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Abstract— Upper limb prosthesis has a high abandonment
rate due to the low function and heavyweight. These two factors
are coupled because higher function leads to additional motors,
batteries, and other electronics which makes the device heavier.
Robotic emulators have been used for lower limb studies to
decouple the device weight and high functionality in order to
explore human-centered designs and controllers featuring off-
board motors. In this study, we designed a prosthetic emulator
for transradial (below elbow) prosthesis to identify the optimal
design and control of the user. The device only weighs half of the
physiological arm which features two active wrist movements
with active power grasping. The detailed design of the prosthetic
arm and the performance of the system is presented in this
study. We envision this emulator can be used as a test-bed
to identify the desired specification of transradial prosthesis,
human-robot interaction, and human-in-the-loop control.

I. INTRODUCTION

Rate of abandonment of bionic limbs to restore the func-
tionality of upper limbs has been considerably high in the
amputee population [1]. Studies in the late 19th century
reported that lightweight and increased wrist function were
one of the most sought after characteristics of a prosthetic
arm [2], [3]. Despite the striking technology development
in the past few decades, recent studies have highlighted the
same demand from prosthesis users [4], [5].

The two most common upper limb prostheses are body-
powered (shoulder motion actuated) and myoelectric (surface
electromyography actuated) devices for transradial (below
elbow) amputees [6]. The widely used transradial prostheses
feature only a powered grasping with a fixed wrist. This leads
to excessive upper body motion, termed as compensatory
motion, affecting also the performance of the intact limb [7],
[8]. These compensatory motions have been shown to cause
frequent shoulder pain and carpal tunnel syndrome along
with other secondary impairments [9], eventually leading
to rejection of the bionic arm [7]. In order to address
these issues, numerous lightweight transradial prostheses
with multi-DoF fingers have been developed [10]–[12]. How-
ever, very few studies focused on the multi-DoF functional
wrist [13]–[15], despite the important role of the active wrist
during daily living tasks. Recently, commercial prosthetic
devices that allow for multi-DoF wrist control have been
developed [16], [17]. However, these devices weigh about
the same as the physiological human arm which is already
indicated to be heavy in previous survey studies targeting
amputee prosthetic users [1], [18].
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Fig. 1. Concept illustration of the prosthetic device on a subject with
off-board electronics setup and bowden cables

Recently, robotic emulators for exoskeleton and prosthesis
have been widely adopted to explore different mechanical
characteristics of the device or determine optimal parameters
such as human-in-the-loop control methods [19], [20]. These
emulators feature off-board motors to provide a high capacity
of power and minimize the weight that the user needs to carry
to decouple the weight and capability of the device. These
studies identified the desired parameters while including the
user in the decision process of the wearable device [21],
[22]. While the user is walking with the device, metabolic
cost, EMG, acceleration, heart rate, and center of pressure
were observed to determine the parameters of the wearable
devices [23], [24]. Unlike the broad studies on the lower limb
emulators, there have been limited attempts for the upper
limb emulators.

In this study, a cable-actuated prosthetic emulator for
the upper limb is designed which features off-board high
capacity motors to understand the weight requirement and
optimize the wrist DoF of the prosthetic arm which are the
most significant factors of prosthetic abandonment (Figure
1). We envision this prosthetic emulator can control the
weight and DoF individually which was difficult in previous
prosthetic designs. The present study demonstrates an emu-
lator that has less than half the weight of the physiological
human arm featuring a 3DOF transradial prosthetic device
for pronation/supination, dart-throwing motion, and power
grasping. We envision this emulator can be used as a test-bed
to alter different mechanical characteristics of the prosthetic
arm, develop human-in-the-loop controller, and exploration
of various sensory feedback in the future.

II. FUNCTIONAL REQUIREMENTS

In order to perform manipulation tasks for daily living
tasks, human uses wrist Pronation/Supination (P/S), Ra-
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Fig. 2. CAD model illustrations for each degree of freedom depicting actuation mechanism and axis of rotation for (a) Pronation/Supination (b) Dart-
throwing motion (c) Power grasping

dial/Ulnar Deviation (R/U), Flexion/ Extension (F/E), and
Power Grasping (PG). For optimizing the functionality at
the wrist, these four motions were added to the prosthetic
device with R/U and F/E combined together to form a
Dart-Throwing Motion (DTM) since both of these motions
happen almost simultaneously while performing ADLs [25].
The required range of motion corresponding to F/E, R/U,
and P/S are 38◦/40◦, 38◦/28◦, and 13◦/53◦ respectively
with corresponding torques are 0.3 Nm, 0.3 Nm, and 0.06
Nm respectively [13], [26]. Since the prosthetic device is
designed to be lightweight, it is envisioned that the overall
weight should be less than half of a physiological human
arm.

III. DESIGN

The mechanism driving each DOF is made to be simple,
compact, and lightweight as shown in Figure 2 satisfying the
weight and volume constraints. The P/S motion is driven by
a cable, pulley, and bevel gearing mechanism. One of the
bevel gears is fixed to a pulley using a cylindrical shaft and
the other bevel gear is fixed to the base of the prosthetic
device. Rotation of the pulley causes corresponding rotation
of the prosthetic device about its rotation axis as shown in
Figure 2a. In order to minimize friction, a ball bearing is
attached to the base. A gear ratio of 4:1 was used for the
bevel gears, while a transmission ratio of 6:1 was used for
the pulley connecting the bevel gear, in order to reduce the
stroke length required for movements.

The DTM utilizes two spur gears, with a gear ratio of
5:1, which are connected to each other, one of which is
fixed to a rotating shaft inside the device and the other is
fixed to a setup replicating the wrist containing the fingers.
A pulley is attached to the rotating shaft which drives the
spur gears causing motion about its corresponding rotation
axis, as shown in Figure 2b.

Lastly, the PG is driven by a spring and cable mechanism
(Figure 2c). It contains three fingers with their orientation
similar to a MyoHand hand from Ottobock [27]. A torsional
spring holds the fingers in an open position with a spring rate
of 0.58 Nm/360◦, making it a voluntary close device. Slots
are made in the bottom of the fingers to allow for cables that
can be pulled to close the fingers when grasping an object.

To make the device lightweight, the outer frame of the
hand, including the fingers and gears, are 3D printed by

using lightweight PLA (Polylactic acid) material. The overall
weight of the hand is 0.389 kg which is less than half the
weight of a human physiological arm. The net volume of the
device fits within a 0.1143 m×0.0762 m×0.2159 m space.
The maximum torques of each DoF are 0.762 Nm, 0.369
Nm, and 0.508 Nm for P/S, DTM, and PG respectively, and
corresponding range of motion are -180◦to 180◦,-25◦to 17◦

and 0◦ to 53◦ respectively.

IV. SYSTEM ASSEMBLY

The 3D printed prosthetic device was mounted on an
aluminum plate as shown in Fig. 3. In order to drive each de-
gree of freedom, 5 linear actuators (FA-HF-100-12-6, Firgelli
Automations, WA) were used having high speed capacity to
imitate motions at a broad range of frequencies. Two sets of
linear actuators were utilized except power grasping which
utilizes a single actuator with a spring. 3D printed mounts
made of PLA filaments were developed to hold the actuators
onto aluminum frames as shown in the figure. In order to
route the cables from the linear actuators to the prosthetic
device, bearing pulleys were placed at different positions
to minimize friction. Additionally, 3D printed clamps were
designed to keep the cable in tension all the way from the
prosthetic device to the linear actuators with provisions made
for adjusting cable lengths.

V. CONTROL STRATEGY

To control each degree of freedom, a two-level position-
based control strategy using a real-time system MyRio
(National Instruments, TX) was developed. The position
feedback from the motor is obtained from external poten-
tiometers (FA-LP-5, Firgelli Automations, WA). The high-
level control consists of predefined trajectory data obtained
from Labview, generated at a frequency of 1000 Hz and
position feedback data obtained from a potentiometer. A
linear mathematical model was developed to map the voltage
from the potentiometer to real-time position. The low-level
controller contains a Proportional Integral Derivative (PID)
term which tracks the target trajectory by generating Pulse
Width Modulation (PWM) pulses that are sent to the motor
drivers (AD-MD6321, Firgelli Automations, WA) which
control the linear actuators. The PID gains are tuned in
accordance with the frequency of motion and degree of
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Fig. 3. System assembly containing the prosthetic device, linear actuators,
potentiometers, pulleys, and bowden cables mounted on aluminum frames

freedom to minimize error between the target and actual
trajectories.

VI. METHODS

A. Trajectory Tracking and Stability: To analyze the perfor-
mance of the developed prosthetic device, sinusoidal trajec-
tories were sent to the MyRio controller with a frequency of
0.7 Hz. Reflective markers were placed at different locations
on the device to get the measured trajectory from a motion
capture system (Vicon, UK). Ten markers were utilized to get
trajectories of all the degrees of freedom which includes two
for pronation/ supination, four for dart-throwing motion, and
four for power grasping. Root Mean Square Errors (RMSE)
were calculated for each trial to determine the trajectory
tracking performance. To evaluate the stability of the system
and determine the speed of motion, step response tests were
performed for each degree of freedom. A reference angle
in the form of a step command was given for a particular
degree of freedom and rise time was calculated until the
device positioned itself to the desired angle.
B. Activities of Daily Living (ADLs): Representative tasks
were performed using the prosthetic device to demonstrate
its feasibility in performing different ADLs. Each activity uti-
lized a particular degree of freedom. Screwing in a lightbulb
and turning a screwdriver were chosen to demonstrate P/S.
Hammering a nail and drinking a glass of water were chosen
to demonstrate DTM. It is noted that the PG movement is
utilized in all of the experiments since each ADL involves
grasping an object and performing movements.

VII. RESULT AND DISCUSSION

The results obtained from the trajectory tracking are
depicted in Figure 5a. The actual angle (black dotted line) is
calculated from the reflective markers via a motion capture
system as discussed in earlier sections. The desired angle (red
solid line) is calculated by taking into account the stroke
lengths and transmission factors which include gear ratios
and pulley dimensions. The RMSE values obtained for PS,
DTM, and PG motion are 4.344◦, 2.6173◦, and 4.75◦, while
tracking external sinusoids with frequency at 0.7 Hz and
corresponding amplitude at 10◦, 10◦, and 30◦ respectively.
Therefore, the system shows good performance in tracking

(a) Cup (b) Hammer

(c) Light bulb (d) Screwdriver

Fig. 4. Demonstration of various ADLs (a) Drinking water from a cup (b)
Hammering a nail (c) Screwing in a light bulb (d) Turning a screwdriver

external sinusoidal trajectories for pronation/supination, dart-
throwing motion, and power grasping, when evaluated with
RMSE. Figure 5b shows the results obtained from the step
response tests which are performed for each degree of free-
dom. The rise times recorded for PS, DTM, and PG are 0.44s,
0.18s, and 0.34s for corresponding step input command at
15◦, 15◦, and 30◦ respectively, calculated between 10% and
90% of the steady-state (final value). The system showed
stable tracking performance for step-response testing. The
demonstration of the prosthetic device, covered in a cosmetic
glove, while performing different ADLs with intermittent
captures is shown in Figure 4. The ADL demonstration
shows that the prosthetic device is capable of performing
such ADLs and can execute each DOF satisfactorily.

The errors obtained during trajectory tracking can be
attributed to multiple factors. One such factor is cable
slackening which usually occurs at the extremities of the
sinusoidal trajectory as the actuators suddenly change their
direction of motion. Another factor is increased friction be-
tween different components of the prosthetic device, causing
lag in movements. This friction arises due to the motion
between pulleys and cables and also among other movable
parts of the device like between rotating shafts and fixed
bushings that holds the shaft in place.

The emulator developed in this work has a few limitations.
It is yet to be explored for use in off-board settings for which
a number of design modifications have to be made. Due to
the limited speed capacity of the current actuators, the emu-
lator is limited in its use to a fixed range of frequencies. This
also limits its ability to perform ADLs which require high
torque, force, and speed requirements like throwing a ball to
a far distance or performing motion with heavy objects. In the
future, the implementation of a more efficient controller will
be carried out to reduce the RMSE errors between desired
and actual trajectories. This can be done by optimizing the
PID gains associated with the control architecture. More
efficient design and mechanisms will be explored for all the
degrees of freedom. Methods to reduce manufacturing errors
and friction between components will be investigated. In
addition, off-board use of the prosthetic device with healthy
and amputee participants will be tested. Studies involving
ADLs will be conducted to determine the efficacy of the
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Fig. 5. Performance evaluation of the cable-actuated prosthetic device (a) Tracking sinusoidal inputs at 0.7 Hz (b) Step response of Stability tests

prosthetic device by integrating Electromyography (EMG)
and IMU sensors as control inputs and test the feasibility
with participants to evaluate the movement quality of ADL
activities.
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