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Abstract—This contribution is concerned with the use of the
Electromyogram (EMG) evoked by Functional Electrical Stim-
ulation (FES) as a feedback variable for controlling muscular
recruitment. Feedback controlled FES has shown to be difficult
in the past, mainly due to the non-linear recruitment process
and fast progression of muscle fatigue. Hence, in previous works
we proposed a method for controlling the muscle recruitment
that compensates these effects by a fast feedback loop. (-
control) In this contribution, the recruitment control method is
extended to two-channel operation, which has been difficult in
the past because of cross talk effects between closely placed
surface EMG-electrodes. Instead of following a decoupling
strategy of the electrical signals, we introduce a robust time-
multiplexing strategy to separate the responses of the individual
muscle parts. In the proposed approach, M-wave overlapping
must be avoided limiting the maximal stimulation frequency.
Hence, in a study including five healthy subjects and one
stroke patient the maximum was determined for each subject.
A stimulation frequency of 26 Hz was possible for all subjects.
Then, the proposed two-channel A-control was successfully
tested in one healthy subject showing the feasibility of the
proposed concept. To show the applicability of recruitment
control to clinical environments, control results for a stroke
patient are additionally shown.

I. INTRODUCTION

FES applied to paralyzed muscles is often used in neuro-
prosthetic systems to restore motor function to e.g. support
or re-train daily live activities. The stimulation intensity is
commonly controlled open-loop and typically triggered by
events. More elaborated approaches involve a continuous
feedback of joint angle- or force measurements with the
aim of obtaining a higher motor precision and more natural
movements. However, closed-loop control of FES has shown
to be difficult in the past because of two main reasons: The
effect of muscle fatigue strongly degrades the controller per-
formance as fatigue progresses and, second, the recruitment
process due to FES is highly non-linear and hence difficult
to model and to adapt to the individual subject [1].

To address these difficulties, we developed a method
using a feedback of the FES-evoked EMG, which is the
muscle response to an external stimulus, to allow a precise
control of the muscle recruitment [2]. The evoked EMG is
composed of the stimulation pulse artifact and the M-wave
resulting from the superposition of the activation potentials
of all recruited motor units. Hence, the evaluation of the
M-wave intensity yields an estimate of the muscle-internal
recruitment state. The stimulation intensity is then controlled
such that a desired recruitment level is realized. The effects
of muscle fatigue and the non-linear recruitment behavior
are compensated by a high-performance feedback controller
without requiring knowledge about these effects.

In the past, the idea of employing the evoked EMG
to control FES has already been proposed in [3] but was
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not further investigated since then. Other approaches involve
complex estimation filters to predict muscle force [4] or
estimate muscle fatigue using the evoked EMG [5], however
there is an increased calibration effort to identify detailed
models.

In the control of antagonistic muscle pairs, requiring at
least two-channel FES, artificially induced co-activations are
expected to improve motor precision [6], [7]. Herein, an
effective muscle fatigue compensation is highly beneficial,
as it is typically not possible to measure the co-activation
strength. The individual feedback of the evoked EMG of both
muscles, however, is expected to allow an precise adjustment
the co-activation strength.

Up to now, the application of multi-channel recruitment
control to muscles close to each other is difficult as strong
cross-talk effects, typically leading to a reduced control
performance, are present in the EMG measurement and
the individual M-waves cannot be distinguished. To reduce
cross talk in a two-channel set-up, we propose to apply
stimulation pulses not synchronously but alternating for both
stimulation channels. In turn, the respective M-waves appear
non-overlapped in the measured EMG. We apply the control
system to the medial and anterior deltoid as it is clinical
relevant to support fully or partially paralyzed arm abduction
movements.

II. METHODS

a) Experimental Set-up: The experimental set-up is
shown in Fig. 1. Herein, FES is applied to the anterior
(channel A) and the medial (channel B) part of the del-
toid muscle using a current-controlled stimulator (Rehastim,
Hasomed GmbH, Germany) and self-adhesive electrodes
(ValuTrode® CF4090, Axelgaard Manufacturing Co., USA).
The stimulation evoked-EMG caused by both deltoid parts is
acquired at 2048 Hz using one pair of Ag/AgCl electrodes
(Ambu Neuroline 720, Ambu S/A, Denmark) placed outside
of both stimulation electrodes and an amplifier (Porti 32TM
TMS International, The Netherlands). Further, the shoulder
joint angle describing arm elevation ?} is measured using
an inertial sensor (MTx, Xsens Technologies B.V., The
Netherlands). The measured EMG is processed by two digital
filters to estimate the normalized muscular recruitments A*
and AP respectively. The stimulation intensities v* and
vP describe the pulse-charges normalized to the respective
maximal tolerated values. Based on the pulse-charge, current
and pulse-width are calculated using the method described in
[2]. Two feedback controllers adjust v and v” respectively,
such that the desired recruitment levels r;\A and Tf are
realized. [2]

The control system was implemented using the real-time
framework OpenRTDynamics' and runs a computer system
running Linux.

Thttp://openrtdynamics.sf.net/
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Figure 2. Time multiplexing stimulation and measurement of the FES-evoked EMG.
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Measurement:  When applying stimulation pulses to
each muscle part simultaneously, both individual responses
typically overlap as they are simultaneously generated by
the recruited motor units of both muscle parts. A separation
of the individual M-waves by means of decoupling strategy
is difficult as e.g. cross talk gains must be calibrated in
advance and, further, perfect decoupling is difficult to
achieve. To reduce calibration effort, we propose a strategy
in which both muscle parts are stimulated in an alternating
fashion as illustrated in Fig. 2: After one muscle part
is stimulated, the decay of the corresponding M-wave is
awaited, whereby the durations of the M-waves Nij[k]
and N{ [k] are introduced as shown in Fig. 2, whereby k
denotes the sampling instant of the control system. Then, the
other part is stimulated. This strategy causes the respective
M-waves to appear in different time-windows and hence,
ideally no overlapping appears.

The proposed strategy then records the M-waves starting
directly after each stimulus during each sampling instant k
for both channels A and B. Data are stored in the EMG-
measurement vectors EM G and EMGP® containing Nf;‘
and Nf EMG-samples for channel A and B, respectively.
Herein, ¢ denotes the sampling instance for the respective
EMG-recording.

In this approach, the corresponding inter-pulse time-
periods measured in EMG-samples N];4 and Nf must be
large enough to avoid overlapping of both M-waves. As
described in the next paragraph in detail, the intensity of
M-wave is evaluated only in a window whose position and
length is described by the parameters N; and N» respec-
tively. Hence, it must be ensured that M-waves do not overlap
with the window used for the evaluation of the succeeding
M-wave appearing in the other channel.

Hence, N;' and N7 are constrained to a minimum

. . . —A
depending on the maximal durations of the M-waves Ny,

Aw k] = max EM G, [k] — min EM G,[k]. 3)
K3 7
Then, the maximally observed amplitude is calculated by
Aw [k] = max Ay [k]. @

As the decaying M-wave enters a band between —0.05Ay,
and +0.05Ayy, the length Ny [k] is obtained as illustrated in
Fig. 2. The maximal length observed for all sampling instants
is then calculated yielding Ny = maxy Ny [k].

¢) M-wave Intensity as a Feedback Variable: The in-
tensities of all M-waves in terms of the 1-norm are calculated
for both channels A and B for a fixed window starting N{*
and N samples respectively after the stimulation artifact
and lasting N£ and N4 samples, yielding the indicators \*
and AP for the muscle recruitment levels, respectively.

The parameter set (N{*, N2, NB, Ni') is obtained in
a calibration procedure performed for each channel A and
B separately. The aim is to optimize the filter with regard
to improve the degree of linearity between the recruitment
level estimated by the filter and the arm elevation joint angle
in steady-state (still different horizontal shoulder rotation
angles occur for A and B) corresponding to the induced
muscle torque. Further, the signal to noise ratio of the
estimated recruitment considered in the optimization. The
used approach is described in detail in a separate publication
to appear [8]. Herein, results obtained from five healthy
subjects and one stroke patient showed an improvement of
linearity compared to non EMG-controlled FES as well as
the compensation of muscle fatigue.

To control the muscle recruitment levels, two discrete-
time integral controllers K4(¢™%) = ¢4/(1 — ¢71) and

2The respective superscripts A and B are omitted to simplify notation in
this analysis
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Figure 3. M-waves obtained from the stroke patient P.

KPB(q71) =8 /(1 — ¢~ ') adjust the stimulation intensities
v4 and v® such that the estimated recruitment levels A4

and \B follow their given reference trajectories r‘; and

rB, respectively. Here, ¢~ ' is the one-step backwards shift
operator (a(k)g~! = a(k — 1)). The gain factors c{ and
B are chosen to maximize closed loop performance, while
the standard deviation of the estimation noise — typically
amplified in the closed loop — does not exceed 1% of the
maximal signal amplitude of A* and AB, respectively.

The linearization effect introduced by this control system,
applies to the activation threshold of the muscle recruitment
function, which is shifted close to the origin. Further, an
overall improvement of linearity of the remaining nonlinear
behavior of muscle recruitment as well as a compensation
of muscle fatigue is achieved. Of course, saturation effects
cannot be compensated. FES-based movement control sys-
tems can then adjust the desired recruitment levels r‘i‘ and

rB (virtual actuation variables) instead of directly using the
stimulation intensities, wherein recruitment control serves as
an underlying control system.

III. RESULTS

d) Maximal Stimulation Frequency in Two-Channel
Control: The typically, maximally achievable stimulation
frequency fors is determined in a study including five
healthy subjects (S1 to S5) and one stroke patient (P).
Therefor, for each participant, the M-wave duration A}, [k] of
the medial portion of the deltoid muscle is determined using
the method described in Sec. II. The performed analysis
is then performed under the assumption that channel B
yields similar parameters. Further, the calibration procedure
to tune the recruitment controller yielding the parameters
N{* and N3' was performed. Then, the maximal duration

Ny, = max, Nij[k] was obtained. The minimally possible
stimulation period duration still fulfilling eq. (1) was then
calculated by

—A
N} =Ny — N (5)

and the maximally achievable stimulation frequency was
calculated by
— 2048

feff = WHZ (6)

The results for all subjects are summarized in Tab. I. We
can state that for the given participants, recruitment control
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Figure 4. Time series results for two-channel recruitment control in a

healthy subject at 25 Hz. Parameters are N{4 =2, Nf = 16, NlB =1,
Ng? =6, ¢ =0.01, cf =0.0049.

TABLE 1. OPTIMAL FILTER PARAMETERS, MAXIMAL M-WAVE
DURATIONS, MAXIMALLY POSSIBLE STIMULATION FREQUENCY AS
WELL AS MAXIMAL CURRENT AMPLITUDE I, AND PULSEWIDTH

PWaz.
Subject | Ni* N Nw  Fop Imar  PWia
0] mAl (sl
Pl 6 18 45 263 62 32
SI| 8 23 34 394 54 270
2/ 6 8 36 341 38 186
S3| 7 13 46 263 38 181
s4a| 3 17 21 46 2 2
SS| 5 13 44 263 56 282
Mean 386 325
Stdev 76 13
Min 263

is possible using stimulation frequencies of at least 26.3 Hz
(minimum for all subjects). The obtained M-waves in case
of the stroke patient are exemplarily shown in Fig. 3 along
with the window used to determined the recruitment level
(red marking). Further, the maximal duration of the M-wave
is displayed (blue line).

e) Experimental Validation of Two-Channel Control:
Two-channel recruitment control was applied to one healthy
subject and electrodes were placed as shown in Fig. 5. The

Figure 5.

Electrode-placement for two channels.
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Figure 6. Time series results for single channel recruitment control

performed on a stroke patient.

effective stimulation frequency was 25 Hz. The reference
trajectories for ¢ and rZ were chosen to excite both muscles
concurrently. Time series results are given in Fig. 4 showing
a precise reference tracking also in case of two-channel
recruitment control.

f) Single Channel Control applied to a Stroke Patient:
To demonstrate the feasibility of the investigated recruitment
control strategy in clinical environments, single channel
control was applied to the medial deltoid of one stroke patient
with almost complete paralysis of the right arm. Results
are given Fig. 6 and show a precise tracking of the desired
recruitment level along with the resulting abduction angle.

IV. CONCLUSION

In this contribution, we investigated an extension of
recruitment control for two-channel FES using a time-
multiplexing approach to avoid overlapping when obtaining
evoked-EMG of two muscle portions. Further, only one pair
of EMGe-electrodes is required and no additional calibration
routine is required, which is an important advantage when
donning neuro-prosthetic systems in clinical environments.
For single channel recruitment control, we have demonstrated
the applicability to clinical environments in a stroke patient.
In case of two-channel control, we determined a maximally
achievable stimulation frequency of 26.3 Hz for typical
subjects by an experimental investigation on six subjects,
which is sufficient to the control of most neuro-prosthetic
systems. The proposed two-channel recruitment control ap-
proach was successfully applied to one healthy subject. An
extension to three or more channels is difficult, however, as
the maximally achievable stimulation frequency significants
degrades with the number of stimulated channels. A hybrid
approach of time-multiplexing combined with a classical
decoupling strategy may be applied in these cases.

In future research we are going to validate the given
approach for a larger group of healthy subjects as well
as on stroke patients for different stimulation frequencies.
The long-term strategy is to apply two- channel recruitment
control to stiffness control in antagonistic muscle pairs.
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