiple of them together in series while ensuring the resulting
prosthesis is not too long. This is likely a result of the size of the actuator and gearbox,
which must be made more compact, torque dense (torque output per unit weight),
power dense (power output per unit volume), and have sufficient specific power
(power output per unit weight) to meet the target prosthesis specifications. This is the
case for the four commercially available 1 DoF prostheses. Thus, most amputees
currently have to choose between having no prosthetic wrist, a flexible or manually
adjustable prosthetic wrist [9], or a prosthetic wrist capable of only one (but not both)
of either F/E or P/S that provides significantly less than anthropomorphic joint torque.

However, six prostheses utilize a motor-gearbox (including spur, planetary,
cycloidal, or harmonic gearboxes) combination that is compact and lightweight
enough to integrate either two or three of the same (or very similar) combinations
serially into a single prosthesis [10]-[13], [100]-[104]. Motor-gearbox combinations
that can achieve high torque generally are larger in diameter. For example, the
combination for the RIC arm [102], [103] has a maximum width of 45mm. This
makes a SKM a logical choice for this combination as it enables each combination to
occupy the necessary space without collisions between joints; a PKM would typically
require two combinations be able to be housed next to each other, making this
actuator-transmission combination impractical. As with the 1 DoF prostheses, which
typically utilize similar actuator-transmission combinations, the key challenge for
these prosthetic wrists is maintaining both a suitable weight and torque. This is most
likely due to the low torque density of most gearboxes (see Section 1V). A notable
exception may be the Modular Prosthetic Limb (MPL) [13] (Fig. 2b), which takes
advantage of the relatively high torque density of cycloidal drives. However, this
prosthetic wrist likely does not achieve the target maximum joint torque (target of
“near 8 Nm”) or prosthesis weight (prosthetic hand and wrist together weigh 1300g).

While PKMs can be lighter weight and produce higher output torques, this does

not appear to be the case for the three 2 DoF parallel kinematic prostheses [98], [1L06]-
[108]. Two of these prostheses actuate both P/S and F/E through two AC or DC
motors that actuate a bevel gear differential [98], [107], [108] (Fig. 2c). While this
leads to a simple and compact mechanical design, bevel gears typically do not provide
sufficient torque density to achieve the target prosthesis specifications. Similar
reasons most likely limit the third prosthesis, which provides P/S and R/U (but could
provide F/E instead) through spur gears that in turn drive cables and pulleys [106].
Three prostheses actuate both F/E and R/U through a PKM, with one actuating P/S
serially [109] in a similar manner to the human wrist and the final two actuating P/S
through the same PKM [99], [110]. The first [109] actuates F/E and R/U through a
RPR+SPS+U PKM, where the prismatic (P) joints are pneumatic cylinders that
actuate the two DoFs. Actuation of P/S is provided proximally, through a third
pneumatic cylinder that causes a barrel cam to rotate the forearm and wrist. In the
second [110], F/E and R/U are provided by two BDCs and planetary gearboxes that
actuate cables and pulleys about a spherical joint. P/S is provided proximally by
rotating two rods with spherical joints on each end that resemble the radius and ulna.
A third BDC and planetary gearbox rotate the two rods about each other via a link to
produce P/S. Unlike with the first prosthesis, integrating actuation of P/S into the
same PKM means that the actuators providing F/E and R/U are not moved when
moving in P/S (an example of ground-mounted actuators). This reduces the inertia
required to actuate this DoF, helping to increase maximum speed and torque. The
final of these three prostheses [99] (Fig. 2d) is PRS+PSS+S. F/E and R/U are actuated
by two linear actuators (the two prismatic joints of the mechanism) composed of a
BDC and most likely a leadscrew and nut connecting to distal R-S and S-S links. P/S
is provided by rotating a shaft connected to the central spherical joint via a BDC
driving a planetary gearbox that in turn rotates the spherical joint via a belt and
pulleys. Unlike in the two other prostheses, no part of the forearm rotates due to P/S
rotation; instead, only a prosthetic hand connected to the distal end of the prosthesis
would rotate, minimizing the inertia that is actuated. Unfortunately, few
specifications are provided for these prostheses. While all three are able to provide
close to the functional RoM, both [99], [110] are not sufficiently compact.
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Furthermore, the weight and joint torque output of [99] do not
meet the targets, indicating that a more torque-dense actuator-
transmission combination is required. Thus, while PKMs have
advantages over SKMs, they require actuators and
transmissions that provide significantly higher performance to
do so.

A key takeaway from this review is that no prosthesis is
currently able to achieve the target specifications of the
prosthesis. While several can provide the target RoM and joint
speed and be sufficiently lightweight and compact, none have
demonstrated achieving the target joint torque while
maintaining a sufficient weight. With the possible exception of
the MPL [13], the highest measured joint torque is 4.3 Nm [104]
(approximately half of the target) in a prosthesis that provides
2 DoFs but weighs 330g (within the target weight) and is
significantly larger than targeted. These findings are similar to
the current performance limitations of prosthetic hands [8]. The
current gap in performance requires an examination of actuators
and transmissions to specifically identify those that can offer
sufficient torque density, power density, and specific power.

IV. ACTUATOR AND TRANSMISSION SELECTION

The human muscle and tendon are a uniquely impressive
actuator and transmission, respectively, because they can
provide the required torque, speed, and RoM for the DoFs of
the wrist at a sufficiently low weight while being packed into a
fraction of the overall volume of the forearm. The combination
of these attributes makes it very challenging to replicate the
human wrist’s capabilities in a prosthesis. While many artificial
actuator-transmission combinations (with requisite batteries,
electronics, etc.) can exceed the performance of human muscles
and tendons at larger scales (e.g. automobiles and even
prosthetic legs), it is very challenging to meet them while fitting
within the limited volume of the forearm.

An actuator and transmission with a rotary output capable of
meeting the target prosthesis specifications in Table VI would
need to provide an output of 8-12 Nm, 110° RoM, and 2-3.5
rad/s in approximately 75¢g (based on muscle mass for F/E and
R/U — see Section I11). Similarly, an actuator and transmission
with a linear output would need to provide targets of 270-690
N, 50-86 mm, and 35-105 mm/s, depending on the target joint
torque and whether target wrist width or thickness dimensions
would provide the limiting constraint. These values correspond
to a target specific energy of 300-460 J/kg. The target force and
speed output also corresponds to a target stress of 0.85-2.2 MPa
assuming the maximum diameter is half the target wrist
thickness and a target strain and strain rate of 0.5-0.86 and 0.35-
1.05 lengths/s, respectively, assuming the maximum target
prosthesis length. In comparison, human muscle can provide a
continuous maximum pressure of 0.35 MPa, strain of 0.4, and
strain rate of 5-10 lengths/s [91], [111].

Human muscle has a maximum power output at one-third of
its maximum force and one-third of its maximum speed
capability [91], [111]. The target prosthesis actuator-
transmission performance would therefore correspond to a
target power output of 1.8-4.7 W, specific power of 24-62 W/kg
(continuous specific power for human muscle is typically

around 50 W/kg [91]), and power density of 0.025-0.19 W/cm3,
For electromagnetic actuators such as BLDCs, which typically
have maximum power output near the maximum force (or
torque) and maximum speed simultaneously, the target
performance corresponds to a target power output of between
16-42 W, specific power 210-560 W/kg, and power density of
0.23-1.7 W/cm?®. In order to identify whether any existing
actuator-transmission combination can provide these target
values, critical for producing a prosthesis with the target
specifications, we first review existing actuators.

A. Review of Actuators

Pneumatic actuators, which include both pneumatic
cylinders and artificial muscles (e.g. McKibben actuators), have
demonstrated the ability to transmit air pressure greater than 1.4
MPa (200 psi) [112] and can achieve sufficiently high strain
rates and specific powers. While pneumatic cylinders can
achieve strains greater than the target of 0.5 [112], pneumatic
artificial muscles are limited to strains of 0.25 [113] and are
therefore infeasible options. However, pneumatic actuators also
require a storage tank or compressor and valves, which when
combined with the actuators, substantially reduce the specific
power and power density of the total system below what is
necessary for the prosthesis and also introduce important safety
concerns. Precise position and velocity control are also
practically challenging, which also limit the dexterity of the
prosthesis [113], [114]. These shortcomings cannot be
mitigated simply with the introduction of a transmission and
have prevented prostheses using these actuators from achieving
the target specifications [105], [109].

Shape memory alloy (SMA) actuators are capable of
providing sufficiently high stress, strain rate, specific power,
and power density [91], [113], [115]-[118]. Despite providing
low strains (~0.05), SMAs are small and lightweight enough to
fold together several prosthesis lengths of the actuator (as in
[119]) and achieve a sufficient stroke. However, SMAs rely on
cooling to reach their original shape, and would cause a
prosthesis to take several seconds to reach the nominal position
(even with an appropriate transmission) and place additional
limitations on bandwidth (i.e. limiting the ability to change
between wrist postures quickly) and precision [91], [113],
[118]. SMAs are also very inefficient compared to most
actuators (often less than 5% power efficiency [91], [113],
[115]-[118]), meaning that the requisite battery and cooling
components to ensure the prosthesis has ideal functionality
would substantially reduce both power density and specific
power below the target values.

Piezo actuators can offer very large forces, speeds, power
densities and specific powers. However, the stroke of these
actuators is very small and therefore requires amplification
[91]. Commercially available amplified piezos cannot achieve
adequate strokes while providing sufficient force, speed,
specific power, and power density [120]-[122]. Ultrasonic
piezo actuators operate through different principles and thus
can achieve sufficient displacements and speeds, but not
adequate forces without a transmission [123]. However,
electromagnetic actuators such as BDC and BLDC motors are
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able to achieve higher performance in torque density, power
density, and specific power and are therefore better options.
Dielectric elastomeric actuators (DEAs) are a class of
particularly high-performance electroactive polymer actuators.
DEAs function as capacitors that move based on attraction or
repulsion due to applied electric fields. They are typically made
of either Very High Bond (VHB) acrylic or silicone-based
elastomers and are arranged in two common architectures:
spring roll [124]-[127] and stacked [128]-[130]. A key
challenge that has limited the practical applications of DEAs of
both architectures is that they have a finite maximum work
output. Either architecture can achieve relatively large stresses
or strains but not both. Thus, when spring roll DEAs were used
in an arm wrestling robot, a large number of actuators that
required a larger volume than the entire human arm were
needed to provide both sufficient force and stroke [125]. The
maximum specific energy shown in previous articles [124],
[125], [128]-[130] were also not sufficient to meet the target
specifications even with a high-performance transmission.
Hydraulically Amplified Self-healing Electrostatic (HASEL)
actuators bear some similarities to DEAs and are a relatively
new actuator [131]. They consist of a flexible shell filled with a
liquid dielectric and an electrode on either side. A voltage
applied to the electrodes causes deformation of the shell,
leading to a strain. As with DEAs, HASEL actuators have a
maximum work output limitation, with an improved version
called Peano-HASEL actuators providing specific energy of 35
J/kg. This is only about 10% of the target specific energy and
has led to insufficient performance in a prosthetic finger [132].
This performance cannot be improved with the inclusion of a
high-performance transmission. However, even though
currently insufficient, these actuators do present the potential to
provide significant future performance improvements through
improved manufacturing techniques that produce smaller
pouches (leading to higher forces) and use of materials with
higher dielectric constants and breakdown voltages [131],
[133]. For example, an approximately 10x improvement in
frictional shear stress was previously demonstrated in
electrostatic clutches using a similar concept [134]; however,
the same materials may not be feasible in Peano-HASELSs.
Many other actuators such as magnetostrictive actuators
[135], [136], magnetic SMAs [137], [138], and other forms of
electroactive polymer actuators [113] have also been developed
within the past 20 years. However, none of these actuators
(along with required power electronics) have simultaneously
demonstrated sufficient force, speed, power density and
specific power over adequate strokes in practical applications
to provide the target performance. Thus, all the actuators
described above will require substantial and disruptive
innovations before they can provide the specifications required
for a prosthesis. A key conclusion here is that the fundamental
limitations of each of the above existing actuators cannot be
overcome with a better transmission. Instead, limitations of
specific power, power density, or specific energy prevent these
actuators from achieving sufficient performance.
Electromagnetic actuators, and more specifically BLDCs, on
the other hand, are unique among artificial actuators because

they do offer the required capabilities as long as a transmission
with certain specifications can be included. BLDCs can achieve
sufficient specific powers and power densities in the
dimensions and weight of muscles and tendons in the forearm.
We have found commercially available BLDCs [139], [140]
with values greater than 300-600 W/kg and greater than 5
W/cm?, respectively. However, the large power outputs of these
motors are in a different torque and speed range than what is
needed in a prosthesis. BLDCs that can practically fit within the
prosthesis and weigh less than 75 g have maximum speed
outputs in the range of 8000 rad/s but maximum continuous
torque outputs less than 0.07 Nm [139]-[144]. These are much
higher speeds and lower torques than the target performance.

Fora BLDC to provide the target performance, transmissions
that can provide a significant reduction ratio (>100:1) are
therefore needed to convert this high-speed, low-torque output
into the lower speed and higher torque of a prosthetic hand and
wrist. A transmission with sufficiently high torque capability at
a low enough weight and size can help achieve the required
power density, specific power, and specific work. Therefore,
we proceed to review possible transmissions that can be used
with BLDC motors.

B. Review of Transmissions

Spur and planetary gearboxes are a very common form of
transmission, used in at least 13 of the above reviewed
prostheses and a large number of prosthetic hands [8]. While
they can commonly be purchased already integrated with
BLDCs, both types of gearboxes (e.g. [139]-[142]) have poor
torque density. For example, the lightest weight commercially
available motor-planetary gearbox combinations from Maxon
or Faulhaber [139], [140] that could provide outputs of 8 Nm
and 2 rad/s (the minimum target performance) weigh
approximately 350 g, with the motor only weighing 95 g. While
custom gearboxes can produce similar torque outputs for less
weight, the large gear face widths needed to produce and
transmit such a high torque in a small diameter leads to the large
transmission weight; this factor also limits the performance of
bevel gears in a prosthetic wrist. However, planetary gearboxes
are well-suited for providing the initial reduction from the high-
speed, low-torque output of a BLDC to a moderate-torque (~<
0.2 Nm) and -speed output (~< 500 rad/s). This torque and
speed range capitalizes on their ability to provide a large
reduction ratio while remaining compact and lightweight. For
example, the gearboxes selected for the prosthesis presented in
this paper provide a reduction ratio of 25:1 through three stages
for 26 g, providing theoretical outputs of 0.143 Nm and 264
rad/s. This arrangement has also been used previously in several
of the above prostheses.

Harmonic and cycloidal drives offer solutions with even
higher torque densities by ensuring many gear teeth are in
contact and transmitting torque at the same time (i.e. naturally
high contact ratios). However, commercially available options
[145]-[149] that can provide at least 8 Nm are infeasibly heavy
and are often too large. While the MPL [13] presents cycloidal
drives with further optimization that produce higher (but still
insufficient) torque outputs, these gearboxes are most likely too



IEEE Transactions on Medical Robotics and Bionics

I |
i P Joint

Fig. 3 Examples of 2 DoF Parallel Kinematic Wrists considered: a. 2-PSS+U,
b. 2-SPS+U, c. 2-PUS+U

heavy to offer sufficient torque density.

Worm gears are an especially popular solution in prosthetic
hands for their non-backdrivability, high reduction ratio, and
ability to change the axis of rotation by 90° [8]. While the worm
gear is often made of steel and very compact, the wormwheel is
typically made of brass or plastic to ensure the pair has
sufficiently high efficiency. The low strength of these materials
forces the wormwheel to have a relatively large diameter and
face width when high torques are required. Thus, the lightest
weight commercially available worm-wormwheel pair that can
transmit at least 8 Nm was found to be 100 g [150]-[152].

The above review of gear options demonstrates that they are
not able to achieve sufficiently high reduction ratios and torque
densities to convert BLDC outputs into the target performance
without further advances in lightweight, high-strength
materials, gears with higher contact ratios, or gear geometries
and architectures.

Linkage transmissions offer a solution with a relatively high
torque density by taking advantage of the small dimensions of
a prosthesis. The corresponding small lengths of the links make
them very stiff and capable of transmitting relatively large
torques. However, linkages are not able to provide a constant
reduction ratio other than 1:1 over a sufficient RoM, preventing
them from being the transmission element that converts the
output of a BLDC (potentially with a lightweight gearbox) to
the target prosthesis performance.

Ball screws are unique because they can transmit small input
torques into relatively high forces with very little weight and
volume. Given the significantly higher maximum efficiencies
of ball screws compared to lead screws (~90% v. 50-60%
[153]-[157]) for sufficiently lightweight options, we only
consider ball screws in this discussion. For example, 4 mm
diameter ball screws are capable of transmitting up to 790 N
[153] and will not theoretically buckle under this load or the
corresponding required speed because of the relatively small
required stroke (and therefore small ball screw length) for the
prosthesis. Furthermore, the small length of the ball nut means
that strains of 0.8 are feasible. These ball screws are available
with leads down to 0.5 mm, which would turn 0.024 Nm into
270 N assuming 90% efficiency (~33:1 reduction ratio when
converted to 8 Nm). This torque is even small enough to be
provided directly from a BLDC without any gearbox. Most
importantly, this performance can practically be provided for
just 10g, as in the prosthesis presented in this paper.

At the scale and target weight of the prosthesis, we have
found no transmission option, other than ball screws, that is
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capable of generating a sufficiently high force or torque from a
BLDC with a gearbox. Other commonly used options such as
belt drives [158], lead screws [159], and chains [158], [160] do
not simultaneously provide comparable reduction ratios,
weights, and output torques to compete with gearboxes at lower
torques or with ball screws at higher torques. Unlike any other
transmission option, ball screws can therefore enable BLDCs
with gearboxes to achieve sufficiently high torque density,
power density, specific power, and specific work in the
prosthesis.

V. PROSTHESIS DESIGN

A. Mechanism, Actuator, and Transmission Selection

Among the commercially available BDCs and BLDCs
[139]-[144], planetary gearboxes [139]-[142], and ball screws
[153]-[157] considered, the lightest weight combinations
capable of providing at least the minimum required force and
corresponding minimum speed are Maxon BLDCs and
planetary gearboxes [139] combined with KSS ball screws
[153]. However, the dimensions of the feasible Maxon BLDCs
and gearboxes, which are sold integrated as a single unit, have
diameters under 16mm and lengths greater than 75mm (i.e. thin
and long). These dimensions make it impractical to stack
multiple of these BLDCs, planetary gearboxes, and ball screws
serially in an SKM while maintaining the target dimensions and
RoM (Table VI). Options with shorter and stockier aspect ratios
are not viable because they are substantially heavier.

However, PKMs can incorporate ground-mounted actuators
and are better-suited to integrate long and thin BLDC + gearbox
combinations. Among the several considered 3 DoF parallel
kinematic wrists from the literature [9], [92], [161], we were
unable to devise one that had a sufficient RoM and aspect ratio
conducive to achieving the target specifications while
integrating the Maxon BLDCs and planetary gearboxes. We
therefore evaluated existing 2 DoF PKMs that could provide
F/E and R/U. A future iteration of this prosthetic wrist will
include P/S, which is critical to a prosthetic wrist that meets
user needs (see Section 11C). P/S could be provided serially and
connected proximally to the presented prosthesis (possibly via
a different transmission pathway) in a similar fashion to [109],
[110] and the human forearm and wrist.

When selecting a 2 DoF parallel kinematic wrist, several
critical requirements were considered. The mechanism needed
to include prismatic (P) joints in order to accommodate the
BLDCs, planetary gearboxes, and ball screws, which have
linear outputs. The mechanism also needed to provide sufficient
load bearing and transmission capabilities, mechanical
advantage, RoM, and aspect ratio to achieve the target
specifications. A mechanism with a stationary center of rotation
in displaced configurations was also desirable as it would be
more like the human wrist and therefore more intuitive for the
user to control. Among the numerous existing 2 DoF parallel
kinematic wrists [9], [92], we found that PKMs consisting of a
single central chain providing at least two DoFs (e.g. via a
universal (U) or spherical (S) joint) and at least two actuating
chains that incorporate a P joint (e.g. PSS, SPS, PUS) met these
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requirements (see Fig. 3).

The 2-PSS+U mechanism (Fig. 3a) [92] was ultimately
chosen because each joint offers specific functions ideal for
their locations within the mechanism. By ensuring the P joint in
the actuation chain is most proximal (in contrast to in an SPS
chain), the stators of the BLDC and gearbox do not have to
move, thereby reducing the mechanism’s actuated inertia,
width, and thickness. Spherical joints were selected in the PSS
chain (e.g. as opposed to PUS or PRUU) despite engineering
challenges such as slop and limited RoM because they can
compactly provide the load transmission capability. Since these
chains are on the outside of the mechanism, compact spherical
joints can lead to a larger lever arm and therefore smaller
required output force from the actuator and transmission.
However, a U joint was chosen for the central chain because it
can provide a larger RoM and adequate load bearing and
transmission capabilities despite being larger. Since the central
chain is responsible for providing the constraints within the
mechanism [92], the lower slop of the U joint is an additional
advantage. The U joint also has axes of rotation that intersect,
ensuring the center of rotation of the mechanism is stationary in
all displaced configurations.

The chosen mechanism is also very similar to the human
wrist. The wrist joint is kinematically modeled as a universal
joint while the four muscles that actuate it are located on the
outside of the forearm and are functionally similarly to actuated
prismatic joints. The tendons that serve as the transmission
connecting the muscles and wrist joint are analogous to cables
and have a similar function to the spherical joints (together
called an S-S link). The key difference between them is that
tendons are only semi-rigid in tension while the link connecting
the spherical joints in the S-S link is rigid in tension,
compression, and bending. This reduces the number of
actuators from four muscles for a human to two BLDCs for the
prosthesis and therefore also reduces the required power
density, torque density, and specific power. However, the
ability of tendons to bend (i.e. low bending stiffness) helps to
increase the RoM of the human wrist and maintains a higher
mechanical advantage in displaced configurations (e.g. fully
flexed) compared to the 2-PSS+U mechanism. An S-S link with
finite bending stiffness could therefore offer potential
performance improvements that will be explored in future
research.

After selection of the 2-PSS+U mechanism, the Maxon ECX
Speed 13L HP BLDC, Maxon GPX 13 Speed 25:1 Planetary
Gearbox, and KSS SR0402-C7 ball screw and nut were found
to be the lightest weight actuator and transmission combination
capable of providing the target speed and torque. The BLDC’s
listed maximum continuous torque is zm = 0.00715 Nm and
maximum continuous speed is wn = 6600 rad/s. The planetary
gearbox has reduction ratio Ng = 25 and theoretical efficiency
ng of 80% (reasonable for Maxon 2-stage planetary gearboxes
[139]), providing an output torque and speed 74 and wq of:

w
T, = TmlyNy = 0.143 Nm, w, = N—’" = 264rad/s
g

The gearbox outputs are converted by the ball screw, with lead
{ = 2 mm and #, of 80% (conservative for KSS ball screws
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[153]), to an output force and speed Fy and v;, of:
2T Ny wgth
b—T—36ON,vb— o
Assuming a lever arm of ry = 27 mm, 45% of the maximum
target wrist width (to account for the width of a S-S link), this
corresponds to prosthesis maximum continuous output torque
and speed 7, and wy, of:

= 85mm/s

1%
Ty = Ty X Fp = 9.7Nm,w, = r—” = 3.1 rad/s
w
in the nominal position; both are within target performance.

B. Detailed Design Overview

Fig. 4 illustrates an overview of the prosthesis design. The
prosthesis from the top view (left) is symmetric about the
illustrated dashed black vertical center line except for the
universal joint. It is therefore possible to rotate the wrist 180°
about this line, swapping Flexion with Extension and likewise
Radial and Ulnar Deviation. The prosthesis is oriented such that
the End Effector is the most distal component from a user’s
elbow (see Fig. 5). The End Effector could include an integrated
interface (e.g. [162]) that would connect to a prosthetic hand.
The space around the universal joint is also available and could
be used to allow wires necessary to power and control the
prosthetic hand to pass through easily without sharp bends.
Finally, the prosthetic wrist could be secured to the user through
a socket or connect to more proximal prosthesis components
such as a P/S prosthetic wrist or prosthetic elbow via a rigid
connection to the base plate.

Actuation in both DoFs is provided by the two BLDC motors
(as seen in Fig. 4), each connected to a Planetary Gearbox. The
output shaft of each gearbox is connected to a spur gear via a
shaft coupler. Each spur gear drives a second spur gear that is
in turn coupled to a ball screw. Rotation of each ball screw
drives the linear motion of a ball nut, which is constrained to
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translate by a guide rail. Each ball nut is also connected to an
S-S Link; the S-S Links are also connected to the End Effector,
which is constrained to rotate in F/E and R/U by the universal
joint in the center (and forming the 2-PSS+U mechanism).
Thus, F/E is provided by driving the BLDCs such that both ball
nuts translate in the same direction (both up or both down in
Fig. 4). R/U is provided when the ball nuts are driven to
translate in opposite directions (one up and one down in Fig. 4).

A significant consequence of the actuator and transmission
selection is that the total length of the BLDC, planetary gearbox
(including output shaft), and ball screw is 168 mm. Given the
maximum target length is only 100 mm, the ball screw must be
kept parallel and next to the BLDC and gearbox instead of being
collinear (as would be possible with a shorter BLDC and
gearbox). We therefore selected lightweight pairs of brass spur
gears (SDP/SI A 1B 2MYK08020), modified to reduce the face
widths and remove the hub. The resultant mass of each pair of
spur gears was 8 g (4 g per gear), which is inconsequential to
the actuator and transmission selection.

However, not keeping the BLDC and gearbox collinear to the
ball screw leads to the prosthesis’ larger than target dimensions.
Spatial constraints in both width and thickness caused by the
BLDCs being placed parallel to the ball screws and S-S links
lead to the prosthesis being wider and thicker than targeted (66
x 52 mm rather than 55-60 x 35-40 mm). Furthermore, the
BLDC and gearbox protrude further than any other component
on the proximal side of the prosthesis and therefore dictate the
prosthesis’ length (131 mm rather than 70-100 mm). However,
the practical length of the prosthesis is shorter than the
measured length. The center of the universal joint is the location
of intersection of the DoFs of the wrist [92] and the prosthesis
would be positioned such that this location coincides with the
virtual center of the human wrist (as shown in Fig. 5). Thus, the
End Effector and distal half of the universal joint could be
integrated into the prosthetic hand and the prosthetic wrist
would only need a length of 107 mm in the forearm.

The aluminum shaft guide rails run parallel to each ball
screw to constrain the ball nut to translate and to absorb any
potential radial load, which the ball screw and nut are not rated
for. An Oilite bushing serves as the linear bearing connecting
the guide rail, ball nut, and S-S link via aluminum plates. The
ball nut is only constrained to these components along the ball
screw direction of travel (vertically in Fig. 4). Undersized
shoulder bolts secured to the aluminum plates ensure the ball
nut can float in the other two directions (right/left and into the
page in Fig. 4) and isolate it from radial loads. This approach
for a guide rail is different from that used in [99], which uses
commercially available precision guide rails and sliders. While
precision guide rails and sliders are more efficient, they are
significantly larger and would prevent the prosthetic wrist from
meeting target dimensions (as in [99]). More compact, circular
linear bearings such as those used in many 3D printers were also
considered but options that were sufficiently compact were not
found because of the spatial constraints caused by the non-
collinear BLDC, gearbox, and ball screw.

Spherical joint selection was primarily dictated by RoM.
While the required RoM for the joints of the S-S link are not as

12

Fig. 5 Prosthesis without wires and base plate overlaid on an approximately
median male wrist and forearm extending to the elbow on the right

large as the RoM of the central Universal Joint, the RoM of the
selected spherical joints (59935K14 — McMaster-Carr, USA) is
a relatively small swivel angle of 30°, the highest found among
sufficiently compact spherical joints. RoM of the prosthesis is
therefore currently limited by these components, which is
enforced by the RoM Limiter (i.e., mechanical hard-stop). In the
future, custom-made spherical joints with larger RoM (e.g.
[163], [164]) could be used to ensure the prosthesis RoM meets
the target values. The selected Universal Joint, the RS Pro
7906699 Universal Joint, is the lightest weight option that was
found with ample load rating and RoM. It has a torque
transmission rating of 600 Nm, which theoretically translates to
an axial load rating over 1 kN.

Fabrication of the prosthesis was primarily carried out using
traditional fabrication techniques on a mill and lathe. Several
additional components including the End Effector, components
mounting the motors and ball screws, RoM Limiter, and shaft
couplers were 3D-printed using the Formlabs Form 3 and UV-
cured Rigid 4000 Resin, a high-strength plastic resin. The ball
screws were cut to length and modified to have custom journal
ends on a manual surface grinder because they are made of a
hardened carbon steel (SCM415) that could not be machined on
a lathe with carbide insert tooling.

VI. PROSTHETIC WRIST EVALUATION

The prosthesis is shown without its wires and base plate
overlaid on an approximately median male wrist and forearm in
Fig. 5 to demonstrate its relative size. The fabricated prosthesis
includes an integrated prosthetic gripper not presented in this
paper (see Fig. 6), which shares a common, larger base plate
than that illustrated in Fig. 4. The measured prosthesis weight
of 320 g listed in Table VII therefore does not include this
weight, which would theoretically lead the prosthesis to weigh
331 g. Given the presence of this prosthetic gripper, the
prosthesis was operated with the End Effector mounted into a
vice and the rest of the prosthesis moving (i.e. backwards to
how it is presented in Fig. 5, as shown in Fig. 6). The total
moving weight during evaluation is therefore approximately
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600 g, a representative weight for if the prosthetic wrist was
oriented as intended and articulating an average prosthetic hand
(that would be attached to the End Effector) holding a
lightweight 100-200 g object.

RoM was measured via still images of the prosthesis
positioned in the four extreme angles using Adobe Photoshop
2021. The differences in RoM between Flexion and Extension
(48°/33° in F/E) and Radial and Ulnar Deviation (33°/25° in
R/U) can be attributed to the functionality of a universal joint.
The first of the joint’s two rotations is about a fixed axis relative
to ground while the second is about an axis that rotates about
the first axis. This places different limits on the RoM of the S-
S links® joints in Flexion versus Extension and similarly for
R/U. The axes of the universal joint were therefore positioned
to maximize Flexion, which has the largest Functional RoM.
The prosthesis surpasses the target Radial Deviation (25°) and
is within 15% of the target Flexion (55°). However, further
improvements to the RoM of the S-S link spherical joints (as
has been demonstrated previously [163], [164] ) will be needed
to achieve the target RoM in both directions of each DoF.

For speed and torque evaluation, the BLDCs were each
individually current driven by an Advanced Motion Controls
AZB10A4 PWM servo drive and MC1XAZ02 mounting card,
each individually powered by a MeanWell LRS-75-24 24V DC
power supply and controlled simultaneously by a single NI
myRIO operating NI LabVIEW. Position feedback of each ball
screw is provided by 12 CPR magnetic encoders (Pololu 3081),
with encoder wheels press fit onto one end of each ball screw.

Maximum speed in F/E and R/U without any additional loads
applied to the prosthesis beyond the 600g moving mass
(representative of a prosthetic hand holding a small weight)
were measured individually from video footage recorded on an
Apple iPhone 10 at 30 fps (see Supplementary Video 1). For
measurements in F/E, a current impulse was sent to move the
prosthesis from fully flexed to fully extended and vice versa;
analogous measurements were conducted in R/U. The change
in angle between frames was measured using Adobe Premiere
Pro 2022 to calculate the maximum speed. The prosthesis
achieved a measured maximum speed of 3.1 rad/s at the
nominal configuration and 4.2 rad/s at displaced configurations,
meeting or exceeding the target speed range of 2-3.5 rad/s. In
order to evaluate the prosthesis’ performance in both DoFs, the
prosthesis was commanded to trace a cone at a set frequency.
The prosthesis was able to trace a cone with a 23° angle from
vertical at a frequency of 1.5 Hz (see Supplementary Video 1).

Maximum torque output was measured while the prosthesis
was not moving (i.e. stall torque while articulating 600g) by
securing a Yo-Zuri SuperBraid 50 Ib. Braided Fishing Line tied
to the prosthesis on one end and on the other to a TAL220 10
kg straight bar load cell bolted into a rigid plank secured in a
vice (Fig. 6). The load cell measurements were recorded on an
Arduino Uno from a HX711 Sparkfun Load Cell Amplifier
connected to the load cell. Before measurements were taken,
the load cell was calibrated using standard weights. Lever arms
were measured using digital calipers. Before each joint torque
measurement was completed, the prosthesis was positioned in
the nominal position, the cable was slack, and the load cell had
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Fishing Line

Load Cell

Fig. 6 Evaluation Setup for Maximum Torque Output Measurement

a measured force of under 20 g. A current impulse was
commanded and held for at least 2 s and the maximum
measured force was recorded. When the commanded current
impulse was the continuous rated current of 2.2 A for the
BLDCs, the torque was measured to be 7.0 Nm in R/U and 7.5
Nm in F/E. However, the BLDCs were not appreciably hotter
than previously, demonstrating that the maximum torque output
is higher for at least a period of 2s. Current impulses up to the
power supply current rating of 3.2 A were provided, leading to
the measurements of 8.4 Nm in R/U and 8.2 Nm in F/E listed
in Table VII. This is therefore the first prosthetic wrist to exceed
the minimum target joint torque of 8 Nm. However, the BLDCs
were still not appreciably hotter after these current impulses and
even higher torques could possibly be achieved. This could be
applicable in brief tasks the user may perform when larger
torques are required (e.g. short-term heavy lifting).

The substantially lower measured torque values at the rated
continuous current of the BLDCs (compared to the theoretical
value of 9.7 Nm) indicates that the mechanism is not as efficient
as initially designed. While the efficiency of the planetary
gearbox or ball screws and nuts could be lower than predicted,
it is likely that this reduced efficiency is from other sources.
These sources could include the spur gears but is more likely to
be from the Qilite bushings used as the linear bearings for the
guide rails. These bushings will be replaced with more efficient
bearings in future versions of this prosthesis.

The combined weight of the actuators and transmissions
excluding the S-S links (which are analogous to tendons in
function) is 162 g. This is comparable to the weight of the
muscles that actuate F/E and R/U in the human wrist (153 g +
69 g). While the prosthesis cannot achieve True Maximum male
joint torques, a heavier and larger prosthetic wrist (feasible for
a median male) with larger BLDCs and planetary gearboxes
could supply adequately high torque outputs. However, despite
the high torque and speed performance of this prosthesis, which
is the first to meet both target values, this actuator and
transmission combination does not match the human wrist in
maximum speed. While human wrist speeds are currently too
fast for a prosthetic hand user to control (see Section II1C) and
thus not necessary in this prosthesis, if matching human muscle
capabilities at the scale of forearm muscles were desirable, a
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substantial improvement in power density and specific power
would be required in order to match this performance.

The weight of the actuators and transmissions means that
approximately half of the prosthesis’ weight is used for other
purposes such as critical mechanical components (e.g. the guide
rail, base plate, and universal and spherical joints). This is
relatively high for a prosthesis and likely high relative to the
human forearm and wrist. There is therefore potential for it to
be substantially reduced through design changes including
more custom rather than off-the-shelf components (e.g. the
universal and spherical joints) rated specifically for the target
specifications, better material selection (e.g. high performance
plastics or composites with higher strength-to-density ratios
than metals), and improved optimization.

VII. CONCLUSION AND FUTURE WORK

The prosthesis presented in this paper is the first to achieve
target performance in both speed and torque while achieving
the target weight. It is therefore an important first step toward
developing a prosthetic wrist that will ultimately meet user
needs and be adopted by prosthetic hand users. Its performance
is the result of using actuators and transmissions that have
sufficient power density, torque density, and specific power as
well as a mechanism that offers sufficient load bearing and
transmission capability in a relatively small weight and close to
sufficiently compact shape.

However, this prosthesis does not meet target dimensions
because of the shape of commercially available BLDCs and
planetary gearboxes, which are smaller in diameter and larger
in length than would be ideal. We are currently investigating
how to utilize BLDCs that are larger in diameter and smaller in
length that would enable a collinear BLDC, gearbox, and ball
screw. These BLDCs would also naturally be more torque
dense (although potentially at the cost of lower specific power),
reducing the size, weight, and number of stages for the
planetary gearbox and thereby increasing its efficiency. Options
such as drone motors have been utilized in prosthetic legs [165]
and may offer promise in prosthetic wrists as well. If a BLDC
and planetary gearbox could be sufficiently shorter in length to
be collinear to the ball screw, it would lead to a substantially
more compact prosthesis. RoM is similarly limited by the RoM
of commercially available spherical joints, which can be
improved through the integration of smaller custom joints.

In its current form, this prosthesis also lacks the requisite
integrated motor drivers and controllers needed to be used in
any practical scenario. However, multiple prostheses have
demonstrated the feasibility of integrating custom electronic
components into a prosthesis for minimal additional size or
weight [13], [102], [103]. Finally, it is also critical to include
P/S in any prosthetic wrist. While the dimensional constraints
available for P/S are very different than for the prosthesis
presented in this paper, the same actuator and transmission
considerations used to achieve both sufficient speed and torque
should be reflected in the mechanism selection and overall
design. Without these considerations, it is unlikely that P/S
could be achieved with sufficient specifications.
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