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Abstract: A bilateral teleoperated rehabilitation cycling system is developed for people with
movement impairments due to various neurological disorders. A master hand-cycling device
is used by the operator to set the desired position and cadence of a lower-body functional
electrical stimulation (FES) controlled and motor assisted recumbent cycle. The master device
also uses kinematic haptic feedback to reflect the lower-body cycle’s dynamic response to the
operator. To accommodate for the unknown nonlinear dynamics inherent to physical human
machine interaction (pHMI), admittance controllers were developed to indirectly track desired
interaction torques for both the haptic feedback device and the lower-body cycle. A robust
position and cadence controller, which is only active within the regions of the crank cycle where
FES produces sufficient torque values, was used to determine the FES intensity. A Lyapunov
analysis is used to prove the robust FES controller yields global exponential tracking to the
desired position and cadence set by the master device within FES stimulation regions. Outside
of the FES regions, the admittance controllers at the hands and legs work in conjunction to
produce desired performance. Both admittance controllers were analyzed for the entire crank
cycle, and found to be input/output strictly passive and globally exponentially stable in the

absence of human effort, despite the uncertain nonlinear dynamics.

Keywords: Functional electrical stimulation (FES), teleoperation, physical human machine

interaction (pHMI), rehabilitation robotics.

1. INTRODUCTION

Millions of people are affected by neurological conditions
(NCs) that result in some form of movement disorder,
and require rehabilitation to restore mobility (Kralj and
Bajd, 1989). In addition to improving mobility, rehabil-
itation can lead to improved cardiovascular health and
neuroplasticity, increased muscle mass (Bélanger et al.,
2000), increased bone density (Mohr et al., 1997), and
reduce the occurrence of other negative side effects (Fer-
rante et al., 2008). A common form of rehabilitation for
those with lower-body impairments is the use of functional
electric stimulation (FES) of affected muscle groups while
engaging in exercise on a recumbent cycle (Ragnarsson,
2008). However, a common side effect of the continuous
application of stimulation is rapid muscle fatigue (Kralj
and Bajd, 1989). Recent results use switched system con-
trol techniques to restrict the application of stimulation
to those regions of the cycle rotation which will produce
optimal levels of force and torque, thus minimizing the
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amount of FES effort and delaying the onset of fatigue
(Bellman et al., 2017; Cousin et al., 2019; Rouse et al.,
2020; Downey et al., 2017) and ultimately extending the
length of continuous rehabilitative sessions.

Although rehabilitation has numerous benefits, several
factors might limit a person’s access to health care and
rehabilitation, including lack of facilities in remote ru-
ral communities, inability to travel, socioeconomic con-
straints, and isolation due to compromised immunity
(Hjelm, 2005). This has lead to the need for the devel-
opment of telemedicine systems, including robotic manip-
ulators equipped with haptic force feedback developed to
perform telerobotic surgery (Ahmadkhanlou et al., 2009),
as well as remotely operated telerobotic rehabilitation de-
vices (Atashzar et al., 2016). Kinesthetic haptic feedback
(Puerto et al., 2009) allows the telerobotic operator to
experience proportional forces associated with the perfor-
mance of a rehabilitation participant, creating a simulated
physical connection between a clinician and a patient de-
spite their remote locations.

A challenge inherent to physical human machine interac-
tion (pHMI) is the presence of nonlinear dynamics with un-
known parameters. In many telerobotic systems, where the
operator interacts with a master robotic device, this inter-
action determines the desired trajectories of a telerobotic
system, often a robotic manipulator, where in many cases



full model knowledge of the system is leveraged to produce
desired performance (Niemeyer et al., 2016). One approach
used to control telerobotic rehabilitation systems is to
linearize the model as in (Atashzar et al., 2016). However,
this solution does not capture the nonlinear dynamics and
uncertainties associated with pHMI, and it is incapable
of adjusting to the effects of muscle fatigue and delayed
muscle response to stimulation that occurs during FES
rehabilitation. Additionally, a representation of the robotic
manipulator’s interactions with the patient are converted
to haptic feedback at the master telerobotic device, often
produced using a set of desired (i.e., apparent) inertial,
stiffness, and damping parameters. However, when pHMI
occurs at both ends of the bilateral teleoperation system
(Ferre et al., 2007), unknown parameters exist throughout,
creating added difficulties with control and haptic feed-
back.

This paper develops a bilateral teleoperation system com-
bined with FES rehabilitative cycling techniques (Fig.
1) using the dynamic models developed in (Bellman
et al., 2017) and (Downey et al., 2015), which encompass
the nonlinear dynamics and uncertainties associated with
pHMI and the muscle fatigue associated with FES. The
designed control method presented here allows an operator
(e.g., a remote physical therapist or the rider) using a
separate, mechanically uncoupled device to control the
desired performance, including position and cadence of the
rider’s teleoperated leg cycle, which is powered by closed-
loop FES and motor assistance. In addition to providing
the desired trajectories for the rider, the telerobotic system
also informs the operator of the actual performance of
the rider through the use of kinesthetic haptic feedback
(Puerto et al., 2009). To produce a more accurate reflection
of performance and to facilitate passive interaction, posi-
tion errors experienced at the rider’s cycle are modeled as
spring forces, and deviations in desired interaction torques
between the rider and the cycle crank set are reflected
back to the operator as a damping force proportional
to the torque error. In the case presented in this paper,
the telerobotic operator is also the rider. The rider us-
ing an FES actuated cycle uses a smaller, hand-driven
crank set within arm’s reach to set the desired cadence
of the lower-body leg cycle, producing coordinated motion
between the hands and the legs. It is theorized that in
addition to restoring the rider’s ability to dictate their own
cadence, this coordinated motion might serve to further
improve neuroplasticity (Ferris et al., 2006) and speed the
restoration of mobility (Klarner et al., 2016). To ensure
that any asymmetries existing between the rider’s legs are
accurately captured, it was determined that a split-crank
cycle should be used, where the cycle can be independently
powered using either the uncoupled left or right leg crank
set (Estay et al., 2019; Rouse et al., 2019), where a separate
haptic feedback device is dedicated to each side of the
cycle. It is expected that as the rider experiences resistance
at the hands due to haptic feedback caused by performance
errors at the legs, the rider is likely to slow the cadence of
the associated hand cycles, thus lowering the intensity of
muscle stimulation at the legs.

Admittance control techniques are used to indirectly track
desired interaction forces (Cousin et al., 2018) using se-
lected inertial, damping, and stiffness parameters to pro-
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Fig. 1. The bilateral teleoperation system for a rehabilita-
tive FES cycling system.

duce the desired dynamical behavior. The rider/operator
experiences apparent (i.e., virtual) model dynamic behav-
ior (Cousin et al., 2018; Keemink et al., 2018), rather than
a reflection of the actual uncertain dynamic system, on the
hand cycle as well as the teleoperated FES actuated lower-
body (i.e., leg) cycle. Using admittance based torque con-
trol ensures that motor efforts will be employed to assist
or resist as needed to produce desired interaction forces.
It was necessary to develop desired interaction functions
that would produce bounded admitted trajectories while
also guaranteeing positive (i.e., forward) rotation of both
cycle crank sets.

2. DYNAMICS
A. Decoupled Leg Cycle System

The recumbent cycling system being considered in this
paper utilizes a split-crank design, as in (Rouse et al.,
2019). For this reason, the dynamics of each leg are inde-
pendent of one another and so each leg can be considered
independently. A detailed analysis of these dynamics are
presented in (Rouse et al., 2019) and can be modeled for
either leg by

Te, () + 7ar (a1, 415 1) + Twor, = M (@) Gt + Vi (a1, @) @
+Gi (@) + P, @) +bige + di (t) )
(1

where ¢ R>p — @; denotes the angular position
of the leg cycle crank arm and Q; C R is the set of
all possible measurable leg cycle crank angles. The leg
cycle angular velocity (i.e., cadence) is denoted by ¢; :
R>9 — R and the angular acceleration is denoted by
Gi : R>p — R. The unknown nonlinear inertial effects,
centripetal-Coriolis effects, damping effects, gravitational
effects, passive viscoelastic muscle forces, and disturbances
are represented by M;, V;, b, G;, P;, and d; respectively,
where M; : @ - R,V : Q xR—=R, G : Q — R,
P : Q x R — R and the subscript [ denotes the leg cycle
system. The electric motor torque applied to the leg cycle
is denoted by 7, : R>¢9 — R. The portion of the torque
produced about the leg cycle crank axis by the electric
motor can be expressed by and is defined as

TE[ é B(iluel (t)7 (2)
where B,, € Ry represents the relationship between the
electric motor current and the resulting torque, and u., (t)
denotes the subsequently designed leg cycle motor control
input. The independently applied volitional efforts of the
rider at the legs are denoted by Ty, : R>o — R. The
muscle force torques produced about the crank axis by
FES in (1) are denoted by 737 : @ x R x R>, — R and
are defined as

T 2 Y B (@, d) um (a1,t) (3)
meM



where the subscript m € M = {G, H,Q} indicates the
gluteal (G), hamstring (H), and quadriceps femoris (Q)
muscle groups. The term B, : @) x R = R>,, Vm € M
represents the unknown, nonlinear muscle effectiveness
and u,, Q X R>, — R denotes the FES muscle
stimulation intensity (i.e. pulse width). The subsets Q,,, C
Q;, Ym € M denote the portion of the crank cycle across
which each muscle group is stimulated such that

Qmé{(ﬂ € Ql |Tm (QI) >5m}7 (4)
where €, represents a user selected lower bound for each
muscle group’s torque transfer ratio, T),: @; — R, such
that the designated muscle group’s effort only produces
positive crank rotation. The area about the crank cycle
where at least one muscle group produces a positive crank
torque due to FES activation is denoted by Qppg =

U {Qn}, Ym e M.

The stimulation intensity applied to each individual mus-
cle group is defined as (Estay et al., 2019)

Um £ Om (QZ) kmus (t) ) (5)
VYm € M, where k,,, € Ry is a constant selected to ensure
participant safety and comfort during stimulation, wus (¢)
denotes the subsequently designed FES control input, and
om represents a switching signal determined using the
subsets defined in (4), where o, : Q; — {0,1} such that

o B 1 ifq €9, 6)
" 0 ifq ¢Qm’
The summation of the motor torque efficiencies, repre-

sented by By = > Bromkn (Rouse et al., 2018), can
meM
be substituted into (3) to produce*
™ £ Buus. (7)

Substituting (2) and (7) into (1) produces the open-loop
leg cycle dynamic equation

BMus + Beluel + Tvol; = Mldl + qu + CYYl + Pl (8)
+be, ¢ + d;.

B. Hand Cycle Teleoperation Device

For the purpose of this paper, the operator driven haptic
feedback device will be considered as a hand-cycle, without
loss of generality. Although there are no mechanical link-
ages between the hand cycle and leg cycle systems (i.e.
rehabilitation-by-wire), the dynamics of the hand cycle
must be considered for the purpose of the control develop-
ment. Any torque produced by the hand cycle operator is
purely volitional, therefore using similar methods as were
employed to determine the leg cycle dynamics in (8), the
hand cycle dynamics can be modeled as

Behueh + Tvoly, = Mh(jh + thh + Gh (9)
+Ph + b, qn + dp,

where B, € R, represents the relationship between
the hand cycle electric motor current and the resulting
torque, and wu., (t) represents the subsequently designed
motor control input to the hand cycle. The operator’s
volitional torque producing efforts acting about the hand
cycle crank axis are denoted by 7,0, € R>,. The angular

I For notational brevity, functional dependencies will be eliminated
except in the case where they are required for clarity.

position of the hand cycle crank arm is denoted by gy, :
R>g — Qp, where Qp, C R is the set of measurable hand
cycle crank angles. The hand cycle angular velocity is
denoted by ¢, : R>9g — R, and the angular acceleration
is denoted by G, : R>9 — R. The unknown, nonlinear
inertial effects, centripetal-Coriolis effects, gravitational
effects, and passive viscoelastic muscle forces in (9) are
represented by My, : Qp, = R,V : Op xR - R, Gy, : Q) —
R, and P, : Qp X R — R respectively, and dj, denotes the
unknown disturbances about the hand crank.

C. System properties

The leg cycle/rider dynamics in (8) and the hand cy-
cle/operator dynamics in (9) have the following properties
and assumptions Vi, i = {h,l} (Rouse et al., 2019).

Property: 1 %Ml = V;. Property: 2 c¢,,,, < M; < cyp,
where ¢, ca, € Rso are known constants. Property:
3 Vil < ¢y, |dil € Rso where ¢y, is a known constant.
Property: 4 |G;| < c¢g, € Ry where cg, is a known
constant. Property: 5 |P;| < cp1, + cpa, |G| where ¢py,,
cp2; € Ry are know constants. Property: 6 |b.| <
cp, where ¢, € Ry is a known constant. Property:
7 |di] < eq; € Rso where ¢q, is a known constant.
Property: 8 From (Rouse et al., 2018) it can be shown
that that combined muscle efficiency Bj; is upper and

lower bounded ¥m € M such that when > o, > 0,
meM
BM < By < Bﬁ where BM’ Bﬁ € Ryg.

Assumption: 1 The position and cadence of the leg
and hand cycles are measurable and the electric motor
current to torque relationships, B,,, are known constants.
Assumption: 2 The operator’s input at the hand cycle
is bounded and sufficiently smooth (i.e., qn, ¢n, Gn € Loo),
and that the volitional torques and measured interaction
torques between the cycles and rider/operator, denoted
by Tint, € R, are bounded by known constants such that
|Tvoli| < Cyol; S R>O and |Tinti| < Cint; € R>O~

3. CONTROL DEVELOPMENT
A. Position and Cadence Control

The control objective of the FES actuated muscle torques
is to track the angular position and velocity (i.e. cadence)
of the operator controlled hand cycle system, thus creating
a strongly coupled telerobotic system (Ferre et al., 2007).
An error signal, denoted by e : Q) x Q; — R, is defined
to quantify the difference between the hand and leg cycle
crank arm positions as

e £ g —q. (10)
An auxiliary error signal, denoted by » : R x R — R, is
defined as

r £ é+ae, (11)
where a € R+ is a selectable constant.

Premultiplying the time derivative of (11) by M;, and
substituting in the second derivative of (10), using (8) and
(9), and performing some algebraic manipulation yields
My = x1 — Vir —e — Bprus
1 (12)
—Be,ue, + MM, " Be, e,



The auxiliary term x; : R x R x R>¢ — R in (12) can be
upper bounded using Properties 2-7 and Assumption 2 as

X1 < e+ ez +es |z, (13)

. T
where z € R? is defined as z 2 [e r]" and ¢;,c,c3 € Rog

are known constants.

The switched FES control input us is designed from the
subsequent stability analysis using Property 8, (11), and
(12), where

1
Us = Usi(klr + sgn (’I") [kQ + k3 HZH

By (14)
+ka HZH2 + k5 |u€z| + kﬁ ‘ueh Dv
and k; € Ryg, j = 1,...,6 are constant control gains,
selected as
k k k
2>Cla 3>627 4>C37 (15)

k5 > Be“
The leg stimulation switching signal o5 : Q; — {0,1} in

. 1 ifq € Qrps
14) is defined as o, 2 { .
(14) 0 ifq ¢Qres

(14) into (12) yields the closed-loop error system

—1
ke > CM,thBeh'

. Substituting

B
My = _gs—M(lﬁr +sgn (r) [k2 + ks | ]
By

ey ||| + ks [tre,| + K [tte, [])
—Be,ue, + M{M, " Be, ue,
+x1—Vir—e.

(16)

B. Admittance Control at the Legs

An admittance controller is designed for the electric
motor effort to indirectly track the measurable interac-
tion torque, Tint,, between the leg and the crank set.
The desired torque 7y, Q; x R— R is defined as

A

T4, = Tp+ Z ImTm> where 7, : @; x R — R represents
meM
the estimated passive torque values produced when the

system is operated at the current cadence of the hand cycle
and the rider is passive such that 7as, Ty, = 0. The values
of 7, are determined during an offline, pre-rehabilitation
calibration session as in (Cousin et al., 2019). The switch-
ing signal o, has been previously defined in (6), and
Tm € R>g, Ym € M represents the selected torque values
for each muscle group. The torque error at the legs is
defined as
- (a7)
Using admittance control techniques, it is possible to use
the calculated error in (17) to determine the admitted
position, velocity, and acceleration values, denoted by g, ,
Goy s Go, Tespectively, that would be produced given the
apparent leg cycle system (Cousin et al., 2019; Keemink
et al., 2018) such that

€ = Md(jozl + Bd(jal + quaz,' (18)
where My, By, K4 are the designed inertial, damping coef-
ficient, and spring constant parameters for the admittance
filter. To ensure that the admitted trajectory is bounded,
given that 74,, e, € Lo, it is sufficient to select My, By,
and Ky in (17) such that the resulting transfer function
between the input, e;, and the output, ¢,, of (18) is
passive (Khalil, 2002). The admittance error signal and
an auxiliary error signal are designed as

W E o, +an — @,

A
€1 = Tint; — Td,

(19)

¢ = i+ ap, (20)
respectively, where o was previously defined in (11). Pre-
multiplying the time derivative of (20) by M;, substituting
in the second derivative of (19), using (8) and (9), and
performing some algebraic manipulation yields

Mle - MlM}jl (Beh,ueh, + Tvolh) — T (21)

_VYZQO - Beluel — 1+ X2,

where 7, £ T3 + Twol,- The auxiliary term x2 : R x R X

R>0 — R in (21) can be upper bounded using Properties
2-7 and Assumption 2 as

X2 < ca s [I€) + es ISP (22)
where ¢ € RS is defined as ¢ £ [(jal Go; Gn 'l/)T]T, ¥ € R?
is defined as ¢ = [u QO]T7 and ¢y, c5,c6 € Ry are known

constants.

From the subsequent passivity analysis, the leg cycle motor
controller is designed as
ue, = By, (kv +sgn () [ks + ko [|C]|
+k10 ”Cllz + k11 |u€h,|])’
where k; € Ry, j = 8,...,11 are constant control gains,
selected as
kg > ¢4,

(23)

ko > Cs,
k11 > CMzc'r_ntBeh'
Substituting (23) into (21) yields the closed-loop torque
tracking admittance error system
My = Mth_l (Benueh + Tvolh) - T
—ho — Vi — i x2 —sgn () [ks
+ko [[CI] + K10 [[CI]7 + K11 [ue,, |]-

klO > cg, (24)

(25)

C. Admittance Control at the Hands

An admittance controller is designed to track the measur-
able interaction torque at the hands denoted by 7;,., . The
intention is to produce a desired torque at the hands which
will inform the operator of any position or torque errors
that are occurring within the leg cycle system while using
an admitted error system similar to (18).

For this application, to ensure that the desired interaction
torque values are positive and bounded within a functional
range for the operator, the desired torque 74, (4n,7ss) :
R>o x R — R is defined as 74, £ Tmin, +satg (Ts), B e
UTmin,, swhere the baseline torque value Tpin, (n) : R>0 —
R is a predetermined function, 7y (¢, e, €) : R>g x R x
R — R represents the leg cycle feedback, and v € [0,1]
is a selectable constant which determines the saturation
limit 8 € R. The saturation function satg (-) is included
to ensure that the desired torque is bounded in the sense
that 0 < 74, < 27Tpmin, -

It is possible to produce a variety of kinesthetic haptic
feedback scenarios using admittance control, but for the
purpose of this application, a spring force related to the
position error at the legs as well as a damping force where
the damping coefficient is proportional to the torque error
at the legs will be modeled such that 7y, £ kqeign + kse,
where kg4, ks € Rs( are selectable constants. The torque
error at the hands is defined as e, = Tint, — Td,,» Which is
implemented into the hand cycle admittance filter

ep = 5qu.0¢h + 6Bd4ah + 5qu0£ha (26)



to produce the admitted hand cycle trajectories denoted
by qay s doy, s Gay,, Where § € [0, 1] is selected to produce a
passive apparent system (Keemink et al., 2018) propor-
tional to that which was designed for the leg cycle. The
hand cycle admittance error signal is defined as

N £ o, +dn — - (27)
Taking the time derivative of (27), premultiplying by Mj,

and rearranging terms yields

Mh"'] = Behueh + Tvol,, — MhMl_lTvoll
— M, M, Bagyus — My, M; ' Be,ue,
=Vin + xs.

The auxiliary term x3 : R X R x R>¢ — R in (28) can be
upper bounded using Properties 2-7 and Assumption 2 as
X3 < cr+cs €l +eo |l (29)

where ¢ € R* is defined as € 2 [fa, o, @ 7] and c7,cs,
cg € Ry are known constants.

(28)

From the subsequent passivity analysis, the hand cycle
motor controller is designed as

Ue, & B! (kuﬁ + sgn (n) [kw + kg [|€]] + ks ||§||2D :

(30)
where k; € Ry, j = 12,...,15 are constant control gains,
selected as

kis > c7, k14 > csg, k15 > c9. (31)

Substituting (30) into (28) yields the closed-loop hand
cycle admittance error system

My = —(kian + sgn () [kus + kua €]l + Kas 1€]%])
*MhMl_l (BMUS + Beluel + Tvoll)
+Tvolh - th + X3-
(32)

4. STABILITY ANALYSIS?

In Theorem 1, a Lyapunov-like stability analysis is per-
formed for the leg cycle to prove global exponential posi-
tion and cadence tracking of the hand cycle when the FES
controller is active. The admittance motor controller is
designed to simultaneously achieve tracking of the desired
interaction torques (Cousin et al., 2019) in addition to the
trajectory of the hand cycle when ¢; ¢ Qppg. Therefore,
the passivity and input/output stability of both admit-
tance controllers are analyzed, as shown in Theorem 2 for
the leg cycle and Theorem 3 for the hand cycle.

A. Position and Cadence Control

A Lyapunov-based stability analysis is provided for the
leg cycle position and cadence controller for the case
where ¢; € Qpps to show exponential tracking within
the stimulation regions. Switching times are denoted by
{ti,}, i€ {s,e}, ne{0,1,2,..} where each t} represents
the n-th time that the system switches to a stimulation
region, denoted by i = s, or to an electric motor effort
only region, denoted by ¢ = e. To facilitate Theorem 1, let
Vi : R — Ry, be a radially unbounded, positive definite,
Lyapunov function candidate defined as
i = %MITQ + %eg,

2 PROOFS AVAILABLE ON REQUEST.

(33)

such that v [|z]° < Vi < 92|z|/*, where v £

min (C%, %) and v, £ max (CZ]’ , %)
Theorem 1. For g € Qppgs, given the closed-loop error

system in (16), global exponential tracking in the sense

that
in (k
12O < /212 (85) ]| exp [—m‘“( 1) gy, (34
"1 275

Vit € [t5,t5), provided that the gain conditions in (15) are

n»’n

satisfied.

B. Admittance Control at the Legs

When using admittance control techniques for human
machine interaction, it is imperative to show passivity
in the sense that the system will not produce energy
independent of the inputs and outputs of the system.
To facilitate passivity analysis, let Vo : R —= R, be
a radially unbounded, positive definite energy storage
function defined as

1 1
Vy & §Mz<p2 + 5/12, (35)

such that v [[¢]|> < Vo <72 ||[0]° .

Theorem 2. Given the admittance controller in (18), the
closed-loop error system (25), and the energy storage
function in (35), the leg cycle is output strictly passive
from input ‘MlM,jlrwlh‘ + |71| to output |¢| in the sense
that

Va < ol (| MM, o, | + Im]) — min (kz, @) [[4]%, (36)

provided that the gain conditions in (24) are satisfied.
Furthermore, the closed-loop error system is globally ex-
ponentially stable when operated independent of the rider
and operator (i.e., Ty, 77 = 0) such that [|¢(1)]] <

2 [ (t) | exp [~ 25E2 (¢ — )]

C. Admittance Control at the Hands

It must also be shown that the operator controlled hand
cycle is passive. To facilitate passivity analysis, let V3 :
R — R, be a radially unbounded, positive definite energy
storage function defined as

1

Vs = S My’

such that 73 ||77||2 < Vs <y ||17||2, where 3 £ %th and

(37)

T2 jem,.

Theorem 3. Given the admittance controller in (26) and
the closed-loop error system (32), the hand cycle is output
strictly passive from input |71, | + |Mth1 (1 + Tel)’ to
output |n| in the sense that

Vi a.Se. In| (|Tvolh| + ’Mthl (i + Tez)’) - k12772’ (38)

provided that the gain conditions in (31) are satisfied.
Furthermore, the closed-loop error system is globally ex-
ponentially stable when operated independent of external
inputs (i.e., Tvot,: Twol, Te, = 0) such that [ln(t)]| <

2l (to) | exp [~ 422 (¢~ to)] -



5. CONCLUSION

A teleoperated FES rehabilitation system was introduced
with the goal of improving the duration and benefits of
rehabilitation for those experiencing lower-body impair-
ments due to NCs. Admittance controllers were designed
for the rehabilitation-by—wire hand cycle master device
and the teleoperated lower-body cycle, where an inher-
ently stable apparent system was selected based on desired
inertial, damping, and stiffness parameters to indirectly
track desired interaction torques occurring between the
rider/operator and motor controlled robotics. Admitted
trajectories were tracked and found to be strictly passive
from input to output and globally exponentially stable
in the absence of human applied torques. The switched
FES control input, designed to track position and cadence,
was found to produce global exponential tracking within
FES actuated regions. For improved rehabilitation benefit,
individually selected desired torques were added for each
muscle group when within their stimulation regions, thus
ensuring that resistance is applied in response to muscle
effort. The admittance controller applies motor effort to
assist or resist the rider as needed to produce the desired
interaction torque. Similarly, a desired hand cycle torque
function is defined to mimic the apparent dynamics at
the leg as well as provide haptic feedback to inform the
operator of leg cycle performance.
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