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Abstract— Despite decades of research and develop-
ment, myoelectric prosthetic hands lack functionality and
are often rejected by users. This lack in functionality can be
partially attributed to the widely accepted anthropomorphic
design ideology in the field; attempting to replicate human
hand form and function despite severe limitations in control
and sensing technology. Instead, prosthetic hands can be
tailored to perform specific tasks without increasing com-
plexity by shedding the constraints of anthropomorphism.
In this paper, we develop and evaluate four open-source
modular non-humanoid devices to perform the motion
required to replicate human flicking motion and to twist
a screwdriver, and the functionality required to pick and
place flat objects and to cut paper. Experimental results
from these devices demonstrate that, versus a humanoid
prosthesis, non-humanoid prosthesis design dramatically
improves task performance, reduces user compensatory
movement, and reduces task load. Case studies with two
end users demonstrate the translational benefits of this
research. We found that special attention should be paid
to monitoring end-user task load to ensure positive reha-
bilitation outcomes.

Index Terms— Prosthetics, end effector, upper limb
prosthetics.
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Fig. 1. a Conventional humanoid myoelectric prosthesis. b Modular,
non-humanoid terminal devices mounted on the myoelectric prosthesis
base platform.

I. INTRODUCTION

M ILLIONS of adults worldwide are affected by upper
limb difference (ULD) [1]—acquired either congen-

itally (from birth) or later in life through amputation. For
many, myoelectric prosthetic hands using non-invasive elec-
tromyography for control offer the possibility of restoring
some level of capability. Myoelectric prostheses utilise the
small electrical signals produced in a user’s residual limb
during muscle contraction to enable volitional control of an
artificial hand, such as the prosthetic hand shown in Fig. 1 a,
or other device—promising a more ergonomic and versatile
solution than body-powered prostheses, and in the case of non-
invasive electromyography, a less invasive and costly solution
than myoelectric prostheses relying on implanted electrodes.

Myoelectric prosthetic hand design has been the subject
of decades of research, beginning in the 1950s with simple,
single degree of freedom (DOF) devices [2]. In the years
since, advances in hardware have allowed multiple degrees
of freedom (DOFs) to be actuated independently [3], [4],
promising to dramatically improve the capabilities of such
prostheses. However, this has not been the case: existing
multi-articulating myoelectric hands demonstrate little-to-no
physical benefit over simpler, single action prostheses [5].
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Despite the introduction of multi-articulating prosthetic hands,
user dissatisfaction and rejection rates have remained high [6],
[7], [8], [9], with a lack of functionality and dexterity often
cited as key reasons for this [10], [11], [12], [13]. This poor
functionality means that adults with ULD are often forced
to either change profession or adapt their duties in order to
continue working [14], [15], [16]. It is clear that there is a
shortfall between current developments and users’ needs.

The majority of myoelectric prosthetic hands are anthro-
pomorphic (humanoid), in that they seek to imitate the form
and function of human hands. However, they fail to meet this
goal due to two reasons: mechanical limitations and control
limitations. Mechanically, there is a limit on the number of
actuators that can be housed within the form factor of a
human hand. This means that the majority of anthropmorphic
prostheses have between 5 and 7 DoFs that can be indepen-
dently actuated [3], [17], [18]. From a control perspective,
myoelectric controllers for anthropomorphic prostheses are
currently limited to controlling between 1 and 3 independent
DoFs simultaneously [19], [20], [21]. Given these limitations,
it may be the case that non-humanoid, functional designs
of upper limb prostheses could be favourable alternatives to
existing humanoid prostheses.

Functional, non-humanoid upper limb myoelectric prosthe-
ses are rare. Existing examples of non-humanoid myoelectric
prostheses are grippers [22], [23], [24], [25], seeking to
improve on the existing grasping functionality of prosthetic
hands. Looking beyond myoelectric prostheses, functional
designs are more often seen in body-powered and static
prostheses, where even greater limitations on mechanical and
control complexity exist. Non-humanoid body-powered and
static prostheses have been in use for over a century to
achieve tasks that are impossible with conventional humanoid
designs [26]. In modern times, a variety of non-humanoid
static devices have been developed [27], [28], [29], with com-
mercial options such as the Nicole ALX (Koalaa Ltd; UK) and
the TRS Helix (Therapeutic Recreation Systems Inc, Fillauer;
USA) widely available. Modern body-powered prostheses,
however, are less varied; the split-hook design is extremely
popular for general use as a gripper [30], [31], but few
alternative designs for task-specific body-powered prostheses
exist. One notable commercial example is the Ski-2 Terminal
Device (Therapeutic Recreation Systems Inc, Fillauer; USA),
which allows the user to adjust the angle of a ski pole
using a body-powered cable. There is a scarcity of research
evaluating the performance of functional prostheses [32], but
the commercial popularity of task-specific passive and body-
powered variants provides motivation for the wider study of
task-specific designs of upper limb prosthetic devices. Myo-
electric prostheses specifically, while still limited, can leverage
more complex mechanisms and controllers than body-powered
or passive prostheses. Functional, non-humanoid designs of
myoelectric prosthetic hands may therefore hold promise as
an area of research.

Task-specific upper limb prostheses bring forth unique chal-
lenges. While functionally beneficial for individual tasks, the
specificity of task-specific devices limit their utility in daily
life. The ability to change end effector may be needed in
order for task-specific prostheses to benefit users functionality

Fig. 2. The OLYMPIC hand base platform, showing motor interfaces
and modular fingers. Each terminal device replaces one finger.

day to day. Furthermore, an anthropomorphic appearance is
often desired [33], and contributes positively to social accep-
tance [10], [34]. It therefore follows that users should be able
to obtain the functional benefits of non-humanoid terminal
devices while retaining the option of an humanoid prosthesis
when desired — something that can be achieved through
designed modularity. Several examples of modular myoelectric
hands exist in literature [18], [35], including the OLYMPIC
hand used in this study [17]. However, modularity in existing
hands has so far been leveraged for adapting to varying levels
of ULD [18] and for component replacement and repair [17],
[35]. Modularity in combination with task-specific end effec-
tors for myoelectric prostheses remains unexplored.

In this work, we present and evaluate a series of four
non-humanoid modular terminal devices that each replace one
of the fingers of the OLYMPIC hand [17]. The four devices,
shown mounted on the base prosthesis in Fig. 1, are designed
to perform actions that have meaningful social and functional
uses in many areas of daily life, but are difficult-to-impossible
with conventional prostheses: flicking, screwdriving, picking
and placing small flat objects, and using scissors. With a
humanoid manipulator, each of these tasks requires the coor-
dination of multiple joint-space DoFs to achieve a single
task-space DoF output. Through a control group study with
participants without ULD, the four non-humanoid terminal
devices were evaluated against a humanoid prosthesis on their
specific tasks in terms of task performance, compensatory
motion, and perceived task load. Finally, validation case stud-
ies with two participants with ULD were performed to confirm
that benefits successfully translate to real end users.

II. NON-HUMANOID TERMINAL DEVICES

We present four terminal devices that serve as illustrative,
first-of-their-kind examples of task-specific myoelectric pros-
thetic end effectors. Each device is modular, replacing one
finger of the OLYMPIC hand (see Fig. 2), making use of
tool-less finger modularity for easy replacement [17]. The
devices are designed to perform tasks that are difficult for
conventional humanoid prosthetic hands: flicking, twisting,
picking and placing flat objects, and cutting. Each of these
tasks require complex coordination at the joint level of a
humanoid hand in order to produce a relatively simple task-
space output. All devices were manufactured using 3D printing
and readily available, low-cost components. The CAD files of
the OLYMPIC hand and all terminal devices are open-source
and available at: https://sites.google.com/view/non-human-
hands. The surface EMG sensing Myo Armband (Thalmic
Labs; USA) was used for device control. Only two electrodes
were used, located on the anterior and posterior forearm,
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Fig. 3. The flicking device. a Labelled section view showing tendon
routing. b Schematic diagram showing variables used in striker elastic
length calculation. c The flicking device in operation, from left to right:
rest state, drawn state, release state.

corresponding to the bulk muscles that control wrist flexion
and extension, respectively. For participant 2 with ULD, the
partially reinnervated muscles of the upper arm were used
(see Table II). The Myo Armband samples EMG signals at
200 Hz, and the mean absolute value s(k) of the raw signal
e(k) from each electrode at sample k was computed with a
rolling window of W = 20 samples:

s(k) =
1
W

W∑
w=1

e(k + w − W ) (1)

The remainder of this section details the design and control
of each terminal device, as well as the modular base platform
on which each device is mounted.

A. The OLYMPIC Hand as a Test Platform
The OLYMPIC hand is a modular prosthesis, where each

finger of the hand can be removed without the need for
external tools [17]. When a finger is removed, a corresponding
motor interface is exposed (see Fig. 2). The terminal devices
presented in this paper retarget one of these motor DOFs
to perform specific tasks. The motor interfaces for the fin-
gers are all in-plane, simplifying terminal device interface
and transmission design considerably. During evaluation of
each non-humanoid terminal device, the index finger of the
OLYMPIC hand was replaced with the device, and the remain-
ing fingers driven to their fully closed positions.

B. Terminal Device 1: Flicking Motion
The ability to produce a flicking motion is one that is used

in social settings such as flipping a coin or taking part in
traditional games such as carrom, shove ha’penny, or paper
football. Flicking forms a part of every day life and has been
overlooked by prosthesis designers to date. Flicking is the
sudden release of stored mechanical energy; although many
prostheses do use elastic elements which store energy, the
execution of a flicking motion is difficult as it requires the
coordination to block and release the extension of one finger.
The flicking device presented in this work is able to produce
a flicking motion using a single motor input.

The flicking device, shown in Fig. 3, uses two tendons. The
first is used to load the ‘striker’ by drawing a pin along a
linear ratchet and storing elastic energy. The second tendon
releases the striker by raising the pin above the ratchet, where
it can move freely. Both tendons are wound around the same
‘dual’ pulley in opposite directions; when the draw tendon is
in tension, the release tendon is slack, and vice versa. As the
release tendon winds to remove slack then actuate the release
carriage, the draw tendon accumulates excess slack tendon
length such that, when the pin is released, the striker can move
along its full trajectory unhindered. The ratchet enables the
striker to be loaded to 5 levels of energy storage, enabling
modulation of the impulse transferred to the flicked object.

The striker arm has a length of Ls = 125.0 mm, and the
pin moves along a line that is dh = 53.8 mm vertically below
the axis of rotation of the striker, bringing the striker arm
from a rest angle of θmin = −5.0◦ to a maximum draw of
θmax = 30.0◦. Given a pin position of x mm from rest, the
draw angle can be calculated:

θd = atan2(x + x0, dh), (2)

where x0 is equal to dh tan(θmin). The elastic cord that stores
energy is attached at a distance from the striker base of de,b =

62.4 mm and angle θe,b = −11.7◦ from vertical, and at the
other end to the striker at a distance of de,s = 85.0 mm from
the striker pin. The elastic cord length Le is therefore:

Le =

√
d2

e,s + d2
e,b − 2de,sde,b cos(θd − θe,b), (3)

giving a tendon force of Fe = K (Le − L0), where K and
L0 are the spring constant and relaxed length of the elastic
cord, respectively. Finally, the striker torque is equal to:

τs = Fede,s sin(θe,s), (4)

where θe,s is the angle that the cord makes with the striker,
calculated using the sine rule: sin(θe,s) =

de,b
Le

sin(θd − θe,b).
The commanded position of the motor that draws and

releases the striker, qflick, was controlled by the difference
between the mean absolute value signals from the two elec-
trodes, s1(t) and s2(t). During drawing, the motor position was
incremented according to a constant draw rate of v̄. To release,
the motor was driven directly to its release position qrelease,
which raises the release carriage:

qflick(t + 1t) =


qflick(t) + v̄1t s1(t) − s2(t) > s̄draw

qrelease s2(t) − s1(t) > s̄release

qflick(t) otherwise,

(5)

where s̄draw and s̄release are activation thresholds, and 1t is the
control rate of the prosthesis.

C. Terminal Device 2: Twisting Screwdriver Motion
The second terminal device produces the twisting motion

required to use a screwdriver. Coordinating the fingers of an
humanoid prosthesis to rotate the fingertips around a remote
centre of motion is extremely difficult. For a non-humanoid
robot, however, this can be achieved in a number of simple
ways, such as with a gear, belt, or screw drive. Shown in
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Fig. 4. The twisting device. a Labelled exploded view. b The twisting
device in operation, left: a screwdriver inserted into the device, right: the
device being used to produce the twisting motion with a screwdriver.

Fig. 4, the twisting device uses a gear drive with gear ratio
1 : 2.4 (12.5 mm : 30 mm), chosen to take advantage of
the rest ‘face-down’ orientation of the palm of the prosthesis,
meaning the twisting axis is coplanar to the motor interfaces
on the hand. An interchangeable TPU holder was included in
the device in order to grip and conform to the shape of the
held screwdriver. The maximum screwdriver diameter that can
be accommodated by the output gear is 17.5 mm.

In order to control this terminal device, a simple EMG
controller based on thresholding was implemented. The com-
manded torque of the corresponding motor is controlled by
the difference between the smoothed signals from the two
electrodes, s1(t) and s2(t). When the differential signal s1(t)−
s2(t) rises above a threshold s̄, the terminal device motor is
driven at maximum torque τmax. Similarly, when the negative
differential signal s2(t)− s1(t) rises above the same threshold,
the motor is driven in reverse:

τscrewdriver =


τmax s1(t) − s2(t) > s̄
−τmax s2(t) − s1(t) > s̄
0 otherwise.

(6)

D. Terminal Device 3: Grasping Small, Flat Objects
The third terminal device is designed to grasp small, flat

objects. The human hand is adept at performing this function,
thanks to a complex array of mechanoreceptors that elicit
rapid local motor responses during precision manipulation to
ensure grasped objects remain held [36]. Replicating this in an
anthropomorphic form is extremely challenging given sensing,
actuation, and control limitations, and existing prostheses
struggle considerably with precision tasks [37], [38], [39].

This terminal device utilises a suction cup controlled by
a tendon-spring actuated plunger. Shown in Fig. 5, a tendon
routed from the palm interface pulley to the plunger is drawn
to generate a vacuum inside the chamber. As the plunger
retracts, assuming that air behaves as an ideal gas, a pressure
differential 1P is created that is inversely proportional to the
expanded volume of the chamber V1:

1P = P0

( V0

V1
− 1

)
, (7)

Fig. 5. The suction device. a Labelled section view showing tendon
routing. b The suction device in operation being used to pick up a phone.

where P0 is atmospheric pressure and V0 is the initial volume.
The vacuum chamber has an internal diameter of Dv =

21 mm, and a plunger stroke of qmax = 25 mm. During
use, the plunger was controlled to nominally be at a rest
position of qrest = 5 mm. This was because the suction cup
is able to passively produce a vacuum when pressed onto the
surface of an object, so the plunger must be able to produce
a small positive pressure to counteract the passive vacuum
and release the object. With a plunger area of Ap = π D2

p/4,
plunger diameter of Dp = 27 mm, standard conditions of
P0 = 1.01325 Pa, and neglecting the plunger volume, the
maximum producible suction force Fv is:

Fv = −Ap P0

( qrest

qmax − qrest
− 1

)
, (8)

giving a maximum suction force of 43.5 N.
Two surface EMG electrodes were used for control: the

difference between the smoothed electrode signals, s1(t) and
s2(t), determined the target position of the plunger:

qplunger = (0.5qmax − qmin)(s1(t) − s2(t)) + qrest. (9)

E. Terminal Device 4: Cutting Paper
Cutting paper is a task typically performed with scis-

sors, however, producing the motion required to use scissors
requires each handle to be moved around a remote centre of
motion, which is very difficult with existing prostheses. The
final terminal device presented here achieves this same cutting
functionality, but the prosthesis itself is the tool.

Shown in Fig. 6, a crank and rocker mechanism is used
to convert continuous rotation of the finger interface gear to
oscillatory motion of one blade of the scissors, while the other
blade remains stationary. With crank, coupler, and rocker link
lengths of l1 = 3 mm, l2 = 32 mm, and l3 = 7.5 mm,
respectively, and a distance between the crank and rocker
axes of l4 = 35.5 mm, the maximum rocker angle relative
to horizontal can be computed via the cosine rule:

θmax = arccos
( l2

3 + l2
4 − (l1 + l2)2

2l3l4

)
, (10)
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Fig. 6. The cutting device. a Labelled internal view of the crank and
rocker mechanism. b The cutting device in operation being used to cut
a piece of tissue paper.

and the minimum angle:

θmin = arccos
( l2

3 + l2
4 − (l1 − l2)2

2l3l4

)
, (11)

resulting in a range of motion of approximately 53.3 ◦.
Because the device produces continuous cutting motion,

control only requires a single surface EMG electrode. When
the smoothed electrode signal, s1(t), rises above a threshold
s̄, the terminal device motor is driven at maximum torque:

τscissors =

{
τmax s1(t) > s̄
0 otherwise.

(12)

III. EVALUATION

Evaluating terminal devices that do not conform to tradi-
tional prosthesis design philosophies is challenging. Existing
dexterity assessments often taking the form of pick and place
tasks [40], [41], [42] or other simple manipulation tasks such
as peg insertion [43]. For the task-specific terminal devices
presented here, alternative assessments were required to extract
quantifiable metrics related to task performance. However,
prosthesis use goes beyond task performance, and longer-term
comfort and user perception are extremely important, and
therefore further metrics have been considered. In this work,
as well as task performance, user perceived task load [44],
[45] and the compensatory motion that the user must perform
with their body in order to perform a given motion [46],
[47] were recorded. Given that the most common reasons
for prosthetic hand rejection are discomfort and weight [9],
monitoring compensatory motion (which can lead to longer-
term discomfort) and task load—including perceived physical
demand—gives us important insights into how non-humanoid
terminal devices could fare during regular at-home use.

A control group study was performed to evaluate each
terminal device with two groups of participants without ULD,
with minimal prior experience with myoelectric prostheses;
a humanoid group who used the OLYMPIC hand in its
humanoid configuration, and a non-humanoid group who
used the OLYMPIC hand with the non-humanoid terminal
device. The characteristics of each participant group are shown
in Table I. A total of 64 participants without ULD were

TABLE I
CHARACTERISTICS OF GROUPS OF PARTICIPANTS WITHOUT UPPER

LIMB DIFFERENCE FOR EACH TASK. AGE, GENDER, AND

HANDEDNESS OF GROUPS OF PARTICIPANTS WITHOUT UPPER LIMB

DIFFERENCE. STANDARD DEVIATION IS SHOWN IN BRACKETS.
GROUPS: NH = NON-HUMANOID, H = HUMANOID

recruited (32 to the non-humanoid group, 32 to the humanoid
group; 8 participants completing an individual task per group),
and each task was completed in a single session lasting
approximately 1 hour. Participants without ULD were not
compensated. Following this, each device was tested with
two participants with ULD as case studies, in order to verify
that results observed in the control group study translated
to end users (characteristics of participants with ULD are
shown in Table II). Both participants with ULD were not
myoelectric prosthetic hand users in their daily life, but had
both used myoelectric prosthetic hands in research settings
before. Participants with ULD completed all tasks in a sin-
gle session lasting approximately 2.5 hours, and were not
compensated aside from travel reimbursement. This study was
given a favourable opinion by the Imperial College Research
Governance and Integrity Team (RGIT), number 6571021,
which was in accordance with the Declaration of Helsinki.
Written consent was obtained from all participants prior to
taking part in this study. Participants depicted gave informed
consent for images to be published.

A. Task Performance
Participants completed four tasks (shown in Fig. 7 a-d),

each comparing a corresponding non-humanoid device with
the control humanoid prosthesis. For all tasks, a single practice
attempt was allowed before testing began.

The flicking device was assessed with a devised disc flicking
task, in which participants attempted to flick a disc at one
of seven target discs, and hit rate was recorded as a perfor-
mance metric; 35 trials were performed in distance order—five
attempts per target, from closest to farthest—after 15 training
trials. The flicking task was carried out on a flat whiteboard
surface, using the 25 mm diameter by 8 mm thick discs from
the Jebsen-Taylor Hand Function Test. The target locations are
arranged with a radial offset increasing by 100 mm increments,
and alternating ±150 mm axial offsets (see Fig.8 a).

The twisting device was assessed via a devised task in which
participants screwed three screws into a test board — a M4
panhead screw, a M3 Phillips screw, and a M2 Torx T6 screw,
at depths of 8 mm, 6 mm, and 4 mm, respectively. Completion
time was recorded as the task performance metric.
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TABLE II
TABLE OF PARTICIPANT CHARACTERISTICS OF INDIVIDUAL PARTICIPANTS WITH LIMB DIFFERENCE. FOR BILATERAL ULDS THE SIDE TESTED IS
SHOWN IN BRACKETS, AND DETAILS FOR THE TESTED SIDE ARE SHOWN. CAUSES LISTED: TRAUMATIC INJURY (TI), PLANNED SURGERY (PS).

aPARTICIPANT 2 ACQUIRED THEIR ULD VIA PLANNED SURGERY AFTER A PRIOR TRAUMATIC INJURY, AND RECEIVED TARGETED MUSCLE

REINNERVATION; THE MUSCLES OF THE UPPER ARM WERE USED

Fig. 7. Evaluation techniques used in this study. a-d Flicking, screwing, stacking, and cutting tasks used to evaluate the performance of the flicking,
twisting, suction, and cutting devices, respectively. e Locations of body-mounted trackers on the lower arm, upper arm, and chest used to measure
mean angular deviation (shown in red).

The suction device was assessed with the timed stacking
checkers task of the Jebsen-Taylor Hand Function Test [40],
in which time to stack four checkers is recorded as the
corresponding task performance metric.

The cutting device was evaluated via a cutting task, in which
participants cut a template 10 cm diameter circle from a sheet
of paper, located approximately 25 mm from the edge of the
paper. Completion time and relative circularity were recorded
as performance metrics. Circularity is defined as:

circularity =
4π × area
perimeter2 , (13)

and has a maximum value of 1. After task completion, circles
were imaged and circularity calculated from extracted image
contours. To account for image perspective, a template circle
was simultaneously imaged and used as a reference circularity
score. Relative circularity was computed as ratio of the cir-
cularities of the participant’s cut circle to the template circle.
Circularity was chosen over other metrics such as intersection-
over-union because it is agnostic to the size of the cut shape;
some participants chose to cut around the edge of the template,
and some inside the template. It was reasoned that participants
should not be penalised for this.

B. Compensatory Motion
Compensatory movement of the user was measured using

four 6 DOF Vive Trackers (HTC Ltd.) placed on the trunk,
upper arm, and lower arm (see Fig. 7 e), and a reference
tracker placed on the desk at which the participant was sitting.
Tracker pose information was streamed at 100 Hz, with the
x axis of the trackers aligned with the axis of each body
part that was tracked. Angular deviation of the three trackers
from their initial orientation was computed as a proxy for
compensatory movement. This was achieved by computing the
relative rotation R0→t = Rt RT

0 between the tracker’s initial
orientation R0 and its orientation at time t , Rt . The magnitude
of this relative rotation, θt , was computed:

θt =

∣∣∣∣ arccos
(

Tr(R0→t ) − 1
2

)∣∣∣∣. (14)

The mean absolute angle over the entire task was recorded.
Computing the mean absolute angular deviation of each tracker
is a less accurate, but simpler and more robust process than
using motion capture and computing the joint angles of their
arm and trunk, as in [47], and allowed us to recruit a relatively
large number of participants to this study.

C. User Perception
To evaluate user perception we used the NASA Task Load

Index (NASA-TLX) questionnaire [48], a validated method of
subjectively evaluating mental workload [49], [50], and here
report the raw TLX scores of participants [51] in order to
obtain greater insight into task load influencing factors. In the
NASA-TLX questionnaire, physical demand, mental demand,
temporal demand, performance, effort, and frustration are self
reported on a 20-point scale (here displayed as a numerical
value out of 100 in increments of 5).

D. Humanoid Configuration
This subsection describes the control strategies used by

participants to complete each task with the OLYMPIC hand
in its humanoid configuration (see also Supplementary Videos
S1-S4, which show examples of participants from both the
humanoid and non-humanoid groups completing each task).

1) Flicking Task: The passive extension springs of the index
finger of the OLYMPIC hand were used to store and release
flicking energy. Participants pushed the prosthesis against the
flicking surface to flex the finger, then lifted the prosthesis off
of the surface to release the finger.

2) Screwing Task: The screwdriver was held between the
prosthesis’ middle and ring fingers, and the position-controlled
wrist pronation/supination DoF of the prosthesis was used to
twist the screwdriver. The wrist position qwrist was controlled
with a similar control scheme to the flicking device:

qwrist(t + 1t)

=


qwrist(t) + v̄screw1t s1(t) − s2(t) > s̄screw

0 s2(t) − s1(t) > s̄unscrew

qwrist(t) otherwise,
(15)
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Fig. 8. Task performance of each group of participants without ULD on the flicking task (a), screwing task (b), stacking task (c), and cutting task (d),
with task performance of participants with ULD shown as individual points. a Scale diagram of flicked disc location (⃝), target disc locations (1−7),
with corresponding hit rates shown. d Scatter plot of relative circularity of the cut circle (1.00 indicates a perfect circle) against task completion
time, with kernel density estimate plots of relative circularity and completion time shown adjacent to each axis. Results of (a) paired z-tests, (c-d)
Mann-Whitney U tests: ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001, after Bonferroni correction for 7, 3, 5, and 2 comparisons for the four tasks,
respectively. † The screwing task was completed by Participant 1 with the assistance of a carer, as it was a bimanual task. ‡ The cutting task is a
bimanual task; Participant 1 used their left residual limb (above elbow) to hold and manoeuvre the paper.

with constant rotation rate of v̄screw, and screw and unscrew
thresholds of s̄screw and s̄unscrew, respectively.

3) Stacking Task: A binary control scheme was used to
command the positions q1:5 of all five fingers of the hand
between their open qopen and closed qclose positions according
to the differential signal from the two electrodes, with grasp
and release thresholds of s̄open and s̄close, respectively:

q1:5 =

{
qclose s1(t) − s2(t) > s̄close

qopen s2(t) − s1(t) > s̄open.
(16)

4) Cutting Task: The prosthesis was not able to actuate the
scissors, so the scissors were held in a neutral position and
actuated by pressing the fingers of the hand against the desk.

E. Statistical Analyses
Mann-Whitney U tests were used to test for statistical signif-

icance between results from groups of participants, except for
the binary hit or miss data from the flicking task, where paired
proportion z-tests were used. Bonferroni corrections were used
to account for multiple comparisons in all cases.

IV. RESULTS AND DISCUSSION

A. Non-Humanoid Terminal Devices Outperform
Humanoid Terminal Devices

The results of the four completed tasks can be seen in
Fig. 8, which highlight the effectiveness of the non-humanoid
devices. Participants using the humanoid prosthesis were
able to complete every task, demonstrating the versatility of
humanoid prostheses. However, in all tasks, the humanoid
group were dramatically outperformed by the non-humanoid
group. It can be seen in Fig. 8 a that the non-humanoid group
had a hit rate 0.221 higher than the humanoid group (p <

0.001). On the screwing task (see Fig. 8 b), the non-humanoid
group were significantly (p < 0.001 for each trial) faster
than the humanoid group, with average completion times of

278.6 and 701.2 seconds, respectively. The non-humanoid
group completed the stacking checkers task significantly faster
than the humanoid group (p < 0.01 trials 1, 2, 4, 5, and
p < 0.001 trial 3) (see Fig. 8 c), with mean task completion
times across all five trials of 30.3 seconds and 77.1 seconds,
respectively. On the cutting task (see Fig. 8 d), the humanoid
group significantly slower than the non-humanoid group (p <

0.001) taking, on average, over four times as long to complete
the task (351.6 seconds versus 83.2 seconds). Furthermore,
the circles cut by the non-humanoid group were significantly
(p < 0.001) more circular, with an average relative circularity
of 0.91 compared to 0.83 for the humanoid group.

The task performance of the two participants with ULD gen-
erally aligned with those of the non-humanoid group. On the
flicking task (Fig. 8 a), Participant 1 was somewhat better than
the participant group, with an mean hit rate of 0.80; possibly
due to their considerable experience playing a similar flicking
game prior to acquiring their limb difference. Participant 1 is
a bilateral amputee, with a transhumeral amputation on their
left arm. This made the cutting task (Fig. 8 d) difficult, as they
used their left residuum to manoeuvre the paper during cutting
(see Supplementary Video S4), and led to a longer completion
time than the non-humanoid group, although still faster than
the majority of the humanoid group. Similarly, the screwing
task (Fig. 8 b) was impossible without a second hand, and was
completed with carer assistance during screwdriver changes,
resulting in a slightly faster mean completion time than the
non-humanoid group of 237.6 seconds. However, while these
results are promising, due to the small sample size of partic-
ipants with ULD, it cannot be guaranteed that they translate
to the wider population of adults with ULD.

B. Non-Humanoid Terminal Devices Reduce
Compensatory Motion

The absolute angular deviation of each body-mounted
tracker for each task is shown in Fig. 9 a-d. During the
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Fig. 9. Mean absolute angular deviation θ̄ of trackers located on the chest, upper arm, and lower arm of groups of participants without ULD on
the flicking task (a), screwing task (b), the stacking task (c), and the cutting task (d), with task performance of participants with ULD shown as
individual points. Results of Mann-Whitney U tests: ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 after Bonferroni correction for 3 comparisons (a-d). †
The screwing task was completed by Participant 1 with the assistance of a carer, as it was a bimanual task. ‡ The cutting task is a bimanual task;
Participant 1 used their left residual limb (above elbow) to hold and manoeuvre the paper that was cut.

Fig. 10. Raw TLX responses to a mental demand, b physical demand, c perceived performance, and d frustration for each device on their
corresponding task. Flick. - flicking disc task, Screw. - screwing task, Stack. - stacking task, and Cut. - cutting task. All plots show results of
Mann-Whitney U tests: ∗p < 0.05, ∗∗p < 0.01 after Bonferroni correction for 4 comparisons. † The screwing task was completed by Participant 1
with the assistance of a carer, as it was a bimanual task. ‡ The cutting task is a bimanual task; Participant 1 used their left residual limb (above
elbow) to hold and manoeuvre the paper that was cut.

flicking task, because the humanoid group utilised the index
finger extension springs to produce a flicking motion, a consid-
erable amount of manoeuvring was required. This is visible in
Fig. 9 a, where the angular deviations of all trackers were sig-
nificantly greater than the non-humanoid group (p < 0.001 for
all trackers). The non-humanoid group required very little
arm motion to complete the screwing task. The humanoid
group, due to an unavoidable radial offset of the screwdriver
axis from the pronation/supination axis of the prosthesis,
required considerably more compensatory motion to keep the
tip of each screwdriver engaged with its respective screw (see
Fig. 9 b), and correspondingly, the angular deviation of the
upper and lower arm trackers was significantly greater than
for the non-humanoid group (p < 0.001 and p < 0.05,
respectively). Shown in Fig. 9 c, the non-humanoid group
utilized a significantly reduced amount of torso compensatory
motion to complete the stacking task than the humanoid group
(p < 0.001), but exhibited similar levels of upper and lower
arm angular deviation. This is because the humanoid group
needed to drag the checkers away from the stacking platform
so that they could be grasped, culminating in chest deviation
while maintaining similar arm orientation. For the cutting task,
the humanoid hand was not able to actuate the scissors —
the humanoid group manually pressed the scissors against the
table to complete the task, resulting in a significant increase

in angular deviation of all trackers (p < 0.01 chest and upper
arm, p < 0.001 for lower arm), shown in Fig. 9 d.

The results of the two participants with ULD generally
align with the non-humanoid group. As mentioned previously,
Participant 1 used their left residuum to manoeuvre the paper
during cutting and also used the table for further support. This
resulted in a large increase in angular deviation of the chest,
upper arm, and lower arm compared to the non-humanoid
group (Fig. 9 d). Participant 1 completed the screwing task
with carer assistance, meaning that there was a corresponding
slight reduction in compensatory motion (Fig. 9 b).

C. Non-Humanoid Prostheses Reduce Task Load
Participant responses to the mental demand, physical

demand, perceived performance, and frustration questions
of the NASA-TLX questionnaire are shown in Fig. 10.
Mental demand (Fig. 10 a) was significant lower for the
non-humanoid group on the cutting task (p < 0.05). Phys-
ical demand (see Fig. 10 b) was significantly lower for the
non-humanoid groups on the screwing and cutting tasks (p <

0.05 and p < 0.01, respectively). This corresponds to the
tasks with the largest differences in completion times between
groups. In terms of perceived performance (see Fig. 10 c),
there were no significant differences between the humanoid
and non-humanoid groups for any of the tasks. Interestingly,
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for both groups, the flicking and cutting tasks had the lowest
perceived performance, possibly due to the visible perfor-
mance cues present in these tasks: hit success and circle
roundness, respectively. Finally, frustration was significantly
lower (p < 0.01) for the non-humanoid group on the cutting
task (see Fig. 10 d). Generally, the non-humanoid groups had
lower median mental demand, physical demand, and frustra-
tion, and higher median perceived performance, but further
testing with a larger sample size would be needed to verify
that these trends are significant.

For participants with ULD, physical demand was generally
higher than those without ULD in the non-humanoid group.
This may be due to both atrophied muscles used in myoelectric
control and the concentrated prosthesis weight on the partic-
ipant’s residual limb. As expected, the cutting task elicited
greater mental demand and frustration, and reduced perceived
performance for Participant 1, due to the complexities of
completing the task as a bilateral amputee. For Participant 2,
frustration was strongly related to perceived performance and
mental demand, evidenced by high frustration for the flicking
and cutting tasks. It should be noted that participants with
ULD completed the tasks in fixed order, and as such order-
ing effects may be present, particularly in task load results.
A larger sample size, and counterbalanced or randomised task
order would be necessary to counteract this.

V. CONCLUSION & FUTURE WORK

Four terminal devices were developed as illustrative
examples of task-specific electromechanical prostheses, and,
as expected for terminal devices specifically designed for
each evaluation task, in all cases outperformed the humanoid
control prosthesis. The terminal devices allowed participants
to complete timed tasks—the screwing, stacking checkers, and
cutting tasks—in a fraction of the time of the humanoid group,
and precision tasks — the flicking and cutting tasks – with
a higher accuracy than the humanoid group, contributing to
significant reductions in mental demand, physical demand, and
frustration. These benefits translated from participants without
to participants with ULD, but special attention must be paid
to task load to foster a sense of achievement and minimise
frustration, and overexertion should be avoided wherever pos-
sible. Practically, tasks such as cutting and screwing go from
being impractical with a conventional prosthesis to within a
user’s capabilities, offering hope that functional non-humanoid
prostheses could aid users in returning to work, particularly in
physically-skilled jobs. Overall, these results are encouraging,
given the pressing need for improved prosthesis functional-
ity [10], [11] and the long-term health complications that
arise from reliance on compensatory motion to operate a
prosthesis [52], [53]. Furthermore, the flicking device shines
a light on an overlooked area of prosthesis design: social
tasks. With lower reported life satisfaction [54] and social
functioning [55] in adults with ULD, prostheses designed for
social tasks could play a large role in improving the lives of
this population.

We anticipate that this study could lead to a change in pros-
thesis design, leading to functional prostheses that empower
users to perform physically and socially meaningful actions.

Due to limitations in existing prostheses, simpler devices that
provide such a substantial boost in functionality, usability,
and long-term comfort are not only a viable option; they
are a favourable one. This work opens the door to a host
of exciting and impactful future research, from functional
prosthesis design to investigation into haptic feedback from
and the psychological embodiment of non-humanoid prosthe-
ses. An open question remains regarding the most effective
mechanical implementation of such prostheses. In this work,
the OLYMPIC hand’s modular finger design [17] was lever-
aged, which would allow users to mount a versatile set of
chosen terminal devices, minimising the need to repeatedly
interchange end effectors and providing users with the freedom
of choice in creating their own personalised prosthesis. How-
ever, we acknowledge that maintaining a stock of attachable
terminal devices may be inconvenient; it may be the case
that terminal devices could be grouped to perform subsets of
commonly associated tasks. Finally, the devices developed in
this study are all single DOF, and higher DOF devices could
be developed to perform more complex actions, such as planar
writing motion.
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