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Abstract— The fit of a wearable device, such as a prosthesis,
can be quantitatively characterized by the mechanical coupling
at the user-device interface. It is thought that the mechanical
impedance, specifically the stiffness and damping, of wearable
device interfaces can significantly impact human performance
while using them. To test this theory, we develop a forearm-
mounted testbed with a motorized, two degree of freedom
(2-DOF) gimbal to simulate variations in the mechanical fit
of an upper-extremity wearable device during pointing and
target tracking tasks. The two gimbal motors are impedance-
controlled to vary the mechanical stiffness and damping be-
tween the user and the device’s laser pointer end-effector. In
this paper, experiments are conducted to determine the torque
constants of the motors before implementation in the testbed,
and to validate the accuracy of the joint impedance controller.
The completed impedance-controlled wearable interface testbed
is validated further by comparing the gimbal joint displace-
ments and torques, recorded during 2-DOF base excitation
experiments, to MATLAB Simulink simulation data.

Index Terms— wearable robot, compliance and impedance
control, human performance augmentation

I. INTRODUCTION

Wearable devices are not rigidly attached to their users
and, therefore, can modify the kinematics and kinetics of the
wearers [1], [2]. Non-osseointegrated prostheses interfaces
are typically custom-made for users to fit their unique limb
anatomy, while other wearables intended to fit multiple users
typically have some mechanism for adjusting the fit. This fit
is difficult to tune quantitatively and is typically adjusted
depending on user preferences determined from surveys like
the QUEST and OPUS surveys [3], [4]. However, prosthesis
fit has been shown to impact safety, usability, and user
satisfaction [?], [5]. Mechanically, the fit of a prosthesis
is thought to affect the impedance of the human-socket
interface [6]. Impedance, in this mechanical sense, relates
the forces and torques imparted on a system to its prismatic
and rotational displacements. It is thought that the quality
of fit, or specifically, the impedance at the human-socket
interface not only affects wearable device comfort but also
affects users’ task performance and cognitive workload. This
hypothesis is inspired by the fact that animals change the
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Fig. 1. Rendering of the wearable mechanical interface testbed. Two gimbal
motors are used to control the impedance between the user and the laser
pointer end-effector for simulating the level of fit of a wearable device in
2-DOF target tracking tasks.

impedance of their joints to optimally perform tasks. For
instance, during walking, humans control the impedance of
their lower limbs depending on which phase of the gait cycle
they are in to achieve a specific goal, such as minimizing
metabolic cost or maintaining specific speeds [7], [8].
Similar to how animals manipulate the impedance of
their joints to suit certain activities, passive wearables also
utilize specific impedance to improve human performance
or comfort. For example, shoes are designed to have certain
impedances depending on the tasks they are intended for [9].
Hiking boots are typically more rigid while running shoes
may be more compliant [10], [11]. Passive prostheses are
typically designed to mimic the impedance of the missing
limb for a specific task such as walking or stair climbing
[12]. Passive exoskeletons also take advantage of various
impedances to reduce the work done by the user during
repetitive tasks, or to off-load the user while stationary [13],
[14]. A downside to passive wearables is that their impedance



is usually fixed or cannot be easily adjusted on-demand.

On the other hand, robotic wearables can vary their
impedance depending on the tasks users perform. Robotic
wearables can be grouped into two categories, active and
semi-active. Active wearables introduce energy to improve
the performance of the individual. For example, during
walking, active ankle prostheses may supply mechanical
power to the ankle during the push-off phase of the gait cycle
to lower the metabolic cost of transport for the individual
[15]. Many active exoskeletons are intended for warfighters
or the manual labor workforce to increase the load-carrying
capability or to lower the metabolic cost of transport [16]—
[18]. Semi-active wearables typically use impedance control
to modify the stiffness, damping, and sometimes inertia of
the device to increase the performance of the user during
tasks [19]-[21]. This control strategy does not supply me-
chanical energy, but rather stores and releases or dissipates
energy from the users.

For some applications, wearables need to have precise
mechanical properties for the user to perform well. For
example, a lower-limb prosthesis interface must accommo-
date loads during walking and other common tasks within
a certain impedance range that is typically matched to a
missing limb. If the impedance between the user and the
prosthesis is not carefully controlled, users’ could experience
instability or decreased performance [22]. The impedance
between a user and wearable end-effector is modulated by
both the wearable’s active or passive components, and by
how well the wearable is fit to the user. Throughout the day
and over longer periods, limb volume may change which
impacts the fit of the socket [?], [23]. For example, if the
limb volume shrinks, the impedance between the user and
the prosthesis may decrease. Another more researched topic
regarding wearable fit is to minimize areas of high pressure
within the human-socket interface to decrease the risk of
injury or skin damage [24].

The goal of the work presented here is twofold. The first
goal is to design the semi-active wearable (SAW) that can
simulate levels of fit, or in other words, achieve a specific
impedance between the user and the end-effector. The second
goal of this work is to validate that the SAW is behaving
similar to an ideal linear impedance controlled two degree
of freedom (DOF) manipulator. The SAW, shown in Fig. 1, is
intended to be used in a human subject study to determine the
effects of wearable device fit on users during an upper limb
visuomotor tracking task. For this task, the participants will
try to track a moving target on a screen with the laser-pointer
end-effector of the SAW. This 2-DOF wearable device is
capable of modifying both the linear stiffness and damping
between the user and the laser-pointer end-effector using
digital impedance control. The SAW has been validated by
analyzing data from physical testing and simulation using
MathWorks MATLAB and Simulink.

II. DESIGN

The SAW is designed to simulate the various levels of
fit of a forearm mounted wearable device by controlling the
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Fig. 2. Simplified diagram of a wearable with the goal to control the
stiffness and damping between a user’s forearm and the pitch (¢,,) and yaw
(0y,) rotations of the end-effector.

impedance between the user and the device’s end-effector.
Little research has been done to quantify the impedance
of human-socket interfaces, especially in upper-extremity
wearables. Therefore, the impedance for the SAW will mimic
passive elbow, wrist, and finger impedance ranges [25]-[27].
The SAW is intended to be used in an upper-extremity
visuomotor tracking task and is designed to be mounted
on users’ forearms. Rather than adjusting the impedance of
the interface between the user and the wearable, the SAW
simply changes the linear impedance between the user and
the laser-pointer end-effector. To fully model the impedance
between the user and a wearable end-effector, 6-DOF are
needed, as shown in Fig. 2. However, to conserve weight
to reduce the fatigue of users, the SAW was designed to
have only two actuated DOF that correspond to the pitch
and yaw of the end-effector. As the user accelerates the base
of the wearable device, the joints of the SAW displace due
to inertial torques. The coupled equations of motion (EOM)
for both axes of the SAW were derived using the Iterative
Newton-Euler Dynamic Formulations commonly used for
manipulator dynamics following the process discussed in
chapter 6 of Introduction to Robotics: Mechanics and Control
[28]. The simplified model used to formulate the coupled
EOM is shown in Fig. 3.

The EOM for this 2-DOF model are nonlinear similar to a

Fig. 3. Simplified Kinematic diagram of a 2-DOF wearable with 7pqse
is the input to the system and 61 and 02 are the system outputs.



2-DOF pendulum model but with an added forcing function
from base excitation and restoring torques due to control.
This model assumes that joint friction is negligible. The first
step in deriving the EOM is to determine the kinematics
of the 2-DOF revolute manipulator. The angular velocity
and acceleration of both links of the wearable device are
determined using (1) and (2) respectively.

w; = Rijiiwi_1 + 0,2 (D

;= Rijis1cio1 + (Rijiqwio1 x 0iz;) +0iz; ()

Here, 7 denotes the frame of the wearable device (1 or 2),
R;/i—1 is the rotation matrix from frame 7 — 1 to the frame
1, and Z; is the unit vector for the rotation axis of link 3.
After the angular velocity and acceleration are determined
the linear accelerations of the frames origin and center of
mass (COM) of each link can be determined.

a; = Ryji1(ai1 X151+
wWi—1 X (Wi X Ty 1) +ai_1)

3)

A = Qi X Tejji +wi X (Wi X Teizi) +a 4)

In (3) and (4), r.;/; is the position of the COM of link 7 with
respect to frame ¢. Once the linear and rotational kinematics
have been determined, the kinetics of the manipulator can
be determined.

Fi = Mm;ac; (5)

N; =Jg0; +w; X Jw; (6)

Here, m; and J.; are the mass of the link ¢ and the mass
moment of inertia of link ¢ taken at the COM and aligned
with frame ¢. From here, the sum of the forces and torques
acting on each link can be determined.

f; =Ry fip +F (7)

n, =N, +R;/ipinip1 +re X Fit

Tit1/i X Ri/i+1fi+1

®)

Where, R;/;41 is the rotation matrix from ¢ + 1 to 4 and
r;y1/; is the position of frame 7 + 1 with respect to frame
1. To determine the joint torques at each joint the following
equation is used.

Ti=n; -2 )

Using impedance control, where the joint torque is propor-
tional to the joint position and joint velocity, the closed form
EOM can be derived.

7+ Cif; + K0, =0 (10)
Here, C; and K; are the damping coefficient and the stiffness

of each link. For a 2-DOF manipulator, a set of two coupled
EOM, 7 =1 and 7 = 2, will be solved together.
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Fig. 4. Labeled picture of the motorized SAW mounted on the KUKA
LBR iiwa 14 R820 for 2-DOF base excitation.

A. The Semi-Active Wearable

The SAW, as shown in Fig. 4, was designed to utilize two
motorized revolute joints that each mimic a linear torsional
spring and damper. The SAW uses two brushless direct-
current (BLDC) gimbal motors from T-Motor (GB2208 for
the pitch axis and GB4106 for the yaw axis). Gimbal motors
were chosen for this robotic application due to their benefits
over other BLDC motors. Gimbal motors have orders of
magnitude higher phase resistance than other BLDC motor
types. The high phase resistance of gimbal motors reduces
power consumption. Furthermore, these gimbal motors have
speed constants of 506 and 1,222 RPM/V for the GB4106
and GB2208 respectively. The relatively low-speed constants
and an out-runner design mean their torque density is higher
than other BLDC motor types of the same form factor [29].
Since the weight of the SAW was to be minimized, a high
torque density direct-drive actuator was needed.

The two motors on the SAW are coupled with silicone
rubber belts to US Digital E4T incremental encoders with
360 counts per revolution (CPR). The benefit of coupling
the encoder to the motor using a belt is that the gear ratio
between the motor and the encoder is increased, theoretically
increasing the angular precision of the actuator. The silicone
belts were made from Smooth-Sil 960 silicone rubber and
were pre-tensioned by under-sizing the belts by 25%. Pre-
tensioning the silicone rubber belts increases the stiffness
of the belts in the hopes of not disrupting the commutation
of the motors. A belt with high stiffness is more favorable,
than one with low stiffness, however, it was found that
under-sizing the belts more than 25% severely reduced the
longevity of the belts. The encoder shafts are supported by
two 0.25 in internal diameter radial ball bearings. These ball
bearings were chosen over bushings to minimize the friction
of the encoder shafts. The friction of the encoder shafts also
would cause the belts to stretch, disrupting commutation and
motor feedback.

An ODrive 24 Volt motor controller was used to control
the torque these two gimbal motors produced. For the
impedance controller, a Texas Instruments MSP432 micro-
controller was used to communicate with the ODrive motor
controller using UART serial communication with a baud rate



of 460800 bps. The microcontroller’s role was to calculate
and prescribe the motor torques based on the angular position
feedback from both encoders. The microcontroller receives
motor controller feedback and commands each axis of the
SAW at 200 Hz. After performing a simulation of the 2-
DOF system, it was found that a control frequency of 200
Hz provided stable operation for excitation frequencies less
than 2 Hz. The torque controller of the ODrive was tuned to
have a bandwidth of 1 kHz to ensure that the current control
PI loop is not adding significant latency to the controller. The
calculation used to determine the necessary motor current to
produce the correct torque is shown in (11).

=X %

K. K.
The velocities of the motors were approximated using a two-
point backward finite difference since the velocity estimation
from the ODrive motor controller was found to be inaccurate

at speeds less than 10 revolutions per minute.

1
0~ Z(6[k] — o[k — 1)

(In

12)

Here, k is the current time step and T is the sampling time
of 5 milliseconds. For this method, a single previous angular
position needs to be stored.

Since the motors selected for this use case are gimbal
motors with phase resistances of 7.2 Q) for the GB2208 and
7.65 Q for the GB4106, the ODrive motor controller had
to use voltage control to estimate and control the current
that is running through the motors via Ohm’s law. This
relatively high phase resistance means that the maximum
current going through the motors is less than 4 Amps for
each motor, which is too low for the current sensors on the
ODrive motor controller to precisely measure, hence, voltage
control is implemented rather than the traditional current
control method. It is thought that this estimation assumes
that the motor velocities are small enough that the back EMF
from the motors is negligible.

Vmo or — VeM Vmo or
7= ¢ EMF t (13)

Rmotm" Rmotor
The error in the current approximation in (13) is dependent
on the applied voltage and the speed of the motors. For
high torque and low-speed applications, this approximation
tends to be accurate. But, for high-speed and low torque
applications, this approximation will not be accurate.
Possibly due to the stretchable belt coupling the motors
to the encoders, the motors would tend to vibrate about the
equilibrium point. If damping coefficients were set above 5
mNms/rad, the vibrations would become unstable and grow
in amplitude. To fix this issue, a 20-point running average
filter was used on the positions used to approximate the
velocities. This allowed higher damping coefficients to be
utilized. However, this filter does introduce a delay in the
damping control of the SAW.

B. Simulating the SAW

Simulation of the SAW was conducted using MathWorks
Simscape. The Simscape Multibody Link plugin was used

to convert a simplified SolidWorks assembly of the robotic
device into a Simscape model autonomously. The Simscape
Multibody Link plugin also carries the mass and inertia
properties from the SolidWorks assembly. This assembly of
the SAW is simplified by letting the entire mass of each
motor spin with the output of the motor. Each motor was
weighed and the masses of the motors in the simulation
were overwritten with the measured mass of the motors.
The simulation also assumes that the device is frictionless
and the weight of the assembly hardware and wires do not
significantly affect the mechanics of the device. The joints of
the model were modified to be controlled by torque signals
and produce displacement feedback signals. The simulated
impedance controller sampled the joint positions and pro-
duced torque signals at the same rate as the real device, 200
Hz per axis. The joint velocities were again approximated
using a two-point backward difference. The commanded
torque to each joint was calculated by multiplying the right
hand side of (11) by the measured torque constants of
the motors. The commanded torques were bounded by the
approximated stall torque of the motors which was calculated
via the following approximation since the stall torque of this
motor was not disseminated by the manufacturer.

KT Vma:r

(14)
Rphase

Tstall ~
Here, the maximum applied voltage to the motors mea-
sured in Volts is Vj,qz, the phase resistance measured in
Ohms is Rphase, and the measured torque constants of the
motors in Nm/A is K. Using (14), the theoretical stall
torque for the GB2208 and GB4106 are 21 and 46 mNm
respectively while operating at a max voltage of 20 Volts.
The mass moment of inertia of the links of the SAW are
what induce the axes to deflect away from equilibrium as the
user accelerates the base of the device. In order for both axes
of the SAW to have the same damped natural frequency, the
stiffnesses and damping coefficients of both axes of the SAW
must be different from one another. The ratio between the
links’ stiffness and damping coefficients was found through
iterative simulations where the base of the SAW was excited
in 2 dimensions. After this calibration simulation, a non
iterative version of this simulation was used to validate the
SAW by comparing the measured joint displacements of the
SAW during 2-dimensional base excitation.

III. EXPERIMENT DESIGN

The motors of the SAW were tested using a KUKA LBR
iiwa 14 R820 manipulator with an ATI mini 45 force/torque
sensor attach to its end-effector.

A. 1-DOF Testing

For these tests, the motor outputs were coupled to the
ATT sensor directly using 3D printed components and the
base of the motors was clamped to a large table. The motors
were commanded to draw 1 Amp and the resulting torques
were measured. A total of five trials were recorded for each
motor and the measured torque produced was averaged to
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Fig. 5. An example of the prescribed KUKA end-effector rotation to

induce the motor displacement and the measured torque produced by the
GB2208 motor. The torque presented here is the difference between the
average measured torque with a stiffness of 30 mNm/rad and the average
measured torque for the three control trials. The orange highlighted region
shows the standard deviation of the measured torque.

determine the torque constants for each motor. Once the
torque constants of the motors were verified, the impedance
controller was tested. The stiffness and damping of the
impedance controller were first evaluated individually. To test
the stiffness the motors simulated, the damping coefficients
in the impedance controller were set to zero. To test the
damping the motors simulated, stiffness was set to zero in the
impedance controller. For the stiffness tests, the KUKA was
used to rotate the outputs of the motors at constant velocity
using trapezoidal velocity trajectories with a displacement
amplitude of 1 rad. The angular displacements and the torque
generated by the motors were recorded at 200 Hz. To test the
damping of the impedance controller, the KUKA was used
to rotate the outputs of the motors again using trapezoidal
velocity trajectories. However, this time the KUKA rotated
the motors with increasing rates of displacements so the
torque produced by the motors could be correlated with the
speed of the motor output.

Three control trials were first performed with the motors
commanded to output 0 Nm for the duration of the trial for
both the stiffness and damping trajectories. These control
trials were used to measure the torsional friction of the
actuator. After these three control trials, both motors were
commanded to behave like linear springs and dampers with
stiffnesses of 30 mNm/rad and damping coefficients of 20
mNms/rad. Five trials were performed for each motor and
for both the stiffness and damping verification tests. The
average measured torques as a function of time for the
control trials were subtracted from the measured torque time
series from the five trials where the motors behaved like
springs and dampers, yielding corrected measured torque
time series. Examples of the KUKA end-effector trajectories
and the corrected measured torques for both the stiffness and
damping verification are shown in Fig. 5 and Fig. 6.

B. 2-Dimensional Base Excitation

After ensuring that the motors were performing like linear
torsional springs and dampers, both degrees of freedom of

the SAW were tested simultaneously. For this test, the base
of the SAW was attached to the KUKA end-effector as
shown in Fig. 4 and each joint was commanded to behave
like a spring and damper simultaneously. The KUKA was
commanded to move the base of the SAW in a circle in
a plane parallel to the y-z plane as shown in Fig. 7. This
circular motion was accomplished by commanding the 3rd
and 4th joints of the KUKA to displace harmonically at
a frequency of 1 Hz. This motion was chosen to try to
replicate the motion an individual would use while trying
to track a moving target with the end-effector of the SAW
using medial-lateral shoulder rotation coupled with flexion-
extension of the elbow. The rotation of the orientation vector
of the end-effector was assumed to yield negligible effects
on the SAW and was disregarded for the simulation of the
SAW. The displacements of the joints of the SAW were
recorded at 200 Hz during this test and compared to the
joint displacements in simulation.

To generate the 2-dimensional base excitation, the KUKA
was commanded to go through 300 Cartesian waypoints that
approximate a circle with a radius of 5 cm in a plane parallel
to the y-z plane of the manipulator. To avoid large KUKA
accelerations at the beginning and end of this trajectory, the
joint velocities of the KUKA were modulated from zero to
the initial starting velocities and again from the final joint
velocities back to zero. These velocity ramping phases of the
circle trajectory took one circular period over 2.25 seconds.
The 3rd and 4th steady-state joint trajectories in radians used
to create this circular motion are shown in (15) and (16).

q3(t) = 0.1cos(wt — m/2) (15)

q4(t) = 0.1sin(wt — w/2) — /2 (16)

The control frequency of the KUKA manipulator was 600
Hz. Fig. 7 shows the orientation and trajectory of the KUKA
end-effector. Five trials were performed with the KUKA
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Fig. 6. An example of the prescribed KUKA end-effector rotational velocity
to induce the motor displacement and the measured torque produced by
the GB2208 motor. The torque presented here is the difference between
the average measured torque with a damping coefficient of 20 mNms/rad
and the average measured torque for the three control trials. The orange
highlighted region shows the standard deviation of the measured torque.



exciting the base of the SAW. Before each trial, the motors
were recalibrated and zeroed.

C. 2-DOF Simulation

In the simulation, the base of the SAW was displaced
according to the 2-dimensional Cartesian curves calculated
using forward kinematics from the average measured KUKA
joint positions from physically testing the trajectories im-
plemented on the KUKA. First, iterative simulations were
conducted to find the ratios between both joints’ stiffnesses
and damping coefficients that would yield the same damped
natural frequencies for both axes. After achieving the correct
ratio between the two joints’ stiffnesses and damping coef-
ficients, the SAW was tested again with the stiffnesses and
damping coefficients obtained from the iterative simulations.
Five trials were performed on the KUKA and the average
joint displacements of the SAW were compared to the joint
displacements from a single simulation.

IV. RESULTS AND DISCUSSION
A. Torque Constant Testing

The measured torque constants for the GB2208 and
GB4106 are shown in table I. After measuring the torque
constants of both motors, they were verified by performing
the same tests with the measured torque constants updated in
the motor controller. Instead of commanding 1 A of motor
current, both motors were commanded to output 30mNm and
the torque they produced was measured. The GB2208 output
an average torque of 29.8 + 2.0 mNm and the GB4106
output an average torque of 31.3 £ 1.7 mNm. The measured
torque produced by both motors was within one standard
deviation of the prescribed torque.

B. Impedance Control Verification

For the impedance verification, the stiffness and damping
of the motors were tested individually. For the stiffness
verification, the damping ratio in the controller was set to
zero and for the damping verification, the stiffness parameter
was set to zero. To determine the stiffness the motors were
simulating, the measured torque time series was plotted
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Fig. 7. Rendering of the end-effector of the KUKA LBR iiwa 14 R820
and the Cartesian trajectory used to perform harmonic base excitation of
the SAW for simulation and physical testing.

TABLE I
MEASURED TORQUE CONSTANTS

Motor H Measured K, (mNm/A)

GB2208 7.59 £0.27
GB4106 17.6 £ 1.6
TABLE 11

MEASURED STIFFNESS AND DAMPING COEFFICIENTS

Motor H Measured KX (mNm/rad) H Measured C' (mNms/rad)

GB2208 319 £23 21.8 £ 0.9
GB4106 323 £ 3.0 20.8 £ 1.2

against the motor position time series. A linear polynomial
fit was then used to determine the correlation between motor
position and the output torque of the motor, yielding the
equivalent stiffness of the motors. Similarly, for the damping
verification, the measured torque time series was plotted
against the motor velocity, and the data was again fitted
with a linear fit. Examples of the time series of measured
torque, motor displacement, and motor velocity have already
been shown in Fig. 5 and Fig. 6. The results of the stiffness
and damping verification are shown in Table II. Again, the
prescribed stiffness and damping coefficients for both motors
were 30 mNm/rad and 20 mNm/rad respectively.

C. 2-Dimensional Base Excitation Simulations

To determine the stiffness and damping coefficients of
each link of the wearable device that would yield similar
damped frequencies for both axes and iterative simulation
solver was constructed. The simulated amplitudes of the joint
displacements and the phase delay between the base excita-
tion and the joint motion were observed. The ratio of the two
joint displacement amplitudes and phase delays was created
to help determine the correct stiffness and damping ratios
between the two joints. After every simulation iteration, the
first joint parameters were adjusted depending on the ratios
between joint displacement amplitudes or the ratio of the
phase delays. The stiffness and the damping of the second
joint were selected as 1 mNm/rad and 1 mNms/rad, while
the first joint properties were changed after every iteration of
the simulation. The simulation was run with an initial joint
stiffness and damping of 10 mNm/rad and 10 mNms/rad for
the first link. The amplitude of the displacements of both
joints and the phase delay of both joints were collected.
The first joint stiffness was then divided by the ratio of
the joint displacement amplitudes and the simulation was
run again. This stiffness adjustment was repeated until the
amplitude of displacements for both joints was observed to
be within 1% of one another. Once the amplitudes of both
joint displacements were within 1% of one another, the first
joint’s damping was divided by the ratio of phase delays,
and the simulation was run again. The damping coefficient
of the first joint was adjusted until the phase delays of the two
joints were within 1% of one another. Then the whole process
repeats until both the amplitudes and the phase delays of the



two joints were simultaneously within 1% of one another.

The joint stiffness and damping coefficients for the first
joint converged to 12.7 mNm/rad and 11.1 mNms/rad. These
stiffness and damping coefficients for both links were up-
dated in the impedance controller for the SAW and physical
base excitation was performed.

D. 2-Dimensional Base Excitation

To further validate the impedance controller, the fully
assembled SAW was tested. The base of the SAW was
mounted on the KUKA manipulator, shown in Fig. 4, which
performed the base excitation. The measured joint positions
of the SAW were compared to simulated joint positions.
The joint positions of the SAW and simulation are shown in
Fig. 8. The simulated and measured joint displacement time
series were synced together by finding the time where the
velocities of the joints were measured to be greater than zero.
It is thought that the discrepancies between the simulated
joint displacements and the measured joint displacements
are due to the simplification of the simulation. Firstly, the
simulation assumes that the SAW is frictionless. Secondly,
the mass and the inertia of the SAW links are greater
than the simulated wearable device. This increased mass
and inertia are evident since the measured peak-to-peak
displacements of the SAW are greater than the simulated
response. The test data shows periodic plateaus after the
peaks in displacement. These plateaus are thought to come
from the filter used in estimating the joint velocity and/or
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Fig. 8. Measured joint displacements (blue) and simulated joint displace-
ments (red) as a function of time while undergoing circular harmonic base
excitation with a radius of 5 cm and a frequency of 1 Hz. The stiffness
and damping coefficients used for the simulation and physical tests were
found from the previous simulation that yielded the ratios of stiffnesses and
damping coefficients that produce the same damped natural frequencies of
both links of the SAW.

the presence of friction. The filter adds a delay of about
0.1 seconds in the impedance controller which may be why
these plateaus occur approximately 0.1 seconds after the joint
velocities change sign.

V. CONCLUSION

There is little research investigating the impact of wear-
able device fit on users’ task performance and cognitive
load. Current research into the human-socket interface of
wearables focuses on reducing the average pressure imparted
on the individuals limb to improve comfort and reduce the
risk of injury and medical issues. The semi-active wearable
presented here is being used in a concurrent study to simulate
varying levels of transradial wearable device fit. This work
will focus on how impedance between a user and a wearable
or prosthesis end-effector will affect the users ability to
perform dynamic tracking tasks. The semi-active wearable
presented here has been verified by showing that the device
can control the linear stiffness and damping between the base
and end-effector of the device in 2 axes. The work presented
here has shown that each axis of the SAW behaves similarly
to the derived 2-DOF model and simulated model.

In the future, the discrepancies between the 2-DOF model
and the SAW will be decreased by increasing the control
frequency of the impedance controller to overcome the in-
stability issues as the prescribed damping coefficients are in-
creased. This increased control frequency will also facilitate
the removal of the filter used to estimate the joint velocities
of the SAW, which is thought to add plateaus to the 2-
DOF base excitation response. The SAW also has limitations,
such as only approximating linear stiffness and damping.
The impedance of common human-wearable interfaces is
not known, but the control of this wearable device could
be adjusted to a nonlinear impedance simply by changing
the impedance control algorithm. Another limitation is the
lack of active gravity compensation. It is assumed that the
user will be positioning the SAW in the upright orientation,
and only a passive torque offset is used on the pitch axis
to compensate for the torque imparted on the joints due to
gravity. If the user were to rotate their forearm in supination-
pronation, the joints of the SAW would displace away from
equilibrium. For this reason, inertial measurement units will
be implemented to institute active gravity compensation.
Furthermore, a passive adjustment strap is used to secure
the wearable device to users’ forearms. In future work, these
inertial measurement units will be placed on the forearm of
the user and the base of the wearable device to ascertain
the displacements between users and the base of the SAW
in real-time. This displacement measurement will be used
as an input into the control algorithm so that the impedance
between users’ forearms and the end-effector of the SAW
can be consistent across all users. Once these modifications
are made, the SAW will be used to simulate varying levels
of fit of a forearm wearable device to assess how the level of
fit can affect a user performing a visuomotor tracking task.
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