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ABSTRACT

Closed-loop functional electrical stimulation (FES) control methods are developed to enable motorized
assistive split-crank (i.e., a cycle without mechanical coupling between the lower limbs) cycling for
rehabilitation efforts for people with lower limb movement disorders. The non-dominant side tracks a
desired range of cadence and the dominant side tracks a range of position offsets centered around the
position of the non-dominant side. A multi-level switched system with switched control objectives
is applied to both sides of the cycle-rider system. Assistive, uncontrolled, and resistive modes for
the dominant and non-dominant subsystems are based on position and cadence, respectively. Global
exponential tracking to upper and lower bounds of an uncontrolled desired region is proven for each
side via Lyapunov-based analysis using switched system methods. Experiments on both able-bodied
participants and participants with neuromuscular conditions show the performance of the switched
control system for split-crank FES-cycling. From volitional to controlled pedaling in able-bodied
participants, average RMS cadence error of the non-dominant, RMS position error of the dominant,
and cadence differential between the two legs improved by 76.2%, 65.3%, and 58.0%, respectively. On
average, experiments on participants with neuromuscular conditions resulted in RMS errors that were
45.8%, 92.6%, and 52.0% higher than controlled trials on able-bodied participants, but 65.3%, 33.3%, and

36.3% lower than volitional-only trials of able-bodied participants.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Functional electrical stimulation (FES) cycling is a commonly
used rehabilitation exercise for people with neuromuscular con-
ditions that result in movement disorders (Ambrosini, Ferrante,
Pedrocchi, Ferrigno, & Molteni, 2011; Ferrante, Pedrocchi, Fer-
rigno, & Molteni, 2008; Hooker et al., 1992; Janssen et al., 2008;
Johnston, Smith, Oladeji, Betz, & Lauer, 2008; Kuhn, Leichtfried,
& Schobersberger, 2014; Sadowsky et al., 2013). For some con-
ditions, one side of the body is affected more than the other
(i.e., hemiparesis). When a person with hemiparesis pedals a
traditional single-crank cycle, their dominant side can mask the
weakness in their impaired side due to the pedal coupling at
the crank. While their tracking goals may be met (e.g., pedal-
ing at a desired cadence), challenging the impaired side may
improve hemiparesis and avoid creating a larger gap in their
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existing bilateral asymmetry. Thus, cycling for rehabilitation of
movement disorders involving hemiparesis should promote equal
contribution from the dominant and impaired limbs (Chen, Chen,
Chen, Fu, & Wang, 2005). To reduce muscular asymmetries, some
studies have tasked controllers with balancing torques on either
side of a single-crank FES-cycle (Ambrosini, Ferrante, Ferrigno,
Molteni, & Pedrocchi, 2012; Ambrosini et al., 2011, 2014), while
other cycling studies have used split-crank cycles to address mus-
cular asymmetries (Estay, Rouse, Cohen, Cousin, & Dixon, 2019;
Van der Loos, Worthen-Chaudhari, & Schwandt, 2010; Rouse,
Cousin, Allen, & Dixon, 2019; Ting, Kautz, Brown, Van der Loos,
& Zajac, 1998; Ting, Kautz, Brown, & Zajac, 2000; Ting, Raasch,
Brown, Kautz, & Zajac, 1998), as in the current result. However,
only Estay et al. (2019), Rouse et al. (2019) and Van der Loos et al.
(2010) have focused on closed-loop control of the cycle-rider
system, and aside from our prolegomenous work in Estay et al.
(2019) and Rouse et al. (2019), no previous split-crank cycling
studies have used FES to control the rider’s muscles.

Because physical therapy participants vary in their strength
and abilities, it is important to establish rehabilitation exercise
protocols that can be broadly applied, where volitional contri-
butions are encouraged for active therapy (Hogan et al., 2006).
Moreover, volitional contribution combined with electrical stim-
ulation has been shown to enhance functional improvements
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(Iyanaga et al., 2019; Kraft, Fitts, & Hammond, 1992). Some par-
ticipants may benefit from using volitional control to follow a
trajectory range, rather than a precise trajectory or performance
specification (Asl, Narikiyo, & Kawanishi, 2017; Hogan et al.,
2006). A trajectory range can be tracked using assist-as-needed
controllers, such as those in many rehabilitation robots (Asl et al.,
2017; Banala, Kim, Agrawal, & Scholz, 2009; Cousin, Duenas,
Rouse, & Dixon, 2018; Duschau-Wicke, von Zitzewitz, Caprez,
Lunenburger, & Riener, 2010; Pehlivan, Losey, & O’Malley, 2016;
Srivastava et al., 2015, 2016). In Rouse, Cousin, Duenas, and Dixon
(2018), a novel closed-loop state-dependent switched system
strategy was developed to assist volitionally pedaling participants
when they pedal below a minimum desired cadence and resist
them when they exceed the maximum desired cadence. As the
person pedals, the switched system automatically transitions be-
tween assistive, uncontrolled, and resistive modes according to
minimum and maximum cadence bounds. The work in Rouse
et al. (2019) implements a similar strategy on a split-crank cycle
to benefit a broad range of strength, ability, and hemiparesis.

While FES-cycling is a long-standing topic of research, most
research has ignored limitations of the participant such as the
need to saturate the stimulation input based on comfort levels
and safety. In FES-cycling, motor control is often implemented
in regions of the crank cycle where muscles do not efficiently
produce torque (Bellman, Downey, Parikh, & Dixon, 2017); how-
ever, in this paper, the motors (one for each side of the split-crank
cycle) also assist in FES regions as needed when the FES control
input saturates at the comfort threshold, similar to the protocol
developed in Rouse, Cousin, Duenas, and Dixon (2017) for FES
biceps curls.

As in Rouse et al. (2019) and Rouse et al. (2018), this paper
implements arbitrary and state-dependent switching between
and within three modes (i.e., assistive, uncontrolled, and resistive)
as the continuous state-dynamics evolve. High-level switching
denotes switching amongst the three modes and is based on ca-
dence and position for the non-dominant and dominant sides, re-
spectively. Mid-level position-dependent switching within the as-
sistive mode of each side occurs between the quadriceps, gluteal,
and hamstring muscle groups, and the electric motor, similar to
results such as Bellman et al. (2017). Low-level switching denotes
the arbitrary switching within FES regions of the assistive mode
to distribute partial control authority to the motor whenever the
FES control input to a muscle saturates. Like the preliminary work
in Rouse et al. (2019), which also utilized a split-crank cycle,
the non-dominant side is resisted by an electric motor when
pedaling above the desired cadence region and assisted via a
combination of FES and the electric motor when below the de-
sired cadence region. Similarly, the dominant leg is appropriately
assisted or resisted when its position is outside a desired range
centered at 180 degrees out of phase from the non-dominant
leg. This paper improves upon the preliminary work by using
comfort thresholds individually selected for each muscle group.
Separate saturation limits on each individual muscle control input
necessitate a change in the stability analysis to account for the
saturation of some muscle groups but not others. Moreover, the
motor controller design is updated to better distribute control
authority when a muscle group reaches its comfort threshold.
Aside from the additional theoretical contribution, the current
work also provides experimental results from three people with
neurological conditions and three able-bodied participants.

Without the gravitational force of one leg affecting the motion
of the opposite leg (as in traditional cycling), a split-crank cycle
is much more difficult to pedal than a single-crank cycle. To
show the benefit of the controller, able-bodied participants were
asked to perform two trials with volitional contribution, one
with and one without FES activation or the motors. While the
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control design is motivated by issues involving hemiparesis, the
subsequently developed protocol is also applicable to people with
symmetric limb control, in which case the dominant side may be
selected arbitrarily.

The remainder of this paper includes a nonlinear dynamic
model of the cycle-rider system in Section 2, control development
in Section 3, stability analysis in Section 4, and experimental
results in Section 5. For the cycle-rider system, position-based,
cadence-based, and arbitrary switching occurs, and the dominant
and impaired cases must be analyzed separately. Switching be-
tween stable subsystems can result in instability (Liberzon, 2003);
hence the switched system analysis employs a common Lyapunov
function candidate with a set valued generalized derivative to
prove global exponential stability in the assistive and resistive
modes. Experimental results depict all three cycling modes and
demonstrate the performance of the developed controller for
people with varied abilities. On average, RMS cadence errors of
the non-dominant sides improved by 76.2% from volitional to
controlled trials in able-bodied participants, while RMS position
errors of the dominant side improved by 65.3% and cadence
differentials between the two legs improved by 58.0%, on aver-
age. Experiments on participants with neuromuscular conditions
resulted in average RMS cadence and position errors and average
RMS cadence differentials that were 45.8%, 92.6%, and 52.0%
higher, respectively, than controlled trials on able-bodied par-
ticipants, but 65.3%, 33.3%, and 36.3% lower than volitional-only
trials of able-bodied participants.

2. Model

The switched dynamics of the cycle-rider system are consid-
ered separately for both sides and are derived in Rouse et al.
(2019) as!

Z Bmum, + Be,ue, + Ty =
meM

Mg + be,qi + de, + Viqi + G + P+ dy, (1)

VI € S 2 {1, 2}, which indicates the impaired/non-dominant
(I = 1) and dominant (I = 2) sides, respectively, and m € M £
{Q, G, H} indicates the quadriceps femoris (Q), gluteal (G), and
hamstring (H) muscle groups, respectively. The measurable crank
angle is denoted by q; : R>o — Q, where Q C R is the set of all
possible crank angles. The measurable crank velocity is denoted
by ¢ : Rso — R, and the unmeasured acceleration is denoted
by §; : R-o — R. The uncertain muscle control effectiveness is
denoted by B,; : @ x R — R.p, as in Bellman et al. (2017) and
Idsg, Johansen, and Hunt (2004); um, : Rsg — R denotes the
FES stimulation intensity (i.e., pulse width); the motor control
constant is denoted by B, € R.( and relates the motor’s input
current to output torque; and u,, : R>g — R denotes the sub-
sequently designed motor control input. Torques produced by
the participant’s volition are denoted by 7,,,. Combined inertial
effects of the cycle and rider are denoted by M; : @ — R; b, €
R.o and d;, : R>9 — R, denote viscous damping effects and
disturbances applied by the cycle, respectively; V; : @ x R —
R,G:Q2—RP:QxR— R, andd, : Ry — R denote the
effects of centripetal-Coriolis, gravitational, passive viscoelastic
tissue forces, and rider disturbances, respectively.

High-level switching occurs on both sides of the cycle (i.e., VI €
S) between assistive, uncontrolled, and resistive modes according

1 For notational brevity, all functional dependencies are suppressed unless
required for clarity of exposition.
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to the subsequently designed switching signals. On the non-
dominant side, the velocity- (i.e., cadence-) based high-level
switching laws are defined as

aaé{1 it 41 = G é{l i a1 = da (2)
1 0 if g1>qn > " 0 if ¢1<qz’

where the switching signals o, : R — {0, 1} and o, : R —
{0, 1} define the assistive (i.e., o4, = 1, o, = 0) and resistive
(i.e., oq, = 0, oy, = 1) modes, respectively. The switching point
between the assistive and uncontrolled (i.e., o,, = 0, o, =

0) modes is denoted by ¢4 R->o — R, which represents
the selectable minimum desired cadence value. The switching
point between the uncontrolled and resistive modes is denoted
by qz;; : R>o — R and represents the selectable maximum
desired cadence value. Thus, the uncontrolled mode for the non-
dominant side is active when ¢, € [qa1, dg, |- Similarly, high-level
switching between the three modes (i.e., assistive, resistive, and
uncontrolled) on the dominant side is based on position, such that

if @ =<dqao if q@>qp , (3)

2 1 a) 1l
% =1 0 if 02 > qa2 =) 0 if 02 < Qg

where the switching signals o,, : @ — {0, 1} and oy, : Q —
{0, 1} define the assistive (i.e., o, = 1, o, = 0) and resistive
(i.e., 04, = 1, 0y, = 0) modes for the dominant side, respectively.
The dominant side is designed to track the non-dominant side’s
position such that the switching points between the uncontrolled
(i.e, 04, = 0, 0, = 0) mode and the assistive and resistive
modes are denoted by g4 : R>o — R and g3, : Ryg — R,
respectively, and defined as q; £ q — 7 — Ag and qg, £
q1 — m + Ag, where Ay, € R.g is the range of allowable
position values for the dominant leg to deviate from the non-
dominant side. Thus, qg and qg, are the selectable minimum
and maximum desired position values that bound the dominant
side’s uncontrolled mode, and are centered around q; — 7 to
maintain a 180 degree offset?. Each subsystem is in its respective
uncontrolled mode when o5, = o, = 0, VI € S. Within
the assistive mode for both the non-dominant and dominant
subsystems, low-level switching amongst the muscle groups and
motor is based on definitions for the subsequent FES regions for
each muscle group 9, C Q, Ym € M, as in Rouse et al. (2018). A
schematic of the three levels of switching is also included in Fig.
1 of Rouse et al. (2018). The stimulation intensity applied to each
muscle group uy, is defined as

Uny 2 0qomSats, [knts], (4)

VleS, Vm € M, where o, was defined in (2) and (3), the subse-
quently designed FES control input is denoted by uy, : R — R,
and kp, € R is a selectable constant control gain. The saturation
function satg,, (-) is defined as satﬂml(/c) £  for|k| < By, and
Satlgm’(K) £ sgn(k)Bm, for || > By, where By, € R, is the user-
defined comfort threshold for each muscle group on each side.
The low-level switching signal o, : @ — {0, 1} is designed for
each muscle group such that oy, (@) = 1 when q; € 95, and
om, (1) = 0 when q; (t) ¢ Qp, VI € S, Vm € M. The overall FES
region, Qps, is identical for each side and defined as the union of
individual muscle regions, i.e., Qs £ méJ {Om}, Vm e M.

The applied motor current u, is defined as

Ug, £ (Ur, + Ualo'el) Uy, (5)

vl € S, where u;, : R-g — R denotes the subsequently designed
motor control input, and o, : @ X R>¢ — (0, 1) is an auxiliary
switching signal corresponding to mid- and low-level switching

2 Definitions for qq> and qg, represent a shift of 7 radians; however, this
offset could be arbitrarily selected or time-varying.
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for activation of the electric motor within the assistive mode,
defined as

1 if qr ¢ OFes
Oy =1 Y if qi€ Qres, Um = Pm » (6)
0 if q € Qpss, Um # Pm

VI € S, Vm € M. Hence, the motor can be activated in the
assistive mode in FES and non-FES regions, where y; : R>g —
Rso is the motor’s ratio of control authority, defined (based
on all muscle control inputs on that side) as the sum y; £

Ky is;—Bm . .
Y e %ﬂ’ VI € S. When a subsystem is in an FES region,

the correspolnding motor only activates when the stimulation

input for any muscle group within that subsystem/side reaches

its respective comfort threshold B, and y; proportionately dis-

tributes the remaining control effort to the motor. Thus, the

switching laws autonomously activate subsets of muscle groups

and the motor based on position, velocity, and stimulation level.
Substituting (2)-(6) into (1) yields

Z Bmo—alamlsat/im[ [kmlusl] + BElur, + Tyol} =
meM

Mg + be,qi + de, + Vigi + G + P+ dy, (7)

vVl € S, where B, : QxR xR>9 — Rand B, : 9 xR>o — R are
the switched motor control effectiveness for each side, defined as

B, 2 B (01, + 04,0¢,) - (8)

The parameters in (7) capture the torques that affect the dy-
namics of the combined cycle-rider system, but the exact value
of these parameters is unknown for each rider and the cycle.
However, the subsequently designed FES and motor controllers
only require known bounds on the aforementioned parameters.
Thus, the switched system in (7) has the following properties and
assumption VI € S (Bellman, Cheng, Downey, & Dixon, 2014).

Property 1. ¢, < M, < cy, where ¢, ¢y € R.o are known
constants.

Property 2. |V|| < cy|q|, where ¢y € R.q is a known constant.
Property 3. |G| < cg, where cc € R is a known constant.
Property 4. |Pj| < cpy + Cp2|qi|, where cpy, Cpy € R are known
constants.

Property 5. b < ¢, where ¢, € R, is a known constant.
Property 6. |d;, +d;| < c4, where ¢y € R.¢ is a known constant.
Property 7. 1M, = V..

Property 8. B, is lower bounded Vn € M, and thus, when

> om > 0, < Bn < cp,, VI €S, where cy,, b, € Ruo
meM
are known constants.

Property 9. ¢, < B, where ¢y, € R. is a known constant.

Assumption 1. The volitional torque produced by each leg of the

rider is bounded due to human physical limitations as |rwll| <
Cvol, Where ¢,y € R is a known constant.

3. Control development

The control objective is for the non-dominant subsystem to
regulate the cadence to a desired range and for the dominant
subsystem to regulate the position to a desired range such that
a crank phase difference within a desired range centered at 180
degrees from the dominant leg is maintained.
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3.1. Non-dominant side

The cadence tracking objective for the non-dominant leg is
quantified by the velocity error e; R>o — R and auxiliary
error 11 : Ry — R, defined as

e1 £ qa1 — a1, (9)
r 2 e+ (1—0q) Aa, (10)

where Gg1, Gg, and Ay is defined as Agq £ Gg; — qa1. Taking the
time derivative of (9), multiplying by My, and using (7) with [ = 1
yield

Mié; = —Bg Uy, — To, — Vi1 + x1 (11)
- Z B0, Om, Satg,, [km,us, ] .
memM

where the auxiliary term x; : @ X R x Rso — R is defined as
x1 £ be,q14+de, + G+ Py +dr +Viga1 + V4 (1 — 0a1) Adg1+Midgs.
From Properties 1-6, x; can be bounded as

Ixil < 1+ caleql, (12)

where ¢y, ¢c; € R.o are known constants, and |- | denotes the
absolute value. Based on (11), (12), and the subsequent stability
analysis, the FES control input to the muscle groups on the
non-dominant side is designed as

us, = kig + kysTy, (13)

where kis, kos € R.o are constant selectable control gains. The
switched control input to the motor is designed as

Up, = k1SN (1) + koe1, (14)

where ki, ko, € R.( are constant selectable control gains.
Substituting (13) and (14) into (11) yields

Mié; = —Bg, (k1esgn (1) + kaeT1) — Toor, — Var1 + x1

- Z Bmamom]satﬂm] [km1 (kis + kast1)]. (15)
memM

3.2. Dominant side

The position tracking objective for the dominant leg is quanti-
fied by the error e; : R>o — R and auxiliary errorsr; : R>o — R
and r3 : Rsg — R, defined as

e £ qa — G2, (16)
e+ (1—o0q)An, (17)
r3 £ é +aey, (18)

where @ € R. is a constant selectable control gain and qq», qg»,
and Ay, were defined previously. Taking the time derivative of
(18), multiplying by M5, and using (7) with | = 2 and (16) yields

Myf3 = —Bg,Ur, — Tyor, — Vals — 12 + X2 (19)
- Z BnGa, Omy Sats,,, [km,us, ] .
mem

where the auxiliary term x; : © X R x Rs5o — R is defined as
X2 £ b, G +de, +Go 4Py +dr, +Vadar + Vaaes + Mo +Maars —
M,ae; + 1. From Properties 1-6, x, can be bounded as

X2l < 3 +callzll +cs lizl, (20)

where z 2 [ry 3], || - || is the Euclidean norm, and c3, ¢4, ¢5 €
R.( are known constants. Based on (19), (20), and the subsequent
stability analysis, the FES control input to the muscle groups on
the dominant side is designed as

s, = kagrs + (Kas + ks [121] + ks [12112) sgn (rs) (21)
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where Kkss, ka5, Kss, kss € R.o are constant selectable control
gains. The switched control input to the motor on the dominant
side is designed as

Ur, = kae's + (Kae + kse 2]l + Kee l12]1%) sgn (r3) , (22)

where Kk3e, kge, Kse, ke € R.g are constant selectable control
gains. Substituting (21) and (22) into (19) yields

Myi3 = — Z Bnoa,om, satg,, [ ki, k3sts + (23)
meM

Ky (kas + ks 21 + ks I2112) sgn () |
— Tyoly — Var3s — 12+ 2 — B, [’<3er3+
(ke + Kse 121 + kee I211%) sgn (1))

4. Stability analysis

The stability analysis is divided into non-dominant (Section 4,
A) and dominant (Section 4, B) subsystems. To facilitate the
analysis of switching signals, switching times are denoted by
{ti}.i e fa,r,u},n € {0,1,2,...}, VI € S, representing
the times when each side’s subsystem switches into the assistive
(i = a), resistive (i = r), or uncontrolled (i = u) modes (i.e., every
time a switch occurs, nt =n+ 1).

4.1. Stability of the non-dominant subsystem

Let Vi; : R — R be a continuously differentiable, positive
definite, common Lyapunov function candidate defined as
1
Vi £ 5M1T12, (24)

which satisfies the following inequalities:
C Cm
?mﬁz =V = 7T12, (25)

where ¢, and cy are introduced in Property 1. To facilitate the
subsequent stability analysis, let the following gain conditions

apply:

€1+ Cyol ()
kis > 71}0, ks > , (26)
kminlcbm kminlcbm
Cpol +C1 + C2 A0 ()
ke > =2 , koe > , (27)
Ch It Che It

where Kpin1 € Re.q is defined as ki1 2 min (kp,) , VI € S, Vm €
M, I : Rsg — Ris defined as I'7 £ min (1, y7), 4 is introduced
in (6), cp,, is introduced in Property 8, ¢y, in Property 9, c,o in
Assumption 1, ¢; and ¢; in (12), Agp in (10), k15 and kag in (13),
and ki, and kj. in (14).

Theorem 1. Throughout the assistive mode, when q; < g1, the
closed-loop error system in (15) results in exponential convergence
of the cadence on the non-dominant side to {q1, in the sense that

Aa
leq ()] < \/zjlﬁ (t5 1) lexp [—2] (t— t,?,1)] , (28)

vt e [td, t 1), Vn, where Ay : Rog — Rog is defined as Aq

2 2 [min (o kze, Copkminikas, Coo¥ikae) — c2], provided the suffi-

cy

cient gain conditions in (26) and (27) are satisfied.

Proof. When ¢; < §q1; 61 =11 > 0,0, = l,and o, = 0
(i.e., the non-dominant side subsystem is in the assistive mode
and controlled by either FES, the motor, or both). Since By, and

Bg, are discontinuous, the time derivative of (24) exists almost
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10 Lo, 1) Vn, and V)_l aée" ‘7]_1

(Kamalapurkar, Rosenfeld, Parikh, Teel, & Dixon, 2019). After sub-
stituting (8) and (15), and noting that the FES control input is
not saturated when o,, = 0, the derivative of (24) can be
solved to yield Vi < —Be, (kie 1] + kaer?)
e =1— > Bimomkmi (klsrl + k2sr12)

> BnOm,Satg,, [kmi (kis + kasti) ] —

M
Tyon 11 + x111 if o, = yln,lewhich can be upper bounded using
Properties 7 and 8, Assumption 1, and (12) as

everywhere (a.e.) within t € [t¢ |, t!

—Tyoi, 71 + x1771 if
—Tyol, T1 + X111 if 0¢; =0,

mem
_Be1 71 (kle |T]| + k23r12) -

. a.e.
Vit < —(A—cCpt — 1) 11 — (B— ) 17, (29)

which is negative definite in all cases since r; > 0, provided the
gain conditions in (26) and (27) are satisfied. In (29), the values
of A:Q xXR.ogXxRsp—= R.gandB:Q xR.g XxRs9g = Ry
from (29) depend on the switching signals, and are defined as

CheKie if oe, =1
Az Chyy Kmin1k1s ifoe, =0
CheY1Kie + CopBm1 i 0, =11
and
Ch, k2e ifop, =1
B2 Cbmkmimes if O¢y = 0
CbeylkZe‘ if Oe; = V1

Furthermore, (25) can be used to upper bound (29) as

. a.e.
Vit < —AaiVi, (30)

t € [tiy, i 1), ¥n, where Aq; was defined previously. Solving
the inequality in (30), using (25), and performing some algebraic
manipulation yields exponential convergence of r; and e; to zero,
as in (28). Since (28) holds for all combinations of o,, and oy,
while o,, = 1, Vi; is a common Lyapunov function and the
controllers in (13) and (14) are bounded for switching during the
assistive mode of the non-dominant side.

Theorem 2. Throughout the resistive mode, when q; > qg;, the
closed-loop error system in (15) results in exponential convergence
of the cadence on the non-dominant side to {z,, in the sense that

Ir1 (O] 5\/?% (th1)|exp |:—] (t—t,h)] (31)

vVt € [tn 1 tﬁﬂ 1) Vn, where A1 € R.g is defined as A,y £
% (ch ke — cz) provided the sufficient gain conditions in (27) are
satisfied.

Proof. When q; > qg5;; 04, =0,0,, = 1,and ey + Agy =11 <0
(i.e., the non-dominant side subsystem is in the resistive mode
and controlled by the motor). Due to the signum function in (15),
the time derlvatlve of (24) exists a.e. within t € [t t,1+1 ]) vn,

n, 1°
and V € V“. After substituting (10) and (15), Vi1 can be upper
bounded using Properties 7 and 9, Assumption 1, and (12) as
. a.e.
Vit < — (cokie — oot — €1 — C2Aar) |1 (32)
— (oekze — 2) 13,

vt e [t . Lo, 1) . ¥n, which is negative definite provided the
sufﬁcient gain conditions in (27) are satisfied. Furthermore, (32)
can be upper bounded as

. a.e.
Vit < =2V, (33)

vVt e [ 1o t# 1. ]) , Vn, where A1 was defined previously. Solving
(33), rewriting using (25), and performing algebraic manipulation
yields (31). Thus, the controllers in (13) and (14) are bounded for
switching during the resistive mode of the non-dominant side.
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Remark 1. Since the non-dominant side is in the uncontrolled
mode when —Ag; < e; < 0, the error is always bounded in
the uncontrolled mode. As described in Theorems 1 and 2, |rq|
(which, by (10), is equivalent to e; in the assistive mode) decays
at an exponential rate in both the assistive and resistive modes to
zero. By extension, |eq| also decays exponentially in the assistive
and resistive modes, to values of 0 and Ay, respectively. When
the non-dominant side enters the resistive mode, the cadence will
instantly exponentially decay towards gz, (i.e., back into the un-
controlled mode), and when entering the assistive mode, the FES
and motor controllers on the non-dominant side will ensure the
cadence exponentially increases towards {q;. For this particular
control objective, there is a desired cadence range, rather than
a single value for the desired trajectory, so error convergence to
a range (i.e., [0, Ag1]) is desirable, rather than exponential error
convergence to zero.

4.2. Stability of the dominant side

Let Vi : R?> — R be a continuously differentiable, positive
definite, common Lyapunov function candidate defined as
1 2 1 2
Vi, & 5 + §M2r37 (34)
which satisfies the following inequalities:
W llz)1* < Vi < W izl (35)
A

where ¥,,, ¥y € R, are defined as ¥;,, £ %’"” and ¥,
max@y- D ‘and ¢,, and cy are introduced in Pr operty 1. To facilitate
the subsequent stability analysis, let the following gain conditions
apply

C3 + Cyol Cq Cs

kys > ———— ks > , kes > , (36)
Cbm kminz Cbm kminZ Cbm kminz
€3 + Cyol C4 G
1(4 > ———— K5 > k5 s (37)
¢ Co. 12 ¢ beFZ ¢ CbeFZ
where I R — R is defined as I3 £ min(1, ), ¥, is

introduced in (6), ¢, and cp,, are introduced in Property 8, cp,
in Property 9, ¢,o in Assumption 1, c3, ¢4, and ¢s in (20), Ag in
(17), kgs, kss, and kes in (21), and Kkge, kse, and kg, in (22).

Theorem 3. When q, < qq», the closed-loop error system in (23)
results in exponential convergence of the position and cadence on
the dominant side to qq; and ¢, respectively, in the sense that

, Aa
Iz ()] < /W—M Iz (¢ ,)]| exp (—72 (t - tg,2)> , (38)

vt e [td,. th,, ;). Vn, where A
2. mm(cbe k3e, Chp Kmin2Kk3ss Che V2 K3e s 0‘)

£ max(cy, 1)
(36) and (37) are satisfied.

: Rog — Rog is defined as Ag

, provided the gain conditions in

Proof. When q; < qu; 05, = 1,0, = 0,and r, = e
> 0 (i.e., the dominant side subsystem is in the assistive mode
and controlled by FES and/or the motor). Similar to the proof
of Theorem 1, the time derivative of (34) exists a.e. within t €

[t;1 2 trﬁ’ﬂ_z), vn, and Vi € V. After substituting (23), the

. a.e.
derivative of (34) can be expressed as Vi, < -B, [kger32+
(k4e + kse 121l + Kee ||Z||2) |T3|] + Xaf's —Twop T3 — arj if op, = 1,

—Tyol, 13 + X2T3 — 011'22 - Z Binom, [km2k3sr32 + ka (kas + ks |||
mem

i 121P) 11} iF o, =0, =By [ (ks + e 21+ K 2 I
+k3€r32] — Tyol, T3 — O[T2 Z Bmomz satf;m [kmzk3sT3 +km2 (kas+

kss [|z]| + ke 1|z]|*) sgn (rs)] rs + xar3 if o, = y5, which can be
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upper bounded using Properties 7 and 8, Assumption 1, and (20)
as

. a.e. . 2 2
Vi, £ —min (Cbeth CbmkminZkBSa CbEVZkE'e) r3y —ar,, (39)
vt € [t¢,, t4 ;). Vn, provided the gain conditions in (36) and

(37) are satisfied. Furthermore, (35) can be used to upper bound
(39) as

a.e.

Viz < —ha2Viz, (40)
vt € Et;}!z, t¥ 1 ,). Vn, where Ag was defined previously. The
inequality in (40) can be solved and rewritten using (35). Per-

forming some algebraic manipulation yields (38). Since (38) holds
for all combinations of o,, and oy, while o, = 1, V5 is a
common Lyapunov function for switching during the assistive
mode of the dominant side (Liberzon, 2003).

Theorem 4. When q; > qg,, the closed-loop error system in (23)
results in exponential convergence in the sense that

7 .
200 = o 2 ) x| =22 (e - t)]. (1

vVt € [t,qu, t}jﬂ’z), Vn, where A, € R.q is defined as A 2=
% provided the gain conditions in (37) are satisfied.
Proof. When q, < qg, thenr, < 0,e; < 0,and 0, = 1

(i.e., the cycle-rider system is in the motor-resistance mode). The

time derivative of (34) exists a.e. within t € [t; 2 Lo 2), Vn, and

Vo € Vp,. After substituting (17) and (23), the derivative of (34)
can be upper bounded using Properties 7 and 9, Assumption 1,
(20), and noting that r, <0, as

. a.e.

Vip < —Cp,kseT2 — ars, (42)
which is negative definite provided the gain conditions in (37)

are satisfied. Furthermore, since Vj, ¢ Via, (42) can be upper
bounded as

Via < —AraVia, (43)

where A, is previously defined, and (43) can be solved and
rewritten using (35). Algebraic manipulation then yields (41).
Since ||z|| — O, |ry|, |r3] — 0.

Remark 2. Since r, exponentially decays to zero in both the
assistive and resistive modes, (17) can be used to show that e,
exponentially decays to 0 in the assistive mode and to Ay, in the
resistive mode. The position of the dominant leg exponentially
approaches a neighborhood of [qu, Qaz] about a 180 degree
offset from the actual position of the non-dominant leg (i.e., q1),
and the cadence of the dominant leg exponentially approaches
the cadence of the non-dominant leg.

5. Experiments

To evaluate the performance of the FES and motor controllers
in(13),(14),(21), and (22), experiments were conducted on three
able-bodied participants and three participants with neurological
conditions. Participant N1 was a 25 year old male born with
Spina Bifida (L5-S1) and Arnold Chiari Malformation. He was pre-
viously active in FES and PT/OT (physical/occupational therapy).
Participant N2 was a 64 year old male with Parkinson’s disease
for 19 years and active in PT/OT, but not FES. Participant N3
was a 52 year old male with drug-induced Secondary Parkinson’s
Disease for the past year. He was active in neither FES nor
PT/OT. The healthy subjects consisted of one female (25 years
old) and two males (24 and 26 years old). All participants gave
written informed consent approved by the University of Florida
Institutional Review Board.
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5.1. Split-crank motorized FES-cycling testbed

Similar to the stationary recumbent tricycle (TerraTrike Rover)
in Bellman et al. (2017), orthotic boots fixed the rider’s feet to
the pedals. Each side of the split-crank cycle included an optical
encoder (US Digital H1), a 250 Watt 24 V DC brushed electric
motor (Unite Motor Co. Ltd.), an ADVANCED Motion Controls>
(AMC) PS300W24 power supply, and an AMC AB25A100 motor
driver. Data acquisition hardware (Quanser Q-PIDe) measured the
encoder signals and delivered the motor current. A computer
running real-time control software (QUARC, MATLAB/Simulink,
Windows 10) at a sampling rate of 500 Hz was used to implement
both controllers. The stimulation amplitudes were fixed at 90 mA
for the quadriceps and 80 mA for the hamstrings and gluteal mus-
cle groups. The stimulation pulse width for each muscle group
was determined by uy, and us, from (4) and (13), respectively,
commanded to the current-controlled stimulator (Hasomed Re-
haStim) by the control software, and delivered to the subjects’
muscle groups via self-adhesive, PALS®electrodes®. Stimulation
frequency was fixed at 60 Hz, as in Bellman et al. (2017) and Eser,
Donaldson, Knecht, and Stussi (2003). For safety, an emergency
stop switch was attached to the tricycle that enabled participants
to stop the stimulation immediately, but no participant found it
necessary.

5.2. Protocol

Electrodes were placed over the participant’s quadriceps
femoris, hamstring, and gluteal muscle groups according to Ax-
elgaard’s electrode placement manual®. The participant was then
seated on the tricycle with their feet secured in the orthotic boots
attached to the pedals. The seat position was adjusted so that the
subject was comfortable and full knee extension would not occur
at any crank position. The position of the participant’s lower limbs
and seat were measured to calculate the torque transfer ratios,
which establish the switching signals in the assistance mode, as
in Bellman et al. (2017). To avoid large initial errors, the motor
tracked a linear cadence increasing from zero to gq1 before the
developed control scheme was implemented for the remaining
120 s. Participants were asked to contribute volitionally while
the FES and motor controllers for each side were implemented to
maintain a cadence within the desired cadence and phase shift
regions. A significant challenge with the split-crank cycle is to
build momentum and sustain a pedaling motion. For comparison
and to demonstrate the significance of the controllers on a split-
crank cycle, able-bodied participants were asked to perform a
separate trial (random order) where they attempted to remain
in the desired bounds with only volitional input and no input
from the controllers; however, one able-bodied participant was
unable to initiate continuous pedaling on the split-crank cycle.
For all participants, the right leg was treated as the non-dominant
side and tracked the desired cadence range, while the left leg
was treated as the dominant side and tracked the position offset
(and hence, cadence) from the right side. The participant was
able to view the real-time cadence of the non-dominant side in
relation to the upper and lower thresholds, as in the top left plot
in Figs. 1 and 2. The minimum desired crank velocity gq4; was

defined as gq; £ 57” rad/s and the velocity range A4; was defined

as Ag1 £ % rad/s for participants with neurological conditions

and Ay = % rad/s for able-bodied participants to increase the

3 ADVANCED Motion Controls supported the development of this testbed by
providing discounts on their branded items.

4 Surface electrodes were provided compliments of Axelgaard Manufacturing
Co., Ltd.

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



CA. Rouse, CA. Cousin, B.C. Allen et al.

E T i
4 il "
MU NMW UMM WM W Mﬂ \W

Tlme (s)

Automatica 123 (2021) 109294

PM)
S

Cadence Error (R

Cadence Difference (RPM)
o

10
20
-30 - -
0 60 80 100 120
Time (s)

Fig. 1. FES cycling data for Participant N3. (Top left) The right leg cycling cadence compared to the upper and lower bounds on the desired cadence region; (top
right) right leg cadence error; (bottom left) left leg position error; and (bottom right) the cadence differential between the two sides.
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Fig. 2. FES cycling data for Participant C4/V4 during both the controlled and volitional trials. (Top left) The right leg cycling cadence compared to the upper and
lower bounds on the desired cadence region; (top right) right leg cadence error; (bottom left) left leg position error; and (bottom right) the cadence differential

between the two sides.

difficulty level. The desired crank position and position range for
the non-dominant leg were defined as qg; 2 q1 — 7 — Agz/2
rad and Ay 2 35 rad. The control gains were selected within
the following ranges: ki, € [1, 4], ko € [7.5, 20], k3 € [2, 2.4],
kse € [3,3.6], kse € [2,2.4], kee € [8,9.6], kis € [20,26.4],
kos € [18,21.6], kss € [12,15], kgys € [15,18], ks; € [1, 2],
kes € [1,3], @ = 1.

5.3. Results

Figs. 1 and 2 depict performance data for neurological partic-
ipant N3 and control participant C4 from two minutes of split-
crank cycling with intermittent FES and motor inputs to the
volitionally pedaling participants. Data from the volitional tri-
als are overlayed for the two participants that completed the

volitional trial. Position and cadence errors from the left and
right legs, respectively, are listed in Table 1 for the controlled
and volitional trials, along with the cadence differential between
the two legs. Errors are calculated and plotted as the difference
between the lower bound and the actual position/cadence when
below the desired range, the difference between the upper bound
and the actual position/cadence when above the desired range,
and equal to zero when pedaling anywhere between the lower
and upper state bounds. Figs. 3 and 4 display both the FES control
inputs to the muscle groups as well as the motor control inputs
to each side for participants N3 and C4.

6. Discussion

The controller for each side switched between three modes
based on velocity for the right side and position for the left
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Performance metrics from the volitional and controlled trials.
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Participant/Trial*

Cadence error, right leg
(RMS (avg. + std. dev.),
RPM)

Position error, left leg
(RMS (avg. + std. dev.),
deg)

Cadence differential
(RMS (avg. + std. dev.),
RPM)

N1
N2
N3
Mean of N trials

2.84 (1.35 + 2.50)
432 (—120 £ 4.15)
3.16 (—1.73 £ 2.65)
3.44 (027 + 3.19)

13.50 (8.96 & 10.10)
16.44 (323 + 16.12)
36.04 (—33.55 & 13.16)
21.99 (—9.27 + 13.35)

10.43 (—0.04 + 10.43)
16.25 (—0.16 % 16.25)
2.56 (—1.78 + 1.84)

11.22 (—0.67 % 11.20)

C4
5
CGI)

Mean of C trials

1.00 (—0.30 + 0.95)
3.65 (—1.49 =+ 3.34)
243 (—0.83 + 2.28)
2.36 (—0.87 =+ 2.40)

12.63 (—8.89 + 8.97)
8.56 (—2.63 =+ 8.15)

13.06 (—9.28 + 9.19)
11.42 (—6.93 + 8.78)

529 (—0.13 £ 5.29)
8.76 (—0.27 + 8.76)
7.65 (—0.06 =+ 7.65)
7.38 (=0.15 £ 7.38)

V4
V5

421 (—2.11 £ 3.64)
13.86 (—7.20 + 11.84)

26.71 (—15.12 £ 22.02)
45.42 (21.24 £ 40.15)

13.92 (—0.17 + 13.92)
20.64 (—0.29 + 20.64)

Mean of V trials

9.92 (—4.66 £ 8.76)

32.95 (6.12 + 32.38)

17.60 (—0.23 £ 17.60)

2N refers to participants with neurological conditions. C refers to controlled trials with able-bodied participants. V refers to completely volitional
trials with able-bodied participants.

bparticipant C6 was unable to pedal the split-crank cycle volitionally.
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side. When the right or left side was in the assistive mode,
the corresponding control input switched between FES and the
motor. When in the resistive mode, a negative control input
was provided to the motor on the corresponding side. In the
uncontrolled mode, no control input was provided by FES or the
motor for that side.

When pedaling on a split-crank cycle, the gravitational torques
on the right and left legs do not balance each other like they do
when pedaling a single-crank cycle. At points of the crank cycle
where one leg is accelerated by gravity, the other decelerates, ac-
counting for the larger position and cadence errors and standard
deviations compared to other FES-cycling studies (Bellman et al.,
2017). However, the performance of the three mode controller
with FES saturation significantly improved upon the performance
achieved when pedaling without FES and motor contribution,
as seen in the volitional trial results in Table 1. Moreover, one
able-bodied participant (C6) could not achieve a cycling motion
by pedaling volitionally without contribution from the devel-
oped controllers. Thus, the volitional for participant C6 trial was
stopped.

As seen in Table 1, standard deviations on the left side were
greater than those of the right side. The greater variance is due to
the right side tracking a constant cadence range and the left side
tracking a range based around the moving right side. Moreover, it
was difficult for participants to monitor their performance with
respect to the bounds on both the right and left sides. Instead,
the participant was asked to watch their cadence performance
on the right side and attempt to maintain a proper phase shift of
180 degrees.

All six controlled results display a similar pattern. Since larger
forces are required to rotate the crank through the portion of
the crank cycle corresponding to hamstring activation (i.e., the
“upward” motion), the control inputs (shown in Figs. 3 and 4)
and errors (Figs. 1 and 2) are greater in those regions than in other
regions of the crank cycle. For all participants, the cadence slowed
and lagged the opposing leg when in the hamstring region. On
the contrary, gravitational forces caused each leg to accelerate
during the “downward” portion of the crank cycle where the
quadriceps are used to extend the legs. During this portion of
the crank cycle, the leg typically entered the uncontrolled or
resistive mode, whether or not the volitional contribution was
large. If the right leg’s cadence is larger than the upper cadence
bound or the left leg passes the upper position bound, then the
respective motor applies a negative (i.e., resistive) control input,
pushing the leg back into the desired uncontrolled mode. While
the stability analysis ensures immediate transition back into the
uncontrolled mode after crossing a cadence bound, the cadence
and position errors deviate outside the desired region for all
participants, particularly during regions of opposing gravitational
force. Gain tuning in favor of a higher control input at the bounds
could limit these deviations; however, a strong immediate force
may feel unnatural to the rider and unmodeled dynamics from
human reaction may introduce further problems. Moreover, in
Participant N3, the maximum motor control output was reached,
so increasing the gains would not have better constrained ped-
aling to the desired regions. The size of the desired uncontrolled
regions affects the error values since time spent in the desired
region is characterized by an error of zero. Moreover, modeling
the rider’s impulse reactions to stronger forces upon crossing the
boundaries is an open problem.

While the results for the participants display many similar-
ities, there were also notable difference. For example, the FES
input saturated more often for participants with neurological im-
pairments since they may necessitate higher stimulation and/or
have hypersensitivity (and thus, a lower comfort threshold). Be-
cause Participant N1 had a comfort threshold of 60 s, the FES
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controller saturated most often for him. With FES input satura-
tion, additional input was distributed to the motor.

Participant N2 had a comfort threshold of 95 ps. The FES
controller saturated in the right and left hamstring regions, which
aligns with the greater force required to lift the leg through that
portion of the crank cycle. The control input to the right quadri-
ceps also saturated, but less frequently than the hamstrings. To
maintain full control authority when the FES saturates, the motor
is also activated according to (5), yielding a cyclic pattern in the
motor control input.

Participant N3 chose the lowest comfort threshold of 50 s,
yet muscle contractions were visible. Due to Participant N3's
mobility and sitting position, both of his legs required more force
than the others to rotate the crank during hamstring activation.
Even with volitional contribution, the FES controller saturated in
both hamstring regions nearly every cycle, as seen in the top
plot of Fig. 3. Theoretically, the system can handle an unlimited
control input by distributing the remainder to the correspond-
ing motor, such as the scenario with Participants N1 and N2.
However, the motor control input was saturated for safety and
physical limitation. For Participant N3, both the FES and the
motor control inputs saturated.

Participant C4 completed a volitional-only experiment (V4 in
Table 1) and an experiment with motor and FES control im-
plemented. Using only volition, the participant aimed to keep
errors within the respective desired regions for both legs. Fig. 2
displays the cadence over time and cadence and position errors
for both the controlled and volitional trials. Compared to voli-
tional pedaling, Table 1 indicates that all average errors were
significantly improved when the controller was implemented.
RMS errors improved by 76.3% from 4.20 RPM to 1.00 RPM, 52.7%
from 26.71 degrees to 12.63 degrees, and 62.0% from 13.92 RPM
to 5.29 RPM for the right cadence error, left position error, and
cadence differential between the right and left.

Participant C5 also completed a volitional-only trial (V5 in
Table 1). The cadence and position errors and cadence differential
improved with the three mode controller by 73.6% from 13.86
RPM to 3.66 RPM, 81.1% from 45.42 degrees to 8.56 degrees, and
57.5% from 20.64 RPM to 8.76 RPM, respectively.

Participant C6 was unable to consistently pedal the split-crank
cycle using only volitional input. While there is no volitional data
to compare to the controlled data, the inability of the able-bodied
participant to pedal volitionally on the split-crank cycle highlights
the benefit of the controller, particularly when the leg’s motion
is opposing gravitational forces.

In Rouse et al. (2020) by the authors, nine stroke patients
pedaled according to a similar three mode protocol, aiming only
for a desired cadence range on a single-crank tricycle. The average
percentage of time spent in the desired cadence region was
50.48%. Here, the average percentage of time spent in the desired
cadence region on the right side was 40.8% for participants with
a neurological condition and a comparable 49.4% for able-bodied
participants.

As seen in Table 1, the right cadence errors, left position errors,
and cadence differentials averaged across all participants with
neurological conditions were higher than those of healthy par-
ticipants with the three mode controller implemented, but lower
than those of healthy participants pedaling with only volitional
input.

7. Conclusion

The development in this paper provides a control strategy for
a combination of FES and motor inputs to enable a volitionally
contributing rider of a split-crank cycle to maintain a cadence
within a desired range, as well as a phase shift between the two
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legs within a desired region centered around 180 degrees. Despite
unknown disturbances and arbitrary switching, a Lyapunov-like
analysis proved exponential convergence to the desired cadence
range (i.e.,e; € [0, Ag1]) on the non-dominant side and position
range (i.e., e; € [0, Agz]) on the dominant side. Experiments on
healthy participants and participants with neurological condi-
tions validated the use of the control system in all three modes
for people with a broad range of abilities to pedal a tricycle
decoupled at the crank within a desired range. The developed
control system has the potential to advance established FES-
cycling protocols for movement disorder rehabilitation exercises.
The strategy in this paper presents a way of addressing the asym-
metries associated with numerous movement disorders such as
stroke or a neurological injury to just one side of the body.
However, using the FES and motor controllers, a wide range of
volitional abilities could be accommodated, such that any rider
could pedal within desired cadence and position offset ranges.
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