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a b s t r a c t 

A patient-driven control strategy for Functional Electrical Stimulation (FES), which amplifies volitionally- 

initiated shoulder abductions, is proposed to improve stroke patients’ rehabilitation. Based on the mea- 

sured abduction angle, a FES-induced muscle recruitment is generated that yields a pre-specified percent- 

age of this angle – yielding arm weight relief. To guarantee the correct recruitment also under fatigue 

and uncertain muscle activation we employ feedback control of the recruitment level determined by fil- 

tering the FES-evoked electromyogram. Filter parameters are user-optimized to obtain a linear relation 

between filter output and angle with a good signal-to-noise ratio. The auto-tuned recruitment controller 

(RC) was tested on five healthy subjects and compared to direct stimulation (DS) while muscle fatigue 

progressively occurred. Results showed a more linear relation between recruitment level and angle than 

between non-controlled stimulation intensity and angle ( R 2 = 0 . 93 vs. R 2 = 0 . 79 , angular range of 54 °). 
After 6 min of stimulation, abduction decreased by 42% ± 14 for DS and by 0% ± 12 for RC, showing 

an effective compensation of fatigue. RC yielded significant smaller errors than DS in generating desired 

angles (0.23% ± 5.9 vs. 14.6% ± 9.7). When FES-induced arm weight support was provided, a mean reduc- 

tion of the volitional effort (determined by Electromyography) of 78% was achieved compared to angular 

tracking without FES. First experiments with one acute stroke patient are also reported. 

© 2016 IPEM. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Functional Electrical Stimulation (FES) is widely used for the re-

abilitation or assistance of patients affected by neurological dis-

ases [1] . It artificially activates paretic muscles during functional

asks by electrical stimulation of intact lower motor neurons. The

ncreased afferent feedback provided by FES is known to modulate

otor cortex function and excitability to enable recovery [2] . Re-

ent studies [3,4] advocated the use of FES co-incidentally with the

oluntary drive to enhance even more the plasticity of the central

ervous system, so as to further improve its therapeutic effects [5] .

One way to achieve synchronization between FES and volitional

ctivity is to use myo-controlled neuroprostheses, in which the
� This work was partially funded by the German Federal Ministry of Education 

nd Research (BMBF) within the project BeMobil (FKZ 16SV7069K) and by Euro- 

ean project RETRAINER (Horizon 2020, Research and Innovation Programme, grant 

greement no. 644721). 
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esidual volitional EMG signal of the paretic muscle is used to con-

rol the timing and the intensity of the stimulation of the muscle

tself [5] . Different strategies to control FES based on the resid-

al EMG of the stimulated muscle were proposed in the litera-

ure. EMG-triggered controllers, which trigger the onset of a pre-

etermined stimulation sequence applied in an open loop modality

ased on the volitional EMG, were firstly designed [6,7] . These sys-

ems are easy to implement and clinically feasible but do not actu-

lly assure the synchronization of FES and the intended voluntary

ovement after the trigger. This drawback is overcome by EMG-

roportional controllers, which modulate the stimulation propor-

ionally to the volitional EMG [8,9] and thus amplify weak resid-

al muscle activity. However, this solution is less feasible on pa-

ients because it requires smooth muscle contractions to prevent

scillations caused by the closed-loop control system. An on/off

on-linear control system was recently proposed [10] : it allows

ven patients with reduced muscle contractions to autonomously

ctivate and deactivate the stimulation support exploiting their

esidual muscle activity, but it can lead to imprecise motor

ontrol. 
nal electrical stimulation system for arm weight relief, Medical 
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Fig. 1. Control scheme to achieve arm weight support by stimulation of the medial deltoid muscle. 
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A different approach to use FES co-incidentally with the vol-

untary drive, is to measure the desired target posture and to

derive by means of an inverse mechanical model the joint mo-

ments required to achieve and to maintain that posture [11] . Then,

partial or full support can be obtained by producing these mo-

ments partially or fully by means of FES. Compared to EMG-

proportional stimulation, less precise muscular control is de-

manded from the patient. However, this approach requires pre-

cise neuro-musculoskeletal models to determine the desired stim-

ulation intensities. Such models are difficult to obtain in clinical

practice. 

For repetitive tasks within a tightly controlled environment, It-

erative Learning Control (ILC) can be applied to find the correct FES

support in presence of residual muscle activity [12] . From trial to

trial, ILC adjusts the stimulation intensity in order to improve the

performance based on the measured joint angles from the previous

trial. 

The majority of FES-controlled systems use the stimulation in-

tensity as control signal and solely observe the stimulation effect

by measuring joint angles. Such control systems are slower than

physiological movement control where forces and velocities are in-

ternally sensed by Golgi tendon organs and muscle spindles, re-

spectively. In addition, when multichannel FES is delivered to ob-

tain complex movements, the measure of the resulting angles is a

global measure that is not able to sense the condition, e.g. muscle

fatigue, of the stimulated muscles. Moreover, by solely using joint

angles to measure the movement induced co-incidentally by FES

and the patient it is not possible to distinguish between the voli-

tional effort and the contribution provided by FES. 

In a previous work [13] , we proposed the use of FES-evoked

EMG to assess the level of FES-induced muscle recruitment and to

incorporate feedback control of it into FES systems. In our recent

work [14] , we could demonstrate in a case study on one healthy

subject that such recruitment control enables the precise deliv-

ery of a desired movement support also in presence of muscu-

lar fatigue up to the maximal possible stimulation intensity that

is adjusted by the controller. The desired support could be ad-

ministrated synchronously to the voluntary muscle contractions in

a repetitive tracking task and was modulated depending on the
 t  

Please cite this article as: C. Klauer et al., A patient-controlled functio

Engineering and Physics (2016), http://dx.doi.org/10.1016/j.medengphy.2
racking performance and the observed volitional EMG activity. Ad-

itionally expected advantages of the recruitment control are the

inearization of the of nonlinear muscle dynamics and the reduc-

ion of hysteresis effects in the muscle activation [13] . 

In this contribution, we propose a patient-driven control strat-

gy, similar to that reported by Riener and Fuhr [11] , which ampli-

es weak voluntary initiated shoulder abductions by providing an

djustable virtual arm weight support. Based on the measured ab-

uction angle, a FES-induced muscle recruitment is generated that

ields a pre-specified percentage of this angle. The use of recruit-

ent control deliberates from obtaining complex muscle models as

reviously required [11] . A fast auto-tuning procedure for the EMG

lter, applied on FES-evoked EMG, and for the recruitment con-

roller is introduced. The performance of the employed underlying

ecruitment control is investigated in a study with healthy subjects

ith respect to the linearization of the system behavior and to

he long-term generation of desired movement support also when

uscle fatigue occurs. The maximal achievable arm weight support

s determined by observing the reduction of volitional EMG activ-

ty during a user-controlled angle tracking task. In contrast to our

revious work and ILC, the proposed approach is not restricted to

epetitive tasks which renders its use more versatile. The feasibil-

ty of the proposed control strategy was finally demonstrated in a

ase study with one acute stroke patient. 

. Methods 

.1. System overview 

The proposed control scheme, shown in Fig. 1 , is intended to

upport patients with a weakness in shoulder abduction. FES is

pplied to the medial part of the deltoid muscle using a current-

ontrolled stimulator (Rehastim, Hasomed GmbH, Germany) and

elf-adhesive electrodes (ValuTrode ® CF4090 (4 × 9 cm), Axel-

aard Manufacturing Co., USA). A stimulation frequency of 25 Hz

as used and corresponded to the sampling frequency of the con-

rol system (sampling index k ). The control signal v [ k ] ∈ [0 , 1] is
nal electrical stimulation system for arm weight relief, Medical 
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Fig. 2. Evaluation of the M-Wave to estimate the recruitment level. 
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he normalized pulse charge 1 q varying between zero and the

aximally tolerable charge q max . Increases in the pulse charge lead

o equal increases in the pulse width and current amplitude [14] .

he abduction angle ϑ[ k ] is measured at 25 Hz by means of an in-

rtial sensor (MTx, Xsens Technologies B.V., The Netherlands). Dur-

ng active FES, the electromyogram (EMG) is measured at 2048 Hz

sampling index i ) using separate Ag/AgCl electrodes (Ambu Neuro-

ine 720, Ambu A/S, Denmark) and amplified using a multi-channel

ignal amplifier (Porti 32 TM , TMS International, The Netherlands).

he EMG electrodes are placed outside the stimulation electrodes,

s indicated in Fig. 1 . By filtering the EMG (sampled at 2048 Hz),

he volitional muscle activity level ˆ γ [ k ] and the muscle recruit-

ent level ˆ λ[ k ] of the preceding stimulation period are obtained

t stimulation frequency (cf. Sections 2.2.2 and 2.2.3 ). The re-

ruitment controller adjusts the stimulation intensity to produce

 desired recruitment level r ˆ λ[ k ] that is generated by the angle-

ependent arm weight support. The volitional EMG activity level

s used to evaluate the performance of the arm weight support.

he movement is patient-initiated by his/her weak residual mus-

le activity. 

.2. EMG signal processing 

The FES-evoked and the volitional muscle activities are mon-

tored by EMG of the deltoid muscle. The EMG is sampled at

048 Hz yielding the raw EMG vector 

MG raw 

[ k ] = [ E MG raw, 1 [ k ] · · · E MG raw,L [ k ]] 
T 
, L = 82 , 

for each stimulation sampling instant k . This vector captures an

mount of L = 82 EMG samples of the preceding 40 ms inter-pulse

nterval (corresponding to 25 Hz stimulation frequency). As indi-

ated in Fig. 2 , the beginning is aligned to the stimulation pulse

nd contains information about the muscle activity related to the

timulus k − 1 . It is assumed that the FES-evoked EMG compo-

ent (also called M-wave) is a time-variant signal in the mV-range

hile the volitional EMG signal part is band-limited Gaussian noise

n the μV range. To separate both information, several signal pro-

essing steps need to be performed (adapted from [10] and [13] )

s detailed in what follows. 

.2.1. Offset reduction 

By calculating the offset in the raw EMG measurement by aver-

ging the last three EMG samples of a stimulation period over the

ast five stimulation periods, this estimate is made robust against
1 The pulse charge q is defined of as product of the current amplitude I and pulse 

idth pw of the first part for the symmetric bi-phasic pulse. 

Please cite this article as: C. Klauer et al., A patient-controlled functio
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olitional EMG: 

ˆ MG of s [ k ] = 

1 

5 · 3 

k −1 ∑ 

j= k −5 

L ∑ 

i = L −2 

EMG raw,i [ j] . (1)

o FES-evoked activity is expected in this time interval. Offset cor-

ection is performed by 

MG [ k ] = EMG raw 

[ k ] − ˆ EMG of s [ k ] . (2)

.2.2. Volitional EMG 

The estimation of the volitional EMG during active FES requires

he removal of the M-wave from the EMG signal. In the chosen

pproach, the EMG vectors of the last six stimulation periods are

ecorded. The best prediction of the currently measured EMG vec-

or by a linear combination of the old stored EMG vectors is then

sed as estimate of the current M-wave. The corresponding weight

arameters are optimized by a linear least squares approach at

ach stimulation period. Finally, the obtained estimate of the M-

ave is subtracted from the currently measured EMG vector to de-

ermine the volitional EMG component, which is then evaluated

y means of the 1-norm. This separation approach works better

or the second half of the stimulation period where only the tail of

he M-wave is contained. A detailed description of the procedure

s given below. 

Initially, the first 40 entries of the EMG measurement vector

MG[k] are set to zero to blank stimulation artifacts and to remove

he main part of the M-wave during each inter-pulse interval. The

ast 10 samples are also not considered as their transmission from

he EMG device to the PC via USB might not always be completed

ielding 

MG 

V b [ k ] = [ 0 

T 
40 E MG 41 [ k ] · · · E MG L −11 [ k ] 0 

T 
10 ] 

T 
(3) 

hereby 0 40 and 0 10 are zero vectors of the dimension 40 and 10,

espectively. 

Then, the vector EMG 

Ve [ k ], containing the FES-evoked EMG re-

ponse (M-wave), for the non-blanked sampling instants is esti-

ated by applying the adaptive filter 

MG 

Ve [ k ] = [ EMG 

V b [ k − 1] · · · EMG 

V b [ k − M]] 

⎡ 

⎣ 

ˆ p V 1 [ k ] 
. . . 

ˆ p V M 

[ k ] 

⎤ 

⎦ (4) 

here ˆ p 

V 
[ k ] = [ ̂  p V 

1 
[ k ] . . . ˆ p V 

M 

[ k ]] 
T 

is continuously determined by

olving the following least squares problem for each sampling in-

tant k : 

ˆ p 

V 
[ k ] = arg min 

p V 
[ k ] || EMG 

V b [ k ] 

−[ EMG 

V b [ k − 1] · · · EMG 

V b [ k − M]] p 

V || 2 . (5) 
nal electrical stimulation system for arm weight relief, Medical 
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Fig. 3. Muscular recruitment function including hysteresis and the used linear ap- 

proximation for the stimulation range [ v ll , v ul ] . Further, ˆ λbase is the base level that 

occurs when stimulation not leading to a muscle contraction is applied. The maxi- 

mally obtained value for ̂  λ is called ̂  λmax and v thr is the stimulation intensity yield- 

ing the onset of muscle contraction. 

Fig. 4. Recruitment controller applied to the nominal plant. 
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According to the investigations in [10] , the number of previous

EMG vectors is set to M = 6 . 

A scalar measure for the volitional muscle activity of the pre-

ceding 40 ms inter-pulse interval at sample k is obtained by taking

the scaled 1-norm of the vector ( EMG 

V b [ k ] − EMG 

Ve [ k ]) : 

ˆ γ [ k ] = 1 / (L − 50) 
∣∣∣∣EMG 

V b [ k ] − EMG 

Ve [ k ] 
∣∣∣∣

1 
. 

Hence, the volitional EMG part is the residual part of EMG 

Vb [ k ]

that can not be described by a linear combination of old

blanked/filtered EMG vectors. 

2.2.3. FES-evoked EMG 

Similar to the approach described in Section 2.2.2 , an estimate

of the M-wave is obtained by using a linear combination of six pre-

vious EMG vectors. Then, the 1-norm is taken to obtain the inten-

sity of the estimated M-wave in a sub-window of the inter-pulse

interval. A detailed description of the procedure is given below. 

To evaluate the M-wave, as shown in Fig. 2 , the measured EMG

is blanked yielding 

EMG 

Eb [ k ] = [ 0 

T 
N 1 

E MG N 1 [ k ] · · · E MG N 1 + N 2 −1 [ k ] 0 

T 
L −N 1 −N 2 

] 
T 
, (6)

whereby the parameters N 1 and N 2 describe window position

and length, respectively. Analog to the voluntary filter, the evoked

EMG component is predicted by an adaptive filter 

EMG 

Ee [ k ] = [ EMG 

Eb [ k − 1] · · · EMG 

Eb [ k − M]] 

⎡ 

⎣ 

ˆ p E 1 [ k ] 
. . . 

ˆ p E M 

[ k ] 

⎤ 

⎦ (7)

where ˆ p 

E 
[ k ] = [ ̂  p E 1 [ k ] . . . ˆ p E M 

[ k ]] 
T 

is continuously determined by

solving the following least squares problem for each sampling in-

stant k : 

ˆ p 

E 
[ k ] = arg min 

p E 
[ k ] || EMG 

Eb [ k ] 

−[ EMG 

Eb [ k − 1] · · · EMG 

Eb [ k − M]] p 

E || 2 . (8)

Then, the one-norm of EMG 

Ee [ k ] yields the estimated muscular

recruitment level 

ˆ λN 1 ,N 2 [ k ] = 

∣∣∣∣EMG 

Ee [ k ] 
∣∣∣∣

1 
. 

Both parameters are adapted to the individual user by the opti-

mization procedure outlined in Section 2.4 . 

2.3. Recruitment control 

To design the controller, the following simplified, linear

discrete-time model, describing the relation between the stimula-

tion intensity v and the estimated recruitment ˆ λ, is assumed: 

ˆ λ(k ) = �r,a q 
−1 v (k ) + �r,b + e (k ) , �r,a > 0 , 0 ≤ v (k ) ≤ 1 . (9)

Here, q −1 is the backward-shift operator ( a (k ) q −1 = a (k − 1) ) and

e ( k ) is white noise (variance σ 2 
ˆ λ
, expected value is zero). This equa-

tion describes the linear, rising part of the non-linear recruitment

function show in Fig. 3 . The time delay of one sampling instant is

introduced because the estimate ˆ λ[ k + 1] depends on the stimula-

tion pulse v [ k ] applied for the previous sampling instant k . 

The parameters �r , a and �r , b are adapted by Least Squares to

match recorded data pairs describing the linear part of the recruit-

ment function. This dataset is obtained in a calibration procedure

outlined in Section 2.4 . 

Frequency Domain Controller Synthesis. During control, the offset

�r , b of the linear model (9) is treated as a part of the constant

disturbance. 
Please cite this article as: C. Klauer et al., A patient-controlled functio
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To control the nominal plant G (q −1 ) = �r,a q 
−1 , a discrete-time

ntegrating controller is chosen: 

(q −1 ) = 

c λ
1 − q −1 

, c λ > 0 . 

The resulting closed-loop behavior (cf. Fig. 4 .) between the ref-

rence and the output ˆ λ is described by 

 (q −1 ) = 

GK 

1 + GK 

= 

�r,a c λ q −1 

1 + (�r,a c λ − 1) q −1 
. 

The control system is stable if the root q ∞ 

= 1 − �r,a c λ of the

losed loop polynomial 1 + (�r,a c λ − 1) q −1 fulfills 0 < q ∞ 

< 1,

hich is equivalent to 0 < �r , a c λ < 1. 

To be able to adjust the noise transmission of the closed loop,

e introduce the tunable parameter T n describing the noise ampli-

cation at the Nyquist-frequency. It is calculated using the com-

lementary sensitivity transfer function T (defined as the trans-

er function between −e and x ) that is evaluated at the Nyquist-

requency ( q = −1 ): 

 n = | T (q −1 = −1) | = 

| − �r,a c λ| 
| 2 − �r,a c λ| = 

�r,a c λ
2 − �r,a c λ

, for 0 < q ∞ 

< 1 .

(10)

This equation is solved w.r.t to c λ. 

 λ = 

1 

�r,a 

2 T n 

T n + 1 

. (11)

To obtain an asymptotically stable closed loop (0 < q ∞ 

< 1 ⇔ 0

 �r , a c λ < 1), the tunable parameter T n must fulfill 

 < T n < 1 . (12)

The tuning parameter T n is chosen such that the amplification

f high frequent measurement noise at the Nyquist-frequency with

n amplitude σˆ λ
(standard deviation of the noise e estimated for

he model (9) by T n results in 1% of the maximal signal amplitude

max : 

 . 01 λmax = T n σˆ λ
. (13)
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Fig. 5. Recruitment controller with anti-windup strategy. 

Fig. 6. Calibration Experiment: During phase 1, a linear increasing stimulation in- 

tensity is applied up to the maximal tolerable intensity and in phase 2, a stair-wise 

increase and decrease of the stimulation intensity is performed. The characteristic 

stimulation intensities v thr and v sat obtained in phase 1 are used to parameterize 

the stimulation ranges in phase 2. The EMG- and joint angle data obtained during 

phase 2 are used to optimize the λ-filter and afterwards ˆ λ, the output of the opti- 

mal filter, is calculated. Finally the dataset ( v recr,i , 
ˆ λrecr,i ) used for the identification 

of the linear recruitment model and the dataset ( ̂ λcal,s , v cal,s , ϑcal , s ), describing the 

static actuation to joint angle relationships are extracted. 
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By resorting Eq. (13) and inserting into Eq. (11) we obtain: 

 λ = 

1 

�r,a 

2 λmax 

λmax + 100 σˆ λ

. (14) 

This selection gives the fastest possible closed-loop behavior for

he specified SNR at the Nyquist-frequency. 

nti-Windup. Since the actuation variable is bounded by v ∈ [0 , 1]

nd because of the integrating controller, an anti-windup strategy

s shown in Fig. 5 is used to avoid undesired closed-loop behavior

n case of saturation [15] . 

.4. Autotuning of recruitment ( λ) control 

.4.1. Procedure 

An automatic calibration procedure is carried out prior to each

ession in order to obtain the linear model of the recruitment func-

ion and to tune the filter parameters N 1 , N 2 as well as the con-

roller parameter c λ. 

The calibration procedure consists of two phases shown in

ig. 6 , wherein the subject is asked not to intervene in the move-

ent. During phase 1, the stimulation intensity is linearly in-

reased from zero up to the maximum tolerated value and the
Please cite this article as: C. Klauer et al., A patient-controlled functio
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MG data, EMG p 1 , as well as the corresponding angle values, ϑp 1 ,

re recorded. From these data, the following values are calculated: 

• ϑmin – the minimal angle when no FES is applied. 
• v thr – the stimulation intensity leading to the onset of the FES- 

induced muscle contraction. v thr is defined as the stimulation

intensity corresponding to a ˆ λ value higher than its baseline,

calculated when no FES is applied. Since the optimal parame-

ters N 1 and N 2 have not been estimated at this point of the

procedure, two generally valid values ( N 1 = 8 and N 2 = 20 ) are

used to estimate ˆ λ. 
• ϑsat – the stimulation intensity above which no significant joint

angle increase occurs. v sat is defined as the stimulation inten-

sity leading to an angle equal to the 95% of the maximum angle

achieved, ϑmax . 

During phase 2, the stimulation intensity is increased from v thr 

o v sat following a stair-wise signal consisting of 10 intermedi-

te steps and the EMG p 2 and ϑp 2 data are collected. These data

re used to optimize the parameters N 1 and N 2 , as described in

ection 2.4.2 . When the optimal parameters ˆ N 1 and 

ˆ N 2 are found,
ˆ is calculated for both phases 1,2. The data ˆ λ and v obtained dur-

ng phase 1 are then used to identify the linear recruitment model.

o assure that these data belong to the linear range of the recruit-

ent function, two additional values of stimulation intensities are

efined: 

• v ll (lower bound), corresponding to an angle equal to ϑ min +
0 . 3 · (ϑ max − ϑ min ) . 

• v ul (upper bound), corresponding to an angle equal to ϑ max −
0 . 3 · (ϑ max − ϑ min ) . 

The subset containing N recr samples of data within the range

 ∈ [ v ll , v ul ] yields the dataset ( v recr,i , 
ˆ λrecr,i , i = 1 , 2 , ..., N recr ) that

s used to identify the parameters �r , a and �r , b of the linear re-

ruitment model (c.f. Fig. 3 ) described in Section 2.3 . 

Further, data sets describing the steady state stimulation inten-

ity – angle and recruitment level – angle relationships are ob-

ained from each stair during phase 2 as illustrated in Fig. 6 yield-

ng ( ̂ λcal,s , v cal,s , ϑcal , s ). Herein, s = 1 , 2 , ..., 10 corresponds to

ncreasing- and s = 11 , 12 , ..., 19 to the decreasing stairs. The ob-

ained data sets are later used in the arm weight compensation

ontroller to obtain a static gain of a model describing the arm ab-

uction (c.f. 2.5 ). 

.4.2. FES-evoked EMG filter optimization 

The aim of this phase is to identify N 1 and N 2 assuring a high

NR of the estimated recruitment ˆ λ and a good linearity between
ˆ and the purely FES induced torque. Under the assumption of

mall angles we can interpret the abduction angle as an indirect

easure of the joint torque when the bio-mechanical system is in

teady-state. 

In an optimization procedure, the estimated recruitment signal
ˆ 

p 2 ,N 1 ,N 2 
is calculated from the EMG dataset EMG p 2 recorded dur-

ng phase 2 for each possible combination of N 1 ∈ [2, 20] and N 2 

 [1, 30], which captures the feasible values for window positions

nd lengths. Then, for each signal ˆ λp 2 ,N 1 ,N 2 
the SNR and a measure

f linearity w.r.t ϑp 2 is calculated as described in this section and

nally the best parameters are selected. 

inearity between ˆ λ and ϑ. For the stationary relationship between
ˆ and ϑ we assume a linear model of the form 

 = �ϑλ,N 1 ,N 2 ,a · ˆ λN 1 ,N 2 + �ϑλ,N 1 ,N 2 ,b + e ϑ (15)

From the I/O dataset ( ̂ λp 2 ,N 1 ,N 2 
, ϑ p 2 ) one data pair is extracted

or each stair s during the stationary phases of the bio-mechanical

ystem. Therefore, at the end of the constant phase of each stair
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Fig. 7. Relation between ˆ λ and ϑ for the data set ( ̂ λcal,s , ϑcal , s ) obtained during the 

calibration procedure of the recruitment controller. 
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2 The reference of the underlying recruitment controller. 
s , the joint angle ϑcal , s is obtained and further the mean value of

ˆ λp 2 ,N 1 ,N 2 
over 8 samples at the end of the constant phase is calcu-

lated yielding ˆ λcal,s,N 1 ,N 2 
as illustrated in Fig. 6 . Using this dataset,

the model parameters �ϑλ,N 1 ,N 2 ,a 
and �ϑλ,N 1 ,N 2 ,b 

are identified by

least squares. Then, the obtained model is used to compute the

joint angles ˆ ϑ s,N 1 ,N 2 
for each stair s , which is then compared to the

measured angles ϑcal , s by calculating the Normalized Root Mean

Square Error (NRMSE) that serves as a measure of linearity: 

NRMSE N 1 ,N 2 = 

√ 

1 
N s 

∑ N s 
s =1 (ϑ cal,s − ˆ ϑ s,N 1 ,N 2 ) 

2 

max s ϑ cal,s − min s ϑ cal,s 

, (16)

whereby N s = 19 denotes the number of stairs cases. 

Estimation of the Signal to Noise Ratio (SNR). Since the noise-free

signal for ˆ λp 2 ,N 1 ,N 2 
is not available, the signal component is es-

timated by applying a non-causal 2 nd order Butterworth low-

pass filter with zero phase shift, f cut = 75 Hz to ˆ λp 2 ,N 1 ,N 2 
yielding

λl p,p 2 ,N 1 ,N 2 
[ k ] . 

The estimated noise signal ˆ e ˆ λ is then calculated by 

ˆ e ˆ λ,N 1 ,N 2 
= 

ˆ λp 2 ,N 1 ,N 2 − λl p,p 2 ,N 1 ,N 2 . (17)

The power of the signal and the noise component are then eval-

uated based on the time-series λl p,p 2 ,N 1 ,N 2 
and ˆ e ˆ λ,N 1 ,N 2 

respectively.

Because the filter introduces transients starting from both bor-

ders of the dataset (due to uninitialized initial values of the non-

causal filter), 20 samples are skipped for the computation of the

signal power at each border respectively. Further, due to the steps

in the excitation signal v , frequency components even beyond the

cutting frequency f cut are present in 

ˆ λp 2 ,N 1 ,N 2 
actually belonging to

the signal component. No clean separation is possible with a low

pass filter for these frequency components. Hence, the sampling

instants of the time-series signal close to the stepwise changes (6

samples before and after the step) are additionally not considered

for the calculation of signal and noise power. Finally, the calcula-

tion is only performed in the set �e v al including N �e v al 
samples (c.f.

Fig. 6 ). The signal power is calculated by 

P s,N 1 ,N 2 = 

1 

N �e v al 

∑ 

i ∈ �e v al 

| λl p,N 1 ,N 2 [ i ] | 2 . (18)

Similar, the noise power is then given by 

P n,N 1 ,N 2 = 

1 

N �e v al 

∑ 

i ∈ �e v al 

| ̂  e ˆ λ,N 1 ,N 2 
[ i ] | 2 . (19)

Finally, the SNR is then calculated for each filter variation by 

SNR N 1 ,N 2 = 

P s,N 1 ,N 2 
P n,N 1 ,N 2 

. (20)

Quality functions. Both measures SNR N 1 ,N 2 and NRMSE N 1 ,N 2 are

combined in a quality function in form of a weighted sum us-

ing a tunable factor p w 

to adjust the importance of the individual

measures: 

J N 1 ,N 2 := p w 

·(1 − NRMSE N 1 ,N 2 ) ︸ ︷︷ ︸ 
J 1 

+(1 − p w 

) · SNR N 1 ,N 2 

max N 1 ,N 2 (SNR N 1 ,N 2 ) ︸ ︷︷ ︸ 
J 2 

. 

(21)

Herein, the SNR is normalized w.r.t to the observed maximum.

Thus, for both sub functions J 1 and J 2 , the optimal values describ-

ing the best SNR respectively and the best linearity are represented

by J 1 = 1 and J 2 = 1 , respectively. Hence, the comparison in the

weighted sum is possible. A weighting factor of p w 

= 0 . 9 is chosen,

because a linear relationship is considered to be more important
Please cite this article as: C. Klauer et al., A patient-controlled functio
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or the arm weight support controller. To find the optimal compro-

ise, the maximum of J N 1 ,N 2 is obtained by variating the tunable

lter parameters N 1 and N 2 yielding the optimal parameters 

 ̂

 N 1 , ˆ N 2 ] 
T = arg max 

N 1 ,N 2 
J N 1 ,N 2 , whereby ˆ J = J ˆ N 1 , ̂ N 2 

. (22)

Ongoing, we shorten the notation of the optimal estimate to
ˆ := ̂

 λ ˆ N 1 , ̂ N 2 
. 

.4.3. Recruitment controller parameterization 

The estimated parameters �r , a and �r , b of the linear recruit-

ent model and the standard deviation σˆ λ
of the noise are used

o determine c λ by Eq. (14) . Therefore, σˆ λ
is estimated from the

stimated noise ˆ e ˆ λ, ̂ N 1 , ̂ N 2 
by 

σˆ λ
= 

√ 

1 

N �noise 

∑ 

k ∈ �noise 

(μe − ˆ e ˆ λ, ̂ N 1 , ̂ N 2 
[ k ]) 2 , 

e = 

1 

N �noise 

∑ 

k ∈ �noise 

ˆ e ˆ λ, ̂ N 1 , ̂ N 2 
[ k ] . (23)

.5. FES arm weight support 

The aim of the proposed control system is to induce a fraction

 

WC of the currently measured arm abduction by FES. In turn, this

eads to a reduced voluntary effort. 

The typical relationship for the ˆ λ – angle relation described by

he data set ( ̂ λcal,s , ϑcal , s ) is shown in Fig. 7 . As known from pre-

ious experimental experience, typically, hysteresis effects may be

resent in this relation. In the design of the weight compensating

ontrol system, at first, we approximately assume a linear relation-

hip for the steady state ˆ λ – angle relation: 

 = ( ̂ λ − min 

s 
ˆ λcal,s ) 

max s ϑ cal,s − min s ϑ cal,s 

max s ̂  λcal,s − min s ̂
 λcal,s 

+ min 

s 
ϑ cal,s . 

Let us introduce the abbreviations 

WC 
min := min 

s 
ˆ λcal,s λWC 

max := max 
s 

ˆ λcal,s (24)

 

WC 
min := min 

s 
ϑ cal,s ϑ 

WC 
max := max 

s 
ϑ cal,s . (25)

To support arm weight, a linear mapping of joint angles within

 range �ϑ := [ ϑ 

WC 
min 

, ϑ 

WC 
max ] to the virtual actuation variable 2 r ˆ λ ∈

ˆ λ
in the range �ˆ λ

:= [ p WC λWC 
min 

, p WC λWC 
max ] is performed. The con-

roller gain p WC ∈ [0, 1] is called support factor. Additionally, r ˆ λ is
nal electrical stimulation system for arm weight relief, Medical 
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aturated in case it exceeds the limits of ϑ 

WC 
min 

and ϑ 

WC 
max . The con-

roller is then given by 

 λ = sat λWC 
min 

,λWC 
max 

(
p WC λWC 

max − p WC λWC 
min 

ϑ 

WC 
max − ϑ 

WC 
min 

(ϑ − ϑ 

WC 
min ) + p WC λWC 

min 

)
. 

(26) 

Under the assumption of 2nd-order linear time-invariant plant

ynamics without transmission zeros, the closed-loop system is

symptotically stable for 0 ≤ p WC < 1. As p WC tends to one, the

equired voluntary activity theoretically tends to zero. 

The support factor p WC is manually adjusted during the exper-

ment to obtain the desired behavior. Because of the present hys-

eresis and remaining nonlinearity in the static recruitment – angle

elationship, the practically achievable maximal support p WC not

ausing overcompensation is limited to a value slightly below 1

theoretical full support). One aim of this study is to determine the

imits in healthy subjects. 

.6. Validation procedures 

.6.1. Validation of the auto-tuned RC 

The performance of the auto-tuned RC was compared to di-

ect stimulation (DS). To perform this comparison, a long term test

as designed in which single trials using alternatively the auto-

uned RC and the DS were repeated until significant muscle fa-

igue occurred. Tests were carried out on healthy subjects who

ere asked not to intervene voluntarily in the movement. Dur-

ng each trial j , a pre-defined sequence of 19 reference joint an-

les with s = 1 , 2 , . . . , 19 were used as reference input for the two

ontrollers. For the first 10 references we chose a linearly increas-

ng ramp between ϑmin and 0.95 · ϑmax , while the last 9 references

ere chosen to decrease to ϑmin with the same spacing. Using the

alibration dataset ( ̂ λcal,s , v cal,s , ϑcal , s ) the stimulation intensities v s 
nd the reference recruitment levels r ˆ λ,s 

that theoretically lead to

he joint angles ϑcomp , s were calculated. Successively, each of these

alues was constantly applied for 1s using DS and RC respectively.

or each trial j , each stair s and each control type ( type ∈ {DS, RC}),

he resulting steady-state joint angles ϑj , s , DS and ϑj , s , RC caused v s 
nd r ˆ λ,s 

, respectively, were measured directly before the next step-

ise change in the actuation variable. 

The following parameters were computed to compare DS and

C controllers: 

) Linearity. The degree of linearity was computed both during the

C calibration phase and during the fatigue test. During calibration,

he steady-state dataset ( ̂ λcal,s , v cal,s , ϑcal , s ) was analyzed compar-

ng the degree of linearity obtained between the non-controlled

irect stimulation intensity v cal,s and the angle ϑcal , s and between

he recruitment level ˆ λcal,s and the angle ϑcal , s . For each subject,

inear models were identified for both relations and compared in

erms of the fitting coefficient of determination, denoted R 2 , and

he normalized root mean squared error (NRMSE) between the fit-

ed line and the dataset values. During the successive trials of the

atigue test, given that the 5 subjects performed a different num-

er of trials before fatigue occurred, a mean degree of linearity

as computed for each subject and was assessed by the coefficient

f determination R 2 . Only steps in which the stimulation inten-

ity was not saturated were considered for the recruitment con-

roller. To maximize comparability across subjects, before applying

he linear fitting, the measured angles ϑj , s , type were normalized to

heir overall minimum ϑ and maximum ϑ value obtained by each

ubject: 
 norm, j,s,type = (ϑ j,s,type − ϑ ) / ( ϑ − ϑ ) . (27) s

Please cite this article as: C. Klauer et al., A patient-controlled functio
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) Fatigue. To evaluate the effect of muscle fatigue, we calculate

he mean value of all normalized joint angles for the rising part of

he stair-case: 

 j,type = 1 / 10 ·
s =10 ∑ 

s =1 

ϑ norm, j,s,type , for type ∈ { DS , RC } . (28) 

or both actuation types, we model the decaying of M j , type w.r.t

he trial number j using the model 

ˆ 
 j,type = F a,type j + F b,type . (29) 

he estimated drop of the mean angle after 8 trials is given by

ROP 8 ,type = 1 − ˆ M 8 ,type / ˆ M 1 ,type , type ∈ { RC, DS} . 
) Hysteresis. For each trial j and for both controller types, we

alculated the difference between the normalized joint angles

btained during the increasing stair-case except the last ( s =
 , 2 , ..., 9 ) and the respective angles caused by the same actuation

evel during decreasing stair-case. The absolute values of these dif-

erences were summed up and used to describe the intensity of

he hysteresis as follows: 

 j,type = 

i =9 ∑ 

i =1 

| ϑ norm, j,i,type − ϑ norm, j, 10+9 −i,type | (30) 

) Angle error. For each stair s and each trial j the error between

he measured normalized angles and the desired value was calcu-

ated by 

 norm,e, j,s,type = ϑ norm,r,comp,s − ϑ norm, j,s,comp,type . (31) 

he mean value and standard deviation of ϑnorm , e , j , s , type over all

rials j and stairs s was then determined to describe the ability

f the DS and RC controllers in generating the desired angles for

onger time periods. 

To compare the performance of the two controllers (DS and RC)

eparate Wilcoxon signed-rank tests were performed on the lin-

arity evaluated in terms of R 2 , the fatigue measured in terms of

ngle drop after 8 trials, the mean angle error and the hysteresis

ndexes. 

.6.2. Validation of the arm weight compensation 

To find out the maximal possible support factor p WC and to an-

lyze the reduction of the voluntary activity required to perform

 defined joint-angle tracking task in the angular range 0–60 ° un-

er different levels of support, a trial-based test was carried out.

hile the weight compensation controller is activated, the subject

s instructed to follow a stair-case like angular reference trajectory

three increasing and decreasing stairs respectively) visualized on

 LCD-screen along with the currently measured joint angle during

ach trial. When healthy volunteers were involved in these tests,

hey were asked to provide the minimal effort needed to track the

ngular reference trajectory. 

As the trial number increases, the support factor p WC is in-

reased by 10% per trial starting from zero support: 

p WC 
j = ( j − 1) · 0 . 1 , j = 1 , 2 , ..., N t , N t ≤ 11 . 

The experiment is aborted when an overcompensation of the

rm weight is observed, meaning the subject has to actively push

own to decrease the abduction level. 

For all trials, the voluntary EMG ˆ γ is calculated as described

n Section 2.2.2 and applied to a low-pass filter (non-causal But-

erworth filter of 2 nd -order, with zero phase shift and a cutting

requency of 0.5 Hz) yielding ˆ γl p . This signal is normalized to its

espective minimum and maximum value yielding ˆ γl p,norm 

. Finally,

or each trial the corresponding sub-set is extracted yielding the

ignal ˆ γl p,norm, j for each trial j . Similar, ϑj is the signal for the mea-

ured joint angle during each trial j . 
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Table 1 

Results of the filter optimization for neurologically intact subjects (S1 to S5) and the stroke patient P. The 

linearity of the actuation variable – angle relation is captured by the NRMSE and R 2 values for v and ̂  λ as input 

arguments, respectively. 

Subject N 1 N 2 NRMSE NRMSE R 2 R 2 SNR Angular Max. intensity: 

v → ϑ ˆ λ → ϑ v → ϑ ˆ λ → ϑ range current [mA], 

[ °] pulsewidth [ μs] 

S1 8 23 0.145 0.082 0.853 0.953 2798 40.23 54, 270 

S2 6 8 0.128 0.082 0.89 0.954 5329 35.99 38, 186 

S3 7 13 0.131 0.072 0.892 0.967 6966 73.73 38, 181 

S4 3 17 0.139 0.077 0.848 0.953 10450 46.76 52, 272 

S5 5 13 0.114 0.075 0.893 0.954 7472 77.94 56, 282 

P 6 18 0.116 0.071 0.914 0.968 14014 23.69 62, 326 

Mean 5.8 15.3 0.129 0.076 0.87 0.96 7838 49.7 50, 253 

Std 1.72 5.16 0.012 0.007 3938 21.6 10, 57 

Fig. 8. Comparison of the achievable degree of linearity for the stroke patient (left) and the subject S4 (right). The linear regressions for the v cal,s – ϑcal , s and the ̂  λcal,s –ϑcal , s 

relationship are shown. In case of the ˆ λ – angle relationship, the normalized RMS-error has been significantly improved. All signals in the plot are normalized with respect 

to the observed minima and maxima of the analyzed data set. 
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3 Calculated based on a linear model approximation of the trial j – M j , type rela- 

tion. 
To assess the required voluntary activity with respect to the ac-

tually achieved arm abduction, the quotient A j of the mean value

ˆ γmean, j of the voluntary EMG ˆ γl p,norm, j and the mean value ϑmean , j 

of the measured joint angle ϑj is calculated for each trial: 

A j := ˆ γmean, j /ϑ mean, j , j = 1 , 2 , ..., N t , 

which we call activity level. To allow a comparison across sub-

jects, we perform a normalization to the maximal activity level: 

A norm, j = A j / max 
j 

A j . 

For each subject we determine the maximal possible support

level and minimal required activity level for fulfilling the tracking

task. 

3. Results and discussion 

Five healthy male subjects (S1 to S5, age 32.8 ± 5.7 years) and

one acute stroke patient (81 year old male, 6 days after infarct,

with nearly complete arm abduction paralysis and completely lost

hand functions) participated in the study. The trials have been ap-

proved by the ethics committee of the Berlin Chamber of Physi-

cians (Ärztekammer Berlin). The test to analyze the influences of
Please cite this article as: C. Klauer et al., A patient-controlled functio

Engineering and Physics (2016), http://dx.doi.org/10.1016/j.medengphy.2
uscle fatigue and the weight compensation test were performed

n different days for the healthy subjects, whereby the calibration

rocedures were performed directly before each test, respectively. 

.1. Recruitment control results 

The results of the calibration procedure, directly performed be-

ore the fatigue test, are summarized in Table 1 . Detailed results for

he determined stimulation intensity – angle as well as ˆ λ – angle

elationship are shown in Fig. 8 for the stroke patient and for one

ealthy subject, as representative. Across subjects, the optimization

rocedure yielded widely spread parameters N 1 and N 2 indicating

he need for adaption to each individual. In all cases, the degree

f linearity in terms of the NRMSE has been significantly improved

in average by 41%) when considering the ˆ λ – angle relation. 

Results of the fatigue test (long-term comparison of DS and RC)

re summarized in Table 2 for all healthy subjects. Reported are

he hysteresis over all trials, the drop of the mean abduction angle

ver eight trials (6 min of active FES) 3 , the measure of linearity
nal electrical stimulation system for arm weight relief, Medical 
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Table 2 

Comparison of non-controlled direct stimulation (DC) and recruitment control (RC). Analyzed are the static stimulation intensity 

– angle and recruitment level – angle relations which are obtained by ramping up and down repeatedly the stimulation intensity 

and the desired requirement level, respectively. 

Non-controlled direct stimulation (DS) Recruitment control (RC) 

Subject Hysteresis Linearity DROP 8 Angle error [%] Hysteresis Linearity DROP 8 Angle error [%] 

(mean ± std) ( R 2 ) [%] (mean ± std) (mean ± std) R 2 [%] (mean ± std) 

S1 18.08 ± 6.19 0.74 27.8 13.1 ± 7.0 14.29 ± 2.53 0.90 −4.9 −6.06 ± 11.33 

S2 8.38 ± 5.82 0.78 55.1 9.8 ± 12.6 6.83 ± 5.80 0.92 11.8 −2.71 ± 3.84 

S3 8.85 ± 5.81 0.74 57.0 13.2 ± 14.2 7.04 ± 2.45 0.93 −17.6 1.08 ± 5.56 

S4 7.29 ± 0.94 0.78 41.7 25 ± 8.8 4.88 ± 1.85 0.97 9.1 9.2 ± 5.12 

S5 3.37 ± 0.74 0.90 29.0 11.8 ± 6.0 4.56 ± 1.02 0.94 −0.5 −0.04 ± 3.84 

Mean 9.2 0.79 42.11 14.6 7.52 0.93 −0.42 0.23 

Std 5.41 13.83 9.7 3.94 11.7 5.8 

Fig. 9. Exemplary results of the fatigue comparison test for subject S4. For both 

control types and each trial j , the fatigue indicators M j , DS and M j , RC (normalized 

mean stationary angles of the rising part of the staircases) have been calculated 

respectively. As the number of trials increase, a significant decrease of the joint 

angle is observed, when using uncontrolled stimulation (DS). In case of λ-control 

however, the effect of muscle fatigue is compensated. 
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 R 2 ) for the actuation variable – angle relation, and the mean error

etween the desired angles and actual achieved angles. 

A Wilcoxon signed-rank test showed that the use of recruit-

ent control significantly improved linearity ( R 2 , Z = −2 . 023 , p =
 . 043 ), fatigue test ( DROP 8 , Z = −2 . 023 , p = 0 . 043 ), and reduced

he mean angle error ( Z = −2 . 023 , p = 0 . 043 ) with respect to the

on-controlled direct stimulation. 

The decrease of the mean abduction angle M j , type is visualized

n Fig. 9 together with the identified linear models. Fig. 10 exem-

larily shows the results for the first and the last trial for subject

4. A clearly reduced average joint angle due to muscle fatigue can

e observed in the last trial using DS. Using DS, a rapid progression

f muscle fatigue is observed. In case of RC, the effects of mus-

le fatigue have been well compensated. This is possible until the

aximally tolerable stimulation intensity is reached. 

Regarding the joint angle hysteresis, only slight improvements

ere observed but not statistically significant ( Z = −1 . 753 ; p =
Please cite this article as: C. Klauer et al., A patient-controlled functio

Engineering and Physics (2016), http://dx.doi.org/10.1016/j.medengphy.2
 . 08 ) in four of five subjects. We assume hysteresis effects ob-

erved are caused mainly by nonlinear elastic joint moment effects

nd reflexes and to a slight extend the FES-induced muscle activa-

ion itself. Only the latter can be compensated by the RC. 

Though, the effects of recruitment control to the static behav-

or have been intensively studied, the dynamic behavior e.g. the

eference-tracking performance has not been statistically evalu-

ted. However, for all tested persons, time-series plots show a pre-

ise tracking of the desired recruitment with low delay (typically

ise times of 3 to 8 sampling instants have been observed), which

s well sufficient to the developed weight compensation controller.

Hence, the increased effort introduced by the additionally re-

uired EMG measurements (both in donning more electrodes and

n using additional devices) is appropriate for the benefits achieved

y the recruitment control. Furthermore, the availability of EMG

easurements allows to estimate the voluntary contribution on-

ine, which can be provided as a feedback to the patient to improve

is/her performance or used for monitoring the efficacy of a ther-

py. The setup might be simplified when an EMG-measurement

ia the stimulation electrodes becomes feasible. A first solu-

ion for the assessment of volitional muscle activity is described

lsewhere [16] . 

.2. FES supported shoulder abduction results 

.2.1. Healthy 

The weight compensation controller has been applied to each

ealthy subject. Detailed time-series results of all trials of S4 are

hown in Fig. 11 . Hereby, for increasing trial indices, the sup-

ort factor has been increased from p WC 
1 

= 0 . 0 to p WC 
7 

= 0 . 6 . The

ast trial j = 7 leads to some slight overcompensation of the arm

eight at lower angles, so that no further trial has been per-

ormed. The results of all trials overcompensation for all five sub-

ects are summarized in Fig. 12 . In average, a maximal support

evel of p WC = 0 . 7 could be achieved leading to a minimal voli-

ional effort of 22% (reduction by 78%). 

.2.2. Stroke patient 

The weight compensation controller has been applied to the

troke patient. The achieved arm abduction is illustrated in Fig. 13 .

ithout support, the patient could only achieve 6 ° shoulder ab-

uction. With arm weight support more extensive movements

ere possible. However, for a support factor of p WC = 1 overcom-

ensation of the arm weight occurred at ϑ = 25 ◦. The arm could

nly lowered by decreasing p WC . With a reduced support of p WC =
 . 75 he could lift, hold and lower the arm voluntary up to 16 °. 
nal electrical stimulation system for arm weight relief, Medical 
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Fig. 10. Exemplary results of the first and the last trial of the fatigue comparison test for subject S4. 

Fig. 11. Time series of measured signals during the tracking test with activated weight compensating controller in case of subject S4. The signals are aligned to the beginning 

of each trial. As the trial index increases, the support factor p WC is increased leading to decreasing mean values of the volitional EMG activity ˆ γ , while support is taken over 

by FES, indicated by the increasing recruitment level. 
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Fig. 12. Required voluntary activity for all subjects and all tested support factors 

p WC . 
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. Conclusions 

To improve FES-induced muscle activation w.r.t to muscle fa-

igue and to the degree of linearity, we proposed feedback con-

rol of the muscular recruitment state estimated by EMG measure-

ents. To maximize degree of linearity, we proposed an optimiza-

ion procedure that adjusts two filter parameters in the estimation

f the recruitment level. In experimental tests with five healthy

ubjects, we could show a significant improvement of linearity

hen comparing the stimulation intensity – angle and recruitment

evel – angle relationship. We could further show the compensa-

ion of the effects of muscle fatigue: In a comparative test, after
ig. 13. Evaluation of the arm weight compensation with a stroke patient: A – rest po

oluntary initiated shoulder abduction with maximal support factor p WC = 1 yielding ove

oluntary initiated and released arm lift with a support factor of p WC = 0 . 7 . 

Please cite this article as: C. Klauer et al., A patient-controlled functio

Engineering and Physics (2016), http://dx.doi.org/10.1016/j.medengphy.2
 minutes of active FES, the average joint angle dropped by 44%

14 in case of non-controlled FES compared to 0% ± 12 in case 

f recruitment controlled FES in average for all subjects. Although

ealthy subjects were asked to remain passive when stimulation

as on, similar tests should be repeated on a significant sample

f stroke patients to verify if the same results are achieved also

n subjects with a compromised sensory-motor pathway. However,

he feasibility test performed on one stroke patient showed en-

ouraging results on the applicability of the proposed controller.

uture research will focus on recruitment control in multi-channel

timulation systems and the application to other muscle/ joint

ombinations. 

To support weak residual voluntary activity in the paretic arm

bduction by FES-induced muscle activation, we proposed a pro-

ortional feedback of the joint angle to control the desired recruit-

ent level of the deltoid muscle. The system can be parameterized

y a support factor that allows the system to take over muscle ac-

ivation to a certain degree. Still, the user has full control of the

ovement as the residual activity is amplified by the control loop.

n almost completely paralyzed stroke patient was able to perform

rm abduction movements to an bigger extend than before. Since

he maximal possible support factor is limited by hysteresis effects

n the joint angle, the maximal possible support has been identi-

ed experimentally for a group of healthy subjects. A systematic

pproach not requiring an user-observation by the operator would

e beneficial. 

Future research will consider the applicability to daily live en-

ironments and complex rehabilitation exercises. A main limitation

f the current solution is that the elbow was always fully extended.

n a next version we will update the calculation of the desired re-

ruitment by taking the shoulder abduction and the elbow angle

s well as a simple bio-mechanical arm model into account. 

In the short-term, we plan further tests on stroke patients with

ifferent degrees of paralysis. Based on our observations resulting

rom the application of the controller to the patient with almost

ompletely paralyzed arm abduction, we can state that a precise

easurement of the arm abduction not influenced by factors like

pper body orientation is needed. This can be solved by attaching

n additional IMU to the upper body. 

To systematically adapt the support factor, we think of a top-

evel adaptive control system performing a long-term comparison
sition, B – maximal volitional shoulder abduction without support ( p WC = 0 , C –

rcompensation of the arm weight (return to rest position by decreasing p WC ), D –
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between the estimated voluntary EMG and the resulting joint-

angle movement to automatically prevent overcompensation by

adjusting the support factor to the maximal support possible. 
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