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Abstract
Objectives: Electromygraphic (EMG) biofeedback has been successfully applied in stroke survivors for a
few decades. Recently high-density (HD) electrodes were introduced in research and diagnostic EMG. The
application of such electrodes may increase the reliability and selectivity, but requires information
reduction for real-time biofeedback. We tested whether the use of the proposed feedback is feasible in
minimization of inappropriate co-activation of wrist flexors/extensors controlled by the wrist
rehabilitation robot.
Methods: The EMG of wrist flexors and extensors muscles has been assessed by arrays of 5 x 13
electrodes, reduced to 1 x 4 information matrix and provided as real-time biofeedback during wrist
movement controlled by the robot. The designed task required to keep the contribution of agonist
muscles within predefined limits. A feasibility study with a single patient with stroke was conducted to
examine force tracking and reduction of activity of antagonists wrist muscles in 4 weeks.
Results: Force tracking signal and cumulative forecast errors decreased in 4 trials. The RMS activity of
antagonist muscles significantly decreased (Kruskal Wallis, c2 = 3.330*10-9) during wrist flexion in the 4th
week of trials. The participant was able to follow the reduced HDEMG biofeedback.
Conclusions: The outcomes show that the surface HDEMG biofeedback has a potential to decrease the
co-activation of antagonist muscles, wrist flexion in particular. Additionally the combination of force
tracking and robot assisted biofeedback training may recover selective hand function in stroke survivors
who would less likely to develop contractures.
Trial registration: The study is not a clinical trial. While human subjects are involved, they do not
participate in a full rehabilitation intervention, and no health outcomes are examined.

Introduction
A neuromuscular system consists of the neural-system and musculoskeletal system and inherently
provides a feedback to the brain in humans. Stroke as a consequence of the blood supply cut off
(ischemic stroke, 85% of cases) or bleeding in the brain (haemorrhagic stroke, 15% of cases) often
causes a lack of information or confusing information from neuromuscular systems. Therefore stroke
survivors suffer from sensorimotor impairments and most of them use various biofeedback during the
rehabilitation process to regain the ability to improve motor control by learning to control their responses
[1]. The biofeedback provides information on specific biomedical variable, that can be measured directly
or indirectly. In the clinical settings several types of biofeedback are used: visual, audio feedback of
electromyogram, position, velocity, force values, etc [2] and can be classified either in physiological or
biomechanical categories [3]. Potential benefits of electromyographic (EMG) biofeedback has been
demonstrated in hemiplegic patients, using the biofeedback during the exercise for hand [4],[5]. The
researchers found the EMG biofeedback as a promising tool and the most widely used and reported
method of biofeedback in rehabilitation [3]. But despite of large number of RCTs further work is required,
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recent technologies in particular [2]. One of the recent studies reported that EMG biofeedback therapy has
proven more effective than conventional physiotherapy for hand extension/flexion. Additionally, the
authors suggested that such technology might be essential in rehabilitation of elderly patients with stroke
[6].
One of the major drawback of the existing EMG technologies has been a low quality signal, artifacts,
sensitivity and electrode failures. Recent advancement in technologies and signal processing enabled
automatic detection of low quality signals, interpolation and generating a high density EMG map [7]. A
high-density surface EMG has been used as an efficient diagnostic tools [8], particularly in the
development of novel motor unit detection algorithms [9]. The high-density EMG (HDEMG) contains a
large amount of information and to the best of our knowledge it has not been used as a biofeedback yet,
but rather as an input to the myoelectric prosthetic hand control [10]. Also various combinations of the
EMG biofeedback and neurobiofeedback in hand rehabilitation have been used to improve the reliability
of the feedback and even demonstrated effectiveness comparable to the conventional occupation
therapy [11].
Using the EMG biofeedback to learn how to coordinate the antagonist muscle groups in patients with
motor disorders apparently reaches back to the 1980s. The participants of the study [12] were able to
reduce the amount of inappropriate co-activation of wrist flexors or extensors when tracking a visual
target. Almost four decades later the authors reported on similar findings in persons with chronic stroke.
The participants reduced the co-activation of arm muscles in isometric conditions using EMG
biofeedback with 3 pairs of muscles in combination with computer games [13]. 32 moderately or severely
impaired participants showed significant improvement of range of motion, muscle co-activation and a
potential for reducing spasticity.
In the proposed feasibility study we tested the advantages of using HDEMG in combination with
biofeedback for reduction of inappropriate co-activation of wrist flexors/extensors controlled by the wrist
rehabilitation robot. The application of high-density electrode arrays and reduction of information to the
level of real-time biofeedback is certainly a novelty in post stroke rehabilitation. The objective of the
feasibility study was to identify whether the person after stroke is able to learn how to control the agonist
muscles without co-contraction of the antagonist muscles during isolated wrist movement with the novel
type of biofeedback.

Materials And Methods

1 Equipment
The feasibility study anticipated isolated wrist flexion and extension. The movements were therefore
controlled by the Universal Haptic Device (UHD) robot [14]. The robot opposed the movement to exert
muscle forces and also measured forces and wrist positions at a sampling rate of 200 Hz with 12-bits
resolution (PCI-6023E, National Instruments Inc., USA). Two arrays of 5 × 13 surface high-density EMG
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(HDEMG) electrodes (diameter of 1 mm, inter-electrode distance of 8 mm, OT Bioelettronica, Italy) were
attached to the flexors and extensor muscles of the dominant forearm (Fig. 1). Electrode columns were
approximately perpendicular to the muscle fibers, and covered about three-quarters of the forearm
circumference. The recorded HDEMG signals were amplified, band-pass filtered (3 dB, 10–900 Hz) and
sampled at 2048 Hz, with 12 bits` resolution (USB EMG 2 amplifier, OT Bioelettronica, Italy). For the offline analysis only the robotic system generated a trigger signal during the wrist movement to synchronize
the force signals with the HDEMG signals at both amplifiers. Later on the recorded force, position and
HDEMG signals were synchronized and re-sampled for the off line analysis. If any of the electrodes fails
to provide the signal, the signal would be eliminated from the analysis and from the real-time feedback.
Two setups were prepared for the feasibility study; a force feedback displayed online as a graphical
feedback (Fig. 1 right) and the surface HDEMG biofeedback. The later provided information on
flexors/extensors muscles activities in specific regions. The cumulative contribution of the agonist
muscles were presented by a blue vertical bar. However, the target line would move higher, if the
cumulative activity of antagonist muscles increases. The vertical green bar presented the time of keeping
the agonist active above the target threshold and after the 10 s provided a smiley (Fig. 1 left).

2 Subjects
A 66-year old male chronic post-stroke subject (height 175 cm, weight 98 kg, hemiplegia, right-side
affected) participated in the feasibility study carried out in the controlled laboratory environment of the
University Rehabilitation Institute, Republic of Slovenia - Soča.
The inclusion criteria for the participant were: first unilateral stroke, low to medium hand spasticity level
(Ashworth scale < 3), cognitive ability to follow the instructions (MMSE > 24). Exclusion criteria: arthritis,
swan neck, nerve disfunction and other neuromuscular disorders not a consequence of stroke.
The feasibility study was conducted in accordance with the Declaration of Helsinki, and was approved by
the institutional committee for medical ethics. The participant received a detailed explanation of the
study and provided written informed consent before the commencement of the study.

3 Force Tracking
The participant's arm and hand was fixed in the frame of the UHD that limited the movement to the wrist
flexion and extension only (Fig. 1 right). The robot provided linear resistance defined by the spring-force
mechanism [15] during the wrist movement. We estimated that the applied wrist force had been adequate
to the UHD's resisting force also measured in all three dimensions.
We have developed a trapezoid shape trajectory for force tracking in the sagittal plane of the wrist's axis
(Fy). The ramp slope of the signal was adequate to the maximal flexion/extension movement speed that
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the participant could achieve. The participant was seated, put the arm in the UHD frame and was asked
to follow the time-course of the reference force signal displayed on the LCD monitor (Fig. 1 right) by:
moving the wrist downward (wrist flexion force)
moving the wrist upward (wrist extension force)
The trajectory was designed to require actions in the following order: starting from a position of force
equilibrium, followed by a maximal wrist extension, returning to the equilibrium position with 2 s of rest,
followed by a maximal wrist flexion. The actions were repeated 10 times, lasting approximately 150 s in
total. The participant repeated the procedure 4 times with 10 minutes breaks.
The analysis comprised of computing the tracking signal (TS) error, the cumulative forecast error (CFE)
and the mean absolute error (MAE). The CFE is calculated as the total sum of errors (e) - bias: differences
between the reference signal and measured wrist force;

TS was calculated as a quotient between the CFE and MAD. The MAD is the mean absolute deviation and
measures the total error of the signal regardless of the sign.
Better compliance with the reference signal results in lower MAD and CFE values [16]. MAE is a common
measure for accuracy of continuous signals and measures the absolute differences between reference
(ŷ) and human generated force (y):

4 Emg Biofeedback
The setup for the EMG biofeedback was similar to the force tracking; participant's arm and hand was
fixed in the frame of the UHD that limited the movement to the wrist flexion and extension only (Fig. 1
left). But the task design required to keep the force at the specified intensity level and activate only flexors
muscle group at flexion or only extensor muscle group at extension. The activities of specific muscle
groups were assessed with the HDEMG equipment. The surface HDEMG is highly interferential signal
consisting of contribution from several motor units (MU). Thus it is difficult for accurate interpretation.
The information on muscle activity depends on the distribution of motor units within the muscle tissue
and increases variability of muscle excitation across different muscles. Therefore a method for efficient
selection of MU was needed [17]. The major challenge was how to reduce the amount of HDEMG data
and present it as a real-time biofeedback. Usually a single information is provided as a feedback [3], but
Page 6/18

we found that fusion of all rows and 4 columns of electrodes can efficiently eliminate overestimation of
muscle activation [18]. The RMS (root mean square) of the signals, recorded by electrodes in columns 1–
4 presented the first circle, columns 4–7 the second, 7–10 the third and the columns from 10–13 the last
circle on the display (Fig. 2). A single column was common for the neighboring circles. The desired
muscle activities (e.g. m.flexors at wrist flexion) were presented by blue color in circles of the upper row,
while the circles of the bottom row became red at the undesired activity (e.g. m. extensors at wrist
flexion). Thus the participant was able to follow the muscle activities in 8 circles (4 per row) of different
color in addition to the cumulative muscle group activity on the target display. Since the wrist flexor or
extensor muscles’ activities were related to the same movement, the feedback information was compliant
with the recommendations for biofeedback [19].
The goal of the task was to move the wrist in the specified direction (flexion/extension) and keep the
cumulative agonist muscles activity within the target levels for 10 s. The target levels varied according to
the agonists vs antagonists cumulative activity ratio. The cumulative activity of antagonists moved the
target threshold for agonists cumulative activity higher. A successful attempt was rewarded with a smiley
and a small splashing animation on the display (Fig. 2). The initial target levels were set before the daily
assessment by measuring three 3 s long maximum voluntary (MVC) contractions of tested muscles
during robot controlled wrist flexion and extension.
The feasibility study anticipated three to four sessions with 10 repetitions of wrist flexions and
extensions at ~ 40–60% MVC level in stroke survivals in a single day. The protocol lasted 4 consecutive
weeks.
Following the feasibility study protocol the HDEMG signals were examined off-line one by one with
computer fault detection algorithm. The algorithm was looking for excessive and zero amplitudes in each
particular electrode. The zero amplitude signal was considered a faulty electrode and was removed from
further computation. Similarly the excessive amplitudes as a consequence of movement artifacts were
also removed [20].
The HDEMG signal of each electrode was rectified after the signal being detrended. Followed by filtering
with the 2nd order Butterworth low-pass filter with a cut-off frequency of 20 Hz [20] forward and
backward, the HDEMG data of the daily sessions were normalized by their maximal values. These values
were obtained from the MVC recordings on that day (Fig. 2 bellow), eliminating the effect of the
electrodes placement and yielding the excitation in % of maximal excitation, making the recordings
comparable across weeks.
The objective of the robot supported EMG feedback was to decrease the activity of antagonist muscles
and perform the controlled wrist force generation with agonist muscle groups only, if possible. Thus, the
RMS values of HDEMG for each repetition, session and week were calculated separately for flexors and
extensor muscle groups for wrist flexion and wrist extension. The envelopes and spatially averaged RMS
values were also compared between 1st and 4th week for both movement directions. We expected that
the participant would be capable of following the EMG biofeedback and keeping the target within the
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range activating the agonists muscles only. In addition spatially averaged RMS values were statistically
analyzed; normal distribution was rejected in all values, therefore Kruskal-Wallis test (unpaired
comparison) was used to check the statistical differences of RMS values across weeks. A correction of
significant effects was performed by a Bonferroni test with significance level P < 0.05.
Matlab (MathWorks, Natick MA, USA) was used as a main tool for raw data extraction and filtering and
Matlab Statistical Toolbox for statistical analysis. All missing data were interpolated and non-number
signals of faulted electrodes were immediately eliminated.

Results

1 Force tracking
The participant demonstrated progress in tracking the reference force (Fig. 3). The CFE value has
significantly decreased for both movement directions, particularly at the wrist flexion. Similar results were
found in TS. However, both error indicators show that major adaptation took place in the first three trials.
But the absolute difference (MAE) between the reference and provided wrist force shows that the
performance of the participant could have been even better, if there was less delay. Presumably the
participant's reaction time became longer (approx. 150 ms) in the 4th trial.

2 Hdemg Biofeedback
The comparison of outcomes after 4 weeks demonstrated that the normalized and rectified HDEMG
amplitudes of antagonist muscles decreased at wrist flexion, but were unexpectedly larger at wrist
extension (Fig. 4). We have noticed clear activities of agonist muscles in the raw EMG (gray shaded) but
also constant and weaker activation of antagonist muscles at wrist flexion in the 4th week. However, the
co-contractions of agonist and antagonist muscle groups at wrist extension were almost simultaneous.
Further analysis of RMS of EMG signal reveals that flexors acting as antagonists were even more active
in the 4th week (Fig. 4 below).
Furthermore, the detailed analysis of RMS HDEMG for each single electrode (Fig. 5) shows the decreased
activity of extensors, the antagonists muscles during wrist flexion – the intensity decreased in the 4th
week around all electrodes except at column 10 between rows 2 and 4. The activity of the antagonists
muscles (flexors) at wrist extension demonstrated less intensity in the 2nd week, but the activity rose in
the 3rd week in the middle column of the electrode array. The overall activity of the flexors at wrist
extension was more intense in the 4th week.
In the Fig. 6 median values of the RMS HDEMG, interquartile range (IQR),1.5 times IQR and 95%
confidence intervals are presented. There was a great variability for HDEMG activity in the 3rd week. The
Kruskal-Wallis statistical check provided an outcome in favor of our hypothesis and confirmed the
antagonists activity decreased in wrist flexion (χ2 = 2.658*10 − 37). Further comparison of weekly
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measurements shows that the true medians of the extensors (antagonists) at wrist flexion for the 1st
week and the 4th week were different and there was a significant difference of means (χ2 = 3.330*10 − 9).
The Kruskal-Wallis test was also significant for the flexors (antagonists) activity at wrist extension (χ2 =
0.00047).

Discussion

1 Force tracking
The force tracking has been considered an important task for hand function in progressive
neuromuscular diseases, particularly following changes in muscular weakness. Stroke survivors usually
do not experience problems with their grip force control despite evident muscular weakness [21]. They
more often produce large force tracking errors. In our study this was noticed in isolated wrist flexion /
extension in the 4th trial. The certain level of spasticity and fatigue have been common impairments
following stroke and could also be considered a cause for the larger reaction time and thus larger
tracking mean absolute error. The spasticity can be effectively reduced by a multidisciplinary approach, a
combination of medication and physical therapy [22]. Therefore it is possible that wrist force control
training temporarily decreased the level of spasticity as stroke survivors are less likely to develop
contractures if they are provided physical therapy for hand function recovery [23]. Nevertheless, the
participant with stroke learned to track the reference force through the training and trials. Based on the
shown results of cumulative error and the TS we may anticipate that such approach is worth further
consideration.

2 Hdemg Biofeedback As A Rehabilitation Tool
The outcomes of the proposed approach with HDEMG suggest that stroke survivors can learn to control
the wrist flexion almost without activating the antagonist muscles. Despite the encouraging results we
found a significant increase of antagonists’ activity in the 3rd week. A possible explanation can be a
variable level of spasticity, attention or daily fatigue [24] that are very common in wrist muscles (m. carpi
ulnaris/radialis). In addition to the desired muscle activity we may have also assessed the daily increased
spastic activities of other muscle fibers with the surface HDEMG. The presence of muscle fatigue and
insufficient residual muscle activity can often present a problem and a major disadvantage of EMG
interfaces in rehabilitation [25]. Additionally the failure of a single electrode can provide a misleading
EMG biofeedback. However, the proposed approach with HDEMG can overcome and eliminate the
misleading electromyographic information from neighboring muscle activities. For example the detailed
analysis of raw HDEMG also shows that in spite of the significantly higher RMS in the 3rd week we have
not noticed a clear co-activation similar to the one of the antagonists at wrist extension but rather a
constant muscle activity. For a successful selection of desired motor units [9] we may further examine the
mesh of RMS HDEMG values.
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The HDEMG with 64 + electrodes may be convenient for automatic and real-time information processing
in neural recording for brain computer interfaces [26], but presented a challenge for biofeedback.
Therefore we shrank the information to only 4 regions for each muscle group and demonstrated the
feasibility of the approach in a single person after stroke. The participant was able to follow the
biofeedback, keeping the target force/muscle activity within desired limits and activating predominantly
the agonist muscle group. However, the concentration and motivation may play an important role in the
biofeedback, the visualization of muscle activity [27] in particular. The presented approach can increase
the reliability and precision of existing successful applications of EMG biofeedback [11]. Therefore we
should proceed further with a study in a larger group.

3 Limitations And Strengths
The major limitation of all and also this feasibility study is that it can not provide a proof of clinical or
any other effectiveness of the presented approach, but rather demonstrates the applicability of the device
and feasibility of the novel methods used. Therefore the presented method should be explored in a larger
group of stroke survivals and its effectiveness confirmed by a randomized control study.
But the strength of the presented novelty is the high-density surface electromyography with information
reduction on the basis of computational filtering [17] in real-time, making it suitable for the biofeedback in
wrist rehabilitation. In fact the surface HDEMG can ensure solidity, add redundancy and successfully
eliminates movement artifacts resulting in the improved decoding reliability [28].

Conclusion
The UHD robot ensured isolated wrist flexion and extension and we have demonstrated that the surface
HDEMG biofeedback has a potential to decrease the co-activation of antagonist muscles, for wrist flexion
in particular. Additionally the combination of force tracking and biofeedback training may recover
selective hand function in stroke survivors who would less likely to develop contractures. However, a
clinical study in a large group of stroke survivors is essential to provide an evidence.
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Figure 1
HDEMG robot biofeedback system for wrist rehabilitation. Left: keeping the agonist muscles activity and
reducing the antagonist muscles activity in appropriate flexion/extension for 10s. The cumulative agonist
muscles activity for 10s (green bar) is considered a successful trial and is granted a smiley. Right: force
tracking by flexion/extension presented on the display.
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Figure 2
The signals of faulted electrodes were eliminated from the feedback and analysis. The major challenge
was decreasing the data from 5 x13 multi-array electrodes to the reliable muscle contraction information
for biofeedback in 1x4 format. The cumulative antagonists activity (red) pushes the target line higher for
the required cumulative agonistic muscles activity. Keeping up with the target for 10 s (green bar) gets a
smiley.
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Figure 3
The tracking of the reference force required alternating wrist flexion and extension. The UHD robot
inhibited the movement by providing linearly opposite force to movement. The participant successfully
managed to keep up with the reference successfully.
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Figure 4
The normalized and rectified EMG demonstrated reduced activity of antagonists (extensor) muscles
during wrist flexion exercise with biofeedback after 4 weeks. The raw EMG also showed reduced but
continuous muscle contractions. However, the co-contraction of antagonists (flexors) with extensors
during wrist extension was even a bit higher after 4 weeks than during the first week.

Figure 5
The mesh of RMS of HDEMG shows gradually less activity (blue) of antagonistic muscles at wrist flexion
over the 4 weeks, but also slightly and in places higher activity (yellow) of antagonist at wrist extension.
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Figure 6
Statistical analysis of RMS of HDEMG over the 4 weeks. Kruskal-Wallis test was used to confirm the
significantly different outcomes between the 1st and the following weeks. The important finding was the
decrease of antagonists’ contraction during wrist flexion; may be due to a lower spasticity, but further
research in a larger group of participants is needed to confirm these findings. Interquartile range (IQR),1.5
times IQR, 95% confidence intervals and outliers (+) are presented.
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