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Abstract—Objective: The objective of this paper was to develop
and test a novel control algorithm that enables stroke survivors
to pedal a cycle in a desired cadence range despite varying
levels of functional abilities after stroke. Methods: A novel
algorithm was developed which automatically adjusts 1) the
intensity of functional electrical stimulation (FES) delivered to the
leg muscles and 2) the current delivered to an electric motor. The
algorithm automatically switches between assistive, uncontrolled,
and resistive modes to accomodate for differences in functional
impairment, based on the mismatch between the desired and
actual cadence. Lyapunov-based methods were used to theoreti-
cally prove the rider’s cadence converges to the desired cadence
range. To demonstrate the controller’s real-world performance,
nine chronic stroke survivors performed two cycling trials: 1)
volitional effort only and 2) volitional effort accompanied by
the control algorithm assisting and resisting pedaling as needed.
Results: With a desired cadence range of 50-55 RPM, the
developed controller resulted in an average RMS cadence error
of 1.90 RPM, compared to 6.16 RPM during volitional-only trials.
Conclusion: Using FES and an electric motor with a two-sided
cadence control objective to assist and resist volitional efforts
enabled stroke patients with varying strength and abilities to
pedal within a desired cadence range. Significance: A protocol
design that constratins volitional movements with assistance and
resistance from FES and a motor shows potential for FES cycles
and other rehabilitation robots during stroke rehabilitation.
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I. INTRODUCTION

There are nearly 7 million stroke survivors in the United
States; however, according to the National Stroke Association,
stroke recovery is a lifelong process and warrants safe, conve-
nient, and noninvasive treatment protocols for rehabilitation.
Functional electrical stimulation (FES) is commonly used to
artificially induce coordinated functional movements in people
with lower limb movement disorders (e.g., post-stroke). FES
has been shown to impart health benefits such as improving
muscle strength [1], range of motion [2], spasticity [3], and
blood glucose and insulin levels [4]. Furthermore, coordinating
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the activation of multiple lower body muscle groups with
cycling is a beneficial rehabilitation exercise [5]-[13] that
may outperform therapy with isometric FES contractions [14].
Specifically, FES-cycling may improve bone mineral density
[15], [16]; physiological motor control [17]; cardiovascular
parameters [16], [18]; muscle strength and volume [16], [17];
combined motor-sensory scores [19]; and walking speed and
spasticity [20] in people with various neuromuscular disorders.

Compared to purely volitional cycling, a combination of
FES-cycling and volitional contribution (i.e., FES-assisted
cycling) resulted in greater improvements in cadence, power
output, heart rate, and performance variability in people with
cerebral palsy [21]. Therefore, motivation exists to enable
protocols for rehabilitative cycling integrating volition with
closed-loop FES-cycling methods. The overwhelming majority
of individuals following injury or disease of the central ner-
vous system have some degree of motor and sensory sparing
(e.g., stroke patients). As such, developing globally effective
rehabilitation tools will require the ability to accommodate
patients across a wide range of volitional capabilities. More-
over, since the goal of rehabilitation is to restore volitional
function, the participants are encouraged to volitionally pedal
during the cycling protocol, rather than remain passive, as in
[22]. Motivated by the desire to combine FES-induced cycling
and an electric motor to minimally constrain and assist a
volitionally pedaling rider, we develop a new cycling strategy
that constrains the rider’s cadence within an upper and lower
cadence threshold.

Motivated by the large variation of strength and abilities
among people requiring physical therapy, a closed-loop control
method is developed in this paper to yield a desired cadence,
despite uncertainty in the participant’s abilities. The closed-
loop system contributes to the cadence goal, but only when the
user fails to meet the desired cadence range. Some controllers
for rehabilitation robots have been developed that constrain
the states to a desired range. For instance, in [23], an assist-
as-needed control algorithm for a motorized wrist system
restricts volitional arm movements, but only when outside of
a changing allowable error range. Similarly, virtual fixtures
have been used to limit range of motion during vision-assisted
control [24] and force fields have been used for many robotic
applications (e.g., surgical robotics [25], [26]). Control algo-
rithms to limit robotic assistance have been implemented for
post-stroke rehabilitation protocols, both with FES [27], [28]



and without FES [29], [30]. However, the idea of constraining
voluntary motion within state boundaries has not yet been
extended to FES-cycling protocols and unlike the mentioned
studies, the system in this paper is constrained by cadence
rather than force. Moreover, system stability that accounts for
switching amongst multiple actuators is proven via Lyapunov
methods in the appendix.

In this paper, a closed-loop state-dependent switched system
operates within three modes (3Ms): assistive, uncontrolled
(i.e., only volitional contribution), and resistive, each based
on real-time cadence feedback in comparison to thresholds
that make up a desired cadence range, selected a priori by
the user or a physical therapist. FES is applied to assist
the rider when the cycling cadence is below the minimum
threshold; however, since there exist kinematically inefficient
regions of the crank cycle (i.e., leg positions that require large
muscle forces to produce comparatively low torque about the
crank [12], [31]-[33]), a low level of switching within the
assistive mode occurs between FES and the electric motor,
both of which are stable subsystems. Specifically, switching
occurs when activating different combinations of lower limb
muscle groups to coordinate the limb trajectories through
FES regions (kinematically efficient regions) and the motor
regions (kinematically inefficient regions). If the rider is able
to volitionally pedal between the minimum and maximum
desired cadences then the system switches to the uncontrolled
(but bounded) mode where no control input is sent to either the
motor or FES. If the rider’s volitional efforts exceed the upper
cadence threshold, then switching will transition the cycle-
rider system from the uncontrolled mode to the resistive mode,
where the motor will engage to provide resistive torques to
push the rider back into the desired cadence range. In addition
to the benefits of resistance training for stroke survivors [34],
an upper threshold on the desired cadence range also has
the benefit of bounding the uncontrolled mode for stability
purposes. Figure 1 depicts the multi-level combined switched
system.

As in the preliminary results in [35], Lyapunov-based
methods for switched systems are used to examine the sta-
bility of the family of sliding mode controllers. A common
Lyapunov function with a set-valued generalized derivative
is used to prove stability, despite uncertain rider dynamics,
pedaling abilities, or bounded disturbances, provided sufficient
gain conditions are satisfied. Global exponential stability is
achieved for the controllers operating in the assistive and
resistive modes, and the trajectories in the volitional only mode
are bounded above and below by the controlled subsystems at
the upper and lower cadence thresholds. The work in this paper
builds upon the precursory mathematical stability analysis in
[35] with experimental validation using stroke survivors since
they have been shown to benefit from FES-cycling [36] and
can generally contribute volitionally. Stroke patients display
significant asymmetries and range of abilities depending on
the initial stroke severity and subsequent recovery; however,
controller performance is confirmed with experimental results
on nine stroke patients that illustrate all three cycling modes
across a desired cadence range of 50-55 RPM. The desired
range of 50-55 RPM was selected for the current experiments
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Fig. 1: Diagram illustrating the combined two-level switched
system.

as a range of values that is typical of FES-cycling in the stroke
population [37].

II. MODEL

The combined cycle-rider dynamics are modeled as! [33]

Te (t) = Tc (q, (jv t) + Tr (Q7 q.a ija t) 9 (1)

where ¢ : R>9 — Q denotes the measurable crank angle and
Q C R denotes the set of all crank angles contained between
[0, 27). Torques applied about the crank axis by the cycle
and the rider are denoted by 7. : R x R x R>g — R and
Tr: @ xR xR x R>9 — R, respectively. The torque applied
about the crank axis by the electric motor, 7. : R>g — R, is

Te (t) = Beue (t) s 2)

where the unknown motor control constant, B, € R+, relates
the motor’s input current to output torque, and u. : R>o — R
is the subsequently designed motor control current input. The
cycle and rider torques, 7. and 7., are defined as

e (4:4,1) 2 JeG+beg +de (1), (3)

Tp (q, (L Q) —T™ (Qa (jv t) + d?“ (t)7 (4)

respectively, where J. € Rsq, b. € Ry, and d; : R>g =+ R
denote inertial effects, viscous damping effects, and distur-
bances applied by the cycle, respectively, and 7, : OXRxR —
R, 7a7 : @ x R x R>¢p = R, and d, : R>p — R denote the
passive torques by the rider, the combination of volitional and
FES induced muscle contribution, and the rider’s disturbances
(e.g., spasticity or changes in load), respectively. The passive
torques applied by the rider are further divided as

7 (q,4,4,t) =

7 (¢,4,6) 2 My () G+ V (q,4) 4+ G (q) + P(q,4), (5

where M, : @ = R5o, V: OXR = R, G: Q9 — R,
and P : @ x R — R denote the inertial, centripetal-Coriolis,

For notational brevity, all explicit dependence on time, ¢, within the terms
q(t), 4(t), ¢(t) is suppressed.



gravitational, and passive viscoelastic tissue forces, respec-
tively. The torques applied by the muscles can be separated
into volitional contributions and the sum of each muscle’s
individual contribution by FES as

Z Bm (qa Q) Um, (t) + Tvol (t) 3 (6)
meM

Ym € M, where u,, : R>g — R is the subsequently
designed muscle control current input, and the subscript
m € M = {RQ, LQ} indicates the right (R) and left
(L) quadriceps femoris (Q) muscle groups, respectively. The
rider’s volitional torque is denoted by 7,,; € Ry. The
uncertain individual muscle control effectiveness is denoted by
B, : OxR — Ry, Ym € M. Definitions for the subsequent
FES regions and switching laws during the assistive mode
are based on [12], where each particular muscle group is
stimulated at specific portions of the crank cycle (i.e., when
kinematically efficient) denoted by Q,, C Q. In this manner,
Q,, is defined for each muscle group as

T™ (Q7 qvt) £

Qm £ {q€Q|Tm(Q)>5m}7 (7

VYm € M, where ¢, €(0, max(7T},)] is the lower threshold
for each torque transfer ratio, which limits the FES regions for
each muscle so that each muscle group can only contribute to
forward pedaling (i.e., positive crank motion). Based on the
FES regions defined in (7), let o,,, (¢) € {0, 1} be a piecewise
left-continuous switching signal for each muscle group such
that o, (¢) = 1 when ¢ € Q,,, and 0, (¢) = 0 when q ¢ Q,,,
Vm € M. The union of FES regions, denoted by Qpgg, is
defined as Qppg 2 gM {Qm},YVm e M.

Within the assistive mode, position-based switching is
used to switch between subsets of muscle groups and the
motor. When switching between assistive, uncontrolled, and
resistive modes, the switching velocity (i.e., cadence) values
{4a:R>0 = Rso, G:R>0 — Rso} are known but the
position values at which they occur are not. To facilitate
the analysis of a combination of position-based switching
(within the assistive mode) and velocity-based switching
(amongst the 3Ms), switching times are denoted by {t},}, i €
{s, e, p},n € {0,1,2,...}, representing the times when the
crank transitions into the FES region when in assistive mode
(s), an electric motor region (e, either assistive or resistive),
or neither (p, i.e., uncontrolled mode).

In (6), the electrical stimulation intensity input (i.e.,
pulsewidth) to each individual muscle is denoted by u,,
R>o — R, and defined as

Um £ O'mkmus (t> 5 (8)

vm € M, where us : R>g — R denotes the subsequently
designed FES control input and k,, € R.y is a constant
control gain. Substituting (2)-(6) and (8) into (1) yields2

Buarus + Bette + Tyot = Mq + bcq +d. &)

2For notational brevity, all functional dependencies are hereafter suppressed
unless required for clarity of exposition.

+Vi+G+P+d,

where M : Q — R is defined as the summation M £ J.+M,,
and B : Q@ xR — R is the combined switched FES control
effectiveness, defined as

By (0, 4) 2 Y Bmomkm. (10)

meM

The switched system in (9) has the following properties and
assumptions:

Property: 1 ¢, < M < cpy, where ¢, cpr € Ry are
known constants. Property: 2 |V| < cy|g|, where ¢y € Rsq
is a known constant and | - | denotes absolute value. Property:
3 |G| < ¢cg, where ¢ € R+ is a known constant. Property:
4 |P| < cp1 + ¢pa|q|, where ¢cp1, cpa € Ry are known
constants. Property: 5 b, G; < ¢p|gi|, where ¢, € R5 is a
known constant. Property: 6 |d, +d.| < ¢4, where ¢4 € R<q
is a known constant [31]. Property: 7 %M = V. Property: 8
The muscle control effectiveness B,,, is lower bounded Vm €
M, and thus, when > o, >0, ¢,, < By, where ¢,,, €

R<g [12]. Property:nsj\gbe < B, < cp,, where ¢, cp, €
R- . Assumption: 1 The volitional torque produced by the
participant is bounded, due to human physical limitations, as
|Tvol| < Cyol s where Cyol € IR>O~

III. CONTROL DEVELOPMENT

The cadence tracking objective is quantified by the cadence
error ¢; : R>¢ — R and an auxiliary error es : R>o — R,
defined as

e (t) 2 4a(t) —q(t),

€9 (t) é

where ¢4 and ¢, defined previously, are related as ¢; = gq +
Ay, where Ay € Ry is the size of the desired cadence range.
The switching signal that activates the assistive mode o, :
R>¢ — {0, 1} is designed as

A 1
Og =
L

Note that by (12), when o, = 1, ey = eo . Taking the time
derivative of (11), multiplying by M, and using (9) and (11)
yields

(1)

e (t) + (1 = 0a (1) Aa, (12)

i <qa (13)
if ¢>qq

Mél = *Beue - BMUS — Twol — V€1 + X (14)

where the auxiliary term x : Q@ x R x R>¢ — R is defined
as

X2beg+de+G+P+d.+Vig+ My

From Properties 1-6, x can be bounded as

X < ¢+ ealen], (15)



where c1, c2 € Rs( are known constants. As in [35] and
based on (14), (15), and the stability analysis provided in the
appendix, the FES control input to the muscle is designed as

Us = Ogq (kls + k25€1) P (16)

where ki, kos € Rs( are constant control gains and o, is
defined in (13). The switched control input to the motor is
designed as

Ue = O¢ (klesgn (61) + k2ee2> P (17)

where k1., ko € R-( are constant control gains and o, :
R>p — R>q is the motor’s switching signal, designed as

ko if4<q4, ¢¢ Qres
if §<dqq, ¢ € QrEs

if e <q<gqg
k, it g > gy

A 0
Oc = , 18
0 (18)

where k,, k. € Ry are constant control gains. Substituting
(16) and (17) into (14) yields

Mél = _Beae (klesgn (61) + k2662)

_BMUa (kls + kZSel) — Tyol — V€1 + X-

19)

The stability analysis which proves global exponential tracking
to the desired cadence range is provided in the appendix.

IV. EXPERIMENTS

To evaluate the performance of the FES and motor con-
trollers in (16) and (17), respectively, experiments were con-
ducted on nine stroke participants, five affected on their
right side and four on their left side, after they gave written
informed consent approved by the Medical University of South
Carolina Institutional Review Board, with process number
Pro00075399. Self-selected and fastest comfortable walking
speeds (SSWS and FCWS, respectively) were measured via
an instrumented walkway (GAITRite Classic, CIR Systems)
before conducting each FES-cycling experiment, and are re-
ported in Table I as an indicator of each individual’s walking
impairment following stroke.

A. Experimental Setup

A commercially available recumbent tricycle (TerraTrike
Rover X8) was modified similar to [12] by adding a 24 VDC
electric motor (MY1016Z2, Unite Motor Co. Ltd.) to the
drive chain; fixing orthotic boots to the pedals (Rebound Air
Walker, Ossur Americas); placing the front wheels on riser
rings (Kinetic by Kurt); and attaching the rear wheel/axel
to a stationary cycling trainer (Kinetic Magnetic 3.0 Trainer,
Kinetic by Kurt) that provides adjustable resistance. A servo
drive (AB25A100 AxCent, Advanced Motion Controls) was
used to control the electric motor, powered by a 300 W,
24 VDC supply (PS300W24, Advanced Motion Controls);
and a 95 W, 50 VDC shunt regulator was used to clamp
the supply voltage during regeneration (SRST50, Advanced
Motion Controls).

Participants were comfortably seated with their feet secured
to the cycle in the orthotic boots, preventing ankle plantar-
/dorsiflexion and maintaining sagittal alignment of the legs.
The seat was adjusted to prevent knee hyper-extension, and
measurements of the lower limbs of each participant’s legs
were taken to calculate the switching points for stimulation
and motor activation within the assistive mode, as in [12]. An
optical encoder (US Digital H1) was used to measure the crank
position and velocity. Data acquisition hardware (Quanser
Q8-USB) measured the encoder input and an analog voltage
output was used to command the servo drive to deliver the
desired current to the electric motor. Both the motor and FES
controllers were implemented on a computer running real-time
control software (QUARC, MATLAB/Simulink, Windows 10)
at a sampling rate of 500 Hz. Electrodes were placed over
the participant’s left and right quadriceps femoris muscle
groups according to Axelgaard’s electrode placement man-
ual.> Symmetric rectangular biphasic pulses were delivered
to the participant’s muscle groups with a current-controlled
stimulator (Hasomed RehaStim) via self-adhesive electrodes.
The stimulation amplitudes were fixed at 40 mA. Stimulation
frequency was fixed at 35 Hz. The stimulation pulse width
for each muscle group was determined by u,, and us from
(8) and (16), respectfully, and commanded to the stimulator
by the control software. For safety, an emergency stop switch
was connected to the data aquisition device to simultaneously
stop the electric motor and FES on command.

B. Protocol

Participants completed a warm-up protocol of voltional
pedaling at approximately 50 RPM while the resistance of
the magnetic trainer was progressively increased. Participant
heart rate was measured by a fingertip pulse oximeter. The
wheel resistance for subsequent experiments was determined
either by the Karvonen formula [38] for desired min/max
training heart rate (beginner exercise, 40-50% effort) or by
each participant’s self report of significant effort that they did
not wish to exceed, whichever occurred first.

The remaining protocol consisted of two trials, each five
minutes long if fully completed. The first consisted only of
volitional pedaling, and the 3M controller was implemented
on the second after the participant’s heart rate returned to
baseline and the participant stated that they were physically
ready to continue. During both trials, participants were asked
to maintain a cadence within the desired range of 50-55 RPM
to the best of their abilities for the first four minutes. For this
task, participants were shown a real-time plot of their cadence
in comparison to the desired range. Four minutes into each
trial, participants were asked to pedal as fast as comfortably
possible. Participants were never asked to intentionally pedal
below the minimum cadence, but some were incapable of voli-
tionally maintaining a cadence above the minimum threshold.
During the 3M trials, for the first 10 seconds, the cadence
approached 50 RPM with the use of the motor. At 10 seconds,
the closed-loop motor and FES controller were used when
volitional pedaling was below 50 RPM and the motor resisted

3http://www.palsclinicalsupport.com/videoElements/videoPage.php



when volitional pedaling exceeded 55 RPM. Although the goal
was five minutes, ultimately, each 3M trial lasted between four
and five minutes, depending on patient fatigue and willingness
to continue.

The range of crank angles corresponding to the stimulation
of each muscle group and activation of the motor within the
assistive mode were determined based on the lower thresholds
of the torque transfer ratios (see (7)) after measuring the
participant’s leg lengths and distance to the crank, which were
calculated as €4yqq € (0.2476, 0.4022) for the right and left
legs of all participants. The control gains from the FES and
motor controllers in (16) and (17), respectively, are selected
as follows: k15 € (18.75, 43.75), kqos € (56.25, 131.25),
k1e € (0.375, 1.375) , koo € (3.75, 4.5), k, = 0.6, k. = 1.

C. Results

The root mean square (RMS) cadence error and the
standard deviation of the cadence was lower for the 3M trial
than the volitional trial for all portions of the trial. Table II
indicates average and standard deviation of the cadence, RMS
cadence error, and percent time in each zone for both the
volitional and 3M trials for all nine participants. Overall (OA)
metrics are separated by the first four minutes (F240), and
the final portion (FP) of pedaling to show the effects of the
additional volitional effort at the end of each trial. Error is
calculated as the difference between the actual cadence and the
lower cadence threshold when below the desired range, and the
difference between the actual cadence and the upper cadence
threshold when above the desired range. Pedaling within the
uncontrolled mode/desired cadence range is quantified by an
error of zero. Since the participant was asked to pedal with
more effort during FP, it was expected that the percent time in
each mode would be different between F240 and FP and the
overall deviation in cadence was expected to be large. Thus,
OA metrics for standard deviation of cadence and percent
time in each mode are not included in Table II. OA metrics
for average cadence and RMS cadence error are included
to demonstrate that, despite varying intensity of volitional
contribution, on average the controllers enforced a cadence
within the desired uncontrolled range.

Unlike the volitional trials, all nine participants completed
the first four minutes of pedaling during the 3M trials, showing
the benefit of the 3M control system. However, with more
intense effort required after the fourth minute due to additional
resistance from the electric motor, Participants 5, 7, and
9 stopped pedaling during the FP of the trial, but before
completion, due to fatigue. During the FP of the 3M trial,
Participant 8 produced sufficient volitional torque to cause the
chain to slip off the motor sprocket. This could be avoided
in the future by remounting the idler sprocket to increase the
amount of chain wrap around the motor sprocket; however,
it was not feasible to do so during the session. Figures 2a-2i
depict the cadence from all nine participants during the purely
volitional trials. Figures 3a-3i depict the activation of both the
motor and FES as the cycle’s cadence varies below, within,
and above the set cadence thresholds during the 3M trials for
all nine participants. Data from the FP of the trial (i.e., when

participants were asked to attempt to pedal faster) was not
obtained for the volitional trials for Participants 5 or 7 since
they were unable to continue cycling on their own past 100
and 120 seconds, respectively. Participant 9 stopped at 250
seconds, shortly after the cue to pedal harder. Participant 2
stopped pedaling momentarily near the end of the volitional
trial due to confusion regarding when the trial was supposed to
end, so the final 10 seconds were not included in the statistics
(but are depicted in Figure 3b).

As seen in Figures 3a-3i, despite each participant’s
efforts to stay within the desired cadence range, participants
experienced all 3Ms, due to a small cadence range relative
to the participants’ abilities. FES and positive motor current
alternated when cadence was below the lower threshold, and
the motor provided resistive torques when participants pedaled
above target speeds. The average cadence across all nine
participants during the 3M trials was within the desired range
when calculated over the entire experiment (51.0 RPM), during
the first 4 minutes (50.7 RPM), and when the participants
were asked to pedal faster at the end of the trial (54.0 RPM).
Specifically, Figures 4 and 5 display the change in cadence
error and average cadence during all parts of the volitional
and 3M trials. Due to the ability of most participants to
volitionally pedal around 50 RPM and since the average
was still calculated for participants who fatigued before the
trial completed, the overall average cadence did not change
significantly from the volitional trials to the 3M trials; however
the RMS error (displayed in Figure 6 for all nine subjects)
was reduced from the volitional to the 3M trials for all
portions of the trials, with p-values of 0.01, 0.03, and 0.04
(not statistically significant when the threshold is adjusted for
multiple comparisons) for the OA, F240, and FP of the trials,
respectively.

With the data from nine subjects, there is some level of
correlation between cycling and walking performance. Table
III displays R correlation values for cadence metrics from
Table II in comparison to SSWS and FCWS for both the
volitional and 3M trials, where an R value equal to 1 would
indicate perfect positive correlation, an R value of -1 would
indicate perfect negative correlation, and an R value of 0 would
indicate no correlation.

V. DISCUSSION

Some participants had difficulty maintaining the minimum
desired cadence (e.g., participants depicted in Figures 3b, 3e,
3g, 3i), and thus frequently switched between the assistive and
uncontrolled modes, utilizing both FES and the motor. Other
participants were able to volitionally reach a desired cadence
but had trouble maintaining a steady cadence that remained
in the desired range (e.g., Participant 1, Figure 3a), resulting
in frequent switching between all 3Ms, but remaining close to
the bounds due to the FES and motor controllers. Thus, the
percentage of time spent in each of the 3Ms, of which the
averages are shown in Figure 7, varied significantly amongst
participants (i.e., standard deviations are often larger than the
average value), as seen in Table II, indicating that the con-
troller works to maintain a cadence range despite participant
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Fig. 3: Cycling cadence (top), stimulation pulsewidth (middle) sent to the right (blue) and left (red) quadriceps, and motor current
(bottom) across nine participants. Individual results during the 3M trials highlight how the developed algorithm accommodates
for individual differences. The vertical green line represents the four minute mark when the participants were asked to pedal
at maximum effort. A current of 0.5 amps (orange line) is used as a feed forward to the motor, so motor current greater than
0.5 amps corresponds to assistance and motor current less than 0.5 amps corresponds to resistance. At steady state, the blue
line at 50 RPM and red line at 55 RPM of the cadence plot indicate the selected upper and lower bounds for the uncontrolled
mode and the yellow line depicts actual cadence, all of which were shown to the participants throughout the trial. The plots
depict the participant attempting to stay within the desired cadence range until minute 4, after which the participant attempts
to pedal faster, often transitioning from the uncontrolled mode to the resistive mode. For all participants, when the cadence is
below the lower threshold, positive motor input and FES input alternates to assist the participant. When the cadence is above

the upper threshold, there is negative motor input.



Table I: Participant Description

Participant 1 2 3 4 5 6 7 8 9
Age 24 55 49 61 72 48 67 65 36
Sex M F M M M F F M M
Affected Side R L R R R R L L L
Time since Stroke (months) 87 36 25 35 72 42 76 38 172
Self Selected Walking Speed (cm/s) 1155 922 1258 109.0 61.7 1164 52.1 1348 534
Fastest Comfortable Walking Speed (cm/s) 154.5 117.5 141.1 1555 904 1789 774 200.0 904
Table II: Cycling metrics from nine stroke participants.
Participant Number
Metric Seg. | Cond. | Mean | p-value 1 2 3 4 5 6 7 8 9
OA Vol 51.54 0.5553 5096 48.65% 5551 53.60 49.80" 53.67 47.35° 5926 45.08"
3M 51.01 ’ 51.86"  48.22 54.67 51.81 49.16~ 53.48 49.40" 52.88" 47.60"
Avg. Cad. Vol 4991 50.68 48.95 5242 5147 49.800 52.10 47.35  52.07 44.39
F240 0.1434
(RPM) 3M 50.67 51.81 47.76 53.78 50.73 49.13 53.14 49.34 52.86 47.49
FP Vol 62.34 0.1201 52.08 47.23% 67.87 61.13 - 59.93 - 88.03  60.16"
3M 53.99 ' 55.397 50.05 58.23 56.13 50.25 5482 49.81" 59.84" 51.377
F240 Vol 4.61 0.0223* 2.68 4.38 2.07 2.02 5.79n 2.35 7.70n 2.96 7.04
Cad. SD (RPM) 3M 2.28 2.62 2.73 1.64 2.01 1.93 1.65 2.97 2.24 2.35
Fp Vol 8.98 0.5786 2.73 4.82% 2.19 2.34 - 2.72 - 3.54 22.457
3M 4.68 ’ 3.92n 3.23 2.40 2.38 3.67° 2.03 2.69n 9.797 6.26"
#
OA Vol 6.16 0.0109% 1.60 5.36 5.90 343 5.497 2.68 7.537 14.95 9.66"
3M 1.90 1.20n 3.25 1.88 1.39 1.92n 0.68 2.36" 1.087 3.350
RMS Cad. Error Vol 3.56 . 1.68 3.94 0.96 0.78 5.49n 1.03 7.537 1.87 8.74
F240 0.0336*
(RPM) 3M 1.68 1.16 3.44 0.62 1.00 1.88 0.36 2.42 0.90 3.32
# - -
EP Vol 12.48 0.0407* 1.25 5.24 13.06  7.50 5.63 3322 21457
3M 3.64 3.090 2.36 4.01 2.38 2.817 1.34 1.95  10.32~  4.527
F240 Vol 37.92 0.5469 36.68 54.53 10.56  23.24 32.65 1739 6532 19.83 81.07
% Time in 3M 41.74 ’ 22.04 80.47 0.28 38.10 68.13 3.35 63.28 11.73 88.30
Assist. Mode Fp Vol | 1617 | eoyq | 2034 70.59%  0.00 0.0 - 0.00 - 0.00 22.237
3M 22.51 T 8.641 46.56 0.00 0.27  41.090 094 56.52n 12.14n 36477
F240 Vol 55.60 0.3498 59.27 39.61 82.27 7231 66.030 73.69 19.12~  72.88 15.23
% Time in 3M 50.48 ' 65.40 19.17 75.79 59.86 3153 84.01 3242 75.15 11.01
Uncontr. Mode EP Vol 13.18 0.0817 65.83  24.01%  0.00 0.00 - 0.98 - 0.00 1.427
3M 35.77 ’ 36.05"  48.88 11.34 3244 5134~ 5236 39.76~ 20.93~ 28.82"
F240 Vol 6.48 0.6542 4.05 5.86 7.17 4.45 1.327 8.92 1555 7.29 3.70
% Time in 3M 7.78 12.57 0.36 23.94 2.04 0.34 12.64 4.29 13.11 0.69
Resist. Mode P Vol | 7066 | (717 | 1383 540% 100 100 - 99.02 - 100 76.357
3M 41.72 ’ 55.32~ 4.56 88.66 67.28 7.570 46770 3.72° 66.93" 34.717

A = did not complete trial (or portion of the trial)

#The last 10 seconds of data was removed since they temporarily stopped pedaling due to instruction confusion.
*Statistical significance for p < 0.05, but not significant when adjusted with the Holm-Bonferroni correction for n = 14 comparisons
OA = overall, F240 = first 240 seconds, FP =final portion, Vol = volitional-only trial, 3M = three mode controller trial

ability and various instances of actuators switching, making
for an individualized approach. Although it was expected that
the assistive and resistive modes would help individuals remain
in the uncontrolled mode for a larger percentage of time than
when voluntarily pedaling, this was not the case for many of
the participants; however, note that this particular statistic is
potentially misleading since it does not show how far into each
mode the participant pedaled. Figures 3a-3i show that during
the 3M trials when participants were pedaling in the assistive
or resistive modes, their cadence was not far from the desired,
whereas greater deviations occured during the volitional trials.

The range of cadence values within one standard deviation
of the average is much larger for volitional trials than 3M
trials, as shown in Figure 5, as well as larger RMS errors,
as shown in Figure 6. Some participants with more strength
and coordination were able to volitionally pedal in the desired
range for the volitional trial; however, their cadence varied
further outside the desired range during volitional trials than
with the assistance and resistance of the FES and motor during
the 3M trial. Moreover, since Participants 5, 7, and 9 did not
complete the volitional trial due to fatigue, the percentage
of time spent below the desired range would have likely



Table III: R correlation coefficients for various data amongst
all nine participants.

SSWS FCWS
Vol. 3M | Vol. 3M

OA 0.888  0.850 0.870  0.774

Avg. Cad. (RPM) F240 0.865  0.837 0.785  0.783

FP 0.493  0.886 0.603  0.858

Cad. SD (RPM) F240 | -0.941 -0.440 | -0.861 -0.425

FP -0.894 0.140 | -0.716  0.292

OA -0.038  -0.681 0.072  -0.767

RMS Cad. Err. (RPM) F240 | -0934 0384 | -0.851 0.453

FP 0.024 -0.755 0.185 -0.750

% Time in Assist. Mode* | F240 | -0819 -0.864 | -0.746 -0.816

FP -0.482 -0.833 | -0.583 -0.816

% Time in Uncontr. Mode* |_F240 0.803  0.865 0.731  0.852

FP 0.040 -0.408 | -0.070 -0.267

% Time in Resist. Mode* | F240 | -0.069 0729 | -0.059 0574

FP 0271  0.790 0.396  0.714

*The 3Ms of control do not exist for the volitional-only trial; however, for
comparison, the percentage time calculations are based on the same cadence
thresholds as in 3M trials.

Participants that did not start the final portion of the volitional trial (indicated
by a “-” in Table II) are excluded from the calculation of the R correlation
for the FP of the volitional-only trial.

OA = overall, F240 = first 240 seconds, FP =final portion, Vol = volitional-
only trial, 3M = three mode controller trial, SSWS = self-selected walking
speed, FCWS = fastest comfortable walking speed
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been significantly more had they continued to try pedaling
despite fatigue. Thus, the more noteworthy outcome from the
results in Table II is the reduction in standard deviation of
the cadence from the volitional pedaling trial to the 3M trial
(and consequently, the reduction in RMS error), showing that
a more consistent cadence could be maintained compared to
volitional pedaling, which is a common goal in rehabilitative
cycling [39]. Not all participants experienced a decrease in
standard deviation from the FP of the volitional trial to the
FP of the 3M trial; however, some participants opted to end
trials before completion, rather than slow their cadence, which
would’ve resulted in a larger standard deviation. Such is not
reflected in the statistics for the FP. In particular, Participants
4 and 6 would likely had larger cadence error and standard
deviation during the volitional trials if they had not opted
to stop early. Moreover, participants may have exerted more
effort than they could maintain for the entire FP, resulting in
a larger deviation in cadence than the F240 portion. Standard
deviation for the trials OA are not included in Table II since
the participants were instructed to purposefully increase their
cadence at the four minute mark.

In general, the slower the walker, the slower the cycling
cadence in both the volitional and 3M trials, which is evident
in the R correlation values between the SSWS and FCWS in
the OA and F240 portions, which ranged from 0.774-0.888,
as listed in Table III. Both walking speeds correlated more
with cadence during the final portion of the 3M trials than
volitional-only trials, with respective R correlation values of



0.886 (SSWS) and 0.858 (FCWS) versus 0.493 (SSWS) and
0.603 (FCWS). Thus, it may be concluded that a participant’s
ability to overcome the motor resistance better predicts their
walking ability than pedaling at a more comfortable cadence
does; however, with more than one participant stopping during
the final portion of both trials, this statistic does not capture all
of the data. Most notably, individuals with the slowest walking
speeds (i.e., Participants 7 and 9) were the same participants
that did not complete the volitional trial, and were not included
in the volitional FP statistics. There is strong evidence of
negative correlation between walking speed and the standard
deviation of cadence during volitional trials (between -0.941
and -0.716), but dramatically less for 3M trials (between -
0.440 and 0.140). Thus, functional ability is an indicator of
a person’s ability to maintain cycling cadence on their own,
but the developed control scheme allowed patients to maintain
consistent cadence, no matter their ability, resulting in a low
correlation value. The assistance and resistance of the FES and
the motor allowed all participants to remain close to the same
desired cadence range, unlike volitional pedaling.

Healthy normals can pedal with a small variation in cadence
(e.g., within 50-55 RPM) so any deviations show strengths
and weaknesses in the participants. However, a higher, lower,
wider, or narrower range selected in practice by a physical
therapist could significantly alter the amount of time spent in
each mode, and thus alter the error values. Regardless, since
the motor and FES controllers are exponentially stable in both
the assistive and resistive modes, the cadence is mathemati-
cally guaranteed to exponentially approach the desired cadence
range (see appendix for proof). Even in the case of a patient
with complete paralysis, stability can still be guaranteed (set
Tvor = 0) and the controller will act as in previous FES studies
performed by the authors (e.g., [12]).

VI. CONCLUSION

The novel combined motor and FES control system de-
veloped in this paper is designed to enable a cycle rider
to maintain cadence within a desired range. With assistive,
uncontrolled, and resistive modes, the control system has the
potential to advance motorized FES-cycling as a rehabilitation
exercise for people with movement disorders. Specifically,
FES and a motor can assist those with minimal leg strength or
at the onset of fatigue, and the motor can provide resistance to
someone who can easily pedal faster than a desired range, for
an additional challenge. A Lyapunov-like analysis presented
in the appendix proves stability of the controllers for the
multi-level switched system, despite unknown disturbances.
The development indicates arbitrary switching between the
different modes with exponential error convergence despite
the rider’s capabilities. Experiments performed on nine stroke
participants validated the use of the control system in all 3Ms.
Despite a wide range of volitional abilities, the participants
were able to pedal a recumbant tricycle with average cadences
ranging from 47.60 - 54.67 RPM, compared to the desired
range of 50-55 RPM. The participants targeted the desired
cadence range for the first four minutes, after which they were
instructed to pedal with more effort to attempt to overcome
the upper threshold.

Future works performed on a decoupled crank cycle would
allow assistance and resistance to be applied to each leg sep-
arately so stroke patients cannot compensate for the weakness
of their affected side with the strength of their unaffected side.
Significant differences in the resulting data of each leg could
be used as a metric for rehabilitation improvements. Clinical
trials are needed to analyze the effectiveness of the developed
control scheme compared to traditional FES-cycling.

APPENDIX

Let Vr, : R — R be a continuously differentiable, positive
definite, common Lyapunov function candidate defined as

1
Vi = 5Met, (20)
which satisfies the following inequalities:
Cm CMm
76% < VL < 76%, 2D

where ¢, and cy; are introduced in Property 1. The use of the
common Lyapunov function indicates that arbitrary switching
among the different subsystems is possible, as in [40]. Three
theorems are presented to cover each possible case where
closed-loop control is used.

Theorem 1. When ¢ < 4q and q € Qrgs, the closed-loop
error system in (19) is exponentially stable in the sense that

lex (8)] <

, As .
Wler ) exw | -5 -] @2
Cm 2
forall t € (tfl, tﬁH_l) Vi € {e, p}, Vn, where Ay € Ryg is
defined as

2

As & o (Corrkas — c2) (23)

provided the following sufficient gain conditions are satisfied:

€1 + Cyol C2

7k28> )

Cbyy

kis > (24)

Copr
where cy,, is introduced in Property 8, ¢y and cz in (15), and
kos and k15 in (16).

Proof: When ¢ < ¢4 and q € QFgs, e1 > 0, 04 = 1,
and o, = 0 (i.e., the cycle-rider system is controlled by FES
in the assistive mode). Due to Bj; discontinuously varying
over time, the time derivative of (20) exists almost everywhere
(ae), ie., foralmostall t € (t3, t% ), Vi € {e, p}, and after

substituting (19), the derivative of (20) can be upper bounded
using Properties 7 and 11, Assumption 1, and (15) as

VL < — (copkrs — Cool — €1) €1 — (Cop kas — c2) €3, (25)

which is negative definite since e; > 0, provided the gain
conditions in (24) are satisfied. Furthermore, (21) can be used
to upper bound (25) as

VL < =XV, (26)



where )4 denotes a known positive bounding constant, defined
in (23). The inequality in (26) can be solved to yield

Vi (1) < Vi (t) exp [=As (E = 13)],

for all t € (t,t4,,),Vi € {e, p}, Vn. Rewriting (27)
using (21) and performing some algebraic manipulation yields
exponential convergence of |e; (t)], as in (22). [ |

27

Theorem 2. When ¢ < {q and q ¢ Qrgs, the closed-loop
error system in (19) is exponentially stable in the sense that

(0] [Per (1) Jexw | -5t (- 1)

for all t € (tn, n+1) Vi € {s, p}, Vn, where A1 € Rsg is
defined as

(28)

2
- (cbﬂkak2e - 02) )
CMm

Aer = (29)

provided the following sufficient gain conditions are satisfied:

€1 + Cyol C2
% ko s
CbE ka ’ Cbc ka ’

where ki, and ko, are introduced in (17), ¢1 and co in (15),
cp, in Property 9, and k, in (18).

kie > (30)

Proof: When ¢ < ¢4 and ¢ ¢ Qrgs, e1 > 0, 0, = 1,
and o, = kg, but By; = 0 by its definition in (10) and
the definition of o,,. It can be demonstrated that, due to the
signum function in (19), the time derivative of (20) exists
a.e., i.e., for almost all ¢ € (tf,,, tiH_l) , Vi € {s, p}, and,
after substituting (12) and (19), can be upper bounded using
Properties 7 and 12, Assumption 1, and (15) as

VL S - (Cb k kle — Cyol —
— (v, kakae — c2) €3,

Cl) €1
(€20

which is negative definite since e; > 0, provided the control
gain conditions in (30) are satisfied. Furthermore, (21) can be
used to upper bound (31) as

Vi < AV, (32)

where \.; was defined in (29). The inequality in (32) can be
solved to yield

Vi (1) < VL (t,) exp [=Aer (£ = 13)] (33)

for all t € (t&,t4,,),Vi € {s, p}, Vn. Rewriting (33)
using (21), and performing some algebraic manipulation yields
exponential convergence of |ey (t)|, as in (28). |

Remark. Exponential convergence to ¢4 throughout the
assistive mode (Theorems 1 and 2) is guaranteed in the sense

that
CM i )\a 7
er 0] < ([P Jes (1) | exp [— (t—tnﬂ ,
Cm 2

for all ¢ € (ti,th ) Vi € {e, s}, Vn, where A\, € Ry is
defined as

(34)

Ao 2 min {\;, A1}

Since (34) holds for all combinations of ¢, and ¢,, while o, =
1, Vz, is indeed a common Lyapunov function for switching
during the assistive mode.

Theorem 3. When ¢ > ¢, the closed-loop error system in
(19) is exponentially stable in the sense that

o1 ()] = 2 e |22 0 )]

forallt € (th7 t;H) , 1 = p, Yn, where Ao € Ry is defined
as

(35)

2

Ae2 & — (cp krkae — c2) (36)
CM

provided the following gain conditions are satisfied:
+ + kock,A
kle > C1 Cuol CB,R2eRr d’ k2e > Co ’ (37)
Cbek‘»,- Cbekr
where cp, and cp, were introduced in Property 9, cyo in

Assumption 1, k. in (18), ¢c1 and co in (15), and Ay in (12).

Proof: When g > ¢7, 04 =0, e2 <0, e; <0, and 0. =
k.. Due to the signum function in (19), the time derivative of
(20) exists a.e., i.e., for almost all ¢ € (tfl7 thH) and for all
n, and, after substituting (12) and (19), can be upper bounded
using Properties 7 and 12, Assumption 1, and (15) as

VL S - (Cbe krkle -

- (Cbe k’r'er

CBekrkZeAd —C — Cvol) |61‘ (38)
- 02) 6?7

which is negative definite provided the control gain conditions
in (37) are satisfied. Furthermore, (38) can be upper bounded
as

VL < —Ae2Vi,
and solved to yield

Vi () < Vi, (t5) exp [—Aea (t — £5)], (39

forall t € (¢, t%, ), i =p, Vn, where A denotes a known
positive bounding constant, and was defined in (36). Rewriting
(39) using (21), noting that |ey (t&) | = |ea (t&) — Ag| = Ay
when o, = 0, and performing algebraic manipulation yields
exponential convergence of |e; (t)] as in (35). [ |

Remark 1. To ensure exponential tracking to the desired
cadence range for both the resistive and assistive motor

modes, the gain conditions from (30) and (37) are com-

c1 c14cCool+cB k2ckrAg
Cooka’ o, Forr ) k26 >

bined as ki, > max{

max { €2 €2
Che ko’ Cbck
Since the uncontrolled mode is defined by 0 < e; < Ay,

the error is always bounded in the uncontrolled mode. As
described in (22), (28), (35) in Theorems 1-3, and Remark
(D,
and resistive modes. By the definition of es in (12), |es]
also decays exponentially in the assistive and resistive modes.
Therefore, sufficient conditions for overall stability of the
two-sided system can be developed based on the exponential
time constants Ay, A1, and A.o. When the system enters the




resistive mode, the cadence will exponentially decay back
into the uncontrolled mode and when entering the assistive
mode, the FES and motor controllers will ensure the cadence
exponentially increases back into the uncontrolled range of
desired cadence. In this application, where there is a desired
cadence range rather than a single desired trajectory, error
convergence to a range of values (A,) is desirable, rather
than exponential error convergence to zero.
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