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Design and Clinical Validation of a Robotic
Ankle-Foot Simulator With Series Elastic Actuator
for Ankle Clonus Assessment Training

Yinan Pei

Abstract—To fulfill the need for reliable and consistent medical
training of the neurological examination technique to assess ankle
clonus, a series elastic actuator (SEA) based haptic training simu-
lator was proposed and developed. The simulator’s mechanism (a
hybrid of belt and linkage drive) and controller (impedance control)
were designed to render a realistic and safe training environment.
Benchtop tests demonstrated that the prototype simulator was able
to accurately estimate the interaction torque from the trainee (aver-
age RMSE of 0.2 Nm) and closely track a chirp torque command up
to 10 Hz (average RMSE of <0.22 Nm). The high-level impedance
controller could switch between different clinically encountered
states (i.e., no clonus, unsustained clonus, and sustained clonus)
based on trainee’s assessment technique. The simulator was eval-
uated by a group of 17 experienced physicians and physical ther-
apists. Subjects were instructed to induce sustained clonus using
their normal technique. The simulator was assessed in two common
clinical positions (seated and supine). Subjects scored simulation
realism on a variety of control features. To expedite controller de-
sign iteration, feedback from Day 1 was used to modify simulation
parameters prior to testing on Day 2 with a new subject group. On
average, all subjects could successfully trigger a sustained clonus
response within 4-5 attempts in the first position and 2-3 in the
second. Feedback on the fidelity of simulation realism improved
between Day 1 and Day 2. Results suggest that this SEA-based
simulator could be a viable training tool for healthcare trainees
learning to assess ankle clonus.

Index Terms—Medical robots and systems, haptics and haptic
interfaces, education robotics, human-centered robotics, physical
human-robot interaction.
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1. INTRODUCTION

A. Significance of Medical Robotic Training

URING neurological examinations, clinicians need to per-
form manual assessment techniques (e.g., passive stretch-
ing of affected muscles, tapping the tendon) to elicit clinical
signs to diagnose neurological conditions and rely on haptic
experiential knowledge to evaluate muscle tone. Although more
advanced non-invasive assessment techniques are emerging [1],
[2], manual physical assessment is still standard in the clinical
setting. Therefore, it is imperative to afford new clinicians,
residents, and students more exposure to the haptic feeling of
common abnormal behaviors during training and to practice
their ability to trigger clinical manifestations of neurological
conditions and distinguish the severity of the condition [3]-[6].
Traditional clinical training of motor skill assessment is car-
ried out on live subjects. Instructors usually bring in a small
number of practice patients into the classroom or let students
pretend to be the patient for each other, which leads to limited
practice opportunities and inconsistent training outcomes [7].
This training challenge calls for more accessible and consistent
ways to provide training opportunities for students that replace or
reduce the need for human practice patients [8]. One promising
approach is the deployment of medical training simulators.
Although training simulators have been widely adopted in
current medical education of surgery, anatomy, and procedures
such as I'V insertion [8], the training of clinical assessment tech-
niques has received less attention from academia and industry
(such that only a few designs have been proposed in the past [7],
[9]-[15]). Simulators for clinical assessment training usually
take the form of human-sized artificial robotic limbs (lower
extremity [14] or upper extremity [7]) with an actuated haptic
joint (active [9], [10] or passive [13]) that mimic a patient’s joint
affected by pathological muscle behaviors due to underlying
neurological conditions. The simulated behaviors were created
by the modeling of the neurological diseases based on clinical
data [9], expert tuning [7], or a combination of them [14]. Such
training simulators render a relatively realistic, consistent, and
scalable training environment for students, allowing learners
to gain hands-on experience without the presence of human
patients. Wide-spread implementation of simulators could im-
prove consistency and standardization across different institu-
tions and different methods of teaching, and improve diagnostic
and treatment procedures to promote patient healthcare [16].
However, to the authors’ knowledge, currently none of previous
research prototype simulators were commercialized nor adopted
by medical training institutions beyond those authors’ home
institutions, possibly due to device complexity, maintenance,
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Fig. 1.

or cost. Therefore, we aimed to develop a high-performance,
cost-effective, and safe training simulator that is educationally
useful and economically viable to be integrated into the cur-
riculum of the training institutions. In the scope of this work,
we focused on developing a simulator to help train healthcare
learners to perform ankle clonus assessment, a common task
during neurological examinations (Fig. 1).

B. Ankle Clonus

Clonus is defined as involuntary and rhythmic muscle con-
tractions caused by lesions in the upper motor neuron pathways
[17]-[21]. Although clonus has been reported in muscle groups
at other joints, it is most commonly tested and observed at
the ankle joint [22]. Ankle clonus can be elicited during a
neurological examination by rapidly dorsiflexing (DF) the ankle
and maintaining a stretched state of the ankle plantarflexor
muscles, as a result of sudden peripheral inputs activating the
hyperactive stretch reflex [17], [23]-[26]. Ankle clonus response
is a rhythmic oscillation (or “beating”) of the foot against an
external load with a characteristic frequency between 5-8 Hz
[17], [27].

A patient is diagnosed with ankle clonus if the clinician is
able to induce a “sustained clonus” response, i.e., five or more
consecutive beats. Successful triggering of ankle clonus requires
mastery of the following technique [28]: (a) correct positioning
of the examining hand on the foot (i.e., evenly supporting on
the plantar metatarsal area or grasping both lateral and medial
aspects of the forefoot); (b) minimize ankle inversion (i.e., the
foot should be in neutral or eversion); (c) provide a rapid dor-
siflexion to trigger a stretch reflex (>200 °/s); and (d) maintain
constant applied torque on the dorsal surface of the forefoot (>3
Nm). Current medical textbooks often only presented qualitative
descriptions of this technique with the absence of numerical
values, so the numbers in the parentheses were extracted by
the authors from the few available clonus quantification studies
or previous attempts on simulating ankle clonus [14], [15], [23],

The ankle-foot training simulator with major actuation and sensing components highlighted, as well as two operation configurations.

TABLE I
A SUMMARY OF PRE-PROGRAMMED CLONUS PARAMETERS. ORIGINAL
COLUMN REPRESENTS NUMERICAL DESIGN VALUES INITIALLY EXTRACTED
FROM THE LITERATURE. MODIFIED COLUMN LISTS THE REVISED DESIGN
VALUESBASED ON 9 EXPERIENCED CLINICIANS ON DAY 1 OF CLINICAL STUDY

Original Modified

Triggering factors *

>200° /s | >150° /s

Must touch plantar metatarsal
head, or both medial and lateral

Dorsiflexion speed threshold

Hand position panel engagement

Inversion/eversion angle range >0° | NA
Sustaining factor
Sustaining torque threshold >3 Nm | >2 Nm
Clonus Simulation Characteristics *
Frequency of ankle oscillation 5 Hz 6 Hz
Mean position of ankle oscillation 10° PF 0°
Peak-peak oscillation amplitude 8° 4° (decaying)
Duration 6s 10s

“In our convention, dorsiflexion and inversion are negative. Zero angular position is
defined at the neutral position (shank perpendicular to foot).

[29], [30]. These numerical values were iterated based on clinical
advice (Table I).

C. State of the Art in Training Simulators for Ankle Clonus

As far as the authors were aware, only two devices exist
that attempted to recreate ankle clonus for clinicians to train
[14], [15], and no commercially available product exists yet.
Kikuchi et al. developed an electromechanical leg-shaped device
that used a DC direct-drive motor to generate oscillatory ankle
motion to mimic clonus behavior [14]. The motor output torque
was transmitted to the user through a magnetorheological fluid
(MRF) clutch. The device would switch to the clonus state based
on the user’s input stretch speed and sustained interaction torque.
However, there were a few drawbacks for this design. It lacked a
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physiologically-accurate foot shape and the inversion/eversion
degree of freedom (DOF) at ankle joint. The device was also
mechanically complex due to the use of the MRF clutch. The
clutch also introduced unwanted viscous friction torque and as
a result the control algorithm had to compute real-time com-
pensation and the device could not command a torque smaller
than the viscous torque. Another novel exoskeleton device that
created clonus-like behavior on healthy individuals was proto-
typed by Okumura et al. via a geared DC motor and cable-driven
mechanism [15]. The device worn by healthy subjects converted
them to mock patients by imposing external actuation force on
the wearer’s ankle joint to simulate the clonus beats for learners
to feel and train. However, several limitations were evident in
this design. The force output was relatively small, i.e., 10-20N.
Furthermore, the force control performance was not reported,
so it was unclear if the device operated in open-loop current
control or used a force sensor for closed-loop feedback. The
clinical realism of these two devices were either not established
[15], or only examined by two clinicians with minimal result
reporting [14].

D. Series Elastic Actuators

Although series elastic actuators (SEAs) have been widely
used in the robotics community, e.g., humanoids [31], quadruped
robots [32], or prosthetics [33], their use has been absent in the
field of medical training simulators. Previous robotic simula-
tor designs for motor skill assessment adopted other actuation
strategies, such as direct drive [14], quasi-direct drive [9], MRF
[7], [14], or electromechanical brake [10]. Direct and quasi-
direct drives provided transparent force control capability, but
their high operation current and heat dissipation could compro-
mise user safety in human-robot interaction, and the low gear
ratio resulted in bulky and nonergonomic joint designs. An MRF
brake/clutch was a promising option to generate fast and smooth
haptic feeling comparable to human muscle response, but it
had to be used in parallel with active actuators to mimic active
symptoms (e.g., clonus, tremor, cogwheel rigidity). In addition,
off-the-shelf MRF products are not easily available and their
sizes are often too bulky for medical applications. Moreover,
to generate accurate haptic force, these previous approaches
required an external torque sensor to perform closed-loop torque
control, which greatly raises device cost.

On the other hand, by deploying a SEA module in our simu-
lator, a relatively high gear ratio would allow a compact motor
with reasonable operation current to be used, and a series spring
would serve as a compliant and cost-effective torque sensor that
could accurately measure interaction joint torque between the
user and robot. The intentional introduction of an elastic element
will reduce the system control bandwidth and this reduction
is usually considered a downside of using a SEA. However,
given the low-bandwidth requirement of our application (i.e.,
3-8 Hz), this inherent drawback of SEAs would not be a limi-
tation. Thus, these characteristics make a SEA strategy partic-
ularly suitable and practical for developing a training simulator
with high-fidelity torque control while being cost-effective.

E. Project Overview

In this letter, we present the design and evaluation of a novel
ankle clonus training simulator. Haptic feedback force was gen-
erated from a series elastic actuator design. The foot-ankle as-
sembly had two degrees of freedom (dorsiflexion-plantarflexion
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and inversion-eversion) and a realistic foot shroud. Evaluation
tests involved benchtop performance experiments and a clini-
cian validation study with experienced physicians and physical
therapists.

II. METHODS

A. Design Specifications

Our goal was to design a torque-controlled haptic device that
rendered a realistic feeling of the muscle response of a patient
with ankle clonus to trainees. Considering that an analytical
torque-angle profile of ankle clonus is lacking from the literature,
the simulated ankle clonus behavior was defined empirically.
Specifically, we quantified the ankle clonus assessment into (i)
triggering factors, (ii) sustaining factors, and (iii) clonus simu-
lation characteristic parameters (Table I). This quantification of
clonus was used to program the simulator’s high-level controller,
which calculated the simulated clonus muscle tone based on
the user’s input kinematics. The low-level torque controller
was designed to accurately execute the torque command from
the high-level controller. In addition, this device should also
provide a safe and low-noise training environment for medical
instruction.

B. Mechatronic Design and Modeling

The simulator has the appearance of arobotic lower leg, and its
segment lengths and 3D-printed shroud contour were designed
based on the anthropometric data of a 50" percentile Caucasian
male [34] (Fig. 1). To improve device portability (total weight
<7kg) and reduce rotational inertia of the foot, most structural
components were made of FR4 epoxy fiberglass for its high
strength-to-weight ratio and the structural design was optimized
via topology optimization for balanced stress distribution. The
principal DOF was actuated (i.e., dorsiflexion-plantarflexion
range of motion (DF/PF ROM): +30°). The auxiliary DOF
was passive (inversion-eversion (I/E ROM): £10°), which was
simulated by rotating the foot shroud relative to the underlying
structural frame via a pair of inline spherical bearings in the
fore and rear foot. The foot shroud geometry and dimensions
were obtained from a 3D scanned prosthetic foot (US men’s
size 10) and the foot’s inertial properties were matched with the
real human foot [34]. The knee joint can be adjusted and locked
easily into a seated or supine position (two common clinical
examination poses) with a dowel pin.

The series elastic actuation strategy was chosen for its safe
human-robot interaction, accurate force control, robustness, and
relatively low cost (Fig. 1) [35]. The specifications of the simula-
tor were derived from previous devices [14], [15]. The actuation
torque was exerted via a crank-slider mechanism based on a
spring cage mounted in the foot frame (Fig. 1 and 2). The slider
in the middle of the spring cage rode on four miniature linear
rails with ball bearings. To ensure resistance during both dorsi-
and plantarflexion, the slider was preloaded by a die spring
(1804N193, McMaster, USA) on each side of the slider, which
resulted in a total series spring stiffness of ~165 N/mm. The
simulator’s drivetrain was actuated by a 150W brushless DC
motor with an integrated two-stage planetary gearbox (~19:1)
(M3508, DJI, China), followed by a single-stage 3.2:1 timing
belt drive (MRS, Misumi, Japan) and a 1:1 linkage drive. The
belt drive was advantageous in quiet and multi-turn operation
but if spanning over long distance, its intrinsic compliance will
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Fig. 2. Diagram of key parameters in the kinematic and dynamic model.

drop to the similar magnitude of the series springs and influence
the effective system stiffness. Therefore, a custom linkage drive
consisting of four thin fiberglass bars was combined with the belt
drive to transmit actuation torque to the distal ankle joint, keep-
ing the belt span distance minimal. As a result, this drivetrain
could generate a peak ankle torque of 17 Nm, with an effective
stiffness of ~5020 N/mm (an order of magnitude larger than the
series spring stiffness, thus regarded as rigid).

A dynamic model of the simulator’s SEA system was devel-
oped to guide choice of series spring stiffness to achieve a torque
control bandwidth that was sufficiently high to replicate clonus
behavior (Fig. 2 and (1)). The crank-slider mechanism used in
this design had nonlinear kinematics. However, given the crank
rotation angle would be within only £2° during operation, the
equation of motion was safely linearized around an equilibrium
point of crank angle at 0°. In addition, considering that the
reflected motor inertia dominated the system’s inertia, the model
assumed the output end (i.e., simulator’s foot) to be fixed on
the ground and only the DOF of motor-driven slider movement
in the spring cage was modeled to investigate system’s natural
frequency. Thus, with these two simplifications, the system
dynamics were reduced to a 1-DOF linear oscillator (1). For
a SEA, the large torque control bandwidth is limited by the
open-loop system bandwidth, approximated by the system’s
fundamental natural frequency. Using (1), the spring stiffness
was selected such that the system had a fundamental natural
frequency at ~16 Hz, allowing a torque control bandwidth up
to ~2 times of the maximum clonus motion frequency). This
safety factor in control bandwidth was designed to account for
any unmodeled dynamics (e.g., bearing friction, spring intrinsic
damping, belt compliance) that might slow down the system.

0.00416,, + 0.0798,, + 41 6,,, = Tm 1)

Furthermore, an array of onboard sensing capabilities mon-
itored trainee’s performance and provided real-time feedback
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Fig. 3. Simulator’s control system diagram with inputs from involved parties
(trainee, simulator, and instructor). Subscript d means desired signal.

(Fig. 1). Specifically, a linear encoder (AS5311, ams AG,
Austria) mounted on the spring cage to measure spring deflection
allowed calculation of the interaction force between the trainee
and simulator, as part of the SEA strategy (without the need
for expensive load cells). Two DOFs (DF/PF and I/E) of the
simulator were sensed by two absolute rotary encoders (AMT?22,
CUI, USA; and AS5048, ams AG, Austria, respectively). These
readings were used in the control logic to define whether the
clonus would be triggered based on the trainee’s input motion
(Table I). Eight force-sensitive resistors (FSRs) (Model 400 and
Model 402, Interlink Electronics, USA) were integrated into the
foot shroud around the metatarsal heads (plantar, medial and
lateral aspects) as simple touch sensors to detect whether the
trainee’s hand was properly positioned on the forefoot (Table I)
[36]. With proper visualization means (e.g., a tablet or screen),
data from this sensor array could also provide real-time perfor-
mance feedback to the trainees for technique correction without
the presence of an instructor.

C. Control Strategy

The control system design of the simulator followed the
classical control scheme for SEA-based robots (Fig. 3) [37]. The
low-level controller had a cascaded architecture (from innermost
to outermost: current, velocity, and torque controls) and all
loops updated at 1 kHz. The innermost control loop provided
proportional-integral (PI) current feedback control and was reg-
ulated and executed by a motor controller (C620, DJI, China)
with a pre-programmed current loop bandwidth of ~500Hz.
Motor inertia compensation and current command were also im-
plemented as feedforward current inputs. The middle PI velocity
loop was added to provide a tight feedback loop around the motor
to address backlash in the integrated gearbox. The velocity loop
was tuned to achieve a bandwidth of ~50Hz, roughly 5 times
faster than the desired outer torque loop (~10Hz) to guaran-
tee the separation between servo control loops. Eventually, a
proportional-derivative (PD) torque controller (essentially a po-
sition controller that modulated the spring deflection, given the
SEA architecture) was implemented in the outermost loop that
received torque output commands from the high-level controller.

The high-level controller was in the form of an impedance
controller that produced a desired torque command (74) and
switched between clonus (2) and non-clonus (3) modes by
evaluating if all clonus triggering criteria were satisfied (Table I).
Each mode was programmed via a desired reference motion
trajectory and a set of impedance parameters (2). The estimated
torque (7) was calculated using the known series spring stiffness,
crank position (using small-angle approximation), and spring
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deflection (A L) directly measured by the linear encoder (4).

Td = KP?C(Gclonus - 9tr> + KD?C (eclonus - étr) (2)

7= —Kp nobir — Kp nobOir 3)

7 = ks R? (Rplam - otr) = ks RAL )
R,

Where 0.j0nus and éclonus are reference clonus oscillation
ankle angle and angular velocity, while 6,,. and 0y, are trainee’s
input kinematics derived from the DF/PF rotary encoder. In
clonus mode, the controller generated a sinusoidal reference
angle trajectory with parameters defined in Table I, and the
reference velocity was obtained by numerically differentiating
the angle trajectory. In the non-clonus mode, the reference
angle and angular velocity are 0, meaning that the equilibrium
point was at neutral position and zero velocity. The impedance
controller was a natural choice to control the ankle motion in
the non-clonus mode, i.e., mimicking simplified ankle joint dy-
namics parametrized by linear stiffness (Kp ny¢) and damping
(Kp _nc)- The use of an impedance controller also naturally
extended to the clonus mode by defining an intensified interac-
tion (due to hyperactive stretch reflex) between rhythmic clonus
ankle motion and the trainee’s input effort. The Kp ¢ (1 Nm/°)
and Kp ¢ (0.03 Nm/(°/s)) were the set of virtual stiffness and
damping for the clonus mode; similarly, Kp nyc (0.15 Nm/°)
and Kp nyc¢ (0.01 Nm/(°/s)) for the non-clonus mode. These
two sets of impedance parameters were obtained from [29], [30]
with slight increase in the damping ratio to improve stability.

All sensors readings were accessed and packed by a lower-
level microcontroller (Teeny 3.5, PIRC, USA) and then transmit-
ted to the upper-level microcontroller (TI C2000, TMS28379D,
Texas Instrument, USA) at 1.5 kHz. The control system was im-
plemented on the upper-level microcontroller and programmed
using Simulink Embedded Coder (MATLAB 2019b, Math-
Works, USA).

D. Benchtop Evaluation

A series of benchtop experiments were conducted to evaluate
the torque estimation capability of our SEA system, as well as the
performance of the low- and high-level controllers. To examine
the accuracy of the torque estimated by the SEA system, the
motion of the simulator foot was constrained and a torque sensor
(TQM301-45N, Omega Engineering Inc., USA) was attached to
the ankle joint so that the output torque generated by the motor
was measured by the torque sensor. Randomized loadings were
exerted on the system by manually rotating the motor rotor, up to
4 10 Nm. The estimated ankle torque derived from the deflection
of the series springs (4) was then compared to the torque sensor
reading. The root mean square error (RMSE) between the two
signals was calculated to examine the effectiveness of torque
estimation via the deflection of the series springs.

Next, alow-level torque control test was performed to validate
the torque control accuracy and bandwidth. With the controller
described in Section I1.C, the simulator was commanded to track
a chirp torque command whose frequency swept from 0-10 Hz
and amplitude varying between 2-6 Nm. The RMSE between
the torque command and the spring-deflection estimated torque
was calculated.

The next test was to evaluate the performance of the high-level
controller. Three different scenarios were tested: (1) no clonus
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Fig. 4. Four subjects interacting with the simulator in two testing configura-
tions that represented a patient in a seated or supine position.

(where the input was slow dorsiflexion), (2) unsustained clonus
(fast dorsiflexion but not maintaining torque), and (3) sustained
clonus (fast dorsiflexion and maintaining torque). The ankle
angle reference trajectory was defined by the parameters in Ta-
ble I (column labeled Original). Clinically, a response behavior
will be considered to be “sustained clonus” when at least 5
consecutive beats are observed. The researcher (YP) manually
performed the clonus assessment technique on the simulator,
following guidance from an expert clinician (CMZ). All signals
were sampled at 1 kHz and filtered using a 4"-order Butterworth
filter with a cut-off frequency of 50 Hz.

E. Clinician Validation

To establish simulation realism, we coordinated an expert
clinician validation study in the Rehabilitation Center at the
Zhejiang Hospital in Hangzhou, China and invited physicians
and physical therapists (PT) to examine how well the prototype
simulator could simulate typical ankle clonus behavior. The
inclusion criteria were that subjects should have at least of
2 years of clonus assessment experience and perform at least
10 assessments per month. All recruited subjects had no prior
experience with interacting with arobotic training simulator. The
study was approved by the IRB at the University of Illinois at
Urbana-Champaign and Medical Ethics Committee of Zhejiang
Hospital. The study was conducted over two consecutive days.
Data analyses were based on input from 9 subjects on Day 1 and
8 on Day 2. The test protocol was the same for both days. Each
subject was asked to induce sustained clonus at least three times
in each of the two configurations (seated and supine), using the
usual assessment technique (Fig. 4). For 16 out of 17 subjects,
the first tested configuration was seated position. The controller
parameters were the same between the two configurations. For
each test configuration (i.e., seated and supine), the number of
attempts to the first successful sustained clonus triggering was
recorded. To document subjective feedback on the simulator
performance and user experience, each subject answered a post-
test questionnaire on 12 items. Only six simulation realism items
were analyzed in this letter; the remaining six were regarding
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TABLE 11
SUMMARY OF QUESTIONNAIRE ITEMS FOR SIMULATION REALISM FEEDBACK

Score
Item Simulation Realism Item
1 [2] 3 J4] s
Clonus Triggering Factors
Dorsiflexion velocity threshold Too About
. . Too fast
to trigger clonus slow right
Clonus Maintaining Factors
.. Too About Too
2 Sustaining torque threshold Small Right Large
Clonus Simulation Characteristics
3 Frequen'cy of an!(le oscillation Too Too
4 Oscillation amplitude low About high
5 Resistance torque magnitude right
6 Mean oscillation position Too DF Too PF
P ig Day 10 Duration ~8s _‘Day 2
S0 N
S o ) S -
200 - Ankle oscillated in DF,
=20 Ankle oscillated in PF [ shifting to neutral
z jg [P Amplitude ~8° k Amplitude ~4° (decaying)
40prE  Rapid DF  pyieoering velocity | - Rapid DF

Triggering velocity
threshold (150 °/s)

threshold (200°/s) L

Ankle Angluar
Velocity(deg/s)

[PF Fr‘equenc‘) G H‘Z)E

T T T
i Frequency (6 Hz)

o e
T

w

Sustaining torque Sus
) i thn"slmld ‘(J \m} ) . threshold 2 Nm) |
778 780 782 784 786 788 630 635 640

Time (s) Time (s)

Ankle Resistive
Torque(Nm)

b o

Fig. 5. Simulated clonus behavior before and after the controller revisions.
(Left) Participant 8 on Day 1. (Right) Participant 17 on Day 2.

user experience and not presented here. Subjects were asked
to evaluate these simulation items on a five-point scale, where
a score of 3 matching the word “about right” was considered
as an ideal score, meaning the simulated behavior felt similar
to their clinical experience (Table II). To expedite controller
design iteration, feedback received on Day 1 about the realism
of the simulator was used to revise the clonus parameters,
which were implemented in the simulator’s controller during
Day 2 testing (Table I, column Modified; Fig 5). Therefore,
questionnaire scores between Day 1 and Day 2 were compared
using two-sample, one-tailed t-tests with unequal variances
(av =0.05) to study any significant change in simulation realism
features per clinicians’ feedback. In addition, all results were
broken down into three subgroups based on job titles, i.e., all
subjects, physicians only, PTs only.

III. RESULTS

A. Benchtop Evaluation Results

The custom SEA system’s torque estimation and torque con-
trol capabilities were verified (Figs. 6 and 7). The torque esti-
mated by the deflection of the series springs matched well with
the torque sensor reading, where the average RMSE was 0.20
Nm (Fig. 6). The tuned controller was able to track a chirp torque
signal up to 10 Hz without sign of motor saturation, with average
RMSE <0.22 Nm (Fig. 7). Noticeable torque errors were found
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Fig. 6. Torque estimation test — comparison of torque computed from deflec-
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Fig. 7. Torque control accuracy and bandwidth test — comparison of torque
computed from deflection of series springs and desired torque based on fre-
quency swept from 0-10Hz and peak-peak amplitude of 4Nm.
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Fig.8. Three operation states of the simulator: (Left) no clonus triggered due to

low DF stretch speed. (Middle) Unsustained clonus triggered but not continued
due to lack of DF torque. (Right) Sustained clonus behavior.

at the peaks of the sine wave at low frequency (i.e., ~1-3 Hz) and
disappeared at higher frequency (i.e., > 3Hz). This error might
be caused by motor gearbox stiction, since this error decreased as
the frequency increased (i.e., motor started mainly experiencing
dynamic friction). The high-level impedance controller was able
to simulate the behavior of a patient with clonus and to switch
between clonus and non-clonus modes based on velocity and
torque thresholds (Fig. 8). Specifically, clonus could not be
triggered under low dorsiflexion velocity (Fig. 8, Left) and was
not sustained when applied torque on the foot dropped below the
torque threshold (Fig. 8, Middle). Only a combination of rapid
dorsiflexion (i.e., > 200 °/s) and applied torque on the foot (i.e.,
> 3 Nm) induced a sustained clonus behavior (Fig. 8, Right).
The experimental ankle angle profile obtained during sustained
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clonus case was qualitatively similar to a clinically-observed
clonus behavior in terms of frequency and oscillation amplitude.

B. Clinician Validation Results

The simulator was validated by 17 clinicians in two config-
urations with the attempt numbers and questionnaire responses
recorded. On average, all subjects could successfully trigger a
sustained clonus response within 4-5 attempts in the first tested
configuration and 2-3 in the second. The decrease in the number
of attempts in the second configuration suggested a learning
effect. For both days, regardless the controller tuning, physicians
took noticeably fewer attempts to first success than PTs (i.e.,
average of 1.25 vs. 5.9 for the first tested configuration, and 1
vs. 2.8 for the second).

For each questionnaire item, the average score was calculated
for each test day and by subgroup of physician or PT (Fig. 9).
After the controller tuning/calibration, Day 2 subjects felt that
simulated clonus behavior was generally “about right” in terms
of realism and controller revision moved the mean scores of
questionnaire items closer to the ideal with reduced scoring
variance. Additionally, the average scores for sustaining torque
threshold and oscillation amplitude were significantly reduced,
moving closer to 3. There was little difference in scores between
seated and supine configurations.

IV. DISCUSSION

In this letter, a SEA-based ankle-foot simulator that repli-
cated the behavior of a patient with ankle clonus and could
be deployed in medical training programs as a robotic mock
patient was proposed and developed. In the benchtop validations,
the prototype simulator with the custom SEA system had very
good estimated torque accuracy, torque control accuracy, and
sufficient bandwidth for our application (i.e., 5-8 Hz of clonus
oscillation) (Fig. 6 and 7). The use of a SEA resulted in a compact
and cost-effective simulator design. The overall gear ratio of
~60:1 in the prototype simulator allowed a commercial-grade,

small motor (DJI M3508 motor size of 4.2cm in diameter and
6.6cm in length; cost of $140, including a C620 motor controller)
to be used and all components fitted within the human lower-
leg geometry. Thanks to the economical actuation system, this
simulator with good torque control fidelity was developed in a
total BOM cost less than $500. Just the force/torque sensor alone
used in the previous designs cost more than the overall cost of
our device. Therefore, the SEA design not only demonstrated
good torque control capability but also lowered the cost barrier
for the training simulator to be adopted.

To validate the realism of clonus simulation, 17 clinicians
with experience doing clonus assessment evaluated the clinical
performance of the prototype simulator. Feedback from the Day
1 session with 9 clinicians was used to refine the controller
behavior and then the modified controller was evaluated during
the Day 2 session with 8§ different clinicians (Table I, Fig. 5).
After revising the clonus controller parameters prior to the Day
2 session, the variance of scores decreased in all items except for
mean ankle position, which stayed the same. Note that the large
score variances on Day 1 (Fig. 9) may be partly due to the large
variance in years of experience among Day 1 subjects (SD: 5.3
on Day 1 vs. SD: 2.7 on Day 2). Subjects on average demon-
strated quick adaptation to the simulated clonus behavior and
successfully triggered a sustain clonus on the simulator within
a few trials using their usual technique. The small number of at-
tempts to success implied that the simulator’s control logic (i.e.,
triggering and maintaining clonus) aligned with participants’
existing clinical knowledge and training. Physicians were found
to be able to successfully trigger sustained clonus with fewer
attempts than PTs. It is possible that this difference was due
to physical therapists’ job habit/mindset to suppress clonus in
patients, rather than to induce and assess clonus like physicians.
This additional adaptation for PTs might have caused them to
take longer to succeed.

Valuable feedback was received throughout the clinician val-
idation study and several design limitations were recognized.
Subjects commented that in the supine configuration, the pa-
tient’s leg will often be externally rotated at the hip with the



3800

knee flexed; however, our prototype lacked a thigh and hip joint.
Furthermore, some level of randomized variation was suggested
in the controller parameters to prepare the trainees with the
unpredictable nature of clinical cases. Similarly, simulations of
other common abnormal muscle behaviors at the ankle joint such
asrigidity and spasticity (as selected) were suggested to increase
training sophistication. Therefore, future work should involve
enhancing the dexterity of the simulator to match the DOFs of
the lower limb; and in order to maximize the potential of device
hardware, more variations of simulation algorithm should be
implemented.

V. CONCLUSION

The prototype ankle-foot SEA-based simulator was validated
in both benchtop tests and clinician evaluation. The experimental
results and clinical feedback were promising and suggested
that this device could mimic a real patient by (1) generating
a simulated clonus behavior whose triggering and maintaining
mechanism aligned with clinicians’ experience, and (2) recre-
ating a relatively realistic haptic response of affected muscles.
However, the device still lacks the full dexterity of a human
lower-extremity, which requires further design iterations. The
use of a SEA system resulted in not only a high-performance
research simulator, but also a cost-effective and compact design
that could become viable to be widely deployed as a valuable
training tool for learners.
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