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Sensor based movement detection for functional electrical stimulation 

during end-effector gait rehabilitation 

Schicketmüller A1,2, Rose G2, Hofmann M1 
1 HASOMED GmbH, Paul-Ecke-Str. 1, 39114 Magdeburg, Germany 

2 Institute for Medical Engineering and Research Campus STIMULATE, University of Magdeburg  
Universitaetsplatz 2, 39106 Magdeburg, Germany 

 
Abstract:  The movement of the end-effector based gait rehabilitation system Lyra® was measured during gait training. 
The movement was recorded using two inertial measurement units. The data was collected during three training sessions 
of a 39-year-old healthy adult. In order to be able to detect left and right gait cycle, the sensors were located on the feet 
of the subject. The purpose of these measurements was to test feasibility of a custom-made algorithm which aims to extract 
main gait events using linear acceleration and angular velocity data with the final goal to trigger functional electrical 
stimulation during gait rehabilitation. For this purpose, the measurements consisted of three typical velocities used in 
clinical routine. To check for velocity depended peculiarities of the gait trainer and possible errors of the algorithm the 
measurements incorporating a specific velocity were analysed independent from each other. The analysis of one velocity 
period within a measurement consisted of three chunks of data each lasting 2.5 minutes, resulting in 7.5 minutes 
(225 000 datapoints) of analysed data per inertial measurement unit. Bland-Altman-Diagrams were used to compare the 
results of the algorithm to manually counted steps which served as a reference. The analysis of the results shows good 
comparability between gait cycle determined by the algorithm and the reference. Based on these preliminary results a 
system combining inertial measurement units for triggering functional electrical stimulation with end-effector based gait 
trainer is feasible and provides promising opportunities for further research. 
 
Keywords: Lyra, FES, gait rehabilitation 
 

Introduction 

End effector  gait rehabilitation technologies in 
combination with conventional physiotherapy have shown 
to support the rehabilitation process of stroke patients [1]. 
For chronic stroke patients (6 to 12 months) as well as 
subacute stroke patients (6 weeks to 6 months) gait trainers 
with the end-effector principle yielded a superior effect on 
gait function, balance and activities of daily living 
compared to conventional gait training [2]. Nevertheless, 
the passively performed movement induced by the robot 
can lead to changes in naturally occurring muscle 
activation patterns [3]. Additionally, the body weight 
support system partially inhibits muscle activation [4]. By 
gait event dependent electrical stimulation of the according 
muscles, this improper muscle activation could be 
prevented and thereby therapy effects can be improved. 
Approaches combining exoskeleton type of gait trainer 
with functional electrical stimulation (FES) were 
promising [5, 6]. In order to extend the variety of gait 
trainers which can be equipped with FES, sensors like 
inertial measurement units can be used to record the 
movement during the rehabilitation. Gait events can be 
extracted from this data and can then be used for triggering 
FES during gait training. This approach reduces the 
dependencies of information provided by the robot and 
could result in a flexible and novel setup to equip gait 
rehabilitation technologies with movement specific FES. 
 
Material and Methods 

The movement of the end-effector gait trainer Lyra® 
(THERA-Trainer, Hochdorf, Germany) was recorded 

during three training sessions of a 39-year-old healthy 
adult. The measurements had a duration of 60 minutes 
including setup time. Two inertial measurement units 
(MotionSensor, HASOMED GmbH, Magdeburg, 
Germany) located on the feet of the subject were used for 
data acquisition (Figure 1). Prior to the first measurement, 
two specially trained therapists from the NRZ 
rehabilitation center in Magdeburg supervised the training 
setup. Furthermore, the therapists checked the adjustment 
of the footplates and the body weight support system. The 
amount of body weight support was adjusted to the 
subject’s comfort and was set between 10% and 30%. 
 

 
Figure 1: Schematic measurement setup of the end-

effector gait training, adapted from [1] 
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To check the repeatability of the measurements, the setup 
and the carried-out analysis, the data was recorded on three 
different days. The measurement was split into three 
phases in which different velocities were tested (Table 1).  
 

Measurement Velocity#1 

(m/s) 

Velocity#2 

(m/s) 

Velocity#3 

(m/s) 

1 1.2 1.5 1.7 
2 1.2 1.5 1.7 
3 1.2 1.5 1.7 

Table 1: Tested velocities of the end-effector 
rehabilitation robot 

The velocities were chosen according to a typical training 
session of the Lyra®. Thus, a broad range of velocities 
used in clinical routine was covered. The sensors were 
placed at the subject’s feet and were fastened using foot 
straps. The fixations of the foot plates were wrapped 
around the foot according to the instruction manual of the 
Lyra®.  The fixation of the sensors and the fixation of the 
foot plates did not influence each other’s functionalities. 
As in future this setup should enhance the gait training with 
functional electrical stimulation, it is important that the 
fixation of the sensor does not hinder the therapist to 
execute the training. Additionally, it is essential that the 
sensor position is chosen in a way that four major gait  
events (Initial Contact, Full-Contact, Heel-Off and Toe-
Off) as described in [7] can be detected. Gait event 
detection was done using a customized algorithm. The 
algorithm aims to extract the gait events in real time using 
linear acceleration and angular velocity of the recorded 
sensor data. Robotic gait specific patterns and the 
according data sequences served as a basis for the gait 
event detection. To counteract drift, the sensors were 
calibrated before usage. Additionally, an initial resting 
state of the sensors was measured (Figure 2), during this 
phase the bias of the sensors was calculated. After the 
calculation of the bias, the training was initiated. 
 
Results 

To verify the repeatability of the measurement and the gait 
event detection, the recorded data was analysed in chunks 
of 2.5 minutes. In total 7.5 minutes (225 000 datapoints) of 
each velocity were analysed (Figure 2). This approach 
enables to check for velocity dependent peculiarities of the 
gait trainer. As the access/therapy area of the Lyra is 
optimized for fast setup time and accurate therapy, the 
space for further equipment (e.g.: optical measurement 
systems) is limited. Therefore, the chosen way to evaluate 
the gait detection algorithm was to count the steps 
manually within the aforementioned chunks. A correctly 
detected step of the algorithm must fulfil two conditions: 

1. All of the four major gait events must be detected 
in the following sequence: Initial Contact, Full-
Contact, Heel-Off and Toe-Off. 

2. The detected sequence must be at an adequate time 
in the data in order to be able to trigger meaningful 
FES in the future development. 

Depending on the velocity of the robot, the number of steps 
for each chunk were in between 44 and 69 steps per foot. 
Resulting in a total amount of 2949 analysed steps. 
 

 
Figure 2: Selection method for analysing data 

 
The detection rate in equation (1) was calculated for each 
chunk by determining the amount of correctly 
detected steps of the algorithm (stepsalgorithm = stepsdetected –
stepsfalse detected) whereas the manually counted steps served 
as a reference (stepsreference). Each chunk was evaluated 
individually in order to find potential systematic and 
random errors in the measurement or the algorithm itself.  Detection rate  (%) =  100 stepsreference ∗ stepsalgorithm (1) 

Since not only the difference between the reference 
detection rate and the detection rate of the algorithm is of 
importance, but also the variability of data and the possible 
outliers in one dataset, Bland-Altman-Diagrams were used 
to compare the results. The reference value was 100% in 
every comparison. The results of three measurement days 
of the left sensor can been seen in Figure 3 - Figure 5, the 
results of the right sensor are depicted in Figure 6 –     
Figure 8. 
 

 

Figure 3: Measurement 1 - Left foot 
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Figure 4: Measurement 2 - Left foot 
 

 

Figure 5: Measurement 3 - Left foot 
 

 

Figure 6: Measurement 1 - Right foot 
 

 

Figure 7: Measurement 2 - Right foot 
 

 

Figure 8: Measurement 3 - Right foot 
 
Discussion 

For appropriate interpretation of the Bland-Altman-
Diagrams, three main characteristics of the results were 
taken into consideration: 
1) Magnitude of the bias (Mean) 
2) Width of the limits of agreement 
3) Variability of datapoints and outliers 
The first measurement of the left sensor (Figure 3) has a 
bias of 3.2 and the limits of agreement range from -6.3 to 
12.8. The rather small bias is caused by detection rates 
close to the reference. One datapoint is not within the limits 
of agreement and is thus considered as an outlier. This 
outlier has a value of 13.6 which equals a detection rate of 
86.4 % for the algorithm. For clinical use, this would mean 
that for 86.4 % of the steps an electrical stimulation would 
occur which could still be acceptable if the number of false 
detected steps is low. Since the aim is to support the gait 
training with FES, false detected steps (Type 1 errors) are 
considered as hazardous. Type 1 Errors would trigger an 
electrical stimulation which is not synchronized with the 
movement causing unwanted muscle contractions. In 
contrast to that, Type 2 errors are not considered hazardous 
as steps which are not detected would not trigger a 
stimulation. The limits of agreement in  Figure 3 have an 
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acceptable range and the datapoints contained within these 
limits provide a reasonable result. Comparing Figure 4 to  
Figure 3 one can see that the bias and the limits of 
agreement are similar and are thus considered acceptable. 
The third measurement day and its according Bland-
Altman-Diagram of the left sensor is displayed in Figure 5. 
The upper limit of agreement has a value of 22.2, this rather 
high value is mainly influenced by three detection rates 
with a value slightly above 80 %. All three detection rates 
were calculated for the velocity of 1.2 m/s. Figure 6 and 
Figure 7 represent the first two measurements of the right 
foot and provide as good results as the according 
measurements of the left foot. In Figure 8 an upper limit of 
agreement with a value of 21 can be seen. Similar to Figure 
5, these values are caused by the detection rates measured 
during the 1.2 m/s training.  
 
Conclusions 

Overall the approach to use inertial measurement units to 
extract gait events during end-effector based gait training 
is feasible. Furthermore, a setup comprising IMUs to 
trigger FES during robotic gait training in a clinical setting 
is realizable. The majority of the results and their according 
Bland-Altman-Diagrams are satisfying. As mentioned in 
the discussion, also lower detection rates (e.g.: outlier in 
Figure 3) could be sufficient as long as false detected gait 
events are low. False detected steps would trigger a non-
physiological stimulation and are thus considered 
hazardous. Since it is a maxim not to harm patients an 
analysis regarding Type 1 errors must be considered in 
future research. Additionally, Type 2 errors which are not 
considered hazardous for the patient should be investigated 
in order to improve the overall detection rate. The current 
analysis was executed in soft real time which means that a 
separated algorithm to simulate real time conditions was 
developed. As the Lyra® provides a rigid pre-defined 
movement with limited influence of the subject executing 
the training, it can be assumed that the movement data of 
healthy subjects will be similar to the movement data of 
patients. To verify whether healthy subjects influence the 
gait pattern of the system further measurements with 
patients would be desirable. As the body weight support for 
the healthy subject was rather low, investigations whether 
the amount of body weight support influences the gait 
pattern and further on the algorithm must be performed.  
First attempts using the stimulator RehaStim (HASOMED 
GmbH, Magdeburg, Germany) to trigger electrical 
stimulation based on the extracted events were promising. 
Using a stimulator like the RehaStim, up to four muscles 
per leg could be stimulated during the training. Latency of 
the measurement chain and physiological processes such 
as muscle contraction have to be taken into consideration 
for the future design of the system. These preliminary 
results lead to the conclusion that a system combining end-
effector gait training with inertial measurement units to 
trigger FES is feasible and thus can provide a novel system 
for future rehabilitation. 
 

Acknowledgement 

   s rese rc  rece  e  fu      from t e Europe   U  o ’s 
Horizon 2020 research and innovation programme under 
t e M r e S ło ows  -Curie grant agreement No 721577. 

References 

[1] P.-Y. Cheng and P.-Y  L  , “ omp r so  of 
Exoskeleton Robots and End-Effector Robots on 
 r       Met o s     G  t B omec    cs,”    
Lecture Notes in Computer Science, Intelligent 
Robotics and Applications, D. Hutchison et al., Eds., 
Berlin, Heidelberg: Springer Berlin Heidelberg, 
2013, pp. 258–266. 

[2] F       , P         e ,     H  Yu, “H br   FES–
robotic gait rehabilitation technologies: a review on 
mechanical design, actuation, and control 
str te  es,” Int J Intell Robot Appl, vol. 2, no. 1, pp. 
1–28, 2018. 

[3] J  M  H   er        E  W   , “  ter t o s    musc e 
activation patterns during robotic- ss ste  w      ,” 
(eng), Clinical biomechanics (Bristol, Avon), vol. 
20, no. 2, pp. 184–193, 2005. 

[4] S. Hesse, Lokomotionstherapie: Ein 
praxisorientierter Überblick. Bad Honnef: 
Hippocampus-Verl., 2007. 

[5] M  E  Do r        J  J  D   , “ utom t c 
synchronization of functional electrical stimulation 
    robot c  ss ste  tre  m    tr      ,”  e   , IEEE 
transactions on neural systems and rehabilitation 
engineering : a publication of the IEEE Engineering 
in Medicine and Biology Society, vol. 16, no. 3, pp. 
310–313, 2008. 

[6] C. B. Laursen, J. F. Nielsen, O. K. Andersen, and E. 
G  Sp  c , “Fe s b   t  of Us    Lo om t 
Combined with Functional Electrical Stimulation 
for t e Re  b   t t o  of Foot Drop,”  e   , 
European journal of translational myology, vol. 26, 
no. 3, p. 6221, 2016. 

[7] T. Seel, L. Landgraf, V. C. de Escobar, and T. 
Sc  uer, “O    e G  t P  se Detect o  w t  
Automatic Adaption to Gait Velocity Changes 
Us     cce erometers     G roscopes,”  e   , 
Biomedizinische Technik. Biomedical engineering, 
vol. 59 Suppl 1, s758-909, 2014. 

 
Author’s Address 
Name: 
Andreas Schicketmüller 

Affiliations: 
HASOMED GmbH, Paul-Ecke-Str. 1, 39114 Magdeburg, 
Germany 
Institute for Medical Engineering and Research Campus 
STIMULATE, University of Magdeburg  
Universitaetsplatz 2, 39106 Magdeburg, Germany  

Email: 
andreas.schicketmueller@hasomed.de 

Homepages: 
https://www.hasomed.de  
https://www.forschungscampus-stimulate.de 

-- 6 --



The finite state control of stimulation synergy based on data from the 
instrumented shoe insole 

Popović DB1,2, Popović Maneski L3  
1Serbian Academy of Sciences and Arts, Belgrade, Serbia 

2Aalbog University, Aalborg, Denmark 
3Institute of Technical Sciences of the Serbian Academy of Sciences and Arts, Belgrade, Serbia 

 
Abstract: We describe the method for the generation of stimulation profiles required for the gait assistance in persons 
with hemiplegia. The technique uses heuristic mapping of the activation profiles for the hip, knee, and ankle joint 
muscles based on the signals coming from the sensors integrated into an insole. The system design relies on the 
assumption that there is a multichannel electronic stimulator that can use signals coming from analog and digital 
sensors to activate up to eight muscle groups. The insole described in the paper comprises five robust, extremely low 
hysteresis pressure transducers and 3D accelerometer and gyroscope. The heuristic rules are simple and can use non-
processed signals for real-time control. The feasibility of the operation was tested only in healthy individuals since the 
stimulator certification procedure required for clinical tests in persons with hemiplegia is in progress.  
 
Keywords: Control of gait, hemiplegia, intelligent sensors, multichannel electrical stimulation 
 
 
Introduction 
The stable posture and gait are the prerequisites for 
participating in regular daily life activities. Hemiplegia, 
which follows in many survivors of a cerebrovascular 
accident limits the ability for the functional gait. The drop 
foot is the most prominent handicap, but in reality, the 
gait abnormalities come from the lack of adequate hip and 
knee control. Multichannel electrical stimulation can 
assist the motor output [1 - 3].  
We developed and tested the finite state control for the 
control of the gait in hemiplegics with the UNA SISTEMI 
stimulators and force sensing resistors built into the 
insoles and wearable accelerometers [4]. The recent 
development of a multichannel system MOTIMOVE [5] 
allows distributed and asynchronous stimulation that 
enables activation of prime hip, knee and ankle flexors 
and extensors and can postpone the fatigue [6, 7]. The 
MOTIMOVE application for the gait restoration requires 
an appropriate sensors system.  
Based on the excellent performance of the sensors system 
presented by Papas et al. [8] we developed a prototype of 
a self-contained instrumented insole (Gait Teacher) that 
comprises robust pressure transducers sensors with no 
hysteresis [9], one 6D inertial measurement units, 
circuitry for wireless communication and the rechargeable 
battery.  
The sensors system performance was tested vs. the 
camera-based systems, and the usual discrepancy was 
documented. The total force estimated from the 
measurements which use discrete pressure sensors does 
not carry information about the full force since the 
loading also exists in points that are not covered by a 
sensor. However, the actual ground force reaction size is 
not relevant for the control. The positioning of the insole 
is trivial and identical to the procedures used for standard 
shoe insoles.     

 
Fig. 1: “Gait teacher” with five robust pressure sensors and 

one 6D inertial measurement unit (left panel) and 
“MOTIMOVE” eight-channel stimulator to be applied via 
surface electrodes for the gait assistance in persons with 

hemiplegia.      
 
The expectation is that the combination of the 
MOTIMOVE and Gait Teacher can generate synergistic 
activation of leg muscles in a manner that fits into the 
preserved motor control of persons with hemiplegia. 
More precisely, the hypothesis is that the finite state 
control could mimic the “healthy control”; therefore 
operate in synchrony with the biological control over the 
unaffected motor systems in a person with hemiplegia. 
The sketch of the system components for the gait 
assistance is shown in Fig. 1 
. 
Material and Methods 
We recorded the signals during various types of gait. The 
data acquisition software was custom designed in the 
LabVIEW environment to allow the on-line inspection 
and storing in time-stamped filed accelerations ax, ay and 
az, angular velocities x, y and z and pressures P1, P2, 
P3, P4 and P5 form both insoles. The sampling rate was 
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100 samples per second. We show one representative set 
of recordings that were used for the analysis (Fig. 2).

Fig. 2: Signals P1 are P5 are from pressure sensors, and 
y, and z are signals from the gyroscopes of the IMU 

recorded during the ground level gait. The bottom panels
show one characteristic gait cycle

 
The control method that we propose follows the original 
work of Tomović et al. [9] where the control of 
movement was reduced to four states of each joint (Fig. 
2): 1) LOCKED, 2) FREE, 3) FL
EXTENSION.  

show one representative set 
of recordings that were used for the analysis (Fig. 2). 

Fig. 2: Signals P1 are P5 are from pressure sensors, and x, 
z are signals from the gyroscopes of the IMU 

recorded during the ground level gait. The bottom panels 
show one characteristic gait cycle 

The control method that we propose follows the original 
] where the control of 

movement was reduced to four states of each joint (Fig. 
LEXION and 4) 

 
Fig. 3: The sketch of the finite states used for the control of 

the gait events and phases.
 
The four states can be realized as the combination of 
activated agonistic and antagonist's muscles: 1) both 
muscles stimulated generating net torque zero (co
contraction) and high joint stiffness, 2) both muscles 
sluggish (no stimulation) resulting with a zero joint 
stiffness 3) strong flexor activation with no or low
extensor activation and 4) 
activation and strong extensor activation. 
activation of antagonist's muscles is required to minimize 
the jerky behavior. 
 
The gait can be presented with a sequence of states at 
joints [11]. The heuristic analysis and minimum entropy 
analysis generated models of various gait modali
14]. The method which serves as the basis for 
schematically presented in Fig. 3
 
Results 
The gait events and phases were detected automatically 
based on the rules shown in Tab
estimation of states can be found 
 

Table 1: Rules used for the estimation of the timing of gait 
phases and gait events. Parameters Ti, i=1,2,3,4

thresholds, and they were selected at 5% of the maximum. 

 
Gait 

phase/event 
Heel contact 

(1) 
Max(P1, P2) > T
< T1   

Foot flat  
(2) 

Max(P1,P2)> T1 AND 
AND dy/dt

Heel off  
(3) 

Max(P1,P2)<T4
dy/dt > 0 

Toes off   
(4) 

dy/dt<T3 AND 
T4  

Initial swing  
(5) 

dy/dt<T3 AND 
T1 

Terminal swing 
(6) dy/dt [k] > 0 AND

 

 

: The sketch of the finite states used for the control of 
the gait events and phases. 

The four states can be realized as the combination of 
activated agonistic and antagonist's muscles: 1) both 
muscles stimulated generating net torque zero (co-

action) and high joint stiffness, 2) both muscles 
sluggish (no stimulation) resulting with a zero joint 
stiffness 3) strong flexor activation with no or low-level 
extensor activation and 4) no or low-level flexor 
activation and strong extensor activation. The low level of 

antagonist's muscles is required to minimize 

The gait can be presented with a sequence of states at 
]. The heuristic analysis and minimum entropy 

analysis generated models of various gait modalities [12 - 
]. The method which serves as the basis for this study is 

presented in Fig. 3. 

The gait events and phases were detected automatically 
based on the rules shown in Tab. 1. The method for 

can be found in Džepina et al. [15]. 

Table 1: Rules used for the estimation of the timing of gait 
. Parameters Ti, i=1,2,3,4,5 are the 

thresholds, and they were selected at 5% of the maximum.  

Rules 

> T1 AND Max(P3,P4,P5) 

> T1 AND Max(P3,P4)> T2 
< T3  

)<T4 AND P5>T5 AND 

AND Max(P1,P2,P3,P4,P5) > 

AND Max(P1,P2,P3,P4,P5)< 

AND dy/dt [k-1] ≤ 0  
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The sketch of the gait cycle with the rules estimate
the machine classification is in Fig 4.  
 

Fig. 4: Sensors signals for the one gait cycle with the gait 
phases generated from the rules shown in Table 1.  

 
The final phase is the generation of bursts of pulses from 
the MOTIMOVE. The stimulator allows individual 
control of the frequency and amplitude 
each channel and setting of the pulse duration and ram
up and down in the trapezoidal stimulation profile
channels.  
The stimulator supports the antifatigue unit (AFU) that 
allows distributed low-frequency activation of large 
muscles via an array of electrodes. Each 
to one stimulation channel can drive up to four 
departments of the muscle, and the fused contraction can 
be generated at the pulse rate as low as 10 to 12 pulses per 
second. 
Fig. 5 shows the whole control para
reading the interaction with the ground and kinematics, 2) 
application of stored set of thresholds to trigger the 
selection of the channels to be turned on and off, 3) 
generation of bursts of current controlled charge pulses 
where the user sets the intensity and profile 
via a GUI (tablet/computer) operating in Windows 
environment. 
 
Discussion 
We presented an example of signals and rules for the 
ground level walking. We applied the same methodology 
to generate sets of rules for walking on stairs, slope, 
standing up, and sitting down. So far, the tests in persons 
with no known sensory-motor deficits suggested that the 
temporal synergies are appropriate and they do not 
compromise the gait.  
The ethics board has approved the protocol for the clinical 
trials at the University of Belgrade for the previous study, 
and the only requirement is that the new device has a 
medical certification. 

sketch of the gait cycle with the rules estimated by 

 
Fig. 4: Sensors signals for the one gait cycle with the gait 

phases generated from the rules shown in Table 1.   

The final phase is the generation of bursts of pulses from 
the MOTIMOVE. The stimulator allows individual 

de of stimulation on 
setting of the pulse duration and ramp-

up and down in the trapezoidal stimulation profile for all 

The stimulator supports the antifatigue unit (AFU) that 
frequency activation of large 

Each AFU connected 
can drive up to four 

departments of the muscle, and the fused contraction can 
be generated at the pulse rate as low as 10 to 12 pulses per 

rol paradigm: 1) sensors 
reading the interaction with the ground and kinematics, 2) 
application of stored set of thresholds to trigger the 
selection of the channels to be turned on and off, 3) 
generation of bursts of current controlled charge pulses 

and profile of stimulation 
via a GUI (tablet/computer) operating in Windows 

We presented an example of signals and rules for the 
ground level walking. We applied the same methodology 

rules for walking on stairs, slope, 
standing up, and sitting down. So far, the tests in persons 

motor deficits suggested that the 
temporal synergies are appropriate and they do not 

the protocol for the clinical 
trials at the University of Belgrade for the previous study, 
and the only requirement is that the new device has a 

 
Fig. 5: The graphics model of the finite state control over six 
muscle groups to support the gait restoration in persons with 

hemiplegia.
 
The critical consideration is the practicality of the control 
when transferred from the research laboratory
usage. The practicality relates to the time needed to start 
walking and ease of setup.  
The prerequisite for the use of the system is the sufficient 
assisted muscle strength. The contraction achieved in the 
combination of the voluntary effort and stimulation needs 
to be strong enough to generate the target movement for 
all muscle groups that will be stimulated. If this is not the 
case, then the muscle exercise needs to be initiated (for at 
least 20 sessions during the four weeks) to strengthen the 
muscles. Once the muscle strength is achieved, the 
controlled assistance can be implem
during the gait training. 
The initial step in applying the system is setting the 
stimulation parameters and deciding on the positions of 
the stimulation electrodes. The stimulation parameters 
(pulse duration, pulse amplitude, pulse rate) 

 

Fig. 5: The graphics model of the finite state control over six 
support the gait restoration in persons with 

hemiplegia. 

The critical consideration is the practicality of the control 
when transferred from the research laboratory to real-life 

. The practicality relates to the time needed to start 

The prerequisite for the use of the system is the sufficient 
assisted muscle strength. The contraction achieved in the 
combination of the voluntary effort and stimulation needs 
to be strong enough to generate the target movement for 

roups that will be stimulated. If this is not the 
case, then the muscle exercise needs to be initiated (for at 
least 20 sessions during the four weeks) to strengthen the 
muscles. Once the muscle strength is achieved, the 
controlled assistance can be implemented for support 

The initial step in applying the system is setting the 
stimulation parameters and deciding on the positions of 
the stimulation electrodes. The stimulation parameters 
(pulse duration, pulse amplitude, pulse rate) determined 
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the intensity of stimulation. The selection of the 
appropriate parameters is a compromise between the level 
of tolerance by the person using the system and the 
strength of the contraction achieved. 
The setup is time consuming (20 minutes or similar) 
during the initial session, while in the later sessions the 
setup is short (<5 minutes). 
In the system for the gait restoration, the thigh muscles 
are at the highest risk for being fatigued. The trials of 
using the antifatigue device for the activation of thigh 
muscles that require prolong stimulation have been done 
in an exercise protocol on the exercise bicycle 
[unpublished data], and the periods where the fatigue does 
not compromise the application are several times longer 
compared with the conventional stimulation paradigm [6, 
7].  
Fine adjustments of the intensity of the stimulation need 
to be performed during the use to compensate for the 
muscles fatigue. 
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Abstract:   
In this paper, we present the development of a hybrid system which supports an active rehabilitation of the closing and 
the opening of the hand. The particularity of this system is to combine a soft exoskeleton glove, the SEM Glove™, and 
functional electrical stimulations (FES) to perform both types of hand movements. The created system is also a 
suggestion of improvement for the SEM Glove™ that is already commercialized by the BIOSERVO company and 
usable for hand closing rehabilitation only. In our study, a FES system was associated to this glove in order to provide 
the missing hand opening rehabilitation. To engage the patient in his rehabilitation, our system is electromyogram 
(EMG)-controlled and is activated according to the patient movement intentions. EMG signals of the muscles involved 
in the extension and flexion of the fingers were recorded and then processed in order to detect muscle activations. The 
control of the different elements of the system was then executed based on the results of this detection.  
The preliminary results demonstrated that the designed hybrid system shows good performances in detecting correctly 
the intention of a healthy user. Some improvements could still be made in the signal processing to increase the 
sensitivity of detection, but we proved that the hybrid system is already operational to assist the hand movements of a 
healthy user. 
  
Keywords: Hand rehabilitation, EMG signal, Functional Electrical Stimulation (FES), Soft robotics, Signal processing 
 

Introduction 

Stroke is one of the most frequent causes of adult 
disability in the world [1]. Accordingly, numerous 
researchers have committed themselves to the 
development of robotic rehabilitation methods that could 
help stroke patients to recover their motor functions more 
rapidly. Recently, the importance of the engagement of 
the patients in their rehabilitation has been discussed and 
several studies showed that an interactive treatment has 
better long-term effects than passive therapy [2][3]. This 
can be achieved e.g. by detecting the intention of the 
patient to perform different movements from surface 
electromyographic (EMG) recordings and supporting the 
production of the desired movement. Similarly to 
Serpelloni et al. [4], Ho et al. [5], and Mulas et al. [6], we 
designed an EMG-controlled hand rehabilitation system 
capable of assisting two movements: hand opening and 
closing. Our system was implemented with a soft 
exoskeleton glove supporting the closing of the hand, the 
SEM Glove™, which is commercialized by the 
BIOSERVO company [7]. As the glove does not support 
active opening of the hand, which is a common problem 
of the hemiparetic hand [8], we added FES to the system 
to provide hand opening.  The FES exploits the residual 
motor ability by activating the muscles responsible for 
finger extension. FES, just like robotics, has been 
commonly used to restore hand function [9]. The 
HandMaster (BioNESS H300) [10] and the Bionic Glove 
(Neuromotion) [11] are examples of devices using FES to 
facilitate the movements of the hand.  
In this paper, we describe the development of our hybrid 
hand rehabilitation system and we present the results of 
the preliminary test executed on a healthy subject.  

Material and Methods 

Design of the hybrid system 
EMG signals of the extensor digitorum communis and the 
flexor digitorum superficialis were collected 
simultaneously on the same arm. Those muscles were 
selected because they are involved in the extension and 
flexion of the fingers and are superficial, with their 
activity being readily detectable using surface electrodes. 
The control of the whole device corresponded to an open-
loop strategy. A detection of muscle activation resulted in 
the generation of a movement of the fingers by the hybrid 
system, either activating the glove to close the hand or 
triggering the stimulations to open the hand, depending on 
the activated muscle. The acquisition and processing of 
the data started again as soon as the control system 
finished classifying the precedent signals.  

-EMG 
Two surface electrodes (Ambu® Neuroline 720) were 
placed over each muscle (extensor digitorum communis 
and flexor digitorum superficialis). A reference electrode 
was placed at 1/3 on the line between the lateral 
epicondyle of the humerus and the acromion. The EMG 
signals were first band-pass filtered, with cut-off 
frequencies of 5 Hz and 200 Hz and amplified with a gain 
of 10000 before being digitized.    

-Analog to digital converter (ADC) 
The EMGs were digitized using an analog to digital 
converter (NI USB-6221, National Instruments). The 
input range of the device was set to ±10V and two input 
channels were used, one for the flexor and one for the 
extensor muscle. The digital signals were then recorded 
and processed in the PC.  
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Figure 1: Placement of the different elements of 
the hybrid system 

 -FES stimulator 
The stimulations promoting the hand opening were 
delivered with a FES stimulator® for Functional 
Electrical Therapy developed by UNA consulting 
(Belgrade). The stimulations were triggered by a 
rectangular, + 2V pulse, 10 ms long, generated by the 
DAQ module after detecting activation of the extensor 
digitorum communis. One active electrode (⌀3.2cm, 
Dura-Stick premium, DJO, Vista, California, USA) was 
placed over the extensor digitorum communis, on the 
middle of the forearm, and one reference electrode (5cm x 
5cm, Pals, Axelgaard Ltd., Fallbrook, California, USA) 
was located on the posterior side of the forearm, 2 cm 
proximal to the wrist (Fig. 1, below).  

The stimulator delivered monophasic pulsed currents. The 
pulse width, stimulation frequency and stimulation 
duration were respectively set to 200 µs, 30 Hz and 2 
seconds. The amplitude of the stimulation was sufficient 
to generate an extension of the three middle fingers, was 
specific to each user and, thus, had to be determined 
before each use. To do so, the amplitude was adjusted 
progressively and the intensity corresponding to the 
elicitation of the desired movement was selected.  

-Soft exoskeleton glove 
The soft exoskeleton glove used in this study was the 
SEM Glove™ (Soft Extra Muscle Glove) designed by 
BIOSERVO [7]. The glove covers the thumb, the middle 
and ring fingers. Hence, in our hybrid system, only the 
rehabilitation of palmar grasp was targeted as the other 
more frequent types of grasp could not be supported by 
the SEM Glove™, indeed it does not cover the index 
finger [12].  The SEM Glove™’s control system based on 
fingertip sensors was overridden to be EMG-controlled. 
Mechanically, the SEM Glove™ is based on an artificial 
tendons system [6]. Wires are integrated to the glove and 
linked to the actuators adjusting the tension of the 
tendons. Thus, the electrical motor powers the actuators 
which provide the pulling force required for the closing of 
the hand.  The system has a serial port so the desired force 
values can be logged and communicated directly from a 
PC. With our new control system, after detecting 
muscular activation of the flexor digitorum superficialis, 
the force was modified (from 0N to 5N) to activate the 
glove closing movement. 
 

Control strategy  
The two EMG signals were acquired by the DAQ system 
at a sampling rate of 1 kHz and in intervals of 150ms. The 
control of the diverse elements of the device was carried 

out based on the results of the movement intention 
detection which was entirely and automatically executed 
with our Matlab program. An identified activation of the 
finger flexor led to the activation of the glove closing. 
While an EMG signal revealing activity of the extensor 
muscle provoked the triggering of the stimulations and 
thereby opening of the hand. After every detected opening 
intention, and during the stimulation, the acquisition was 
suspended for 2 seconds in order to avoid stimulation 
artefacts on the EMG recordings.  
The algorithm of movement intention detection consisted 
basically of a signal processing phase and a thresholding 
phase.  

A low-pass filter was applied to the 150ms-long signals 
(Butterworth, 4th order, 20 Hz cut-off frequency) to 
remove the noise due to the powerline (50 Hz and all its 
harmonics) and to detect the envelope of the EMG signal 
[13]. The filter was applied to the signals using the filtfilt 
command of Matlab. This filtering technique enables a 
zero-phase distortion and filters the signals twice, first in 
the forward direction and then in the reverse one. 
Considering this, the order of the final filter was finally 
doubled (8th). The filtfilt command also allows to reduce 
the startup and ending transients. Even reduced, the 
transient response due to filtering was still existent. To 
avoid interpreting them by the thresholding algorithm as a 
strong muscle activity, the first 40 and last 40 samples 
were set to 0. Those 80 values presenting the 
overshooting peaks were thus ignored by the control 
system during the thresholding phase.  Finally, the signals 
were rectified to visualize more easily the dynamic data 
(Fig. 2) and their amplitude in relation to the pre-selected 
activation thresholds. 
The activation of the different elements of the system was 
controlled by a two-steps procedure. Each step involved a 
thresholds-based detection of EMG activity and a 

Figure 2: EMG signal of the extensor muscle 
representing a muscular activation. A 2.5 seconds long 
signal is shown for better visualisation of the overall 
EMG activity. The EMG was cut in windows of 150 ms 
before executing the processing steps. The raw signal is 
shown in the first panel. The concatenated, 150 ms 
seconds of filtered and rectified, transient-removed 
signal are presented in the second and third panels.  
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comparison of the extensor and flexor EMG signals 
previously normalized by their respective, empirically 
predefined, thresholds. After acquiring and processing a 
150 ms segment of data, the first step, which controlled 
the activation of the SEM Glove™, was executed. In this 
step, in this 150 ms window, the amplitude of the 
processed flexor EMG signal  was required to be larger 
than a predefined flexor threshold and additionally, the 
peak of the normalized flexor EMG signal was required to 
be larger than the normalized peak of the extensor EMG 
signal to activate the SEM Glove™. In the same way, for 
the second step, the amplitude of the processed extensor 
EMG signal was required to be larger than a predefined 
extensor threshold and additionally, the peak of the 
normalized extensor EMG signal was required to be 
larger than the normalized peak of the flexor EMG signals 
to trigger the electrical stimulation. If the conditions of 
the tests were not fulfilled, the system remained 
unchanged, and the acquisition and processing of another 
window of 150 ms of EMG data was undertaken. The 
control system is presented in Fig. 3. 

Experimental test 
To test the functionality of our hybrid system, a 
preliminary test with one healthy subject was performed. 
The goal of the test was to quantify the rate of successful 
hand openings and closings provided by the system and 
induced by the movement intention of the user. The 
participant (female, 24 years old) was asked to perform 
100 repetitions of each movement (hand opening and 
closing), and the response of the hybrid system was noted. 
The subject sat on a chair and placed the forearm on a 
pillow placed on her lap to keep the arm resting relaxed.  
The test consisted of two phases. First, the thresholds 
used for detecting muscle activation were determined 
without using the glove or FES. To this end, the 
participant was asked to execute extensions and flexions 
of the fingers, alternatively for 20 seconds, while EMG 
signals were recorded. The EMG signals were cut into 
150 ms long segment that underwent the signal 
processing steps described earlier. The processed data 
was visualized (as in Fig.2) and adequate thresholds were 
set empirically. The second phase corresponded to the 

actual evaluation of the performance of the system. All 
the elements of the hybrid system were mounted, 
activated, and functional. The participant was asked to 
execute extensions and flexions of the fingers alternating 
both movements and waiting few seconds in between 
each. In total, 100 extensions and 100 flexions were 
executed. For every movement that the subject performed, 
the response of the hybrid system was classified as being 
a correctly detected movement, an incorrectly detected 
movement (if the opening is detected as closing and vice 
versa) or a non-detected movement. Any additional 
movements operated by the system and not intended by 
the subject were also noted.   
 

Results 

The number of glove activations, triggered stimulations, 
and absences of movement were counted for the 100 
repetitions of hand closings and openings intended by the 
subject and are summarized in Table 1.  

Table 1: Classification rates of the movement detection 

 Correctly 

detected  

Incorrectly 

detected  

Not 

detected Sensitivity 

(%)  True 

positive 

False negative 

Opening 97 2 1 97 
Closing 81 18 1 81 

During the test, we totalized 10 additional movements 
which were not issued from a movement intention of the 
subject: 7 stimulations and 3 activations of the SEM 
Glove™ occurred while the subject was waiting to 
execute the next movement.  
 
Discussion 

In this study, we presented the development of a hybrid 
FES-robotic system with a very good performance of 
classification and detection of movement intention, 
especially considering the simplicity of the implemented 
signal processing. The sensitivity ranged from 97 % for 
the openings to 81 % for the closings (Tab. 1), reaching 
comparable performances to the ones reported for a 
similar system using EMGs recorded on the healthy arm 
to control the rehabilitation glove worn by the impaired 
hand [4].The sensitivity for the closing was considerably 
lower than for the opening movement. This reduction on 
the sensitivity rate responds to the fact that 18% of the 
intended closings were detected as openings. We believe 
that this number could be significantly reduced through a 
better selection of the thresholds since off-line 
examination of the EMG signals showed presence of 
extensor muscle activity during the closing actions. This 
phenomenon, known as crosstalk, happened because of 
the anatomy of the forearm, and usually affects the 
performance of systems based on surface EMG 
recordings [14]. The EMG electrodes placed over the 
extensor were close to other strong flexor muscles 
involved in the finger flexion and their activities were 
probably involuntarily recorded by the extensor EMG 
when the subject intended to close the hand, decreasing 
the sensitivity of our system for closing movement. Most 
of the actions triggered without movement intention (7 

Figure 3: Flow diagram of the detection and 
classification algorithm. EMG Flex: EMG signal of the 
flexor muscle; EMG Ext: EMG signal of the extensor 
muscle; Thresh Flex: threshold defined for the flexor 
muscle; Thresh Ext: threshold defined for the extensor 
muscle.  
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stimulations and 3 glove activations) may be explained by 
a sudden presence of large amplitude noise in the signal. 
Our simple filtering allowed to attenuate the noise but did 
not remove it completely, resulting probably in noise 
being detected as an intention of movement leading 
sometimes to an incorrect activation of either the glove or 
the stimulator. 
A limitation of this system is that in every window of 150 
ms only 70 ms are used in the thresholding phase. It is 
possible though that actual muscle activation was present 
in the remaining, blanked 80 ms. Thus, the technique of 
removing the values corresponding to the transient period 
has the advantage of removing the side effects of this 
simple filtering but also has the drawback of neglecting a 
part of the signal that could contain important 
information.  
 
Conclusions 

Our study presented the design of a hand rehabilitation 
hybrid system combining a soft exoskeleton glove and 
FES, and controlled by EMG to respond to the movement 
intention of the user. The first preliminary test was 
performed in one session with a healthy subject. The 
repeated movements executed by the subject allowed to 
calculate a sensitivity rate (97% of successful hand 
opening detections and 81% of hand closing detections) 
which was satisfying for a first test. The few detection 
errors or misclassifications were mainly related either to 
the chosen thresholds or to the signal processing. The 
robustness of the system could be improved replacing the 
empirical thresholding by a more automatic and 
reproducible method - for example an algorithm setting 
the thresholds according to samples of data - or reducing 
the sensitivity to noise and eventual crosstalk, by 
improving the EMG signal processing. 
The results obtained are really encouraging and show a 
promising system. In the future, further tests should be 
run including healthy and hemiparetic participants to 
evaluate the robustness of the system. 
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Noninvasive spinal cord stimulation improves walking performance in 

an individual with multiple sclerosis  
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Abstract: Epidural spinal cord stimulation (SCS) is currently regarded as one of the most promising intervention methods 
to improve motor function in individuals with severe spinal cord injury. In parallel, an increasing number of studies is 
suggesting that noninvasive SCS can improve spasticity and residual motor control in the same subject population. This 
case study explores for the first time whether noninvasive SCS would improve walking performance of an individual with 
multiple sclerosis. For reproducibility, the participant was tested on two days. Noninvasive SCS was applied to target the 
lumbar posterior roots at 50 Hz and sensory level for the lower extremities. Walking function was assessed clinically 
before and after a 30-minute session of stimulation that was applied in a supine position. Walking speed assessed by the 
10-meter walk test and walking endurance assessed by the 2-minute walk test were improved in both sessions with carry-
over effects lasting for two hours. Improvements in walking function were complementarily suggested by the timed-up-
and-go test. This case study motivates to test noninvasive SCS in upper motor neuron disorders not limited to spinal cord 
injury. 
 
Keywords: human, noninvasive, multiple sclerosis, spinal cord stimulation, walking function 
 
 
Introduction 

Epidural spinal cord stimulation (SCS) is regarded a 
breakthrough intervention for the recovery of locomotor 
function after spinal cord injury (SCI) [1–4]. Interestingly, 
its first application in motor disorders was in multiple 
sclerosis (MS) and the improvements produced in this 
patient population surpassed that of any other intervention 
available at that time [5, 6]. Meanwhile, a noninvasive, 
surface-electrode based method of SCS [7,8] has been 
successfully applied in SCI to enhance motor function by 
several independent groups [9–12]. These results prompted 
us to test, for the first time, whether noninvasive SCS 
would augment the walking performance of an individual 
with MS.  
 
Material and Methods 

The effect of noninvasive SCS on locomotor function was 
tested in a 58-year-old woman with a 30-year history of 
MS (EDSS score: 6.5; requires a walker). The study was 
approved by the Ethics Committee of the City of Vienna. 
Written informed consent was obtained. The protocol (Fig. 
1A) was conducted twice to test the reproducibility of the 
stimulation-induced effects. On the first experimental day 
(session 1), walking performance was assessed using the 
10-meter and the 2-minute walk tests (2minWT, 10MWT) 
before and immediately after the application of SCS. In 
session 2 (two weeks later), the same protocol was 
repeated, yet complemented by the timed-up-and-go test 
(TUG) as well as additional post-SCS assessments two and 
24 hours after the intervention, to monitor potential 
prolonged carry-over effects. SCS was delivered through 
self-adhesive hydrogel surface electrodes (Schwamedico 
GmbH, Germany) placed over the T11/T12 vertebral 

processes and the lower abdomen (Fig. 1B) [7, 10]. The 
Stimulette r2x+ (Dr. Schuhfried Medizintechnik GmbH, 
Austria) produced charge-balanced, symmetric, biphasic 
rectangular pulses (1 ms/phase) [7]. The effects of SCS 
were hypothesized to be conveyed through the stimulation 
of lumbosacral posterior-root afferents [1]. The elicitation 
of posterior root-muscle (PRM) reflexes in the legs [7] 
(Fig. 1C) and the generation of paraesthesias in lower-limb 
dermatomes [10] (Fig. 1D) warranted the stimulation of 
these target neural structures. For the neuromodulatory 
intervention, stimulation was applied at 50 Hz for 30 
minutes with the subject lying comfortably supine. The 
amplitude was set to a level that produced distant 
paraesthesias, without generating leg-muscle contractions 
[6, 10].  
 
Results 

SCS reproducibly improved walking performance 
considerably beyond the subject’s normal ability. Gait 
speed (calculated from the 10MWT) increased in session 1 
from 0.9 km/h pre-SCS to 2.3 km/h post-SCS, and in 
session 2 from 1.1 km/h to 1.8 km/h immediately post-SCS 
and 2.0 km/h two hours later (Fig. 2A). The distance 
covered during the 2minWT increased in session 1 from 26 
m to 46 m and in session 2 from 37 m to 61 m and 60 m, 
respectively (Fig. 2B). Likewise, the time to complete the 
TUG (session 2) decreased from 31.4 s pre-SCS to 20.4 s 
and 18.3 s in the two post-SCS assessments (Fig. 2C). 
Following SCS, there was an enhanced left-right symmetry 
of the gait pattern with reduced foot supination during 
stance and improved stance-to-swing transitions. After 24 
hours (session 2), the gait speed was 1.4 km/h and the 
distance covered during the 2minWT 35 m.  
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Figure 1: Study protocol and noninvasive spinal cord stimulation. (A) Two experimental sessions were conducted to test 
for carry-over effects of 30 minutes of noninvasive spinal cord stimulation (SCS) [10] on walking performance. In session 
1, the 10-meter and the 2-minute walk tests (10MWT, 2minWT) were conducted before as well as immediately after SCS. 
In session 2, the same protocol, complemented by the timed-up-and-go test (TUG), was repeated, and two additional post-
SCS assessments were conducted after two and 24 hours. (B) Electrode set-up used for SCS, with a self-adhesive hydrogel 
surface electrode (5 x 9 cm) placed longitudinally over the T11/T12 vertebral processes and a pair of interconnected 
electrodes (8 x 13 cm each) over the lower abdomen [7, 10]. (C) (i) Lumbar SCS was verified by the elicitation of posterior 
root-muscle (PRM) reflexes [7] by single stimuli (black arrow heads), recorded via surface-electromyography from L2–
S2 innervated rectus femoris (RF), biceps femoris (BF), tibialis anterior (TA), and soleus (Sol) of right (R) and left (L) 
leg. No responses were obtained in RRF. (ii) Double stimuli revealed post-activation depression of the responses, 
confirming their reflex nature [7]. Shown are exemplary results of LSol, three repetitions superimposed. (D) 50-Hz SCS 
with an intensity of 90% of the lowest PRM-reflex threshold reproducibly elicited paraesthesias in distant dermatomes 
innervated by lumbosacral spinal cord segments (shaded areas) [7, 10].  
 
 
 

Discussion 

This study is the first to demonstrate temporarily lasting 
improvements of walking performance by noninvasive 
lumbar SCS in an individual with MS. The positive effects 
were reproducibly obtained on separate experimental days, 
coincided with the stimulation application, and were 
clearly beyond the subject’s day-to-day variability, 
strongly hinting at a causal relationship. Likely, they were 
caused by the widespread, bilateral afferent input to the 
lumbar spinal cord provided by the noninvasive SCS [7] 
that in turn transsynaptically engaged and rebalanced the 
operation of dysregulated spinal locomotor circuits, i.a., by 
altering the central excitatory state and neurotransmitter 
release for several hours [6]. In addition, an antispasticity 
effect of the stimulation [10, 13] may have further 

contributed through the unmasking of residual motor 
function. The present results suggest the high potential of 
noninvasive SCS, when repetitively administered, to bring 
immediate therapeutic benefits by enhancing motor 
function and improving quality of life of individuals living 
with MS. 
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Figure 2. Augmentation of walking performance by noninvasive spinal cord stimulation. (A) Gait speed calculated from 
the 10-meter walk test (10MWT), (B) distance covered during the 2-minute walk test (2minWT), and (C) times required 
to complete the timed-up-and-go test (TUG) in sessions 1 and 2 and at different time points before and after 30 minutes 
of 50-Hz spinal cord stimulation (SCS) as indicated. All measures were markedly improved immediately as well as two 
hours after the stimulation. 
 
 

References 

[1] Minassian, K. et al.: Targeting Lumbar Spinal Neural 
Circuitry by Epidural Stimulation to Restore Motor 
Function After Spinal Cord Injury, Neurotherapeutics, 
vol. 13, pp. 284–94, Apr. 2016. 

[2] Angeli, CA.  et al.: Recovery of Over-Ground Walking 
after Chronic Motor Complete Spinal Cord Injury, N. 
Engl. J. Med., vol. 379, pp. 1244–1250, Sep. 2018. 

[3] Gill, ML. et al.: Neuromodulation of lumbosacral spinal 
networks enables independent stepping after complete 
paraplegia, Nat. Med., vol. 24, pp. 1677–1682, Nov. 
2018. 

[4] Wagner, FB. et al.: Targeted neurotechnology restores 
walking in humans with spinal cord injury, Nature, vol. 
563, pp. 65–71, Nov. 2018. 

[5] Cook, AW, Weinstein, SP: Chronic dorsal column 
stimulation in multiple sclerosis. Preliminary report, N. 
Y. State J. Med., vol. 73, pp. 2868–72, Dec. 1973. 

[6] Illis, LS. et al.: Spinal cord stimulation in multiple 
sclerosis: clinical results, J. Neurol. Neurosurg. 
Psychiatry, vol. 43, pp. 1–14, Jan. 1980. 

[7] Hofstoetter, UH. et al.: Common neural structures 
activated by epidural and transcutaneous lumbar spinal 
cord stimulation: Elicitation of posterior root-muscle 
reflexes,” PLoS One, vol. 13, Jan. 2018. 

[8] Minassian, K. et al.: Posterior root-muscle reflexes 
elicited by transcutaneous stimulation of the human 
lumbosacral cord, Muscle Nerve, vol. 35, pp. 327–36, 
Mar. 2007. 

[9] Minassian, K. et al.: Spinal Rhythm Generation by 
Step-Induced Feedback and Transcutaneous Posterior 
Root Stimulation in Complete Spinal Cord-Injured 
Individuals, Neurorehabil. Neural Repair, vol. 30, pp. 
233–43, Mar. 2016. 

[10] Hofstoetter, US. et al.: Modification of spasticity by 
transcutaneous spinal cord stimulation in individuals 
with incomplete spinal cord injury, J. Spinal Cord 
Med., vol. 37, pp. 202–11, 2014. 

[11] Estes, SP. et al.: Priming Neural Circuits to Modulate 
Spinal Reflex Excitability, Front. Neurol., vol. 8, p. 17, 
Feb. 2017. 

[12] Gad, P. et al.: Weight Bearing Over-ground Stepping 
in an Exoskeleton with Non-invasive Spinal Cord 
Neuromodulation after Motor Complete Paraplegia, 
Front. Neurosci., vol. 11, p. 33, Jun. 2017.  

[13] Elbasiouny, SM. et al: Management of spasticity after 
spinal cord injury: current techniques and future 
directions, Neurorehabil. Neural Repair, vol. 24, pp. 
23–33, Jan. 2010. 
 

Author’s Address 

Ursula S. Hofstoetter 
Center for Medical Physics and Biomedical Engineering 
Medical University of Vienna 
Waehringer Guertel 18-20/4L 
1090 Vienna, Austria 
ursula.hofstoetter@meduniwien.ac.at 
https://zmpbmt.meduniwien.ac.at 

-- 17 --



-- 18 --



Investigation on the Interaction of Monosynaptic and Polysynaptic 

Activity Underlying Posterior Root Reflexes 

Haberbusch M1, Vargas Luna JL 1, Mayr W1,2 
1Center for Medical Physics and Biomedical Engineering, Medical University of Vienna, Austria 

2Vienna University of Technology, Austria 

 
Abstract: A preliminary spinal cord stimulation study with a sample of two healthy participants was carried out to 
investigate the reciprocal interaction of monosynaptic and polysynaptic activity underlying posterior root reflexes. For 
this purpose, single pulses of transcutaneous electrical spinal cord stimulation were applied at T12-L3 vertebral level, 
while monitoring the EMG activity from quadriceps, hamstrings, tibialis anterior and triceps surae in both legs. To 
examine the interaction between monosynaptic and polysynaptic activity, a second pulse was introduced to elicit a 
conditioning monosynaptic response, which was shifted from 10 to 300 ms. It was found that moving the conditioning 
monosynaptic response towards the polysynaptic activity, effectively reduces its RMS voltage. On the other hand, the PTP 
voltage of the conditioning monosynaptic response was significantly increased when entering the timeframe of 
polysynaptic activity. 
 
Keywords: Spinal Cord Stimulation, Posterior Root Reflexes, Trans-synaptic Activity 
 
 
Introduction 

The research on spinal cord stimulation (SCS) has a long 
tradition and in practice was initially used for the treatment 
of symptoms as neuropathic pain or spasticity in persons 
suffering from multiple sclerosis.  However, nowadays, 
SCS is also frequently applied for the treatment of non-
progressive diseases such as spinal cord injury (SCI), 
providing artificial input to neuronal premotor circuitries 
below the injury site. SCS allows to effectively modify 
spasticity and motor control, thus improving the patient’s 
quality of life, and helping to maintain the neuromuscular 
substrate for a potential later biological repair. In order to 
further improve this treatment modality, it is necessary to 
gain a better understanding of the neuronal pathways and 
interactions underlying posterior root reflexes (PRR). 
Previous research has shown that not only stimulation rate, 
-site and -intensity, but also the interaction of neuronal 
activity elicited by consecutive stimuli may have an 
influence on the final motor output. Earlier studies have 
already examined the interaction of sequentially elicited 
monosynaptic PRR reflexes [1-3]; however, to our 
knowledge, no previous research has been conducted on 
the reciprocal influence of monosynaptic and polysynaptic 
activities underlying PRRs. For this purpose, paired stimuli 
of transcutaneous spinal cord stimulation (tSCS) were 
applied along the T12 and L3 vertebral segments, while 
monitoring the electromyographic (EMG) activity in both 
legs. 
 
Material and Methods 

Subjects: The assessments were performed in two male 
volunteers with no known neurological diseases. The 
corresponding subject information is listed in Table 1.  
 

 

Table 1: Subject Data 

Subject Age Height (cm) Weight (kg) 

M03 32 184 88 
M04 28 178 72 

 
In one volunteer (M03), the measurement was divided into 
two sessions with 22 days in between. The study was 
approved by the local ethics committee. All subjects gave 
their informed consent.  
Measurement setup: The SCS was applied via self-
adhesive, rectangular (5x5 cm) surface TENS electrodes 
(FITOP®, USA) placed in a bipolar array. The cathode was 
placed between the intervertebral space T11-L1 and 
individually adjusted on all sessions to optimize the 
response size in amplitude and symmetry, in relation with 
the contralateral leg. The anode was placed over the L3 
vertebrae. The stimulation pulses were produced by two 
linear isolated stimulators (STMISOLA, Biopac Systems, 
Inc., USA) connected in parallel. This allows us to reach 
current intensities of up to 200 mA, required to elicit 
polysynaptic responses. The stimulation sequences were 
digitally generated by a custom LabVIEW™ application, 
previously developed at the Medical University of Vienna 
[4]. 
The stimulation effect on the spinal cord circuitry was 
indirectly monitored via bilateral EMG of the lower limb 
muscles. Specifically, we monitored the EMG activity of 
quadriceps (Q), hamstrings (H), tibialis anterior (TA), and 
triceps surae (TS) muscle groups by applying pairs of pre-
gelled Ag/AgCl surface electrodes (Ambu® BlueSensor N 
ECG Electrode) with an inter-electrode distance of 1.5 cm. 
A reference electrode was placed at the proximal head of 
the fibula bone of each leg. Prior to electrode application, 
the skin was cleaned and roughened  with abrasive skin gel 
(Nuprep®, Weaver and Company Aurora CO, USA) to 
reduce the skin impedance. Finally, to maintain the 
position through the whole measurement, the electrodes 
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were taped to prevent detachment during the contractions. 
In addition to the EMG, a second device was used to record 
the stimulation current for further post-processing 
purposes. All the signals were acquired through custom 
measurement devices [5] and a custom LabVIEW™ 
application that was developed at the Medical University 
of Vienna. 
Measurement Protocol: The measurement protocol was 
designed to investigate the reciprocal interaction of 
monosynaptic and polysynaptic activity underlying PRRs. 
Paired pulses were used, as they are proven to be an 
effective approach for the examination of transsynaptic 
mechanisms underlying PRRs [1-3]. 
Two different stimulation intensities were used. Both 
intensities comply with two conditions: (1) be strong 
enough to effectively depolarize small diameter nerves in 
the dorsal roots (afferent fibres) and produce a stable 
polysynaptic response in at least one channel and; (2) if 
possible, be low enough to avoid direct activation of the 
motoneurons in ventral roots (efferent fibres). To do this, 
an initial screening of the responses to single pulses was 
performed from monosynaptic thresholds up to 200 mA or 
the maximum tolerable intensity. From such recording, the 
intensities for the test were defined.  
Single cathodic-anodic biphasic stimulation pulses with a 
duration of 1 ms per phase were applied. The assessment 
of the interaction between monosynaptic and polysynaptic 
responses was done using pairs of identical stimuli. The 
first pulse (test) was applied at the previously defined 
intensity to elicit a monosynaptic and a polysynaptic 
response. The second pulse (conditioning) was introduced 
with an interstimulus interval (ISI) between 10 and 300 ms 
to produce a second monosynaptic response which 
approaches the polysynaptic test response with increasing 
ISI. 
Data Processing: The recorded data was post-processed 
using MATLAB® and included the following steps: (1) All 
recorded channels have been filtered by application of a 
twelfth-order high-pass Butterworth filter at a cut-off 
frequency of 10 Hz, removing noise such as movement 
artefacts. (2) Stimulation artefacts have been identified by 
the use of the stimulation channel data. Therefore, a 
threshold of 1 mA was used to identify the artefact onset. 
We considered the artefact onset to be 0.5 ms prior to the 
first exceedance of the threshold, whereas the end of the 
artefact was assumed to be 5 ms after the identified artefact 
onset. (3) PRR responses were quantified, considering 
monosynaptic response intervals to begin 6 ms after 
stimulus onset and to last for 35 ms. Polysynaptic 
responses were assumed to occur between 100 and 200 ms 
after stimulus onset, which was consistent with the ranges 
observed by visual inspection of the signals. (4) 
Monosynaptic PRR responses were quantified by their PTP 
voltages, whereas polysynaptic PRR responses were 
quantified by their respective RMS voltages. Because of 
the monosynaptic test and conditioning responses 
overlapped for ISIs below 30ms, they could not be 
independently identified, thus the corresponding values 
were discarded. Unlike the short-latency monosynaptic 
reflexes, the polysynaptic reflexes tend to be less 

synchronized, and their responses are less distinct, thus 
lower in amplitude but rather long in duration. Because of 
this, RMS voltages provide a more representative metric to 
quantify the polysynaptic activity. In order to avoid bias in 
the quantification of the polysynaptic responses, the 
monosynaptic conditioning responses were removed for 
ISIs of 70 to 190 ms, since they overlap the polysynaptic 
activity, evoked by the test stimulus. 
In order to analyze the overall results, the PTP and RMS 
voltages of the monosynaptic and polysynaptic responses 
of all measurements have been normalized, and the mean 
values were calculated. The PRR responses were 
normalized to the mean PTP voltage of the monosynaptic 
test responses. The polysynaptic PRR responses were 
normalized to the mean RMS voltage of the second 
polysynaptic response for ISIs between 250 and 300 ms. 
 
Results 

The reciprocal interactions of monosynaptic and 
polysynaptic PRR were analyzed using paired pulses with 
gradually increasing ISIs at constant stimulation 
intensities. In subject M04, stable polysynaptic PRR 
responses could be elicited in the right quadriceps (RQ) 
and left quadriceps (LQ), however in subject M03 stable 
responses could only be achieved in RQ, hence, 
exclusively the data of RQ was used for the analysis.  
Figure 1 shows representative PRR responses to paired 
stimuli with an intensity of 140 mA recorded in RQ of 
subject M03 for different ISIs, whereas Figure 2 depicts the 
summary of the behavior observed along the four datasets, 
showing the P2P — for monosynaptic — and the RMS — 
for polysynaptic — values at the different ISIs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: PRR responses to paired stimuli with an intensity 
of 140 mA recorded in RQ of subject M03 for ISIs of (a) 
30 ms, (b) 80 ms, (c) 120 ms and (d) 220 ms, including 
stimulation artefacts. 
 
Monosynaptic Responses: As depicted in Figure 2a, the 
short latency responses to the test stimulus were similar 
along the whole stimulation sequence with a normalized 
standard deviation of 0.2, which is expected from this kind 
of monosynaptic responses. The second response, 
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however, shows distinct trends of the PTP voltage as the 
ISI is increased.  
At a short ISI of 30 ms, there is a substantial suppression 
of the conditioning monosynaptic response. This is 
consistent with the refractory behavior identified by [2,3], 
indicating that the recorded PRR responses were of reflex 
nature, rather than direct motor responses. 
Nevertheless, this behavior is less distinct in subject M03 
(Figure 2c), suggesting activation of a subset of ventral 
root axons at one of the intensities tested. Unlike the data 
reported in previous work [2,3], the second response not 
only recovered after 100 ms but reached values as high as 
twice the amplitude of the monosynaptic test response.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Total (a) Normalized PTP voltage of 
monosynaptic response to test (green) and conditioning 
(red) stimulus, (b) normalized RMS voltage of first 
(green) and second (red) polysynaptic response. (c) and 
(d) shows the same data for subject M03 without 
normalization, whereas (e) and (f) shows the data for 
subject M04: + M03 (140 mA), x M03 (160 mA), o M04 
(120 mA) and ◻ M04 (140 mA). In the highlighted area, 
the second monosynaptic response was removed for RMS 
voltage calculation of the first polysynaptic response. 
 
This elevation was observed on ISIs between 70 to 130 ms 
on subject M03 (Figure 2c), and 70 to 100 ms on M04 
(Figure 2e). For subject M03 this behavior is rather 
transient, starting to decrease immediately after reaching 
its peak, and eventually settling down to the level of the 
monosynaptic control response at an ISI of 210 ms (Figure 
2c). In contrast, for subject M04, the conditioning 
monosynaptic response remains at a significantly high 
level, until it steeply decreases between ISIs of 210 to 220 
ms, eventually reaching the level of the monosynaptic test 

response (Figure 2e). The significant increase of the 
conditioning monosynaptic response in comparison to the 
control response in both subjects suggests either excitatory 
influence of polysynaptic onto monosynaptic reflex arcs, 
or the summation of the recorded EMG signals of 
monosynaptic and polysynaptic responses due to 
constructive interference. After such period, both 
monosynaptic responses were of similar size (Figure 2a). 
Polysynaptic Responses: In general, the highest 
polysynaptic activity is observed at the shortest ISIs, which 
might be due to the summation of the activity produced by 
each pulse when they are close together. The initial 
amplitudes rapidly decline as the conditioning 
monosynaptic response gets closer to the timeframe of the 
first polysynaptic activity (Figure 2b). Once the 
conditioning pulse comes after the onset of the first 
polysynaptic response, its RMS voltage starts to increase 
again, until reaching a plateau, as soon as the conditioning 
pulse completely exceeds the timeframe of polysynaptic 
activity (Figure 2b). It is important to notice that this 
plateau is smaller than the polysynaptic activity detected at 
the shortest ISIs. The second polysynaptic response 
resembles a similar behavior, reaching a plateau at an ISI 
of 200 ms (Figure 2b). 
Both polysynaptic responses show low scattering in subject 
M03 (Figure 2d), whereas for subject M04 especially the 
first polysynaptic response exhibits rather strong 
fluctuations (Figure 2f), nevertheless, overall trends can 
still be identified. In subject M03 for ISIs of 30 to 50 ms 
(Figure 2d), and in subject M04 for values from 30 to 60 
ms (Figure 2f), the polysynaptic activity, elicited by the test 
and conditioning stimulus, show a significant attenuation. 
In subject M03, both polysynaptic responses decrease 
further until an ISI of 100 ms is reached (Figure 2d). From 
this point on, both responses start to increase up to an ISI 
of 180 ms, where they eventually level off (Figure 2d). 
From this ISI on, the first polysynaptic response has a 
slightly higher RMS voltage than the second one. The 
described behavior might indicate a suppressive influence 
of monosynaptic onto polysynaptic PRR. In contrast, for 
subject M04, the decrease persists for ISIs of up to 150 ms, 
while the first polysynaptic response shows a slightly 
stronger decline than the second response (Figure 2f). 
From this point on, the second polysynaptic response 
remains rather stable, whereas, for the first polysynaptic 
response, it is hard to make any assumptions due to its 
strong fluctuations in RMS voltage. However, as the 
results of subject M03 show, the magnitude of the first 
polysynaptic response is also higher than of the second 
one. 
 
Discussion 

Monosynaptic Responses: The monosynaptic responses 
to the test stimulus remain stable in all measurements, 
since they are not subject to influences of preceding 
conditioning neural activity. However, the monosynaptic 
responses to the conditioning stimulus and the 
polysynaptic activities exhibit distinct trends which may be 
explained by different mechanisms. 
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For subject M04, both stimulation intensities were below 
the activation threshold of ventral roots, which is depicted 
by the attenuation of the monosynaptic conditioning 
response for ISIs below 60 ms, eventually reaching the 
same level as the monosynaptic test response (Figure 2d), 
which most likely results from post-activation, or 
homosynaptic depression [1-3]. However, this effect was 
less significant in subject M03 (Figure 2c) which suggests 
that the stimulation intensities needed to elicit the desired 
polysynaptic activity exceeded the activation threshold of 
a subset of ventral root axons, also leading to direct motor 
responses. 
As the conditioning monosynaptic response starts to enter 
the timeframe of polysynaptic activity elicited by the test 
stimulus at an ISI of 70 ms, its PTP voltage is significantly 
increased compared to the monosynaptic control response 
(Figure 2a). The substantial increase of the PTP voltage of 
the conditioning monosynaptic response may be explained 
by an overlap and thus summation of the monosynaptic and 
polysynaptic PRR responses, elicited by the test and the 
conditioning stimulus. 
Finally, another possible mechanism that might be 
responsible for the strong elevation of the monosynaptic 
control response maybe the increase of alpha motoneuron 
excitability due to the concurrent polysynaptic activity of 
excitatory last-order interneurons elicited by the test 
stimulus [6]. 
Polysynaptic Responses: Possible mechanisms for the 
significant attenuation of both polysynaptic responses 
(Figure 2b) may include the concurrent activity of 
inhibitory last-order interneurons lowering the alpha 
motoneuron excitability [6], postsynaptic receptor 
desensitisation [7], the refractory behaviour of alpha 
motoneurons shared by monosynaptic and polysynaptic 
pathways, and the decreasing interference of both 
polysynaptic responses due to increasing ISIs. With further 
increase of the ISI, the conditioning monosynaptic 
response starts to leave the timeframe of the first 
polysynaptic PRR response, and, consequently the 
polysynaptic activity starts to recover, eventually reaching 
a plateau at a higher magnitude, which further supports our 
assumptions on the suppressive behavior of monosynaptic 
onto polysynaptic activity. However, the mentioned 
possible mechanisms that might be involved are not 
mutually exclusive, and all of them may account to this 
phenomenon to a certain extent. 
 
Conclusions 

Although the data exhibited uncertainties due to 
fluctuations of polysynaptic response RMS voltages, the 
conducted measurements were able to provide possible 
information on the reciprocal interactions of monosynaptic 
and polysynaptic activities underlying PRRs. 
First, the refractory behavior of PRRs could be identified, 
which indicates, that the elicited PRR responses were 
indeed of reflex nature, rather than direct motor responses. 
On the one hand, it was found that moving the conditioning 
monosynaptic response towards the polysynaptic activity 
effectively reduces its RMS voltage. The data suggest an 
inhibitory effect of monosynaptic onto polysynaptic 

pathways. On the other hand, the PTP voltage of the 
conditioning monosynaptic response was significantly 
increased when entering the timeframe of polysynaptic 
activity. As the data indicates, concurrent polysynaptic 
activity may tend to elevate monosynaptic PRR responses. 
Ultimately, the findings suggest a further investigation of 
the reciprocal interactions of monosynaptic and 
polysynaptic activities using the proposed protocol, which 
may help to gain a deeper insight into the involved 
transsynaptic mechanisms underlying PRRs. 
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Abstract:  Efficient treatments for the abatement of spasticity are scarce but the technique of transcutaneous Spinal 
Cord Stimulation (tSCS) has proven useful. In this research, the effects of tSCS on four post-stroke patients were 
investigated and the passive range of motion (PROM) and the quality of muscle reaction of the ankle joint were 
evaluated before and after treatment. The quality of muscle reaction and the PROM were also compared to the 
electromyography (EMG) muscle activity in order to reveal a correlation. The results indicated an increased ankle joint 
flexibility and a slight increase in the quality of muscle reaction after treatment in all cases apart from one. The results 
also suggested a decrease in EMG activity following an increase in the passive range of motion.  
 
Keywords: Tardieu Scale, EMG, Stroke, Spasticity, Transcutaneous Spinal Cord Stimulation 
 
Introduction 

Spasticity is a motor disorder that it arises in over 30% of 
stroke patients and is characterized by hypersensitivity of 
the stretch reflexes. It can lead to muscle contracture, 
impediment of mobility and commonly induces pain [1]. 
Spasticity is defined as disordered sensorimotor control, 
resulting from an upper motor neuron lesion, presenting 
as intermittent or sustained involuntary activation of 
muscle [2]. Motor impairments are the most widely 
recognized impairments caused by stroke, including 
symptoms such as paralysis, loss of dexterity, 
hyperreflexia, spasticity and muscle stiffness [3].  
 
The Tardieu scale is commonly used by clinicians to 
quantify spasticity. The spastic muscle is evaluated by 
grading the resistance to a passive stretch carried out at a 
very slow speed and a high speed, respectively. [4] The 
resistance could be caused by both neurogenic and 
mechanical components of the spasticity making 
measurements based on resistance insensitive. Since the 
Tardieu scale makes use of various velocities it evades the 
presence of contracture and is therefore able to 
differentiate between spasticity and contracture [5]. 
 
Transcutaneous Spinal Cord Stimulation (tSCS) has 
already been proven to alleviate spasticity in SCI patients 
and have a positive effect on motor function [6,7]. In 
tSCS bipolar short latency rectangular pulses are used to 
depolarize lumbosacral posterior roots [8] but the 
complete influence of tSCS on the spinal cord neural 
circuitry is still unknown. 
 
The presented work is a part of a bigger study in which 
the aim is to assess the effect of tSCS in community 
dwelling individuals post-stroke. Here we explore the 
results from the use of the Tardieu scale in the assessment 

of spasticity and compare it to electromyography (EMG) 
results that were obtained simultaneously. Firstly, we  
 
explore the correlation of the passive range of motion 
(PROM) of the ankle joint and muscle activity in the 
lower limb muscles and secondly, the effects of tSCS on 
the PROM of the ankle joint in stroke patients. The 
relationship between the quality of muscle reaction (i.e. 
spasticity) and the muscle activity recorded 
simultaneously was also examined.  
 
Material and Methods 

Data was collected on four stroke patients (mean age 65.5 
 7.6 years) with spastic hemiplegia. One female who had 
haemorrhagic stroke and three males who had ischemic 
stroke. Tab. 1 summarizes the participant characteristics.   
 
The study used four phases (A1, B1, A2, B2) of 
alternating baseline (A) and intervention (B) with an 18 to 
24 weeks washout period in between. Included in each 
phase were three sessions of measurements performed on 
separate days but at the same time of the day. 
Measurements were performed at the Medical 
Technology Centre of Landspitali University Hospital and 
Reykjavik University.  

Table 1: Participant Characteristics 

 Gender Age 

(yrs) 

Ischemic (I) / 

Haemorrhagic 

(H) stroke 

Years 

since 

onset  

S3 Female 58 H 12 
S4 
S5 
S6 

Male 
Male 
Male 

60 
71 
73 

I 
I 
I 

2 
2 
5 

 
The intervention consisted of a 30-minute home 
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application of transcutaneous Spinal Cord Stimulation 
(tSCS) daily for three weeks. Self-adhesive electrodes 
were used, one circle electrode (5 cm diameter) 
positioned centrally to the back, at the level between the 
T11-T12 spinous processes, interconnected with a pair of 
rectangular reference electrodes (8x13 cm) placed over 
the lower anterior abdomen, symmetrical to the navel. 
The vertebral electrode on the back acted as the cathode 
and the two abdominal electrodes functioned as a single 
anode electrode. The placement of the electrodes can be 
seen in Fig. 1. Participants received electrical stimulation 
with a frequency of 60 Hz, constant current, 360 s width 
and asymmetrical biphasic charge balanced pulses at an 
intensity of 90% of the threshold for eliciting muscle 
reaction as recorded by EMG in the lower limb muscles. 

 
Figure 1: Position of the electrodes for the transcutaneous 
spinal cord stimulation. The electrode on the back has a 
diameter of 5 cm and is placed between the T11 and T12 
vertebrae. The electrodes on the lower abdomen are 8x13 
cm each, connected as a single electrode and located 
symmetrically on each side of the navel.  

  

Electrophysiological and biomechanical assessment 
methods for spasticity were applied and have been 
described in our earlier work [7].  Here we firstly look at 
the root mean square (RMS) of the electromyography 
(EMG) recorded during a spasticity assessment using the 
Tardieu scale to determine the passive range of motion 
(PROM) of the ankle joint at a slow speed (V1).  

The Tardieu scale is a clinical measure of muscle 
spasticity that involves assessing resistance to passive 
movement thereby addressing the velocity-dependent 
aspect of spasticity [4]. The test is performed by a 
physical therapist who initiates a brisk dorsiflexion 
movement of the relaxed ankle, activating the 
monosynaptic stretch reflex pathway. The spastic 
characteristics of the reflex pathway are then monitored 
by recording activity from the tibialis anterior (TA) and 
triceps surae (TS) muscles with EMG. The measurements 
were carried out in a supine position using goniometers to 
record joint movement for the ankle plantar flexors.  

In addition to examining the PROM, the quality of muscle 
reaction was also considered using the Tardieu scale at a 
fast speed (V3). The quality of muscle reaction was 
evaluated during the passive movement of the ankle and 
graded on a scale from 1 to 5 where 1 represented no 
increase in muscle tone and 5 represented rigid flexion.  

The EMG data was processed with Matlab R2014b (The 
MathWorks, Inc.) using the open-source toolbox 
EEGLab. A 4th order Butterworth high-pass filter with 
cutoff frequency at 15 Hz and a low-pass filter at 500 Hz 
was applied along with notch filters at 50 Hz, 100 Hz, 150 
Hz and so forth. The RMS of the signal was calculated 
over an interval covering the first 10 seconds after the 
initiation of the movement for the PROM but only the 
first 3 seconds for the quality of muscle reaction. 

Results 

The graph in Fig. 2 illustrates the relationship between 
ankle joint flexibility in degrees and the RMS value of the 
EMG signal. An evident correlation between the 
flexibility of the ankle joint and the EMG muscle activity 
is observed. A decrease in EMG activity follows an 
increase in flexibility.  
 

 

Figure 2: Shows the relationship between ankle 
joint flexibility (degrees) and the root-mean-square 
(RMS) value of the EMG signal obtained during 
involuntary stretch of the plantar flexors.  The 
graph shows that with increasing flexibility of the 
ankle joint the EMG activity tends to decrease 
correspondingly. 

Figure 3: Depicts the progress of each subject. The 
mean value of each measurement (A1, B1, A2 and 
B2) is plotted along with its standard deviation. 
The baseline value (A) is depicted with a circle 
whereas the value obtained after the tSCS 
treatment (B) is depicted with a x. The graph 
shows increased flexibility after treatment for all 
measurements except phase 1 for subject 6, but 
does not show a decrease in EMG activity after 
treatment for all subjects. 
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The graph in Fig. 3 outlines the progress of each subject. 
An increase in flexibility after the treatment was 
consistently experienced, with the exception of phase 1 
for subject 6. The graph does not  
show a direct correlation between increase in flexibility 
and decrease in EMG activity. Only 4 measurements  
depict a decrease in EMG activity alongside with 
increased flexibility.  
 
The quality of muscle reaction of the subjects before and 
after treatment was relatively constant and only yielded 
scores between 2 and 3. The graph in Fig. 4 depicts the 
quality of muscle reaction for each subject before and 
after treatment. A slight decrease in the Tardieu score 
after the tSCS treatment can be observed for subjects 3, 4 
and 5. The RMS of the EMG activity recorded during the 
experiment is evenly distributed and does not show any 
tendency to increase or decrease after treatment.  
 

 

 

 
The progress of the quality of muscle reaction for each 
subject before and after the tSCS treatment can be 
observed in Fig. 5. The average values for the baseline 
measurements and the measurements obtained after the 
treatment are plotted along with their corresponding 
standard deviation. A slight improvement can be seen for 
subjects 3, 4 and 5 but a minor decrease in the quality of 
muscle reaction can be seen for subject 6. The baseline 
measurements for subjects 3 and 6 and the measurements 
after the treatment for subjects 4 and 5 presented identical 
results, leading to a standard deviation of 0.  

 

 

 

Discussion and Conclusion 

In the presented work two parameters of the Tardieu scale 
(passive range of motion and quality of muscle reaction) 
were compared to EMG results recorded simultaneously 
in stroke patients before and after tSCS treatment.  
 
The results show a correlation between the passive range 
of motion (PROM) of the ankle joint and the RMS of an 
EMG signal recorded simultaneously from the TA and TS 
muscles. They also show a positive increase in the passive 
range of motion of the ankle joint after tSCS treatment for 
all measurements except phase 1 for subject 6. 
 
A slight increase in the quality of muscle reaction after 
the treatment can be observed for subjects 3, 4 and 5. On 
the other hand, the results do not depict a clear trend 
towards decreased EMG muscle activity after tSCS 
treatment, as was expected.  
 
Since the results for the quality of muscle reaction (V3) 
suggest an increase for 3 out of 4 subjects after the 
treatment but do not show a definite decrease in EMG 
muscle activity, it can be concluded that the tSCS 
treatment does improve the quality of muscle reaction but 
does not necessarily decrease the EMG muscle activity 
concurrently. However, the results are to some extent 
inconclusive whereas the standard deviation in the bars 
that represent changes is high.  
 

Figure 4: Depicts the relationship between the 
quality of muscle reaction (i.e. spasticity) obtained 
with the Tardieu scale and the RMS value of the 
EMG obtained simultaneously. The baseline values 
(A) are illustrated with a circle but the values 
obtained after the tSCS treatment (B) are depicted 
with a +. A drift downward and to the left was 
expected but is not distinctive. Subjects 3, 4 and 5 
show a minor improvement in the quality of 
muscle reaction after the tSCS treatment.  

Figure 5: Illustrates the results of the quality of 
muscle reaction before and after tSCS treatment 
acquired using the Tardieu scale. The blue bars 
show the average of baseline measurements for 
each subject. The green bars depict the average of 
the measurements from both phases taken each 
week after the tSCS treatment. The first green bar 
represents the average value of the measurements 
taken in the first week of the treatment phase and 
so forth. The error bars illustrate the standard 
deviation. A lower score for the quality of muscle 
reaction is observed for all individuals except 
subject 6.   
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From the results for the passive range of motion (V1) it 
can be concluded that there is a substantial correlation 
between muscle activity and flexibility and that tSCS can 
be helpful in improving the range of motion of joints in 
individuals with spasticity.  
 
The results for the passive range of motion and quality of 
muscle reaction are unanimous in that they show a slight 
improvement after the tSCS treatment for subjects 3, 4 
and 5. In that way, the results exhibit a consistency 
between the different parameters of the Tardieu scale. 
 
However, the subject pool was relatively small with only 
four subjects participating in the study. Therefore, in 
order to make a clear conclusion this topic has to be 
further investigated with more participants.  
 
The validity of the Tardieu scale has been disputed since 
there are many external factors that may influence the 
outcome. One of those factors is the interpretation and 
experience of the clinician performing the test. 
Consequently, there is a rising demand for a more 
convenient and reliable way to quantify spasticity. 
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Abstract: The spinal premotor centre is a group of interneurons located in the dorsal columns, supposed to regulate the 
output of the alpha-motoneuron system. Recently, epidural spinal cord stimulation (SCS) was applied to target the spinal 
premotor centre. Here, we report that magnetic stimulation applied over Th11 and L1 vertebral levels induced 
dramatically rapid motor recovery in 13 out of 17 patients with stroke, assessed by neurological evaluations of actives of 
daily living and the 10-m walk test. Evaluations were conducted immediately after, 10 minutes after as well as one day 
after magnetic stimulation had been applied. The improvements outlasted the stimulation for 24 hours. Additionally, we 
tested the effects of SCS on pain and locomotor function in six patients with chronic pain. We found that the effects 
induced by magnetic stimulation and a low dose of ketamine infusion, a NMDA receptor antagonist, correlate with the 
degree of motor recovery obtained by SCS. We hence suggest that these methods could be used to preoperatively identify 
responders to SCS, both in patients with stroke and patients with neuropathic pain with or without locomotor dysfunction.  
  
Keywords: Chronic pain, Magnetic stimulation, Motor recovery, NMDA antagonist, Spinal cord stimulation, Stroke 
 

Introduction 

The spinal premotor centre is a group of interneurons 
located in the dorsal column and is supposed to regulate the 
output of the alpha-motoneuron system. Its importance for 
motor recovery and controlling spinal spasticity has been 
repeatedly shown [1–3]. Epidural spinal cord stimulation 
(SCS) was introduced as a tool to target the spinal central 
pattern generator by Dimitrijevic et al. [4] and other 
scientists [5–7], and as a tool to target propriospinal 
neurons [8]. Further, Yamamoto et al. indicated that 
pharmacological examination prior to the implantation of 
an epidural SCS system could predict whether SCS would 
reduce neuropathic pain or spinal spasticity [1–3]. 
Recently, it was found that certain conditions of peripheral 
neuropathic pain also respond to treatment with SCS 
[9,10]. Our preliminary clinical observations suggest that 
low-dose infusion of ketamine and magnetic stimulation 
can be used as predictors of the degree of motor recovery 
and pain reduction later induced by epidural SCS, both in 
patients with stroke as well as chronic pain conditions.  
 
Material and Methods 

All trials were done in a single-arm trial. 
 
Magnetic stimulation  
Seventeen patients with chronic stroke (13 brain infarcts, 4 
cases of intracerebral hematoma, 3 males) were included 
between 2015 and 2016. Times post-stroke inter-
individually varied between three weeks and 15 years. 
Magnetic stimulation was applied over the Th11 and L1 

vertebrae using the Magstim 200 (Magstim Co Ltd., UK) 
with 60-80% of the full energy level, 3-5 times single 
stimulation. Neurological evaluations, assessments of 
activities of daily living and the 10-m walk test were done 
immediately after, 10 minutes after as well as one day after 
the stimulation. 
 
SCS in patients with stroke  

Ten patients with stroke with locomotor dysfunction (9 
males, age: 28–82 years) were studied. Times post-stroke 
varied between one month (one case) and five years. Five 
patients showed mild conscious impairment and spastic 
motor deficits with grades 2-3 on the Modified Ashworth 
Scale, while the rest showed motor deficits only. Initially, 
two SCS arrays were implanted in six patients, one at the 
level of the cervical spinal cord and the other one at Th11–
L1 vertebral levels. In these patients, the treatment started 
with cervical SCS. If the neurological outcome was 
inadequate after three months, SCS over the lumbar spinal 
cord (Th11–L1 vertebral levels) was added. In the 
remaining patients, a single SCS electrode array was 
implanted at Th11–L1 vertebral levels.  
 
SCS in patients with chronic pain 

Six patients (3 males, age: 39–87 years, all without CNS 
lesion) were included. Two patients suffered from 
osteoarthritis of the knee, two from fibromyalgia, one from 
herpes zoster lesion, and one from spondylosis. SCS was 
applied to test its effect on pain, locomotor dysfunction, 
and spasticity. Stimulation parameters were: pulse width, 
210 μsec, stimulation frequency, 30–60 Hz, stimulation 
amplitude, 1–2 V. In four patients, low-dose ketamine 
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infusions (15 mg) for four hours and magnetic stimulation 
were applied prior to implanting the epidural SCS system.  
 
Results 

Magnetic stimulation  
Thirteen of the seventeen patients with stroke improved 
their modified Ranking Scale (mRS). Specifically, out of 
eight patients with mRS scores > 4, five had mRS scores 
of 3 and two patients had mRS scores < 2 after the 
stimulation. These improvements outlasted the stimulation 
application for 24 hours. No observations beyond 24 hours 
are available. After the stimulation, six of the patients 
otherwise unable to stand and ambulate showed 
improvements in their walking ability that persisted for at 
least 24 hours. 
 
SCS in patients with stroke  
Of the six patients with cervical SCS, five showed 
neurological improvements. Two cases with hemiplegia 
and tetraplegia showed full motor recovery of the upper 
limbs within the first 24 hours, yet no patient showed full 
recovery of normal gait. With SCS at Th11–L2 vertebral 
levels applied at 1–1.2 kHz, all four patients in whom the 
ketamine test conducted prior to the implantation revealed 
positive results, restored their ability to walk within the 
first week of stimulation. High-frequency SCS hence 
appears as a promising tool to restore gait after stroke. 
Further, SCS at Th11–L2 vertebral levels reduced pain in 
two patients, improved the range of motion and the ability 
to stand in four patients, and increased the walking speed 
in one patient. No effects were observed in four patients.  
 
SCS in patients with chronic pain 
All four patients in whom the ketamine test was performed, 
positive results were obtained shortly after the infusions, 
lasting for 6–12 hours. Further, magnetic stimulation 
improved the ability to stand up from sitting and to remain 
in an upright position in the four patients, yet did not result 
in pain relief. Epidural SCS at Th11–L2 vertebral levels 
restored walking function within one to two weeks, and 
these improvements lasted for 18 months after SCS.  
 
 
Discussion 

SCS is widely used as a reliable modality to reduce 
neuropathic pain. Regarding SCS for motor recovery, 
Nakamura et al. showed reduced muscle spasticity in 
patients with stroke, without further motor improvement 
[11]. Dimitrijevic et al. analysed six clinical cases of spinal 
cord injury between C5 and Th8 and demonstrated firstly 
the existence of the human central pattern generator in 
1998 [4]. Further clinical trials of SCS were performed in 
spinal cord injury and stroke [12, 4–6, 16–19] and pointed 
out that in humans the stimulating condition is a key to 
restore motor functions. Our studies with SCS applied at 
Th11–L2 vertebral levels using frequencies of 30–90 Hz 
did not show motor recovery in general, but transient 
recovery of motor function in those patients in whom the 
ketamine test and magnetic stimulation produced positive 

results. On the other hand, cervical SCS induced prompt 
full recovery of upper-limb motor function in chronic 
stroke patients with hemiplegia or tetraplegia. Dr. Isa 
previously showed that propriospinal interneurons of the 
cervical spinal cord are involved in rapid motor recovery 
of the upper limb in spinal cord injury [20]. SCS at 1–1.2 
kHz showed promising effects on the locomotor ability of 
four patients. It therapeutic efficacy in hemiplegia and 
locomotor dysfunction in patients with stroke and chronic 
pain will be further investigated.   
 
Conclusions 

In patients with stroke and chronic neuropathic pain with 
locomotor dysfunctions, magnetic stimulation and 
ketamine tests may be useful to identify responders to SCS. 
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Abstract:  Reconstructive Neurosurgery is the practice of applying procedures to the central or peripheral nervous system 

that corrects deficits by augmenting neural control, restoring neural connectivity, and redistributing intact residual 

functions.  We will review nerve reconstruction, nerve transfers, tendon transfers, selective peripheral neurotomy and 
correcting lower motor neuron deficits in order to allow for application of FES systems 
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Abstract:  We intend to present the WEARPLEX project to the broader scientific community, which is well represented 
in the Vienna international workshop on FES. This three-year research and innovation action is funded by the H2020 
program. The project aim is to develop multiplexed biomedical electrodes that can be applied either in the field of 
electrical stimulation or for recording of electrophysiological signals. We will shorty describe the WEARPLEX objectives, 
concept, approach and research team. One of the post-conference workshops will be dedicated to presenting first results 
and early prototype of a WEARPLEX electrode for recording and for electrical stimulation. 
 
Keywords: multipad electrode, flexible electronics, printed electronics, post-conference workshop, H2020 
 

Introduction 

Electrodes that allow controlled propagation and delivery 
of electrical pulses play a key role in a variety of 
applications such as neuromotor rehabilitation [1–3], 
neuromodulation for tremor suppression and electro-
analgesia [4], sports [5,7], wound healing [6,8], drug 
delivery [9] and more. Even more widespread application 
of the same basic technology is in the recording of 
electrophysiological signals. Recent advances in signal 
processing and control algorithms have opened the 
possibility for the broad use of these signals in human-
machine interfacing, most notably the use of EMG for 
controlling various devices, from multi DoF prosthetic 
limbs [10, 11], through to consumer devices such as 
computers, home appliances, drones [12] and video games 
[13]. 
Key variables in the applications of biomedical electrodes 
are their shape and placement, as these determine the 
detection points during recording, as well as the current 
flow during stimulation and thereby, muscle activation 
characteristics. Muscle selectivity and recruitment, be it in 
recording or stimulation, and/or ion propagation of active 
agents i.e. medicaments in iontophoretic applications, is of 
fundamental importance. The optimal electrode 
configuration is dependent on the electrode-skin interface 
as well as skin impedance and physical characteristics and 
is therefore person-specific and change on a daily basis 
[14].  
Multi-pad electrodes have shown great potential in 
addressing these problems by allowing a programmable 
interface to alter the active electrode surface [1]. By having 

a larger number of independent pads that can be 
programmably activated in a sequence [15] or selected to 
form a single electrode, in a manner that can be 
personalized for each patient, the multi-pad approach 
provides a powerful platform for control of current 
propagation [16].  
There are two main limiting factors of the existing 
technology: 1) multi-pad electrodes need to connect to the 
stimulator/recording device with as many leads as there are 
pads, leading to a linear correlation between the system 
size and resolution, and 2) electrodes are printed on rigid 
substrates limiting their adherence to curved or moving 
body parts.  
In the WARPLEX project we propose a paradigm shift in 
designing of the recording and stimulation systems, as the 
switching electronics is shifted from the custom-made 
stimulator/recording device to the electrode, leading to a 
universal solution compatible with any stimulation or 
recording system. 
 
WEARPLEX objectives 

WEARPLEX is a multidisciplinary research and 
innovation action with the overall aim to develop cost-
effective flexible and wearable textile based configurable 
biomedical electrodes for recording of electrophysiological 
signals or delivering targeted electric charge in 
applications that require high resolution over large areas of 
the body. This includes development of technologies and 
manufacturing processes for multi-pad electrodes with 
integrated logic circuits that enable flexible configuration 
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of electrodes connected to a recording or stimulation 
channel, all on the same textile substrate. 
The project will involve fundamental research into the 
underpinning technologies and developing large-scale 
printing processes in combination with complementary 
manufacturing technologies.  
The project aims to demonstrate the technology through 
fabrication of three versions of demonstrators, which are 
increasingly sophisticated as the project progresses.  
 
WEARPLEX concept 

This project focuses on developing materials and processes 
that enable organic electronics and flexible electrodes to be 
incorporated into textiles with the clear aim of developing 
highly usable biomedical electrodes that can be applied 
across range of scenarios with currently unmet needs. This 
research will push innovations in electronic textiles and 
demonstrate the benefits and opportunities in the medical 
electronics sector. The project is focused on this sector but 
the technologies that will be developed are key for all areas 
of wearable electronic textiles and even beyond this to 
other textile markets such as automotive, aerospace, 
furnishings and technical textiles. 
In the state of the art multi-pad systems all of the logic 
circuits are located in the driving device i.e. outside of the 
electrode. This means that each pad needs to be connected 
to the stimulator through a direct lead and an increase in 
the number of pads reflects exponentially on the cost and 
complexity of the system. Migration of active electronic 
components to the electrode will enable a much greater 
number of electrodes and unlock the full potential of this 
technology.  
The printed electronics implemented in a switching matrix 
will allow the individual pads to be connected in arbitrary 
configurations to the output leads of the electrode. 
Therefore, the pads will be flexibly organized into several 
virtual electrodes of arbitrary position, shape and size 
which then can be connected to any standard multichannel 
recording and stimulation system. In addition, the methods 
will be developed for automatic calibration of the virtual 
electrodes. The pads will be used for spatial scanning to 
detect stimulation/recording hotspots and adjust the virtual 
electrodes accordingly. 
Therefore, the WEARPLEX project will lead to a new 
generation of smart electrodes that will be able to adapt 
simultaneously to the user (wearable and flexible garment), 
recording/stimulation scenario (movement type and target 
muscles) and recording/stimulation system (number of 
channels). 
Two parallel approaches will be explored for the 
realisation of the electronic functionalisation. Printable 

active organic materials will be used to realise components 
with the required performance and bare die inorganic 
electronic components will be packaged in a manner that 
enables reliable integration into the textile substrates. This 
combination of approaches will enable the full integration 
of the required electronic functionality, establish the 
comparative merits of each approach, advance the state of 
the art across a broader range of technologies and provide 
inherent mitigation against technical risks. 
 
WEARPLEX approach 

To achieve its ambitious goals, the WEARPLEX project is 
based on a highly transdisciplinary approach. Experts from 
different fields such as materials development, printed 
electronics and e-textiles, process engineering and 
production technology, system control and health 
technologies will work together, contribute and integrate 
their respective know-how (Figure 1). The combined 
expertise will allow developing the novel system and 
validating the innovative WEARPLEX technology in 
relevant environment and enable the successful production 
of the two selected applications. 
 

 
Figure 1. Multidisciplinary approach of the WEARPLEX 

project 

 
The overall approach of the project (Figure 2) is 
characterized by several interrelated tasks (materials 
development, printed electronics designs, e-textiles and 
process engineering) feeding into a production process that 
integrates these tasks in order to realise the wearable 
multiplexed biomedical electrode. The final fabrication 
processes and parameters are then used to realise the 
demonstrators for selected applications. 
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Figure 2. Overall approach of the project 

 
WEARPLEX Team 

The WEARPLEX consortium consists of a set of carefully 
chosen partners with expertise and background in the 
different areas of the multidisciplinary endeavour that is 
the WEARPLEX project. There is a total of 9 partners from 
8 different countries in Europe (United Kingdom, Spain, 
Germany, Sweden, Denmark, Finland, Switzerland and 
Norway) as shown in Figure 3. Each partner was selected 
based on its specific and unique expertise and market 
position. Hence, a highly interdisciplinary and 
complementary consortium could be formed. 
The consortium represents technical experts and 
researchers form the areas of chemistry, biomaterials, 
electronics, automated control, process engineering, smart 
textiles and health technologies, as well as the industrial 
partners who bring complementary expertise and 
resources, which are essential to realize the scientific, 
technological and exploitation/dissemination objectives of 
the project.  
The consortium consists of three universities (UoS, TUC, 
AAU), three European Research and Technology 
Organisations (TEC, BCM, ACR) and three SME (SCT, 
ABL, IDT) with different areas of expertise. Most of the 
consortium partners have been or are involved in EU 
funded projects with an excellent track record.  
The different WEARPLEX partners were selected based 
on their expertise (technical and industrial) and resources 
(materials, processes, laboratory systems) that they 
brought to the development and testing of the 
WEARPLEX technology. This has resulted in a 
consortium that consists of a rich mixture of 
complementary expertise, which will lead to cross-
fertilisation between different areas that have not been 
(properly) explored previously.  
 
Conclusions 

The WEARPLEX project present one of the most 
comprehensive research and innovation actions directed 
towards improvement of the biomedical electrodes in 
Europe today. In order for it to succeed significant 
involvement from the scientific community and other 
stakeholders is needed. Therefore, the participants of the 
13th Vienna Int. Workshop on FES are most welcome to 
join the stakeholder workshop organised in the post-
conference program and provide their feedback. 

  
Figure 3. European approach in the WEARPLEX 

consortium 
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Abstract:  Functional electrical stimulation (FES) is used in diverse populations to allow persons who are unable or 
reluctant to move their limbs to exercise, usually by surface neuromuscular electrical stimulation (NMES), also known 
as transcutaneous electrical nerve stimulation (TENS), in hospital settings or outpatient services. If properly instructed, 
many of the persons-in-need may continue at home with FES-induced training with a daily frequency and for the long 
duration of time needed to achieve clinically-relevant outcomes. Standing on the experience of the EU Project RISE, of 
our studies in aging persons, and of more recent published data, we are confident that FES may contribute to a better life 
for an expanding population of aged persons and of early aged patients suffering with mobility impairments due to 
neuromuscular disorders or systemic diseases. This narrative review will cover results of surface NMES/TENS and of 
FES for denervated degenerated muscles (DDM) delivered, in the last case extending the report to the benefits of 
costimulation of agonist and antagonist leg muscles, and including results at the level of the stimulated skin. While used 
to enable SCI patients to train muscles and the cardiovascular system, home based FES (h-bFES) has been extended to 
persons suffering with chronic failure of heart, lung, kidney, and to the elderly. Limb NMES have been shown to resolve 
subcutaneous edema, while recent data support h-bFES for DDM to recover skin from SCI-induced atrophy and 
flattening. In conclusion, h-bFES is a safe and effective therapy for an expanding population of aged persons and of early 
aged patients with mobility impairments due to neuromuscular disorders or systemic diseases. 
 
Keywords: home based functional electrical stimulation (h-bFES), muscle weakness, skin atrophy, early aging, aging 
 
 

Introduction 

Functional electrical stimulation (FES) is used in diverse 
populations to allow who is unable or reluctant to move 
limbs to exercise, usually by surface neuromuscular 
electrical stimulation (NMES), also known as 
transcutaneous electrical nerve stimulation (TENS), in 
hospital settings or outpatient services [1]. If properly 
instructed, many of the persons-in-need may continue at 
home with FES-induced training (h-bFES) at the daily 
frequency and for the appropriate duration needed to 
achieve clinically relevant outcomes [2]. In this narrative 
review, we have scanned the available published literature, 
summarizing pertinent findings, in particular, the clinical 
data from the EU Project – RISE [3,4], but extending the 
report to benefit of co-stimulation of agonist and antagonist 
leg muscles [5]. Stressing the potential for FES as a home 
therapy in several different populations of early aging 
persons, i. e., suffering with chronic organ failures [1,6-
10], and the elderly [11-23], we will show that the positive 
effects of surface electrical stimulation by large electrodes 
and purpose-designed stimulators, now commercially 

available [21], usually observed as improvements of 
function and structure of skeletal muscles, are extended to 
skin [24-27].  
 
State of the art of h-b FES 

Neuromuscular Diseases: FES was implemented in 
individuals with CNS diseases, such as spinal cord injury 
and cerebral palsy [28,29], starting more than 60 years ago 
[30]. Much more recent applications are those at the home 
[31-33], including a recent series of reports related to the 
2016 First Cybathlon [34]. Functional electrical 
stimulation exercise usually involves stimulation of 
intramuscular nerves. This may be carried out in a variety 
of modalities such as, cycling [35], rowing [36], or walking 
[37]. Recently there was great interest in motivating SCI 
patients to perform FES cycling by organising 
competitions among FES Cycling SCI athletes. This was 
achieved after many months of training performed also at 
home after careful instructions in clinics or outpatient 
services [38-43]. Although there is still debate concerning 
the balance between cost (time, capital, investment, 
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interference with daily living) and long-term benefit, many 
practitioners and institutions recognize the value of FES in 
their clinical practice [44]. We are confident that the results 
of the EU Project RISE [2-4,45], of the studies performed 
in Vienna and elsewhere on skeletal muscle of lifelong 
active seniors [46,47] and of sedentary seniors before and 
after months of h-bFES [12-21] will demonstrate its 
clinical value. We certify that all applicable rules 
concerning the ethical use of human volunteers were 
followed during the course of those researches (approval 
of ethical committee, Vienna, Austria: EK-02-068-0702). 

Myokines in h-bFES Recovery of Muscle in Permanent 

Denervation and Aging: Since sub-clinical denervation 
events contribute to both atrophy and the decreased 
contractile speed of aged muscle, we saw a parallel to 
spinal cord injury and decided to look at both groups 
together [48]. The muscles from lifelong active seniors 
have more muscle bulk and more slow fiber-type 
groupings than those of sedentary seniors, demonstrating 
that physical activity maintains slow motoneurons that 
reinnervate the transiently denervated muscle fibers. On 
the other hand, muscle degeneration occurs with 
irreversible Conus and Cauda Equina syndrome, a spinal 
cord injury in which the human leg muscles could be 
permanently disconnected from the peripheral nervous 
system [2,49]. In these patients a complete loss of muscle 
fibers occurs within five to ten years after injury [45]. Their 
recovered tetanic contractility, induced by h-bFES [2], can 
restore the muscle size and function in compliant Spinal 
Cord Injury patients, allowing them to perform electrical 
stimulation-supported stand-up and step-in place training 
[3,4], when a purpose developed electrical stimulator 
provides the necessary high currents to large surface 
electrodes covering the Quadriceps muscles (now 
commercially available: “Stimulette den2x” of the 
Schuhfried Medizintechnik GmbH, Vienna, Austria) [50].  
It is here worthwhile to stress that the use of the pairs of 
very large surface electrodes (needed to reach almost all 
the denervated muscle fibers of the quadriceps muscle) 
induces considerable co-contraction of the hamstrings, that 
are therefore also substantially recovered from atrophy and 
degeneration (5). Thus, the cushioning effect due to co-
contraction of agonist and antagonist thigh muscles, a 
validated model of muscle recovery/hypertrophy in animal 
models [51,52], is obtained, saving h-bFES training time. 
This peculiarity of h-bFES for DDM, together with the 
evidence provided by Muscle Color Computed 
Tomography of thigh muscles [3-5,53], a mode of clinical 
imaging that SCI persons may easily appreciate, 
contributes to maintain compliance of patients. Recent 
observations of the impact of h-bFES on stimulated skin 
add to those positive evidence. The data indeed provide 
evidence that epidermal atrophy and flattening worsen with 
years of SCI and that h-bFES by large surface electrodes 
reverses SCI-induced skin changes, producing a 
statistically significant recovery of epidermis thickness and 
number/morphology of dermal papillae, with minor 
changes of Langerhans Cells. Thus, in SCI patients, the 
impressive beneficial effects of two years of electrical 
stimulation on strength, bulk, and myofiber size of thigh 

muscles are extended to the skin, suggesting that h-bFES 
by large electrodes would be also clinically relevant for 
dermatological complications in SCI and beyond [25-28, 
and Albertin et al., personal communication].  

Whether the effects of electrical stimulation on skin is 
direct and local or is the consequence of systemic 
circulating factors released by muscle cells (myokines) 
remains to be determined. Myokines are indeed produced 
and released by muscle fibers under contraction and exert 
both local and systemic effects. Changes in patterns of 
myokine secretion, particularly of IGF-1 isoforms, occur in 
long-term Spinal Cord Injury and in aging [19]. Their 
modulation is a documented key factor in h-bFES - 
mediated muscle recovery (see for a review [48]). 

h-bFES and chronic organ failures. Evaluation of a new 
risk in cardiac disorders: While conventionally used in 
neuromuscular disorders to train muscles and 
cardiovascular system, h-bFES has been extended to 
persons suffering with chronic failure of heart, lung, and 
kidney, often producing positive metabolic and functional 
outcomes [1,6,7,8, 9,10]. Since persons in cardiac failure 
commonly wear implanted cardiac pace-makers (PM) or 
defibrillators, there is some concern regarding the potential 
risks of performing surface electrical stimulation, usually 
TENS, NMES or FES, in this potentially very large 
population of patients [54]. Recently, however safety 
measures were conclusively identified on an in vitro full 
size model mimicking the electrical characteristics of the 
human body to evaluate the application of electrical 
stimulation (ES) on permanent PM devices [55]. Various 
configurations with respect to energy modality, position of 
the stimulation electrodes and PM device models were 
tested. Unilateral ES application did not cause interference 
with PM function. However, bilateral stimulation caused 
switching to V00 back-up pacing due to electrical 
interference. In conclusion, the use of ES potentially 
interferes with PM therapy, especially if the electrodes are 
positioned bilaterally; however, unilateral ES application 
is safe in all tested configurations [55]. 

 
Conclusions 

In conclusion, Home-based Functional Electrical 
Stimulation (i.e., ES, TENS, NMES and FES for DDM) is 
a safe and effective therapy for an expanding population of 
aged persons and of early aged patients with mobility 
impairments due to neuromuscular disorders and systemic 
diseases. 
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Abstract:  Age related atrophy of the laryngeal muscles leads a glottal gap and subsequently to a hoarse and little 
sustainable voice. In the present study we evaluated the effects of FES in an ovine model with a fully implantable 
stimulation system. Animals received training over several weeks (4 to 11 weeks). Subsequently we performed the first 
prospective human study applying FES superficially via electrodes attached bilaterally to the larynx. Direct stimulation 
of different parts of the recurrent laryngeal nerve in animals lead to significant increases of the muscle fibre diameters 
and muscle volumes. In contrast to this, we could not identify significant parameters regarding objective vocal parameters 
in group of elderly women. 
 
Keywords: aged voice, laryngeal sarcopenia, FES 
 
 
Introduction 
Like all muscles in the human body, also the laryngeal 
muscles undergo age related changes, such as atrophy. This 
process diminishes the volume of the muscle that builds up 
the vocal fold (VF), leading to an incomplete closure 
during voice production (aka. phonation). This leads to a 
hoarse and little sustainable voice and separates affected 
individuals from social life.  
In the reported study, we investigated the effects of FES in 
animal studies, as well as in the first prospective human 
trial in aged women. Our approach is based on the 
‘bodybuilder approach’, which means that we wanted to 
rejuvenate age related VF atrophy by muscular 
hypertrophy triggered by resistance training. 
 
Material and Methods 
(a) For the animal trials aged sheep were employed as a 
model, as their larynx is similar in size and dimensions to 
the human larynx. During several trials we changed 
position of the stimulation electrode, as well as different 
stimulation patterns. Radio-controlled implants were 
sutured under the skin and operated via infrared control. 
Training periods reached from 4 to eleven weeks.(1,2) 
Outcome parameters were manifold and included changes 
of the molecular (by qPCR), cellular (immune-histology) 
and macroscopic level (3D reconstructions based on micro 
CT-scans(3)). 
(b) For the human trial volunteers were gathered by a 
newspaper announcement. More than hundred women 
reporting age related vocal symptoms entered the screening 
phase of the study. After applying inclusion criteria, no 
more than 17 were left and concluded all study procedures. 
These consisted of superficial FES over the course of eight 
weeks. Outcome parameters comprised voice related 
parameters (loudness, clarity of voice, duration of 
maximum phonation) as well as endoscopical features 
(shape of VF, size of glottal gap). 
 
 

Results 
(a) animal trials: In a first trial the tip of the electrode was 
fixed to the recurrent laryngeal nerve which supplies 
opening and closing fibres to the laryngeal muscles. After 
one daily training session (tetanic stimulation for two 
minutes) we identified a significant increase of mean fibre 
diameter when comparing stimulated to unstimulated side. 
No signs of damage (fibrosis) were noticed.(2) In a 
subsequent trail only closing fibres were stimulated over a 
prolonged time of eleven weeks. Outcome parameters 
comprised 3D reconstructions of the muscles based on 
micro-CT scans. We found significantly upregulated 
volumes when comparing right (stimulated) and left 
(unstimulated) VF. Again, no signs of muscle fibre damage 
or fibre type shifts were noticed.(1) 
(b) Patients were allocated to two different groups, where 
group A received full effective training over eight weeks 
and group B received four weeks of subthreshold 
stimulation, followed by four weeks of effective training 
just like group A. All participants performed homebased 
training five days a week. 
Interestingly both groups improved over the course of the 
eight weeks when measured by subjective (self-evaluated) 
voice parameters (VHI-12). However, neither group was 
superior. When regarding the objective parameters no 
statistically significant differences (inter-/ as well as 
intragroup differences) were observed over the course of 
time. 
 
Discussion 
The percentage of elderly people has been steadily 
increasing during the last decades in most Western 
societies and large parts of Asia. This is accompanied by a 
steady increase of age‐related diseases. These changes do 
not spare the larynx. Although the term presbylarynx 
denotes the typical age‐related morphological changes 
observed, presbyphonia delineates age‐related voice 
changes that comprise a hoarse and breathy voice and 
significantly reduced vocal capacity. Implications of these 
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vocal changes may lead to a reduced quality of life with 
social withdrawal. Up to 30% of elderly people complain 
about some disorder of the voice, and most of these 
individuals have a chronic problem. 
FES has proven to be a possible upcoming treatment option 
for a number of laryngeal disorders, such as VF paralysis 
and spasmodic dysphonia. In this presentation we 
examined possible effects on age related laryngeal 
sarcopenia. We found significant increases of both muscle 
fibre diameters and muscle volume in an ovine model using 
a fully implantable stimulation device. Notably we did not 
detect a significant fibre type switch, nor signs of muscle 
fibre damage. There are, however, shortcomings of our 
study. The volumetric findings need to be tested 
functionally to study the effects on vibration characteristics 
and vocal outcome by ex vivo phonation models. 
Superficial FES in humans did not reveal significant 
changes when it comes to vocal parameters. Our study was 
the first to investigate the effects of FES in aged laryngeal 
muscles, whereas there is a smaller amount of literature 
studying the effects of FES in laryngeal palsy reporting 
insecure results. 
 
Conclusions 
While a direct stimulation of the recurrent laryngeal nerve 
lead to significant increases of the vocalis muscle in the 
ovine model, we could not observe vocal changes 
following an eight weeks trails pursued in aged women. 
Further studies need to be employed to identify optimized 
training patterns. 
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Abstract: Central Core Disease (CCD) is a congenital myopathy characterized by presence of amorphous central areas 
(or cores) lacking glycolytic/oxidative enzymes and mitochondria in skeletal muscle fibers. As no treatments are 
available for CCD, currently management of patients is essentially based on physiotherapy approaches. Here we tested 
the efficacy of Functional electrical stimulation (FES)  in counteracting muscle loss and improve function in the lower 
extremities of a 55-year-old female patient which was diagnosed with CCD at the age of 44. The patient was treated 
with FES for 26 months and subjected before, during, and after training to a series of functional and structural 
assessments: measurement of maximum isometric force o f leg  extensor muscles, magnetic  resonance imaging, a 
complete set of functional tests to assess mobility in activities of daily living, and analysis of muscle biopsies by 
histology electron microscopy. All results point to an improvement o f muscle structure and function induced by FES 
suggesting that this approach could be considered as an additional supportive measure to maintain/improve muscle 
function and reduce muscle loss in CCD patients.  

Keywords: congenital myopathy, excitation-contraction coupling, ryanodine receptor type-1. 

Introduction 

Central core disease (CCD), first described in 
1956 [1], is one of the most common human 
congenital myopathies characterized by hypotonia 
and proximal muscle weakness [2]. The typical 
form of dominantly inherited CCD is usually 
associated with a moderate degree of disability 
and carries an overall favorable prognosis, 
although clinical variability is often observed even 
within the same family [3-5]. Orthopedic 
complications are frequent in CCD and comprise 
congenital dislocation of the hips [6], scoliosis 
[7], and foot deformities [8]. 
An accurate incidence and prevalence of CCD are 
unknown [9]. By definition, CCD is considered a 
rare disease by the Office of Rare Disease, 
implying that it affects fewer than 5 people in 
10,000 in the EU. Diagnosis of CCD is 
confirmed by histological examination of muscle 
biopsies showing amorphous central areas (or 
cores) lacking glycolytic/oxidative enzymes and 
mitochondria [3]. About 90% of CCD cases  are 
linked to mutations in the RYR1 gene [10], 
encoding for a protein of about 550 KDa that 
forms the sarcoplasmic reticulum (SR) Ca2+ 
release channel of skeletal muscle, i.e. the 

ryanodine receptor type-1 (RyR1). No treatment is 
currently available for CCD and management of 
patients is essentially supportive based on a 
multidisciplinary approach. Usually, orthopedic 
complications limit the ability of CCD adult 
patient to perform physical exercise [2].  
 
Material and Methods  

In the present study, we tested the efficacy of 26 
months of FES training in counteracting muscle 
loss and improving structure and function in the 
lower extremities of a 55-year-old female patient 
diagnosed with CCD at the age of 44.   
- Genetic Screening. Mutation screening by 
conventional Sanger sequencing on specific 
regions of the RYR1 gene was performed in all 
family members for whom DNA was available 
(Fig. 1). In detail, primers were designed using 
Primer3software (http://frodo.wi.mit.edu/primer3)  
to amplify all RYR1 exons. Genomic DNA was 
extracted from peripheral blood leucocytes by 
standard procedures. Amplified DNA fragments 
were directly sequenced on an ABI3500 Genetic 
Analyzer (Applied Biosystems), using the Big-
Dye Terminator v3.1 kit and analyzed with 
Sequencher 5.0 software (Gene Codes 
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Corporation). DNA mutation numbering was 
based on cDNA reference sequence 
(NM_000540.2), taking nucleotide +1 as the A of 
the ATG translation initiation codon.  
- FES protocol. Stimulators and electrodes used in 
this study derives from devises developed in the 
EU project RISE [11-12]. The patient was 
provided with stimulators and electrodes, and after 
appropriate training and instructions, was able to 
perform FES at home. Two pairs of large 
electrodes, each having an area of 200 cm2, were 
strapped to the anterior surface of the thighs in 
proximal and distal positions. Twitch contractions 
were elicited by biphasic rectangular current 
pulses lasting 100 to 150 ms and up to ±200 mA 
amplitude, representing an impulse energy up to 
~2 Joules, to recruit fibers throughout the 
Quadriceps Femoris muscles. The long duration 
of the impulses needed for stimulation precluded 
the use of frequencies that would elicit tetanic 
contractions: training was initiated at 2 Hz, 
delivered for 15 min/day (series of 4 s on, 2 s off), 
3 days/week. During the first/second month, 
muscle excitability progressively increased 
allowing an increase of 2 Hz stimulation, 2 × 10 
min stimulation (2 min rest). As training 
proceeded, excitability of the muscle continued to 
increase, and from the third month onwards, 
training time stimulation were increased to 3 × 10 
min (2 min rest). 
- Muscle structure and function. Muscle structure 
and ultra-structure was assessed by Magnetic 
Resonance Imaging (MRI), histology, and 
Electron Microscopy (EM), whereas muscle 
function was assessed by measurements of 
maximum isometric force (MIF) and activities of 
daily living (ADL). The effect of FES on muscle 
structure and function before the beginning of the 
26 months of FES stimulation (T0), and at 3 
different time points: T1, 5 months; T2, 14 
months; T3, 26 months.  
 

Results 

- Genetic Screening. Sequence analysis of the 
RYR1 gene identified a missense mutation 
(c.7354C>T) in exon 46 resulting in the 
substitution of the Arg in position 2452 with a Trp 
(p.R2452W) and a duplication 
(c.12853_12864dup12, p.Thr4285_Thr4288dup) 
in exon 91, involving 4 amino acid residues (Thr, 

Ala, Ala, Thr, p.Thr4285_Thr4288dup) in exon 
91 was also observed (Fig. 1).  
 

 
Figure 1. Gentetic family pedigree. The black filled symbol represents the 
affected proband. Sequence analysis of the proband RYR1 gene identified a 
missense mutation (c.7354C>T) in exon 46, resulting in the substitution of an 
Arg in position 2452 with a Trp (p.R2452W),  and a duplication 
c.12853_12864dupACGGCGGCCACG involving 4 amino acid residues 
(Thr, Ala, Ala, Thr, p.Thr4285_Thr4288dup) in exon 91. The genotype of 
family members tested is reported below each symbol. 

 
- Effect of FES on muscle structure.  At the EM 
level 11 to 15 fibers were analysed (Fig. 2). Fibers 
presented with different appearances:  a) 
apparently normal fibers, which displayed a 
normal cross striation pattern of the skeletal 
muscle fibers (Fig. 2 A); b) fibers with 
unstructured cores (Fig. 2 B), extended areas in 
which myofibrils were disrupted and replaced by 
amorphous cytoplasmic material; and c) fibers 
with contracture cores (Fig. 2 C), regions with 
laterally-packed and/or over-contracted 
myofibrils. In unstructured cores, mitochondria 
were often damaged (Fig. 2 B), while in 
contracture cores both mitochondria and SR were 
scarce or completely missing (Fig. 2 C).   
Before FES training (T0), only 18% of total 
skeletal fibers analysed (n=11) displayed the 
normal cross striation pattern, with the remaining 
82% presenting structural abnormalities, i.e. either 
unstructured or contracture cores (Table in Fig. 
2). In fibers analysed after FES training (n=15), 
while recovery was definitely not complete, the 
percentage of cores was significantly reduced 
from 82 to 53% (Table in Fig. 2), accompanied by 
a parallel increase (from 18 to 47%) in the 
percentage of fibers with a fairly normal 
appearance (Table in Fig. 2).  
 
- Effect of FES on muscle function.  Measurements 
of  MIF in  leg extensor muscles was measured 
before (T0), and after 5 (T1), 14 (T2), and 26 (T3) 
months of FES treatment (Fig. 3 A and B):  MIF 
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increased in both legs (Fig. 3 B), beginning at 5  
months (T1, 8%) of treatment and continuing 
during the entire length of the study (9% at T2, 
and 11% at T3).  
- Effect of FES on Activities of Daily Living 
(ADL). A complete set of functional tests was 
used to assess mobility in activities of daily living 
(ADL): Timed Up and Go Test (TUGT), 10m Self 
Paced Walk Test (SPWT) and Short Physical 
Performance Battery (SPPB) as in Kern et al. [12]. 
The results of these tests were slightly 
contradictory, as at T1 and T2 the results collected 
point to a worsening of the patient's performance, 
while a possible improvement was detected at T3: 
a) shorter total times in TUGT test (-3.2%); b) an 
improvement in 10m walking performance, time 
needed to cover 10 m (speed) and number of steps 
during SPWT decreased (-5.1% and -4.2%, 
respectively); c) higher score obtained in the 
SPPB (6 vs. 8 points). Taken together, these data 
suggest a slight improvement of the patient’s ADL 
at T3, but the reason for the partially negative 

outcome at T1 and T2 is unclear, and will be 
further discussed below. 

 
 Figure 2. Appearance of skeletal fibers in electron microscopy (EM). Fibers 
were classified for the quantitative analysis in different categories: A) 
apparently normal fibers (panel A) with a typical pale-dark striation; B) 
fibers with unstructured cores (panel B), presenting extended areas in which 
myofibrils were disrupted and replaced by amorphous cytoplasmic material; 
C) fibers with contracture cores (panel C) with extended regions with 
laterally-packed and over-contracted myofibrils. Scale bar: 1 m. Percentage, 
before (T0) and after 14 months (T2) were respectively reported in column 
A, B and C. Data are expressed as % of total fibers analyzed. 

 
 

 
 

 
Figure 3. Maximum Isometric Force (MRI). A) Measurements of MIF based on leg extension movement before (T0) and after 5 (T1), 14 (T2), and 26 (T3) 
months of FES training. B) Variations in MIF expressed as percentage, where values from T0 were taken as 0%.  

 
Discussion 

 

The case report presented in this study represents 
an attempt to find possible strategies for CCD 
patients to exercise muscles in the lower 
extremities. We tested the possibility of using FES 
to improve muscle function in a 55-year-old 
female patient diagnosed with CCD at the age of 

44 by providing stimulators and electrodes to the 
patient at home (home-based FES)[13]. Results of 
this study are moderately encouraging, even if we 
should point out that  there was no real evidence 
of improvement at T1 and T2, but rather a general 
worsening of performance in the various tasks. 
The reason for this partial negative outcome is 
unclear. One of the possible explanations is the 
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low back-pain lamented by the patient for several 
months during the trial, a problem that had 
temporally caused a significant reduction in her 
daily walking activities. Though, the slight 
improvement of the patient’s ADL at T3 was 
encouraging, as ADL tests are considered in 
literature as a parameter to score the degree of 

independence and an indirect index of muscle 
strength [12-15]. 
Overall, the study suggests that FES could be 
considered as an additional supportive measure to 
maintain/improve muscle function in CCD 
patients.  
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Abstract: Unilateral vocal fold paralysis (UVFP) is a rare disease and as such its diagnosis and treatment procedures 

are little or not standardized. Until now, surface electrical stimulation of the neck region corresponding to the 

thyroarytenoid (TA) muscle position has been evaluated in preliminary studies with a small sample size. It is the aim of 

our trial to provide systematic data on this approach. 

Evaluation under videolaryngoscopy of the stimulation parameters causing visually detectable medialization of the ailing 

vocal fold (VF) at rest and during phonation in patients suffering from UVFP for less than 3 months at time of 

examination.  

So far, we enrolled 16 patients diagnosed with UVFP. Medialization of both the ailing and the healthy VF was observed 

with stimulations elicited at 1 Hz, with pulse duration between 50 and 250 msec, and amplitude between 3 and 7 mA. In 
this parameter range no adverse event such as increased swallowing reflex, platysma, or coughing was observed.  

Surface electrostimulation of the neck region corresponding to the thyroarytenoid (TA) muscle position showed promising 

results. Our study aims to reach a minimum sample size of 30 subjects in order to confirm these preliminary data. 

 

Keywords: Vocal fold paralysis, muscle denervation, direct muscle stimulation, functional electrical stimulation, FES 
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Abstract:  5 patients with facial paralysis received a home-based electrostimulation (ES) with charge-balanced 

biphasic triangular impulses 3x5min twice a day. Before the first ES, and every 4 weeks during the ES, all patients 

underwent regular needle electromyography (EMG), ultrasound and 3D-video measurements. Additionally, stimulation 

settings, patients’ home-stimulation diaries and parameters were recorded. No patient reported relevant adverse events 

linked to ES. Training with optimized electrode positioning was associated with stable and specific zygomaticus muscle 

activation, accompanied by a reduction of the necessary minimum pulse duration from 250 to 70ms per phase within 16 

weeks. Even before reinnervation, objective 3D-videos, sonography, MRI, and patient-related parameters (FDI, FaCE) 

improved significantly compared to the pre-stimulation situation. Preliminary results suggest that ES home-based 

training is beneficial for patients with denervated facial muscles in reducing muscle atrophy, maintaining muscle 

function and improving facial symmetry. A lack of relevant adverse events shows that such ES is safe. The patients 

showed excellent compliance with the protocol and rated the stimulation easy and effective.  

Ach  

 

Keywords: surface electrostimulation, facial palsy, paralysis, muscles, atrophy, home-based training, 3D-scans 

 

Introduction 

Often, skull base or petrosal bone tumors and surgeries 

cause facial nerve paralysis and consequently result in 

neuromuscular atrophy of facial muscles. Because of the 

distance between the lesion site and the denervated 

muscles, reinnervating axons need several months to 

reach the muscles. To reduce or even prevent the muscle 

atrophy, electrostimulation (ES) could have a beneficial 

effect for facial muscles (1, 2) similar to limb muscles (3). 

The aim of the present study is to evaluate the effects of 

transcutaneous facial muscle stimulation on the 

denervated zygomaticus muscle. 

 

Material and Methods 

As far as May 2019, we enrolled 5 patients (4 female) 

with facial paralysis (duration between 1 month and 16 

years). The affected hemiface was the right side in 3 and 

the left side in 2 cases. The etiology of the facial 

paralysis, confirmed by needle electromyography (EMG), 

was in all cases iatrogenic, i.e. following vestibular 

schwannoma surgery. Before the first ES, and every 4 

weeks during the ES, all patients underwent regular 

needle EMG, ultrasound (4), MRI (5) and 3D-video 

measurements (6). The stimulation parameters and 

patients home-stimulation diaries were recorded. 

Additionally, all patients completed the forms for Facial 

Disability Index (FDI) and the Facial clinometric 

evaluation scale (FaCE). Stimulation settings and 

parameters were recorded and both objective and 

subjective outcome measures ware used for the result 

analysis. 

The test stimulation was performed every four weeks with 

the STMISOLA; BIOPAC Systems Inc. Two surface 

electrodes (60x40mm Flextrode Plus; 

Krauth+Timmermann) were placed as close as possible to 

the lip corner on the ailing hemiface. The amplitude 

required to elicit a selective zygomaticus muscle 

contraction on the ailing hemiface was investigated at the 

following pulse durations: 1000, 500, 250, 100, 50, 25, 

15, 10, 5 and 1ms both with triangular and rectangular 

waveform. Burst frequency was constantly kept at 1Hz.  

The most effective combination of pulse duration and 

intensity was chosen based on the results obtained with 

the STMISOLA and the visual evaluation of the patient’s 
response. Once the parameters were selected and 

programmed on the Stimulette r2x (Dr. Schuhfried 

GmbH, Vienna), the patient was asked to perform 5 min 

stimulation in order to exclude potential muscle fatigue. 

The stimulation was given in charge-balanced biphasic 

triangular impulses with fixed build-up time (5s); build-

up pause (1s); and training duration of 5 min.  

To quantify the effect of such a 5 min training, at some 

follow-up days, 3D-videos were not only recorded before, 

but also after this 5 min of ES training. After fine-

registration between the 3D scan before and after the ES, 

the point-wise distances to the closest points between 

both 3D scans are calculated and coloured (Figure 1). 
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Blue means 0 mm distance and red means 3 mm distance. 

White and black squares indicate facial landmarks (black 

= before ES; white = after ES).  

At home, the training was performed 3x5min with 5 min 

pause between in the morning and in the evening every 

day till the next follow-up after 4 weeks. All patients 

recorded every stimulation in a dairy.   

 

 

 
Figure 1: The changes of the surface of the face due to 5 

minutes of electrostimulation are visualised as 

“Heatmap”. Example of one patient with denervated 

facial muscles on the left side. After fine-registration 

between the 3D scan before and after the ES, the point-

wise distances to the closest points between both 3D 

scans are calculated and colored. Blue means 0 mm 

distance and red means 3 mm distance. White and black 

squares indicate facial landmarks (black = before ES; 

white = after ES). The red area corresponds to the 

activated zygomatic muscle. So a positive increase of 

muscle tension even after the ES can be detected. 

Results 

No patient reported relevant adverse events linked to ES 

home-based-training. Training with optimized electrode 

positioning associated with stable and specific 

zygomaticus muscle activation, accompanied by a 

reduction of the necessary minimum pulse duration from 

250 to 70ms per phase within 16 weeks (Figure 2). Even 

before reinnervation, objective parameters (3D-videos 

(Figure 1), sonography, MRI) and subjective parameters 

(FDI, FaCE) improved significantly compared to the pre-

stimulation situation. 

The changes of the surface of the face recorded by 3D-

videoas were visualised by this “Heatmap”. In Figure 1, 
the example of one patient is provided: The Patient had 

denervated facial muscles on the left side. After fine 

registration of the 3D scans before and after ES, the 

corner of the paralytic left corner of the mouth moved 5.3 

mm latero-cranial. The red area with changes from at 

least 3 mm corresponds to the activated zygomatic 

muscle. So a positive increase of muscle tension even 

after the ES can be detected. 

 

Conclusions 

ES home-based training is beneficial for patients with 

denervated facial muscles in reducing muscle atrophy, 

maintaining muscle function and improving facial 

symmetry. The accurate selection of the stimulation 

parameters and positioning of the electrode is necessary 

to ensure the training specifically for the selected facial 

muscle. A lack of relevant adverse events shows that such 

ES is safe. The patients showed excellent compliance 

with the protocol and rated the stimulation easy and 

effective. 

 

 

 

Figure 2: Change of pulse duration used for daily electrostimulation (ES) home training over the first 24 weeks. The different 

colour coded graphs show the values of each single patient. A reduction of the pulse duration needed is seen over time in most 

patients. 
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Obstetric brachial plexus injury (OBPI): Is functional electrical 

stimulation (FES) a viable intervention option? 
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Abstract:  An estimated 35,000 newborns will acquire obstetric brachial plexus injury (OBPI) each year in the USA. 
Despite major advancements in early neurosurgical procedures resulting in peripheral re-innervation, the recovery 
process typically takes several years. The inability to activate the upper extremity (UE) muscles during this period results 
in severe atrophy, joints contracture, diminished peripheral blood flow, limbs length discrepancy, all contributing to 
impaired development of UE use during uni-and bilateral daily functions. Functional electrical stimulation (FES) 
augmentation of recovery after damage to the brain is document extensively in peer-reviewed rehabilitation literature. In 
contrast, FES is seldomly considered a treatment option in OBPI. The primary reason is that in the absence of peripheral 
innervation, the efficacy of FES has been traditionally questioned. However, knowing that the majority of toddlers who 
underwent neurosurgical procedures will recover varying degrees of innervation, raise the question can FES help recover 
muscle strength of the re-innervated yet very weak muscles? This presentation focus on determining who is a candidate 
for FES training and how to utilize FES to enhance the recovery and functional use of the paretic UE of children with 
OBPI. 
 
Keywords: OBPI, FES, Upper extremity 
 
 

Introduction 

Among newborns in the USA, the annual incidence of 
obstetric brachial plexus injury (OBPI) is about 0.9% 
resulting in estimated 35,000 newborns with 
paralysis/paresis on the upper extremity (UE) [1]. For some 
babies full or almost full recovery of UE function is 
expected [2]. But for 20-30%, the normal development is 
impaired as the paretic UE undergo varying degrees of 
muscle atrophy, loss of joint range of motion in the gleno-
humeral, “scapula-thoracic”, elbow, and wrist joints, and 
limited use of the UE in daily functions [3]. Functional 
electrical stimulation (FES) is seldomly considered in the 
management of OBPI [5]. One reason for not considering 
FES is the uncertainty of sufficient innervation of the 
atrophied, paretic muscles. This paper presents a novel 
clinical approach to screen babies and children with OBPI 
and develop a treatment plan for those who are candidate 
for FES intervention. 
 
Material and Methods 

Screening: 

 
The stimulation parameters needed for screening include 
symmetric biphasic waveform pulse generator (FES); 
phase/pulse duration of 300-400 microsec; 1-2 pulses per 
sec; and peak current intensity of no less than 100 mA. The 
electrodes are placed on each target muscle group. An 
example for the wrist-finger extensors is illustrated in 
figure 1.) 
 

 
Figure 1: Placement of electrodes to activate wrist extensors 

 
Testing of UE joints mobility: 

 
Limited active and particularly passive range of motion 
(PROM) are the primary impairments that prevent children 
with OBPI from using the UE [5][6]. Specifically, the 
limited PROM of the gleno-humeral, elbow, and wrist 
joints must be documented at initial screening. One 
exception to hypomobility is the hypermobility of the 
“scapula-thoracic” joint resulting in the typical "winging 
scapula" (figure 2) 
 

 
 

Figure 2: "Winging Scapula" 
 
Specifically, the unstable scapula protrudes, elevates, and 
internally rotates. The cause is damage to the subscapular 
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and/or long thoracic nerves. The more unstable the scapula 
the less the chance of using the UE during reaching and 
over-head daily functions. 
 
Intervention: 

 

Once the determination is made that the child is likely to 
benefit from FES, it is incorporated to enhance the 
recovery of muscle strength and motor control within the 
framework of normal development. For treatment 
purposes, the pulse rate is increased to induce tetanic 
contraction. Clinical experience suggests that unlike 
adults, in very young children (1-6 years) only 5-10 pulses 
per sec may induce tetanic contraction. Accordingly, it is 
the clinical observation that determine the specific pulse 
rate needed to induce tetanic contraction in each muscle. In 
general, the pulse rate should be kept low to minimize the 
chance of muscle fatigue. Example of activities can be seen 
in figure 3.   
 

 

 
 

Figure 3: Examples of activities 
 
However, without restoring joints range of motion, FES is 
not likely to benefit children with OBPI. A critical 
component of the intervention is therefore to provide 
specific physical exercises to restore or maintain mobility 
of the gleno-humeral, elbow and if needed wrist joints’ 
range of motion. The hyper mobility of the “scapula-
thoracic” joint as seen in figure 2, cannot be improved by 
exercises or FES. FES cannot induce contraction of the 
subscapularis and serratus anterior because they are 
covered by the scapula. At best, FES can activate the 
rhomboids and middle-lower trapezius (figure 2.) and 
minimize scapular upward rotation/elevation during 
reaching activities. Firm stabilization of the markedly 
unstable scapula will most likely require surgery [7]. 

Documented Results 

The first and only reported clinical data using FES to 
manage OBPI was published in 2016 [4]. The author 
compared a group that received 3 months of structured 
weight bearing exercise program to a group that received 
the same program combined with neuromuscular electrical 
stimulation. Mallet grading system and dual-energy x-ray 
absorptiometry were used to evaluate shoulder function 
and bone mineral density (BMD) respectively. Adding the 
stimulation program resulted in significantly better 
outcomes. 
 
Summary 

Babies and children with neuromuscular and functional 
deficits resulting from OBPI should be screened to 
determine candidacy for FES. If the testing indicates 
sufficient innervation, FES if combined with other 
interventions, may enhance the recovery of muscle 
strength, motor control and functional use of the upper 
extremity. 
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Abstract: Goal: Diabetes patients are increasingly using a continuous glucose sensor to monitor blood glucose and an 
insulin pump connected to an infusion cannula to administer insulin. Applying these devices requires two separate 
insertion  
sites, one for the sensor and one for the cannula. Integrating sensor with cannula to perform glucose sensing and insulin 
infusion through a single insertion site would significantly simplify and improve diabetes treatment by reducing the 
overall system size and the number of necessary needle pricks. Presently, several research groups are pursuing the 
development of combined glucose sensing and insulin infusion devices, termed single-port devices, by integrating sensing 
and infusion technologies created from scratch. Methods: Instead of creating the device from scratch, we utilized already 
existing technologies and introduced three design concepts of integrating commercial glucose sensors and infusion 
cannulas. We prototyped and evaluated each concept according to design simplicity, ease of insertion, and sensing 
accuracy. Results: We found that the best single-port device is the one in which a Dexcom sensor is housed inside a 
Medtronic cannula so that its glucose sensitive part protrudes from the cannula tip. The low degree of component 
modification required to arrive at this configuration allowed us to test the efficiency and safety of the device in humans. 
Conclusion: Results from these studies indicate the feasibility of combining commercial glucose sensing and insulin 
delivery technologies to realize a functional single-port device. Significance: Our development approach may be 
generally useful to provide patients with innovative medical devices faster and at reduced costs. 
  
Keywords: artificial pancreas, electrochemical glucose sensor, insulin infusion set, insulin pump, medical device 
development, single-port device 
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Abstract: Cerebral Palsy (CP) affects voluntary control of movement which leads to ongoing structural changes of the 
muscle. Extracting motor unit firing characteristics from high-density electromyographic (hdEMG) signals in children 
with CP might improve our understanding of the neural drive in this condition. This pilot study investigates the 
feasibility of hdEMG decomposition in one child with spastic Cerebral Palsy pre and post Botulinum Neurotoxin-A 
(BoNT-A) treatment. HdEMG data of the Gastrocnemius medialis during voluntary isometric force ramps of one 
individual with spastic Cerebral Palsy were decomposed. The performance of the decomposition was evaluated by the 
number of MUs identified, total number of discharges, MU firing rate and pulse-noise-ratio (PNR). A maximum number 
of five MUs were identified from the trials with a mean PNR of 27.38 dB ± 3.14 dB and 26.55 dB ± 3.22 dB for the pre- 
and post BoNT-A trials, respectively. Thus, the findings suggest decomposing hdEMG signals in spastic CP is feasible. 
Nevertheless, the relatively low number of MUs highlights the need to further improve the decomposition method to 
extract MUs from hdEMG data with low signal quality. 
 
Keywords: Cerebral Palsy, spasticity, hdEMG, neuromuscular activation, Botulinum Neurotoxin-A  
 

Introduction 

Cerebral Palsy (CP) is a common disorder that develops 
due to a brain lesion, and affects approximately 3 out of 
1000 newborns [1]. While the lesion to the brain is 
generally non-progressive in CP, muscle pathologies 
worsen over time and often require costly clinical 
interventions [2]. For instance, Botulinum Neurotoxin-A 
(BoNT-A) is a common intervention to treat spasticity [3, 
4]. BoNT-A is injected into spastic muscles in order to 
decrease hypertonia, therefore reducing pain, increasing 
the potential range of motion of the joint and preventing 
contractures [2, 5, 6]. 
High-density electromyography (hdEMG) records muscle 
activation using multiple electrodes on the skin surface. 
Through decomposition techniques such as the 
Convolution Kernel Compensation (CKC), it enables 
investigating the discharging characteristics of individual 
motor units (MU) [7]. Due to the high costs of hdEMG 
systems, the time-consuming measurement procedure and 
the signals’ susceptibility to contamination with noise, the 
method is mostly limited to scientific research [8, 9, 10]. 
Nevertheless, continuing efforts in using hdEMG on 
clinical populations increase the popularity of the method 
and its transition into clinical practice [11, 12, 13]. To the 
best of our knowledge decomposition of hdEMG signals 
has not been applied to children with spastic CP pre and 
post BoNT-A. Even though BoNT-A is an important 
clinical intervention for children with CP [3], the effect of 
BoNT-A on the neural drive of the muscle is unknown. 
Furthermore, the underlying mechanisms of progressive 
muscle pathologies are not yet fully understood. 
Investigating neuromuscular control strategies is therefore 
important to improve our understanding of CP. 
This pilot study aims to investigate the feasibility of 
decomposing hdEMG signals to identify individual MUs 

in one child with spastic CP pre and post BoNT-A 
treatment. 
 
Material and Methods 

Participant demographics and clinical assessments: The 
participant assessed in this case study was a 12 years old 
male with spastic diplegic CP and a GMFCS level I. His 
height and weight were 1,63 m and 49,3 kg (BMI: 
18,6 kg m-2). His dominant leg was the right side and the 
non-dominant side was assessed for the study, which was 
more significantly affected with spasticity according to 
the Modified Ashworth Scale (MAS). The following 
clinical assessment scores are provided for the non-
dominant limb and pre BoNT-A only: MAS for the 
gastrocnemius was 2, and the Modified Tardieu Scale 
(MTS) equalled 3° plantarflexion (R1; i.e. spastic catch 
angle) and 0° (R2; i.e. passive range of motion). The 
timed-up and go (TUG) assessment resulted in a time of 
8,5 s taken to complete the test. The BoNT-A intervention 
was part of the patient’s standard medical care and was 
not modified through participation in the study. Written 
informed assent/consent was provided by the participant 
and legal guardian following the guidelines outlined by 
the Southern Health and Disability Ethics Committee, 
New Zealand (HDEC; Ethics reference: 17/STH/215). 
Experimental data: Datasets containing hdEMG and 
torque data available online with Mendeley data [14] 
were used for this preliminary study. The participant 
assessed for this preliminary case study had the identifier 
‘CP_ankle04’ (pre BoNT-A trial) and ‘CP_ankle04_post’ 
(post BoNT-A). HdEMG data was recorded using 64 
electrodes (16 rows x 4 columns) on the skin surface 
above the Gastrocnemius medialis. The data were 
collected during isometric contractions of the 
plantarflexors one day before and 30 days after BoNT-A 
treatment. The ankle angle was 90° during the isometric 

-- 65 --



force ramp contractions. Visual real-time force feedback 
was provided on a computer screen. A TUG test and two 
maximum voluntary contractions (MVC) followed by 
eight isometric force ramp trials with contraction levels 
ranging between 15-70% MVC were performed: three 
low force ramps (FRL; 15% MVC), three medium force 
ramps (FRM; 30% MVC) and two high force ramps 
(FRH; 70% MVC). Each force ramp consisted of a ramp-
up phase (7.5 s), plateau phase (10 s) and a ramp-down 
phase (7.5 s). Further details about the experimental 
protocol and data collection can be found elsewhere [15].  
Signal analysis: The hdEMG signals were decomposed 
using the CKC approach [16, 17, 18, 19] to reconstruct 
individual MU spike trains. Subsequently, identified spike 
trains were edited manually to disregard erroneous 
discharges [20]. The accuracy of the decomposition 
method was assessed for each individual MU by the 
pulse-to-noise-ratio (PNR) [21, 22]. The number of 
discharges was evaluated for each MU during the whole 
force ramp trial, whereas the firing rates were only 
calculated for the constant contraction phase (i.e. the 
plateau region) of the force ramps. 

Results 

The number of identified MUs ranged between 0 and 5 
over all force ramps and pre and post BoNT-A treatment 
(Table 1 and 2). The mean number of discharges pre 
BoNT-A for the FRLs, FRMs and FRHs were 143 ± 4.24, 
131.14 ± 40.52, 159 ± 43.74, respectively. Post BoNT-A 
the number of discharges were 112 ± 0, 115.64 ± 18.85 
and 99.5 ± 33.49 for the FRLs, FRMs and FRHs, 
respectively. The mean PNR over all force ramps pre 
BoNT-A was 27.38 dB ± 3.14 dB. In contrast, the PNR 
post BoNT-A equalled 26.55 dB ± 3.22 dB. The mean 
firing rates of all MUs pre BoNT-A during the plateau 
phase of the FRLs, FRMs and FRHs equalled 8.05 Hz ± 
0.44 Hz, 7.37 Hz ± 0.72 Hz and 10.00 Hz ± 1.92 Hz, 
respectively. After the BoNT-A treatment, the mean firing 
rates resulted in 6.89 Hz ± 0.00 Hz, 8.15 Hz ± 0.70 Hz 
and 9.26 Hz ± 2.45 Hz for the FRLs, FRMs and FRHs, 
respectively. Fig. 1 demonstrates the decomposed MU 
firings of one exemplary trial (FRM01, post BoNT-A) 
and Fig. 2 shows the identified MU action potential 
shapes of the participant analysed. 

  
Table 1: MU firing characteristics of one participant before the BoNT-A treatment. If multiple MUs were detected, their 
number of discharges, firing rates and PNR are displayed in separate rows. 

Pre 

BoNT-A 

FRL01 FRL02 FRL03 FRM01 FRM02 FRM03 FRH01 FRH02 

No. of 

MUs 

0 2 0 3 1 3 2 3 

No. of 

discharges 

- 1: 140 
2: 146 

- 1: 174 
2: 179 
3: 156 

1: 80 
 

1: 110 
2: 133 
3: 86 

1: 156 
2: 131 
 

1: 120 
2: 156 
3: 232 

Firing 

rates [Hz] 

- 1: 7.74 
2: 8.36 

- 1: 8.45 
2: 7.78 
3: 7.19 

1: 7.04 1: 6.50 
2: 7.96 
3: 6.65 

1: 8.78 
2: 10.43 

1: 7.81 
2: 10.14 
3: 12.87 

PNR [dB] - 1: 32.5 
2: 22.6 

- 1: 28.6 
2: 28.2 
3: 28.0 

1: 31.7 
 

1: 29.4 
2: 23.0 
3: 28.6 

1: 30.0 
2: 24.3 

1: 27.3 
2: 25.3 
3: 23.8 

 
Table 2: MU firing characteristics of one participant after the BoNT-A treatment. 

Post 

BoNT-A 

FRL01 FRL02 FRL03 FRM01 FRM02 FRM03 FRH01 FRH02 

No. of 

MUs 

1 0 0 5 3 3 2 4 

No. of 

discharges 

1: 112 - - 1: 148 
2: 134 
3: 90 
4: 137 
5: 123 

1: 118 
2: 115 
3: 108 
 

1: 104 
2: 106 
3: 89 

1: 100 
2: 74 
 

1: 105 
2: 145 
3: 122 
4: 51 

Firing 

rates [Hz] 

1: 6.89 - - 1: 8.60 
2: 9.27 
3: 7.12 
4: 8.06 
5: 7.23 

1: 7.38 
2: 8.70 
3: 8.30 
 

1: 7.87 
2: 8.85 
3: 8.32 

1: 8.24 
2: 11.13 

1: 7.95 
2: 13.37 
3: 7.18 
4: 7.69 

PNR [dB] 1: 33.6 - - 1: 26.1 
2: 22.8 
3: 24.3 
4: 25.4 
5: 31.0 

1: 29.1 
2: 24.1 
3: 21.4 
 

1: 29.6 
2: 24.3 
3: 24.7 

1: 27.6 
2: 24.7 

1: 29.2 
2: 27.5 
3: 23.4 
4: 29.1 
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Discussion 

The main aim of this pilot study was to investigate the 
feasibility of identifying individual MUs in a child with 
CP before and after BoNT-A treatment. The ability to 
evaluate MU firing patterns in this patient group would 
provide an extremely valuable tool to reveal potential 
underlying mechanisms leading to differences in muscle 
physiology compared to typically developed children. For 
example, it was previously found that MU firing 
synchronicity was higher in patients with pathological 
tremor [23] and MU firing modulation was reduced in 
individuals with diabetes type II [24]. Similar 
investigations could shed more light on differences in the 
neural drive in children with CP. 
The number of identified MUs in this study was rather 
low and limited to a maximum of 5 MUs across all trials. 
In addition, the decomposition method failed to identify 
MUs in two out of three FRLs in both, the pre- and post 
BoNT-A conditions. In comparison, other studies found 
between 0-15 MUs in the Vastus lateralis in patients with 
diabetes type II [24] and Farina et al. [25] extracted up to 
27 MUs with a PNR > 30 dB from patients in targeted 
reinnervated muscles. In comparison, the PNR of the 

individual MUs assessed in this case study was often 
poor. This could be due to environmental noise sources or 
deep MUs as the muscle volume in children with CP is 
significantly reduced [5]. Holobar et al. [26] suggested 
MUs being identified reliably if their PNR is greater than 
30 dB and noise is commonly reported to be a problem 
for hdEMG [10].  
It is important to note, that this preliminary study is 
limited to the decomposition of one child with CP only. 
Thus, no statistical analysis could be performed to 
compare MU firing patterns pre and post BoNT-A. 
Nevertheless, this pilot study reveals the feasibility of the 
decomposition method in CP before and after BoNT-A 
treatment. The decomposition of hdEMG remains a 
promising approach to improve our understanding of CP 
and the effect of BoNT-A treatment. Future research 
needs to focus on improving the decomposition method 
for low-quality signals to obtain a higher number of MUs 
in children with CP. 
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Abstract: The main objectives of this study were to describe P300 cortical topography in patients with 
schizophrenia and to define a robust methodology of signal quantification using high density EEG 256 channels 
system. Within a clinical trial in which patients with schizophrenia and auditory verbal hallucinations were 
submitted to 10 days rTMS treatment, P300 was investigated as possible neurophysiological marker to 
assess treatment effectiveness together with psychometric scales. This work mainly focuses on the methodological 
pipeline to extract and process the EEG data and display the results on a patient case, before and after the 
treatment.  
 
Keywords: Schizophrenia, N100-P300, high-density EEG, TMS  
 
 

Introduction 

Theoretical and research evidence suggests that attention 
may be important in affect perception which is highly 
related to schizophrenia patients [1]. Event-related 
potentials (ERPs) offer a more sophisticated method of 
extracting specific sensory, cognitive and motor events by 
using simple averaging techniques. An increase of the 
N100 or N1 wave amplitude by allocation of attention is 
often lacking in schizophrenia patients [2] and the 
decrease of P300 or P3 wave amplitude is well known as 
a robust neurophysiological marker in schizophrenia [3]. 
The N1 is a negative deflection peaking between 90 and 
200 ms after the onset of an auditory stimulus observed 
when an unexpected stimulus is presented [3] while the 
auditory P3 wave is a time-locked ERP component 
indexing attentional resources allocated to the target 
stimuli and/or the context updating. The P3 peak is 
defined as the largest positive deflection in the time range 
from 270 to 470 ms [4] [5] 
 
We aimed to describe P300 in patients with schizophrenia 
and auditory verbal hallucinations using 256-channels 
―high-density‖ EEG with an auditory oddball paradigm 
attention task. The research is part of the AVH TMS 
Icelandic project. The goal of this clinical applied 
research is to identify the degree of repetitive transcranial 
magnetic stimulation (rTMS) effectiveness for the 
treatment of schizophrenic patients with persistent 
auditory verbal hallucinations (AVH).  
In this work, we present data on N100-P300 complex 
with signal processing in one healthy subject and one 
patient, before the TMS treatment, after the TMS 
treatment and three months after the treatment. 

 

Material and Methods 

 
Participants and the Icelandic AVH-TMS study  

The patients have been recruited from the psychiatric 
wards and outpatient clinics through the National Hospital 
database of diagnosed schizophrenia patients, following 
the ICD-10 schizophrenia classification (F20). Only those 
still experiencing persistent auditory verbal hallucinations 
after finishing at least two 6-8 week drug prescription 
treatments have been selected. Permission from the 
Health Research Ethics Committee at the University 
Hospital of Iceland was obtained (approval no. 21.2018).  
 
Persistent auditory verbal hallucinations have been 
studied with rTMS, which has been recognized as A level 
treatment option. The study used a randomized double-
blind placebo-control trial design. It included three 
groups, one group which received active rTMS treatment 
the second group receiving treatment at a control location 
and the third healthy control groups without treatment. 
A Medtronic MagPro stimulator TMS machine from 
Denmark was used. In the active treatment the figure of 
eight coil (MC-B70) was placed on the scalp between T3-
P3 as measured with the 10-20 international system, while 
for control treatment, the coil was placed at the vertex.  
Stimulation was delivered at 100% of the resting resting 
motor evoked potential (MEP) threshold (RMT) for the 
right abductor pollicis brevis (APB) muscle, determined 
before each rTMS. RMT was defined as the minimum 
intensity needed to evoke five MEPs in 10 consecutive 
trials. Treatment consisted of ten sessions over the course 
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of two weeks. Each session lasted 15 minutes and 
included 900 pulses delivered at 1 Hz. 
 
Task design  

In the current study, N100-P300 components were 
measured with an auditory oddball paradigm attention 
task. The recordings were carried out between 11AM and 
14 PM. The subjects were sitting in a comfortable chair 
with their eyes closed. The frequent (F) and the rare (R) 
auditory stimuli were presented binaurally through 
headphones at an interstimulus interval between tones of 
constant 1.1 sec. For each subject there was 1 trial of 160 
tones which occurred randomly with a probability of 0.2 
[6]. Participants were instructed to pay attention to the 
rare stimuli without counting or moving their fingers.  
 
EEG pre-processing and analysis 

Data pre-processing and analysis was performed with 
Brainstorm [7] and MATLAB 2018b. The data was 
sampled at 1024Hz and re-referenced to the average of 
left and right mastoid electrodes (R19R, L19L). A band-
pass filter was set between 0.1- 80 Hz. The signals were 
digitized for each epoch of 1000 ms starting 100 ms prior 
to the presentation of each auditory stimulus (-100 to 
+900 ms).  
 

The Regions of Interest (ROI) 
The ROI were defined using matlab script (Fig 1), each of 
them being represented by 15 electrodes (105 electrodes 
out of 256) as follow: Left Anterior (LA), Left Posterior 
(LP), Medial Anterior (MA), Medial Central (MC), 
Medial Posterior (MP), Right Anterior (RA) and Right 
Posterior (RP).  

 
Fig 1. EEG cortical distribution of the seven regions 

 
 
N100-P300 complex 

N100-P300 complex values for each ROI were calculated 
as the difference between the most positive voltage value 
and the most negative voltage value within the time range 
of interest. In this work N1 and P3 wave’s signals were 
represented as the average of the fifteen electrodes of 
every ROI between 80 and 500 ms.  

 
Results 

N100-P300 complex values for each ROI were displayed 
for one healthy subject (no treatment) and one patient 
from the T3-P3 scalp location rTMS group before, after 
and 3 months after the treatment (Fig 2, Table 1) 
 

 
Fig. 2. N100-P300 complex amplitude shown over the 
seven regions of interest (ROI). The bars represent the 
N100-P300 complex amplitude difference in one healthy 
participant (blue), patient baseline (black), patient right 
after treatment (gray) and patient three months after the 
treatment (light gray).  
 
Table 1: N100-P300 complex amplitude  

ROI 

N1-P3 
Healthy 
(mV) 

N1-P3  
patient 
baseline (mV) 

N1-P3 
patient after 
TMS (mV) 

N1-P3  
patient after  
3 months (mV) 

LA 151,51 59,963 117,48 95,644 

LP 83,541 55,645 110,09 52,003 

MA 148,2 49,168 76,986 108,05 

MC 152,87 56,02 107,91 55,854 

MP 129,62 58,791 87,062 47,336 

RA 205,12 67,046 82 61,404 

RP 168,33 91,044 87,668 101,71 

 
The healthy participant shows maximum deflection of 
N1-P3 waves on right anterior region of the scalp 
followed by right posterior, mid central and left anterior 
regions (Fig. 3). 
 

 
Fig.3.  N100-P300 complex shown in a healthy control. 
 
The patient with schizophrenia and auditory verbal 
hallucinations showed decreased N100-P300 complex 
values at baseline conditions. After the rTMS treatment 
the N1-P3 maximum-minimum difference increased 
mostly over the left hemisphere (LA and LP regions) and 
central regions (MA, MC, MP) (Fig. 4). 
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Fig. 4. N100-P300 complex in a patient with auditory 
verbal hallucinations before (blue traces), after rTMS (red 
traces) and 3 months after the treatment (green traces). 
 
Conclusions 

With this technique of measuring the ERP with high 
density EEG we were able to observe differences of 
N100-P300 complex values at the scalp level in the 
different regions of the interest in a patient with 
schizophrenia.  
The complex values improved after the rTMS treatment 
but after 3 months the N1-P3 waves signals were as in 
baseline conditions. 
More patients from both T3-P3 scalp location treatment 
group and vertex control location treatment group will be 
analysed to better understand these changes and to 
propose this method as neurophysiological marker to 
assess rTMS treatment effectiveness in patients with 
schizophrenia. 
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Abstract:  Acute stress is a normal part of daily life and shall help to cope with unusual, challenging situations. When 
the body is exposed to stress over a longer time period (chronic stress), like in working environments it can cause 
various serious health problems. The assessment of electrodermal activity (EDA, skin conductance) might be an easy 
approach to evaluate individual stress conditions over a longer period of time in an objective way. With the help of 
cvxEDA the monitored skin conductance can be split into the slow skin conductance level (SCL) and the fast skin 
conductance response (SCR). 20 volunteers were exposed to a relaxing-challenging-relaxing situation to mimic 
different stress conditions. The SCR rate proofed to be a reliable measure to evaluate sympathetic arousal. During the 
relaxation phases, the SCR rate was around 6min-1and during mathematical challenges it raised to 9min- 1(p<0.05). 
 
Keywords: arousal, stress, EDA, SCL, SCR, cvxEDA 
 
 

Introduction 

Even if there is not (yet) a comprehensive definition of 
“stress” nearly everyone knows these days what stress is 
and has felt how it can influence the behavior, well-being, 
and health [1]. 
The literature distinguishes between acute and chronic 
stress. Acute stress describes the “normal”, short-term 
stress response and is a necessary part of daily life. It is 
also the one usually observed in a laboratory setting. 
Contrary, chronic stress is a long-term and strictly 
pathological stress response. Chronic stress has been 
linked to many diseases such as depression, 
cardiovascular diseases, insulin insensitivity and cancer 
[2]. Chronic stress is often work-related and consequently 
considered as a serious problem these days [3].  
Out of this, it is necessary to find ways to evaluate the 
stress level of people, preferably as objective as possible. 
Usual methods are [4]: 
Self-assessment: by standardized surveys; useful to 
evaluate both kinds of stress 
Performance measurements: Acute stress can have 
positive or negative effects on specific tasks like proof-
reading. These techniques require a baseline 
measurement. 
Chemical Biomarkers: Cortisol, epinephrine, and 
catecholamine levels are evaluated. Requires blood 
samples. 
Physiological biomarkers like blood pressure, heart rate, 
and breathing rate are controlled by the sympathetic 
nervous system and can be measured non-invasive. Out of 
the heart rate, the Heart Rate Variability can be calculated 
and can bring insight into the activity of the 
parasympathetic nervous system [5]. 
 

The listed methods are subjective, time-consuming, 
invasive, require a baseline and/or are complex in terms 
of evaluation and setup. 
 
A relatively simple approach, in terms of required 
equipment and data processing, for stress evaluation is the 
monitoring of the Electrodermal Activity (EDA). A DC 
current of a few µAs is sent through the skin and with the 
measured voltage, the skin conductance [S] is calculated. 
Common measurement sites are palmar and plantar areas, 
especially fingers and toes. Areas like shoulders or 
armpits are also possible but less often used due to 
generally lower EDA [6]. 
Skin conductance is made up of two distinct components. 
A slow, tonic component called skin conductance level 
(SCL) and a much faster changing, phasic , called skin 
conductance response (SCR) [7]. 
 
We assume that it is possible to evaluate a person’s stress 
level (sympathetic arousal) continuously during a 
task/work out of the measured skin conductance. 
 
 
Material and Methods 

Measurement protocol: 

Students of a seminar were asked to participate in the 
“stress test” protocol described in the following. 20 
persons volunteered, were informed and signed an 
informed consent. Then they were asked to sit in front of 
a computer monitor as still as possible and go through the 
following five phases:  
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1. Three minutes acclimatization: the participants were 
asked to relax in total silence – to get insight into the 
participants’ ability to calm down from their previous 
normal level of arousal. 
 
2. Three minutes anticipation: The participants were 
asked to relax while watching a relaxation video – to get 
insight into participants' ability to remain calm while 
waiting for the first task.  
 
3. Five minutes of easy to moderately difficult 
mathematical challenges. The participants gave the 
answers orally. The answers were checked by a voice 
recognition system and the result (correct/incorrect) was 
displayed on the monitor. Each challenge had a timeframe 
with a ticking sound notifying the last few seconds. This 
phase is the start of the stressor, which simulates work 
stress.  
 
4. Five minutes moderately to difficult mathematical 
challenges. Additionally, a supervisor entered the room 
sat down slightly out of sight participants. The presence 
of the supervisor put additional social pressure on the 
person. 
 
5. Three minutes of relaxation. The supervisor left the 
room and the video from phase 2 was played again – to 
get insight into the participants’ ability to relax after 
stress.  
 
 
As EDA measuring device the biofeedback recording 
system “Neuromaster” from Insight Instruments (Hallein, 
Austria) was used. The finger sensor was attached to the 
index finger of the right hand ( 
Fig. 1.) 
 

  
 

Fig. 1: Skin conductance measurement with finger sensor  
(Insight Instruments Hallein, Austria) (left) 

attached to the index finger of the right hand (right) 

Measurement equipment: 

The entire procedure was automated with a self-written 
PC program. The time course was documented 
automatically. Simultaneously the skin conductance was 
recorded with 5 samples/second. The time was 
synchronized between PC and Neuromaster at the 
beginning of each session. 
 
Data analyses: 

All data sets were processed with MatLab (MathWorks 
Inc.). 
For the evaluation of SCRs cvxEDA was used, an 
algorithm based on convex optimization [8].  
Four assumptions are made to isolate single SCRs and 
evaluate sympathetic arousal out of the recorded skin 
conductance: 
 

1. SCRs result from sudomotor nerve bursts 
2. The number of sweat glands recruited for a burst 

is linearly proportional to the amplitude of the 
nerve burst and any SCR is not influenced by 
previous or following nerve bursts.  

3. Sweat diffusion follows a specific Impulse 
Response Function. 

4. Phasic activity is superimposed by slow-moving 
tonic activity, with a spectrum below 0.05 Hz.  

 
Following assumption 4, cvxEDA separates phasic 
(SCRs) and tonic (SCL) activity. The tonic activity is 
estimated via splines. The parameters of these splines are 
taken from ten seconds long windows and are subtracted 
from the original data. The isolated SCRs are then used to 
describe the most likely sympathetic activity based on 
assumptions 1-3. 
To consider the individual differences in the SCR shapes 
a quadratic optimization algorithm is used to minimize 
the differences between predicted and recorded data. 
 
As a representation of the momentary arousal level, the 
SCR frequency was used. CvxEDA creates a vector 
containing the isolated SCRs and by implementing 
MatLab’s “findpeaks” the local maxima above a certain 
threshold can be found. Even if SCRs overlap the peaks 
are still present and can be detected.  
According to the literature the SRC rate is typically 1-
3min-1 during rest, below 10min-1 calm, above 10min-1 
moderate to high sympathetic arousal and over 20 min-1 in 
very high arousal situations [7]. 
 
Statistical testing 

SCR rates of the different stress test phases were 
compared using the paired Student's t-test. The level of 
significance was set to p<0.05. 
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Results 

For all participants, the Electrodermal Activity was 
recorded throughout the entire session, exemplary 
represented with the blue line in Fig. 2. From this data, 
cvxEDA calculates the SCL (magenta line) which is 
subtracted from the EDA and the SCRs (red line) remain. 
Applying the MatLab’s “findpeaks” function to the SCRs 
from above and counting the number of detected peaks 
for every minute results in, again exemplary Fig.  3.  
 
 

Stress test results: 

Evaluating the SCR activity of all 20 volunteers for each 
stress test phase showed for the Acclimatization phase 
10.7±3.4 min-1, for the Anticipation phase 6.7±3.9 min-1, 
MAT test 1 9.1±3.4 min-1, MAT Test 2 8.7±3.4 min-1 and 
5.5±3.6 min-1 for the Relaxation phase at the end of the 
session. All phases showed statistical differences (p<0.05) 
except between the Anticipation and the Relaxation phase 
and MAT test 1 and MAT test 2. 
 

 
 

Fig. 2: An example of cvxEDA's functions. EDA / skin conductance (blue); SCL (magenta); SCRs (red). The y-Axis is the data’s 
standard deviation since intra-personal relative values are more meaningful than absolute values. 

 

 
 

Fig.  3 An example of EDA (skin conductance) (top) and corresponding SCR rate (bottom). The SCR rate curve is evaluated by 
counting the events in an interval of one minute for every second. 
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Discussion 

Evaluation of the state of arousal (“stress level”) becomes 
more and more important as there is increasing evidence 
that ongoing work-related stress is a major promotor of 
various diseases. Since reactions to stress are highly 
individual the necessity for finding an objective parameter 
to evaluate the stress level increases. 
Electrodermal Activity (EDA, skin conductance) as a 
combination of the slow, tonic component named skin 
conductance level (SCL) and a much faster changing, 
phasic component called skin conductance response 
(SCR) is investigated. 
Especially the usability of the SCR rate, evaluated with 
cvxEDA was investigated in a setting, that tries to mimic 
stressful situations by mathematical challenges, preceded 
and followed by relaxation phases. 
20 students volunteered in this study. A significant 
difference in SCR rates was found between all phases, 
except, not surprising, between the relaxation phase in the 
beginning (anticipation) and at the relaxation phase at the 
end as well as between the 2 Mat tests. Actually, we 
expected a higher pressure on the volunteers due the 
presence of the supervisor and the more difficult tasks in 
MAT test 2. Contrary, even if there was no statistical 
difference, the mean value of the SCR rate even dropped 
from 9.1 to 8.7. We assume, that the increased difficulty 
led to resignation. 
The highest individual observed SCR rate was 15 and the 
lowest around 2, in accordance with the literature [7]. A 
rate of 20 would indicate a very high arousal state 
probably only be reached if it comes to life-threatening 
situations. 
In general very different individual responses to the 
performed stress test could be observed. Some 
participants showed higher arousal states during 
Acclimatization, Anticipation and Relaxation as during 
the MAT test, opposite as expected. 
This observation suggests, that a grouping of the 
participants gives better insight into the particular 
reactions. In a first approach, a separation into “calm 
participants”, those who show low SCR rates during the 
Anticipation phase and “anxious” participants looks 
promising and will be a topic for future research. 
 
 
Conclusions 

SCR rate, evaluated with cvxEDA from the Electrodermal 
Activity was investigated as an objective measure for the 
activity of the sympathetic nervous system (arousal level, 
stress level). 
The experiment demonstrated that is possible to 
distinguish between phases of relaxation and “stressful” 
periods where mathematical challenges are solved. 
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Abstract:  Effective treatment modalities for alleviating spasticity and pain and enhancing mobility and sleep are limited 
post-stroke. Some evidence suggests that treatment of transcutaneous spinal cord stimulation (tSCS) may be beneficial. 
The aim of the current study was to evaluate changes in muscle fibre type composition after daily home-treatment with 
tSCS by analysing the frequency of EMG (electromyography) signals from the Achilles tendon test. Our results suggest 
that tSCS treatment has some effects on EMG frequency but to make clear conclusions further investigations have to be 
made. 
 
 
Keywords: Trancutaneous spinal cord stimulation, electromyography, frequency analysis, post-stroke 
  
 
Introduction 

Spasticity is a common neurological impairment after 
stroke that correlates with higher levels of disability and 
pain. It compromises quality of life and movement ability. 
Anti-spasticity treatments are limited and have adverse 
side- effects. Transcutaneous spinal cord stimulation 
(tSCS) has been shown to alleviate spasticity of the lower 
limbs in people with spinal cord injury (SCI). [1,2] This is 
believed to be due to inhibitory effects of stimulation of the 
posterior roots of sensory fibres on motor output. The 
afferent fibres leads through the neural network of the 
spine to spinal interneurons and motoneurons that generate 
the output [3,4]. The question how the tSCS influences the 
spinal cord circuitry has not been answered. The aim of our 
research is to evaluate the effect of repetitive tSCS on 
spasticity, mobility, pain and sleep in community dwelling 
individuals post-stroke. Here we specifically look at power 
spectra of electromyography (EMG) signals of the triceps 
surae muscle obtained during Achilles tendon test by brain 
insulted people. Frequency of EMG signals during muscle 
contraction relates to the muscle fibre type composition 
[5]. Muscles with greater percentage of fast twitch muscle 
fibres translate into higher frequency EMG signals during 
muscle contraction. 
In this study we want to see if the tSCS treatment causes 
any change muscle fibre type composition. Shift in 
frequency could be an indication of muscle fibre type 
transfer towards faster or slower types.  
 
Material and Methods 

 
This study used a single-case withdrawal research design 
with four phases (A1, B1, A2, B2) of alternating baseline 
(A) and intervention (B).  The intervention phase included 
tSCS treatment where electrodes are placed on the skin of 

the lower back and abdomen to target lumbar segmental 
neural circuits with electrical stimulation. Four post-stroke 
individuals were assessed for three weeks in order to 
establish a baseline (A) followed by another three weeks of 
home based tSCS (B). In both cases they were assessed 
once a week. This was repeated twice (phase 1 and phase 
2) with an eighteen to twenty four weeks washout period 
in between.  
Electrophysiological and biomechanical assessment 
methods for spasticity were applied and have been 
described in our earlier work [2].  Here we look at the 
frequency of the EMG recorded during an Achilles tendon 
test. We calculated the power spectrum of the EMG signal 
from the third week (A1) and the sixth week (B1), after 
three weeks of treatment, baseline period and intervention 
period respectively, in phase 1. This 6 weeks procedure 
was repeated after a washout period of 18 to 24 weeks 
giving phase 2.  
 
Results 

 
The graphs on figure 1 show the power spectrum, which 
describes the distribution of power into frequency 
components of the EMG signal during Achilles tendon test.  
The results from subject 3 and 6 show a shift of frequency 
towards lower values, by subject 4 there is no significant 
change and subject 5 has a slight shift towards higher 
frequencies. These findings harmonic with findings of 
other groups [6,7]. 
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Discussion 

The result of the recordings in Achilles tendon test by 
stroke patients in tSCS treatment show a shift of the EMG 
signal from the triceps surae towards lower frequencies in 
two subjects, no shift in one and towards higher 
frequencies in one. Whether this is due to transfer of the 
muscle fibres towards a slower or faster types has to be 
further investigated. Development in both directions are 
possible and depend on the lesion of each individual and 
his spasticity [6,7].  
 
Conclusions 

Clear conclusions about changes in muscle structure 
cannot be made because even after a long search of 
patients, it was difficult to obtain a sufficiently 
homogenous group in terms of type and duration of the 
stroke and the location of the damaged brain tissue. These 
findings support the possibility that tSCS treatment can 
affect muscle composition. Four post-stroke individuals 
participated in this study, to further investigate the effect 
of tSCS treatment on muscle composition more 

participants should be investigated. Healthy subjects could 
also be investigated in the same manner for comparison.  
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Figure 1: Each graph depicts the power spectrum of 
EMG of the triceps surae muscle in two Achilles tendon 
tests of one subject. Each graph shows data from a 
baseline measurement (blue) and after tSCS assessment 
(red). The left column is from data gathered in phase 1 
and the right column is from data gathered in phase 2. 
Eighteen to twenty four weeks washout period was 
between phases. 
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Abstract:  Upper limb prostheses users state intuitively to use and control reliability as one of their highest priorities.  

Advances in data processing and classification algorithms have enabled improvement in pattern recognition systems for 

prosthetics, leading to more accurate control systems. However, muscle fatigue is known to change EMG signals’ 
characteristics, which could affect the classification accuracy of the machine learning-based control systems. To quantify 

its impact in detail, a machine learning-based myoelectric control system was developed, trained with different data 

(fatigued, non-fatigued), and tested. For this purpose, EMG data from 10 healthy subjects were collected. A non-linear 

support vector machine was applied to recognise 7 different arm movements. After an optimisation procedure, the 

machine classified 99% of movements correctly, however testing the system with fatigued data reduced the classification 

accuracy by 27% on average (p < 0.001). To compensate for this effect, two strategies which provide improvement of 

pattern recognition in EMG signals of fatigued muscles were explored and included in this paper. 
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Introduction 

While nowadays prosthetic devices for the upper limb 

appear promising, a majority of patients rejecting 

electrically powered prostheses name difficulties in control 

as a reason of abandonment [1], especially the intuitiveness 

of use and reliability. The workflow of externally powered 

prostheses control can be explained as follows: 

Information is acquired from the amputees’ body, the data 
is processed and interpreted by a control system that maps 

users’ intentions to actuator control signals. Since the 

electromyography (EMG) signal is mostly used as the 

input of the control system, the term “myoelectrically 

controlled prostheses” has become almost synonymous 

with “externally powered prostheses”. For the purpose of 

daily prosthetic use, EMG data are acquired non-invasively 

from the muscles via the surface electrode. However, 

instabilities can occur on the sEMG signal due to several 

factors, for instance, skin impedance changes, electrode 

shifting, and muscle fatigue. All these factors have been 

mentioned to reduce the classification accuracy of the 

pattern recognition based myoelectric control systems due 

to the signals’ characteristics changes which cause 
unreliabilities to the system. 

Pattern recognition technique has been applied to this 

application due to it provides more natural movement to 

the device, thus allows the user to control the device 

intuitively. However, this approach, in general, is 

developed and evaluated in controlled environments. 

Therefore, it is more sensitive to changes in sEMG signals’ 
characteristics. In recent years, advancements in 

technology have been applied to overcome the factors of 

the system’s unreliability. For example, implantable 

electrodes have been developed to overcome the 

challenges of electrode shift and impedance changes. 

However, there is no solution to counteract muscle fatigue 

due to it is a common muscle condition which occurs in 

every person after an interval of muscle contractions. 

Although muscle fatigue has been known as a problematic 

issue, the effects of this phenomenon on the pattern 

recognition based myoelectric control system have not 

been clearly and systematically revealed. In this study, a 

pattern recognition based myoelectric control system was 

implemented based on the machine learning (ML) 

technique. The sEMG data were collected from a group of 

volunteers in two different conditions of non-fatigued and 

fatigued states. The system was trained, optimized, and 

tested according to the designed protocol. Hence, the 

performance of the system whil dealing with fatigued data 

was evaluated. Additionally, two startegies to compensate 

for the effects of muscle fatigue have been explored.  

 

Material and Methods 

For the purpose of testing the effects of muscle fatigue, a 

control system was developed based on a machine learning 

model. This gave the full control over the parameters and 

therefore allowed for higher transparency of results. The 

system classified seven movements; hand opening, hand 

closing, pronation, supination, wrist extension, wrist 

flexion, and a neutral state. 

Developing the control system 

As mentioned above, various approaches have proven to 

achieve satisfying results. For this paper, a Support Vector 

Machine (SVM) was selected as the myoelectric classifier. 

The SVM was chosen because of their more transparent 

approach and the lower need for training data compared to 

other ML methods, such as Artificial Neural Networks. 

The SVM was implemented in Python 3.6, using various 

libraries from Python’s Scientific Stack (NumPy, SciPy, 
pandas, scikit-learn, …).   
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Participant recruitment 

Ten healthy able-bodied participants were recruited to the 

study. Information and details regarding the study were 

clearly explained to them prior to the actual data collection 

procedure and the inform consents were signed. The 

information of the recruited participants is listed in Table 

1. 

Table 1: List of participants 

Age 

[years] 
Sex 

Height 

[cm] 

Weight 

[kg] 
BMI 

23 M 183 70 20.90 

59 M 189 77 21.56 

22 M 177 78 24.90 

23 M 182 73 22.04 

59 F 167 58 20.80 

32 M 176 80 25.83 

29 F 169 65 22.76 

30 F 167 60 21.51 

20 F 159 59 23.34 

25 F 171 60 20.52 

avg. 32.2 

±13.88 

 avg. 174 

±8.60 

avg. 67.5 

±8.86 

avg. 22.41 

±1.70 

Instrumentations 

A portable EMG data acquisition device, built at the 

Medical University of Vienna [2], was used for data 

acquisition. Eight channels of data were recorded at 2000 

Hz sampling rate with 24-bit resolution. The acquired data 

was transmitted to a personal computer via a universal 

serial bus (USB). Sixteen self-adhesive AG/AgCl surface 

electrodes (bipolar configuration, 2 for each of the 8 

channels) were placed symmetrically around the proximal 

third of the forearm with the inter-electrode distance of 

20mm. The reference electrode was located on the 

humerus’ medial epicondyle. The first channel was located 

above the musculus extensor digitorum, then the remaining 

were arranged in equally spaced around the forearm. 

Figure 1 shows the electrode positioning in one subject. 

 
Figure 1: Electrode placement for data acquisition 

Data acquisition process 

The data collection procedure was divided into two 

sections; non-fatigue (I) and fatigued sections (II). Both 

sections started with a maximum voluntary contraction 

(MVC) measurement. This is followed by the relevant 

collection session. Data from this session was later used for 

the SVM training and evaluation. After the recording 

session of Section I, a fatiguing exercise was conducted to 

induce muscle fatigue to acquire fatigued data in later 

Section II. The diagram of data collection procedure is 

depicted in Figure 2. the data collection procedure  

 
Figure 2: Diagram of data collection protocol 

 

During each MVC measurement, every movement was 

performed three times with full force. In the recording 

sessions, each movement was repeated five times. In both 

the MVC and the session periods, movements were 

performed in the following way: the subjects were given 5 

seconds to prepare, 3 seconds to move into the target 

position, 5 seconds to hold the position, 3 seconds to move 

back to the neutral state and 5 seconds to stay relax. The 

movements were done in a randomised order to avoid 

potential memory effects. After section I, the participants 

were requested to repeatedly perform the fatigue exercise 

until they had felt muscle fatigue and unable to continue 

the exercise. However, they were allowed to freely stop the 

exercise when they felt any discomfort or pain. Each 

iteration of the exercise consisted of 20 repetitions of 1s 

alternately wrist flexion/extension, and 20s of isometric 

wrist extension, 20s of isometric wrist flexion with 5s 

resting in between each movement. Then, the data 

collection was continued in Section II.    

Data processing 

To prepare the collected data for the myoelectric classifier 

implementation, the data was filtered and segmented in 

contraction-wise. Then, an analysis window (256ms, 64ms 

sliding step) was applied on the signal segments for 

myoelectric feature extractions. Eleven myoelectric 

features [3]; Root Mean Square (RMS), Mean Absolute 

Value (MAV), Waveform Length (WL), Zero Crossings 

(ZC), Slope Sign Change (SSC) and 6 autoregressive (AR) 

coefficients were extracted, hence this resulted as an 88-

dimensional (11 features x 8 channels) feature vector for 

each sliding window in total. Every single feature vector 

was labelled by its corresponding movement class and 

collected in the dataset matrix for the myoelectric classifier 

implementation. Selection of these features is being done 

in accordance with published literature [4]. The dataset was 

separated into training and testing data with a ratio of 

70:30.   

Myoelectric classifier training and optimization 

To obtain a high classification accuracy myoelectric 

classifier, the SVM model was tuned and optimized. Five 

parameters; kernel type, decision function, and the 

marginal value C and γ were considered and carefully 

selected. To find the best parameter combination, an 

iterative grid search was applied. In the first iteration, 

kernel type and decision function were selected by a broad 

grid search. Afterwards, only C and γ values needed to be 

adjusted in three more iterations, narrowing down the 

options further until a satisfying result was found. Each 

combination was tested using 10-fold cross validation. 
This was done with a stratified sample of 10% of the 

training data to reduce calculation times.    
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Fatigued EMG signal analysis 

Before testing the model, the data were analysed to 

determine whether the occurrence of fatigue can be 

confirmed from the collected data. For this purpose, the 

contractions of the 20s isometric wrist extension portion 

from the fatigue exercise were examined. The sEMG data 

of channel 1 were segmented with a non-overlapping 

analysis window of 1s, in which four indicators were 

calculated: median frequency (MDF), mean frequency 

(MNF), amplitude as Root Mean Square (RMS) and a 

fatigue index (FI) proposed by Dimitrov et al. in 2006 [5]. 

The evidence state that during the occurrence of muscle 

fatigue, the MDF and the MNF shift to the lower 

frequency, while the RMS and the FI are supposed to 

increase over time during exercise [6][7]. Therefore, the 

sEMG dataset which the majority of these four indicators 

(i.e. at least 3 out of 4) with statistical significance (p < 

0.05) were accepted as “fatigued” and data was labelled 
accordingly. The sEMG data of the subjects whose data did 

not show provable signs of fatigue were excluded in further 

analysis. 

Myoelectric classifier evaluations 

The optimized model was tested with rested muscles’ 
signals from Section I. Testing data consisted of 8310 

samples were equally divided into 30 subsets, leading to 

277 samples per subset. Each subset was tested 

individually, which resulted in 30 accuracy values. The 

average accuracy and standard deviation were calculated. 

Afterwards, data from Section II (fatigued data) was tested 

in a similar manner to quantify the effects of muscle 

fatigue. 

 

Results 

Myoelectric classifier training and optimization 

During the four iterations of grid search procedures, 2311 

different models were assessed. The radial basis functions 

(RBF) gave the best results as the kernel function. The 

decision function (“one vs. one” or “one vs. rest”) showed 
no effect on the classification accuracy, as they resulted in 

the same mathematical model each time while the “one vs. 

rest” method used shorter computational time. In three 

latter iterations, C and gamma value were selected at C = 

10 and gamma = 2.2 with an RBF kernel. 

Fatigued EMG signal analysis 

In five subjects (No. 1, 2, 4, 6 and 7) three out of four 

fatigue indicators (MDF, MNF, FI) indicated fatigue 

during the last isometric contraction in the last isometric 

contraction with over 95% confidence (2-tailed p-value 

converted from Pearson correlation coefficient). The other 

five subjects (No. 3, 5, 8 and 9) were excluded due to the 

occurrence of muscle fatigue could not be confirmed with 

the selected indicators. 

Myoelectric classifier evaluations 

The model was able to classify the data with the averaged 

classification accuracy of 99.29 ± 0.47% for the testing on 

the non-fatigued test samples. The classifier showed the 

decreasing in classification accury to  72.60 ± 2.56%  when 

it was tested on the fatigued samples, which is 26% lower 

than the non-fatigued group. A paired t-test as applied to 

confirm statistical significance (p < 0.001). The most 

drastic reductions in classification accuracy were seen in 

less expressive movements such as pronation (-35.74%) 

and supination (-22.96%). More distinct movements such 

as wrist flexion (-4.40%) and wrist extension (-3.80%) 

suffered less reduction. 

Compensation strategies 

During the myoelectric classifier training, two feasible 

compensation strategies to mitigate the effects of muscle 

fatigue data on the classification accuracy were explored, as 

follow : 
(1) Adjusting the dataset:  By including fatigued samples 

to the training dataset, the classification accuracy increased 

to 99.42 ± 0.46% while the classification rate when 

evaluating the classifier with non-fatigued testing data was 

not affected by this process. 

(2) Adjusting the model’s parameters: By reducing the 

values of the C and gamma values, the classification 

accuracy of the non-fatigue testing data was inevitably 

decreased. However, while truing to reduce both 

parameters' values by the step of 10% of the optimized 

values until they reached 0.1%, the classifier showed 

increasing in the classification accuracy when dealing with 

the fatigued testing data as shown in figure 3.   

 
Figure 1: Success rate in reduced parameter strategy 

 

The best trade-off situation was explored at the setting 

where the values of C and γ were reduced by 20% of their 

optimized values (C = 8 and γ = 1.76). By using this setting, 

the classifier was able to classify the non-fatigued data at 

97.47 ± 1.09% accuracy (approximately 3% decreasing) 

while it was 82.88 ± 2.21% accuracy when dealing with the 

fatigued testing data (which is over 10% of increasing). 
  

Discussion 

Measurement setup 

In this study, the symmetrical electrode placement was 

chosen over the anatomical selection, since it is easier to be 

repeated. Since the dataset was exclusively collected from 

a group of healthy subjects, the accuracy rates were 

expected to be higher than in amputees who the 

pathological issues and different muscle conditions could 
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be found. The electrodes were placed at the most proximal 

third of the arm to replicate the actual setting of using a 

myoelectrically controlled arm prosthesis when the hand 

gets amputated and partial forearm muscles remain. During 

the data collection, the subjects sat on a chair with their 

arms were freely hanging down towards the floor. This 

might affect the quality of the sEMG signals and also the 

classification rate of the myoelectric control system. 
However, this sitting position was decided to be used to 

avoid the situations when the subjects got fatigued from 

raising their arms. Thus, a clear conclusion could be made.  

Data treatment and fatigue analysis 

For the grid search optimization, only 10% of data samples 

were used to find the proper parameter setting over the 

number of 2300 combinations. This helps to reduce the 

computational time for the classifier training, as the training 

time increases exponentially with increased numbers of 

training samples, especially if the models were under- or 

overfitting. In order to guarantee that the model was 

learning with the representative portion of the full data, a 

stratified sample selection method was used for the data 

selection. 

During the fatigue analysis, only the sEMG data of 

channel 1 was analyzed due to this was this is the only 

channel which anatomically attached on a specific muscle, 

which is the extensor digitorum. On the other hand, the 

other channels were placed with equally spaced around the 

forearm that might acquire the combined sEMG signal from 

multiple subjects. This was held to avoid misinterpretation 

of the fatigue analysis. The result showed that there was no 

increasing of the sEMG amplitude been observed. This 

could be explained by the relatively short period of the 

contractions (20 seconds only). As in the literature, this is 

the most disputed indicator, suggesting that it should 

possibly be given less weight in assessing fatigue. 

Effects of muscle fatigue and compensation 

A decreasing of over 26% is a significant reduction in 

classification accuracy. Instead of 1 in 100, the prosthesis 

would fail to execute the correct movement in 3 out of 10 

times. This result has proven that the hypothesis that 

muscle fatigue has no effect can be rejected. The changes 

in sEMG data during muscle fatigue negatively affects the 

classification rate of the optimized myoelectric classifier. 
In comparison between two proposed compensation 

strategies, one can easily determine that including a 

fatiguing exercise and fatiguing data samples in the 

training protocol is worth the additional effort. The dataset 

with assorted data was expected to reduce the overall 

prediction accuracy of both cases (non-fatgiued and 

fatigued), in fact, this was not observed, as both 

classification rates were higher than 99%. The latter 

strategy of adjusting the values of C and γ showed lower 

performance to maintain the accuracy rate. However, the 

advantage over another starategy is that there is no need for 

additional training data. Therefore, by using this strategy, 

the participants do not have to attent to a long session of 

data collection, including the fatigue-induced exercise 

which would be more practical in clinically and 

commercially uses of the myoelectrically controlled arm 

prosthesis. Even though myoelectric control is most known 

for control of mechanical arm prosthese, it is equally 

usefull for control of neuroprostheses, namely in the 

paralyzed upper extremit. 

 

Conclusions 

The findings showed that when dealing with the fatigued 

sEMG data, although the myoelectric classifier is well 

optimized, the classification accuracy of the system can be 

decreased drastically. However, with some adjusments, the 

effects of muscle fatigued sEMG data on the myoelectric 

control system can be mitigated. 
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Abstract:  A myoelectric control system is a human-machine interface with its important application for control of 

electrical powered arm prostheses, or control of neuroprostheses. This system allows the patients with limb loss to 

intentionally control the bionic arm with the biopotentials generated by the contractions of the residual muscles, so-called 

surface electromyography (sEMG) signals. Muscle fatigue is an inability to maintain muscle contraction at the desired 

level. This muscle condition has been mentioned as a factor which causes instability to the sEMG signals, thus results in 

decreasing the reliability of the myoelectric control system. Therefore, an ability to monitor and apply the proper 

adaptation to counteract this muscle condition is a further step of the myoelectric controlled prosthesis development. This 

paper aims to achieve an approach to estimate the level of muscle fatigue based on the sEMG signals. The signals were 

collected from 8 healthy able-bodied volunteers while attending to a muscle fatigue-inducing exercise. The exercise was 

designed by replicating the scenario of controlling a myoelectric controlled arm prosthesis. An investigative study was 

conducted to observe the changes in 4 spectral myoelectric features. Finally, a model for estimating the level of muscle 

fatigue was created based on the observed pattern of change in myoelectric features. 

 

Keywords: Myoelectric control, muscle fatigue, prostheses, neuroprostheses, electromyography, signal processing 

 

Introduction 

Muscle fatigue is defined as an inability to perform and 

maintain muscle contractions at the desired level. This 

condition commonly occurs after a period of constantly or 

repeatedly contracting the muscle. It has been mentioned 

as a cause of instability of the sEMG signals which affect 

the efficiency of the myoelectric control system [1]. In 

general, muscle fatigue can be physically observed via 

manifestations, e.g., muscle tremor, pain, or reducing in 

force output. Besides, the muscle fatigue can also be 

observed via changes in sEMG contents, a so-called 

myoelectric manifestation of muscle fatigue [2] which 

reveals as a shifting of frequency contents to the lower 

frequency, an increase in amplitude-related contents, and 

decreasing in the conductive velocity of muscle fibers [3]. 

Recently, a number of different sEMG based muscle 

fatigue detection studies were proposed, for example, 

investigations on myoelectric variable [4], inventing new 

muscle fatigue indices [5], or multivariate fatigue detection 

techniques [6]. However, according to the author’s 
knowledge, there is no standard method which accurately 

assesses muscle fatigue during the dynamic submaximal 

contractions so far. 

In this paper, an investigative study on myoelectric 

contents (as also knows as features) was conducted. A 

muscle fatigue-inducing exercise was designed and aimed 

to replicate the scenario of using the myoelectric control 

system. The aim of this study was to achieve a non-

invasive approach to monitor the progression of muscle 

fatigue based on the sEMG signals, hence a proper 

adaptation could be provided to the myoelectric control 

system according to the fatigue level. In the following 

sections, an investigative study on myoelectric features for 

the progression of muscle fatigue is going to be presented. 

The outcome of the study resulted in a muscle fatigue level 

estimation model which was created based on the 

investigative results.   

 

Material and Methods 

Data Collection 

The sEMG signals were collected from 2 forearm muscles; 

extensor carpi radialis (ECR) and flexor carpi ulnaris 

(FCU) on the dominant side of 8 able-bodied volunteers; 5 

males and 3 females. their age, weight, and height 

(showing in mean ± S.D.) are 29 ± 3.02 years old, 68.62 ± 

13.54 kg, and 175.5 ± 9.4 cm respectively. The volunteers 

were requested to abstain strenuous exercise to prevent the 

muscles from tiredness prior to the date of data collection. 

Information and details of the data collection procedure 

were clearly explained to the volunteers and the informed 

consents were signed.  

Prior to the data collection procedure, the skins were 

prepared and cleaned to remove oil, debris, and dead skin 

cells. The self-adhesive Ag/AgCl surface electrodes were 

placed over the belly of the two muscles with the inter-

electrode distance of 20 mm. The reference electrode was 

placed over the medial epicondyle of the humerus bone. 

A custom-made data acquisition device, a so-called 

‘usbEMG’, was used to acquire the sEMG signals [7]. The 

device was developed based on an analog frontend chip; 

ADS1299 (Texas Instrument Inc., USA). The chip 

provides low-noise, 8 channels, 24-bits resolution, up to 

16k samples-per-second (SPS), and the gain of each 

channel can be adjusted individually. The signals were 

transmitted to the personal computer via the USB 2.0. and 

stored digitally in HDF5 format. A software application 

was implemented to work with the device. This software 

provides the device manipulation and communication, 

real-time signal visualization, and also data recording. The 

data collection protocol was designed to replicate the 

situation of using the myoelectric control system with 2 

channels of input. The sampling frequency of the usbEMG 

device was set to 4k SPS with the gain of 6x. The volunteer 

sat comfortably on a chair with their recording arm on the 
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armrest. A monitor was set to display the visual guideline 

and real-time visualization of the sEMG root-mean-square 

(RMS) values. The data collection procedure was 

separated into 2 phases; maximum voluntary contraction 

(MVC) measurement and muscle fatigue-inducing 

exercise.  

The MVC levels were measured separately on the ECR 

and FCU muscles. The volunteer was requested to perform 

5s wrist extension (WE) and wrist flexion (WF), 3 

repetitions for each movement, by following the guidance 

on the screen. The MVC levels of the ECR (on channel 1) 

and FCU (on channel 2) muscles were calculated by 

averaging the maximum root-mean-square (RMS) values 

across 3 repetitions of WE and WF respectively. Then, the 

volunteer was allowed to freely observing the sEMG signal 

visualization and get familiar with the software. A resting 

interval of 10-15 minutes was given to the volunteer to let 

the muscles recovered from tiredness and muscle fatigue.  

Consequently, the volunteer had to attend to the muscle 

fatigue-inducing exercise for the sEMG signals recording. 

The volunteer performed a pattern of WE and WF at 40% 

of the MVC level. The pattern consisted of 6 repetitions of 

dynamic contraction (1s transition from resting position, 5s 

of holding the target movement contraction, and 1s 

transition back to resting position), and a 10s isometric 

contraction of the target movement as shown in Figure 1. 

The visual guidance line and the real-time RMS values of 

the sEMG signals were displayed on the screen, hence the 

volunteer had to perform the contraction by following the 

visual guideline as much as possible. The exercise was 

iteratively repeated until the volunteer had muscle fatigue 

and was unable to keep continuing. However, they were 

able to discontinue the exercise whenever they had pains 

or discomforts. The recording was performed on the ECR 

and FCU muscles separately. The procedure started with 

the ECR muscle followed by 10-15 minutes break for 

muscle recovery, then the recording was continued on the 

FCU muscle respectively. 

5s 

Prepare

5s 

Contraction

2s 

Rest

10s 

Contraction

10s 

Rest

40% 

MVC

0%
D1 D2 D3 D4 D5 D6 ISO

1s Transition

Figure 1: The pattern of muscle fatigue-inducing 

exercise. ISO and D1-D6 represent the isometric 

contraction and 6 repetitions of the dynamic contractions 

respectively. 

Data Processing and Analysis 

The collected sEMG signals were filtered with the 4th order 

Butterworth bandpass filter (5-500 Hz) and the 50Hz notch 

filter to remove the interferences. Then, the signals were 

segmented into contraction-wise segments. The 

contractions of the sEMG signals were automatically 

detected by the instantaneous energy-based segmentation 

method [8]. The outcomes of this method resulted in a 

number of files which contained the sEMG signals (2- 

channels of ECR and FCU muscles) of a single contraction.  

The isometric segments were used for fatigue testing in 

order to confirm the occurrence of muscle fatigue in the 

collected sEMG signals. The testing was done based on the 

fatigue test protocol [9]. The isometric segments of the last 

iteration were used for the assessment, due to they were 

assumed to be the moment when muscle fatigue had 

occurred. The slope of the mean frequency (MNF) time 

plots were analyzed by linear regression analysis (with a 

significant level of p < 0.05). If a significant negative slope 

was observed, the occurrence of muscle fatigue in the 

sEMG signal can be confirmed. 

The dynamic segments were processed and used for the 

myoelectric feature investigation. Every dynamic 

contraction segment was divided into 3 portions; 1s 

transition (from resting), 5s static contraction, and 1s 

transition (to resting) as shown in Figure 2.  

 

 
Figure 2: A segment of the sEMG signal from dynamic 

contraction. The segment consists of 3 portions; 1s transition 

(from resting), 5s static contraction portion, and 1s transition 

(to resting). 

 

The transition portions were removed and the static 

portion was equally segmented into small non-overlapping 

chunks of 1s interval. In each chunk, the power spectrum 

of the signal was calculated by applying the short-time 

Fourier transform (STFT) equation with a Hanning 

window of 256ms and 64ms sliding step. Then, four 

spectral myoelectric features, i.e., instantaneous root-

mean-square voltage (Vrms) [10], instantaneous energy 

(iE) [8], mean frequency (MNF), and median frequency 

(MDF) [11] were extracted out of the analysis window. The 

features were averaged across the other windows within 

the same corresponding chunk. Therefore, every single 

chunk was represented by the averaged 4 spectral 

myoelectric features. 

The observation and analysis were done separately on 

each muscle which corresponded to the movement, for 

example, only the sEMG signal of the ECR muscle was 

analyzed during WE and the FCU muscle during the WF. 

Linear regression analysis (with a significant level of 

p<0.05) was applied to the time series in order to observe 

significant changes in the myoelectric features. 

 

Results 

During the data collection, the volunteers performed a 

different number of repetitions of wrist movements. There 

was no report of discontinuing the data collection 

procedure due to pains or discomfort. 

The results of the fatigue test showed that most of the 

MNF time plot gave the negative slopes. However, only a 

few of them were statistically significant; ECR of the 

volunteers 2, 4, 6, 7 and FCU of the volunteers 5, 6, 7. In 

contrast, insignificant positive slopes could also be 
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observed in the ECR of the volunteers 1, 3 and in the FCU 

of the volunteer 4. 

The linear regression analysis on the selected 4 spectral 

myoelectric features, MNF and MDF showed the results in 

significant negative slope in all cases of the ECR muscle, 

and in almost all cases of the FCU muscle (insignificant 

negative slopes were found in volunteers 1, 7 and 

insignificant positive slope in the volunteer 3). There was 

no pattern of change to be obviously observed for Vrms 

and iE. 

 

Muscle Fatigue Level Estimation Model 

According to the investigative results, the pattern of 

changes due to the progression of fatigue could be 

observed by MNF and MDF as significant negative slopes. 

A new plot of MNF-MDF map was created to visualizes 

the relationship between the samples of these two features. 

The MNF and MDF samples were standardized for the 

purpose of comparing the samples across all volunteers. 

Figure 3 (left) and (middle) show the standardized MNF-

MDF maps of a selected volunteer on the ECR and FCU 

muscles respectively. The color mapping was added to the 

MNF-MDF map in order to trace the progression of the 

feature change along with the task duration. 

The progression of muscle fatigue can be observed via 

the gradually changing of MNF-MDF feature from the top-

right to the bottom-left corners of the map. Therefore, the 

muscle fatigue level estimation model was defined as a 

diagonal line connecting between two coordinates (3,3) to 

(-3,-3) as shown in Figure 3 (right). Twenty-one reference 

points were defined along with the line. To estimate muscle 

fatigue level, distances from a single feature point to every 

reference points were calculated by the two-dimensional 

Euclidean distance equation: 𝐷𝑖𝑠𝑡(𝑥𝑖 , 𝑅𝑒𝑓𝑘)= √(𝑀𝑁𝐹𝑖 − 𝑀𝑁𝐹𝑅𝑒𝑓𝑘)2 + (𝑀𝐷𝐹𝑖 − 𝑀𝐷𝐹𝑅𝑒𝑓𝑘)2 
(1) 

where 𝑥𝑖 is the ith feature point, 𝑅𝑒𝑓𝑘is the kth reference 

point. Then, the reference point with the shortest distance 

was selected as the corresponding fatigue level of that 

feature point as in the equation 𝐹𝑎𝑡𝑖𝑔𝑢𝑒 𝐿𝑒𝑣𝑒𝑙 = 𝑎𝑟𝑔𝑚𝑖𝑛(𝐷𝑖𝑠𝑡(𝑥𝑖 , 𝑅𝑒𝑓𝑘)),   𝑘 = [1, … , 21] (2) 

Figure 4 shows the results of muscle fatigue level 

estimation calculated by the proposed model. 

 

 
Figure 4: Fatigue level estimations of the volunteer 5 on 

(top) ECR muscle and (bottom) FCU muscle. 

 

Discussion 

The aim of this study was to achieve an approach to 

monitor the progression of muscle fatigue based on the 

sEMG signal. Two superficial forearm muscles; ECR and 

FCU were selected due to these muscles are frequently 

used in the myoelectric controlled arm prosthesis. The 

able-bodied volunteers were recruited to the study instead 

of the amputated subjects in order to reduce the diversities 

and pathological conditions of the muscles which might 

lead to a misinterpretation of the results. 

However, in this study, the inconsistent result was 

found in the fatigue test protocol compared to the original 

study [9], which the assessment was done on the biceps and 

triceps brachii muscles. Those two muscles response to the 

force exertion and movement of the elbow joint which 

moves in only 1 degree-of-freedom (DoF) movement of 

flexion/extension. In comparison to the wrist joint which 

dominates higher DoF movements, force exertion and 

movement are responded by multiple muscles around the 

forearm. Accordingly, the volunteers might perform the 

WE and WF movements with the superimposed wrist 

abduction and adduction. Hence, muscle fatigue might 

occur in the nearby muscles instead of the target muscles. 

Therefore, the design of the muscle fatigue-inducing 

exercise needs to be done carefully. 

 

Figure 3: The standardized MNF-MDF maps of the volunteer 5 on (left) ECR and (middle) FCU muscles. (right) 

The muscle fatigue level estimation model.  
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So far, there is no direct approach to monitor the 

progression of muscle fatigue, force exertion level has been 

frequently used as an indirect approach. Mostly, the 

participants were requested to keep exerting the force at a 

specific level until they reach the failure point. In general, 

a hand dynamometer is an apparatus which can be used to 

measure the force exerted by forearm muscles. However, 

in this study, to replicate the scenario of controlling a 

myoelectric controlled arm prosthesis, it was assumed that 

the force could not be measured via the hand dynamometer 

due to the hand got amputated. Therefore, the percentage 

of MVC was used as an indirect approach to measuring the 

force level of the muscles. 

The result showed that MNF and MDF were the two 

myoelectric features that revealed the pattern of change in 

negative slopes as the progression of fatigue, which was 

consistent with previous studies. The muscle fatigue level 

estimation model was created based on these two features. 

The model was designed to estimate the fatigue level in 

terms of percentage. Therefore, the adaptations which 

would apply to the myoelectric control system could be 

varied according to the fatigue level, not only be limited 

with specific states, e.g., non-fatigue, transition-to-fatigue, 

or fatigue. 

Although the purposed model shows the possibility of 

muscle fatigue level estimation, there are the limitations 

and improvements which need to be explored for further 

studies, for example, i) conducting the investigation on a 

larger group with higher diversities (including amputated 

volunteers), ii) there are a number of myoelectric features 

that are recently proposed which might be more sensitive 

to muscle fatigue and give better result in estimation, iii) 

the model needs to be validated under different conditions, 

e.g., variations of MVC level, duration, and electrical 

stimulated contractions, iv) implementing the real-time 

fatigue level estimation for instantly monitoring the 

progression of fatigue during the fatigue-inducing exercise.  

 

Conclusion 

The myoelectric feature investigations showed that the 

negative slopes were revealed by the MNF and MDF while 

Vrms and iE showed no pattern. The muscle fatigue level 

estimation model was created based on the MNF-MDF 

map to estimate fatigue level in terms of percentage. This 

model showed the feasibility of monitoring the progression 

of muscle fatigue which could be applied to many related 

studies. 
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Abstract:  Several clinically available devices use electrical stimulation to treat urinary bladder dysfunction. For 

treatment of overactive bladder they either employ sacral root stimulation or tibial nerve stimulation. Clinical 

experiments have shown that dorsal genital nerve (DGN) stimulation can also be used to treat overactive bladder. 

Especially on-demand DGN stimulation has the potential to have a significant better clinical outcome than stimulation 

of the sacral roots or tibial nerve.  However, there is currently no electrode available that can meet the requirements 

for clinical practice. In this study we tested the feasibility of a new electrode for DGN stimulation: a percutaneous 

electrode. We compared a percutaneous electrode with a standard surface electrode by measuring electrical impedance 

and stimulation thresholds in healthy volunteers. The results show that the differences in impedance and stimulation 

thresholds for percutaneous electrode and surface electrode are not very large. It can therefore be concluded that, from 

an electrical point, a percutaneous electrode would be as good as a surface electrode for DGN stimulation. 

 

Keywords: Bladder, incontinence, percutaneous electrode, genital nerve stimulation 

 

 

Introduction 

Electrical stimulation has been used to treat symptoms of 

overactive bladder, e.g. incontinence, for many years. 

Clinically available neuromodulation therapies either use 

the sacral nerve roots or the posterial tibial nerve as target 

for stimulation [1]. But, although these therapies reduce 

symptoms, only a small fraction of the patients become 

symptom free.  

Another stimulation target is the dorsal genital nerve 

(DGN). Studies have shown that DGN stimulation can 

suppress detrusor contraction [2] and could thus be used 

to prevent incontinence when stimulation is started soon 

after the onset of a detrusor contraction (on demand 

stimulation). This on demand stimulation has the potential 

to drastically increase the fraction of patients that become 

symptom free. 

The main problem in the development of a clinically 

available DGN stimulation system is the electrode-nerve 

interface. Most attractive would be an implanted 

electrode. However, an implanted electrode is invasive 

and without good options for fixation the electrode will 

most likely migrate. The alternative is using surface 

electrodes. They are cheap, non-invasive and easy to 

place. For that reason have they been used extensively in 

research settings.  

But long-term use of surface electrodes is challenging, at 

least in women, although they could be used in males. In 

male patients, at least one electrode is placed on the 

dorsal side of the penis. This may be suitable in a long 

term application providing that the patient is no longer 

incontinent. In female patients, one electrode is placed on 

the clitoris. Long-term adherence at this location is nearly 

impossible due to the moist environment. So, at least for 

females, another type of stimulation electrode is 

necessary. 

Because the DGN lies just below the skin, a percutaneous 

electrode may solve this problem. The idea is to use an 

electrode that is anchored to the skin using a fistula like a 

piercing. Such an electrode would have a number of 

advantages as compared to a surface electrode. As the 

electrode is attached to the skin it will not migrate or 

become detached. In addition, it can stay there as a 

permanent electrode that doesn’t require any attention or 

maintenance. 

This study was conducted to investigate whether using a 

percutaneous electrode is feasible. Such an electrode is 

not available yet so a simple metal rod was used to test 

the idea.   

In this study, we compared a percutaneous electrode and a 

standard surface electrode. We investigated the electrical 

impedance and thresholds to stimulation (perception 

threshold and maximum tolerance amplitude). 

 

Material and Methods 

For this study we used healthy volunteers with a nipple 

piercing, belly button piercing and/or genital piercing. 

The study was approved by the local ethical committee in 

North Jutland (approval N-20180002). Experiments were 

conducted while the subject was lying on his/her back on 

a bed. The existing piercing was removed and a surface 

electrode (3.2 cm diameter, round, Pals, Axelgaard, 

Denmark) was placed over the area where the piercing 

had been. A return electrode (5x5 cm, square, Pals, 

Axelgaard, Denmark) was placed about 5 cm away. Both 

electrodes were connected to stimulator 1 (DS5, 

Digitimer, UK) for impedance measurement or to 

stimulator 2 (DS7A, Digitimer, UK) to measure 

perception threshold and maximum tolerable stimulation 

amplitude. 

Impedance was measured using a sinewave current of 1  
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         Table 1: Mean impedance data. All impedances are given in kΩ. N = number of subjects 

 

Stimulation site 

Surface electrode Percutaneous electrode 

0.1 kHz 1 kHz 10 kHz 0.1 kHz 1 kHz 10 kHz 

Genital (N=3) 7.06 2.68 1.10 7.25 5.44 1.63 

Nipple (N=3) 21.11 4.67 1.13 6.24 1.45 0.79 

Belly (N=4) 27.68 6.37 1.66 14.99 10.31 2.50 

 

 

mA at 3 different frequencies (0.1 kHz, 1 kHz and 10 

kHz). At each frequency the corresponding voltage was 

measured using an oscilloscope and the impedance was 

calculated by dividing the peak voltage by 1 mA.  

To determine sensation threshold, 200 µs monophasic 

square current pulses at a frequency of 20 Hz were used. 

The return electrode was anode while the other was 

cathode. The amplitude was slowly increased until the 

subject reported sensation. This was taken as perception 

threshold. The amplitude was further increased until the 

subject asked to stop stimulation. This amplitude was 

taken as maximum tolerance amplitude. 

After the measurements for the surface electrode were 

finished, the surface electrode over the piercing area was 

removed and a custom made stainless steel rod was  

inserted into the fistula. Care was taken that the ends of 

the rod were not in contact with skin. Both metal rod and 

return electrode were again connected to the stimulator 

and the measurements for impedance, perception 

threshold and maximum tolerance level were conducted 

in the same way as for the surface electrode. 

 

Results 

A total of 10 healthy subjects with relevant piercings were 

included. There were 3 subjects with a genital piercing, 3  

with a nipple piercing and 4 with a belly piercing. All 

experiments were conducted without any complications. 

The impedances are shown in Table 1. It shows that for 

the nipple, surface electrodes had a higher impedance 

than the percutaneous electrodes. For the other 2 

locations, the impedance of surface electrode was 

somewhat lower than the impedance of the percutaneous 

electrode. 

Perception and max tolerance thresholds (Table 2) show 

that, compared with the surface electrodes, the 

percutaneous electrodes has the lowest threshold for 

perception. 

 

 

Table 2: Mean perception and tolerance thresholds. Data 

is presented as mean (range) in mA. N=10 

 

Surface electrode Percutaneous electrode 

Perception Max tol. Perception Max tol. 

5.0 (1.8-11.7)  17.9 (8.8-

30.0) 

3.3 (1.3-6.3) 12.0 (6.8-

27.5) 

 

 

Discussion 

It was expected that the impedance of the surface 

electrode would be much lower than the impedance of the 

percutaneous electrode. This because (1) the contact area 

between tissue and electrode is much larger for the 

surface electrode and (2) the surface electrode contains 

gel to reduce impedance. It turned out that the difference 

in impedance between percutaneous and surface electrode 

is not very large. The surface electrode impedance at both 

nipple and belly was higher compared with genital. The 

reason may be that the surface at both nipple and belly 

button is not flat. It is therefore likely that not the whole 

area of the surface electrode was in contact with the skin, 

which may have increased the impedance. 

The thresholds for perception and tolerance were lowest 

for the percutaneous electrode while still sufficiently high 

to allow DGN stimulation if the electrode is at the right 

location.   

 

Conclusions 

It is known that DGN stimulation using surface electrodes 

can be used to treat incontinence caused by detrusor 

overactivity. However, using surface electrode 24/7 on 

the genitals is very problematic [3]. Percutaneous 

electrodes may solve this problem. Placing them is a 

simple procedure, just as removing them if the clinical 

benefits are unsatisfactory. They are anchored to the skin 

so they could provide a stable stimulation interface. This 

study shows that the electrical impedance is similar to that 

of a surface electrode and that the perception and max 

tolerance level are only a little lower compared to a 

surface electrode. This suggests that a percutaneous 

electrode could be used for stimulation of the DGN when 

located near the clitoris in females or near the dorsal 

penile nerve in males. In fact some volunteers with a 

genital piercing reported sensation in the DGN upon 

stimulation. Further work is needed to show that bladder 

contraction can be suppressed by DGN stimulation using 

a percutaneous electrode. 
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Abstract: The purpose of this study was to design and test a four-channel system for the selective transcutaneous 
stimulation (tVNS) of an auricular branch of the vagus nerve at the cymba conchae (CC) region to assess clinical 
benefits and limitations of tVNS when used for modulation of a heart function, modulation of respiratory rhythm or 
induction of hormone secretion.  
The tANS was accomplished in a 62-year-old individual with angina pectoris, coronary artery disease, and moderate 
insomnia. Four sites identified at the CC were selectively stimulated using a silicone plug containing four globule-like 
platinum cathodes. A common anode, crafted from ribbon made of water absorptive sponge, was attached to the neck. 
For the tANS, current regulated stimulating pulses with an intensity of ic=20 mA, a pulse width of 200 µs, and a 
frequency of f=25 were used. The performance of the system was investigated via an equivalent circuit model (ECM) of 
the interface at the cathode and the anode. 
The results of tANS show that the melatonin level was significantly lower in all tANS sites before daylight selective 
tANS than after daylight selective tANS. ECM elements were independent on changes in pressure on the anode and 
highly dependent on the pressure on the cathode. The negative chronotropic effect was suppressed, presumably due to 
the prescribed beta blockers. The eventual effect on heart function could be confirmed once HRV is assessed. Results of 
tANS show that the cathodic charge density for optimum tANS was 2.4 µC/mm2, while anodic charge one was of orders 
lower. To minimize variations of ECM elements and thus to optimize the tANS, the plug should be pushed into an 
external ear using a low steady force. 
 
Keywords: Transcutaneous vagus nerve stimulation, cymba conchae, auricular nerve, melatonin, HRV, platinum 
electrodes, Equivalent Circuit Model. 
 
 

Introduction 

Neuromodulation is among the fastest growing areas of 
medicine. Over the last several decades, vagus nerve 
stimulation (VNS) has been established on a long history 
of investigating the relationship of autonomic signals to 
internal organs and glands with cortical function [1–5].  
Transcutaneous vagus nerve stimulation (tVNS), 
however, is a diagnostic and therapeutic approach used to 
attempt to normalize the body's dysfunction through the 
stimulation of particular areas of the external ear [6–9]. 
These areas exhibit high availability and density of 
receptors, such as nociceptor Golgi-tendon receptors, 
Meissner corpuscles, Krause’s end-bulbs, and glomus-
bodies that respond to stimuli by sending signals via 
slowly conducting afferent Aδ and C fibres to the spinal 
cord and the brain [10–12]. Mechanisms of the tVNS 
have been described by Frangos et al. [13], who 
demonstrated that in humans, the auricular branch of the 
vagus nerve, via the CC, projects to the nucleus of the 
solitary tract. Thereafter, it was proposed that 
transcutaneous stimulation of afferent nerve fibres within 
the auricular branch (tANS) of the vagus nerve can 
potentially produce an effect similar to that of invasive 
VNS. Specifically, the external ear is the only place on 
the surface of the human body where there is a high 
density of afferent vagus nerve fibres [14].  
 

 
All applications of tANS, however, require electrodes 
with high spatial selectivity, low impedance, and safe 
reversible charge delivery to specific populations of 
receptors through the electrode-tissue interface [15, 16]. 
For tANS, pure platinum can be used as a stimulating 
electrode material because it can effectively supply high-
density electrical charge to excitable tissue by capacitive 
and faradaic mechanisms [17, 18]. To determine the 
efficiency and selectivity of the tANS, characterizing the 
electrical impedance of the electrode-tissue interface is 
crucial in all applications. This work is focused on 
modelling selective tANS of fibres supplying the CC, 
developing a multi-electrode plug for insertion into the 
external ear, and describing the stimulating cathode-skin 
interface at the CC [14]. 
The present study was also aimed at demonstrating that 
selective tANS can be potentially used as a method for 
the external modulation of heart function, respiratory 
function, and the induction of melatonin hormone 
secretion [19]. Melatonin, a naturally occurring hormone 
produced mainly by the pineal gland, regulates the sleep-
wake cycle. Its peak secretion and level in the blood 
occurs in the middle of the night and gradually fall until 
morning [20]. If this sleep-wake cycle is disturbed, 
insomnia that presents a subjective perception of 
dissatisfaction with the amount and/or quality of the sleep 
can occur [21]. 
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Material and Methods 

The protocols of the measurements were approved by the 
National Medical Ethics Committee, Ministry of Health, 
Republic of Slovenia (Unique Identifier No. 0120-
297/2018/6). The tANS trials were conducted in a 60-
year-old individual treated with various drugs, such as 
beta-blockers which may be responsible for mild 
insomnia [22]. 
At the CC in which innervation corresponds to the 
auricular branch of the vagus nerve, four sites are 
identified for selective tANS (see Fig.1). 
 

 
Fig. 1. Four sites at the CC identified for selective tANS. 
 
The silicone plug to be inserted into the external ear 
contains four globule-like cathodes of about 1.2 mm in 
diameter. They were then welded to the lead wires and 
attached to specified sites of the silicone plugs. The anode 
is crafted using a 300-mm-long and 25-mm-wide ribbon 
made of sponge situated below the stainless-steel mesh. 
During the tANS, the anode was placed at the neck. 
The elements C, R, |Z| and θ of an ECM of the cathodic 
and anodic interfaces were measured at 1 and 2.5 kHz 
using the LCR meter (AT2816A Precision Digital LCR 
Meter, Changzhou Applent Instruments, Ltd., Jiangsu, 
China) [23]. The voltage response at a particular cathode 
with respect to the anode and ic was measured using a 
real-time digital oscilloscope (Hantek DSO5102B, 2-
Channel Digital Oscilloscope, High-tech Zone, Qingdao, 
Shandong, China). 
During tANS, the plug is pushed into an external ear 
using a force of approximately 2.5 N produced by the vice 
within the dummy headphones. Thus, the globule is 
pressed into the skin, so that the skin is bent into a basin 
encircling about half of the globule. 
The stimulus used was a current, biphasic pulse with a 
rectangular cathodic component and an exponentially 
decaying anodic component with the following 
parameters: a 1-second pulse train at f=25 Hz; intensity 
ic=20 mA and a width τ=200 µs. The tANS can be 
triggered manually or synchronized by a piezo diaphragm 
sensor or by heart rate using a pulse oximeter. The 
stimulus pulse train, once triggered, began at 25 µs pulse  

 
width and linearly increased to 200 µs during the 
stimulation duration. This mode of stimulation intensity 
enabled the gradual onset of tANS and acceptable 
discomfort of the subjects. Stimulation intensity ic was set 
at the level for which a low level of discomfort at the 
deployed cathode is produced. 
For ECG measurements, a customized HKD-10A single 
lead ECG acquisition module with analogue signal output 
is used. For the assessment of respiration rhythm, a 
custom-designed piezo diaphragm sensor is used. For 
assessment of oxygen saturation, a customized low-cost 
acquisition fingertip pulse oximeter module is used. tANS 
trials were performed in a sitting position of the 
individual being exposed to a defined level of daylight 
illumination. Afterwards, saliva samples were collected 
just before and just after a 30 min tANS and analyzed 
using ELISA (Non-Extraction), enzyme immunoassay. 
 
 
Results 

Table 1 shows the level of melatonin before and after 
daylight selective tANS of the left and right CC in 
samples for which the maximum and minimum 
differences in melatonin secretion were obtained. 
 

MAX 26,6

MIN 1

MAX 42,3

MIN 5,2

MAX 72

MIN 4,8

MAX 12,6

MIN 2,4

UPPER 
RIGHT CC

LOWER 
RIGHT CC

tVNS SITE
DIFFERENCE OF MELATONIN LEVEL 

WITH AND WITHOUT tVNS [pg/ml]

UPPER LEFT 
CC

LOWER 
LEFT CC

 
 
Table 1. Level of melatonin before and after daylight 
selective tANS. 
 
It is shown in Table 1 that the melatonin levels were 
significantly lower in the upper and lower CC of both ears 
before daylight selective tANS than after daylight 
selective tANS. 
The results also show that all the averaged ECM elements 
have larger values when measured at 1 kHz than when 
measured at 2.5 kHz. In particular, the absolute 
impedance magnitude |Z| is reduced from approximately 
50 kΩ at 1 kHz to approximately 48 kΩ at 2.5 kHz. The 
contribution of the anode to ECM elements was 
independent on changes in pressure while the contribution 
of the cathode was highly dependent on changes in 
pressure. 
Even though a negative chronotropic effect could be 
expected, this was not the case, presumably due to the 
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beta blockers prescribed to the individual to treat 
hypertension and angina pectoris. This could be the 
reason that the heart rate was not lowered as expected. 
More significant effect on heart function could be 
expected once HRV is assessed. It can be seen in Fig. 2 
that the most significant effect of tANS was observed the 
in respiration rhythm: during tANS and shortly 
afterwards, the respiration rhythm was significantly 
reduced. 
 

 
 
Fig. 2. tANS of the left CC: (a) ic before tANS, with 
tANS and after tANS; (b) ECG before tANS, with tANS 
and after tANS; (c) respiration rhythm before tANS, with 
tANS and after tANS; (d) SPO2 before tANS, with tANS 
and after tANS. 
 

Discussion 

In the developed system, selective tANS drives current 
from the cathode in the direction that is perpendicular 
according to the globule so a limited population of nerve 
fibres can be stimulated. It was presumed that ic, which 
spreads radially from half of the globular cathode, is more 
effective in the tANS of nerve fibres than when spreading 
in a single direction. Regardless, the activation function 
for a particular group of nerve fibres must be positive; 
otherwise, only specific receptors can be activated. The 
greatest concern in shaping and dimensioning the 
cathodes was to provide effective activation of particular 
nerve fibres at the targeted locations of the CC so that no 
pain and no high ic density peaks could cause skin burns 
and irritation. One weakness of the system is a 
dependence of the ECM elements on the force applied 
onto the plug during the tANS. To optimize the tANS, the 
plugs should be pushed into the external ear using steady 
force. 
To help judge the autonomic nervous system functions 
elicited by tANS, however, software that analyses the 
beat-to-beat time intervals of the heart rate and displays 
Heart Rate Variability (HRV), should be used.  
 
 
Conclusions 

Melatonin levels were significantly lower in all tANS 
sites of both ears before daylight selective tANS than 
after daylight selective tANS. ECM elements were 
independent of changes in pressure on the anode and 
highly dependent on the pressure on the cathode. A 
negative chronotropic effect was not obtained, 

presumably due to the medicine Concor prescribed to the 
individual. A specific effect on heart function could be 
confirmed once HRV is assessed. Finally, the goal of 
developing, designing, and testing a four-channel system 
for the selective tANS at the CC was achieved. 
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Abstract: The scientific literature of over two decades on sub-threshold conditioning pre-pulses is confused and lacks 
clear explanations for the conflicting data. We investigated the effect of depolarizing (DPPs) and hyperpolarizing (HPPs) 
sub-threshold pre-pulses on neural excitability in an animal model. The common peroneal nerves in anaesthetized Wistar 
rats were stimulated with biphasic stimuli with and without ramp and square DPPs and HPPs of 1, 5 and 10ms duration 
and 10% - 20% intensity of the following pulse. Monopolar and bipolar electrode configurations were compared. With 
monopolar electrodes DPPs increased the amplitude required to activate 50% of the motoneuron pool (11.3 ± 2.4% 
increase with 5ms Square DPP) and HPPs decreased the threshold (7.3 ± 3.1% decrease with 10ms Square HPP). With 
bipolar electrodes both pre-pulse types consistently had the opposite effect: DPPs decreased thresholds (6.7 ± 0.2% 
decrease with 1ms Square DPP) while HPPs led to threshold increases (6.1 ± 2.9% increase with 10ms Ramp HPP). 
Electroneurogram recordings of the stimulated nerve revealed that these differences in the effects of pre-pulses for 
monopolar versus bipolar electrodes originate in different mechanisms of action potential generation. In bipolar biphasic 
stimulation, the nerve was excited at the anode as a response to the second (anodic) phase. These findings explain the 
contradictions in published data on sub-threshold conditioning pre-pulses and highlight the fundamental influence of 
electrode configuration on the effect of pulse shaping. 
 
Keywords: Electrical stimulation, Sub-threshold pre-pulse, Stimulation selectivity, Action potential 
 
 

Introduction 

Electrical stimulation (ES) is a neuromodulation technique 
that applies artificial electrical stimuli to alter the activity 
of a target nervous structure. The stimuli are delivered via 
an active electrode, the cathode, near the target nerve. The 
anode, i.e. the passive return electrode, can either be 
situated in similar proximity to the target structure, this 
configuration is called bipolar, or can be placed further 
away, in which case the configuration is monopolar. For 
some applications of ES either electrode setup might be 
used, but for others specific requirements predetermine the 
electrode configuration. For example, in the emerging field 
of miniaturized neuromodulation implants, so called 
“electroceuticals” [1], in which electrodes are envisaged as 
integral with the stimulator, the small device size does not 
allow substantial electrode separation so the configuration 
is inevitably bipolar. 
The pursuit of stimulation selectivity, that is the activation 
of a specific neuronal population without coactivation of 
other fibres, led to numerous investigations of ES with 
waveforms varying from the standard biphasic rectangular 
pulse. One such modification is the addition of a sub-
threshold conditioning pre-pulse immediately prior to the 
stimulating pulse. Sub-threshold means that the pre-pulse 
itself does not elicit action potentials. A pre-pulse in the 
cathodic phase is called a depolarizing pre-pulse (DPP), 
whereas a hyperpolarizing pre-pulse (HPP) is an anodic 
pre-pulse. Literature on the effect of these sub-threshold 
pre-pulses in computer simulations and various 
experimental settings is contradictory [2]. Mortimer and 
Grill, the pioneers in the field of pre-pulses to selectively 
alter excitability of certain fibre populations, described a 
threshold decreasing effect of HPPs [3] and an increase of 

threshold with DPPs [3]–[5]. Over the decades following, 
several studies agreed with these original findings [6]–[8], 
while other research groups reported opposing results, 
describing decrease of stimulation threshold with DPPs 
[2], [9]–[11]. 
The aim of this study was to investigate comprehensively 
the effect of DPPs and HPPs on motor nerve recruitment. 
The pre-pulses were studied under conditions relevant to 
neuromodulating implants: The stimulation pulses 
preceded by DPPs and HPPs were biphasic and of a phase 
duration near the chronaxie, that is, near the energy-
optimal stimulus duration. Both principal electrode 
configurations, bipolar and monopolar, were tested and for 
the first time, detailed comparisons of the 
electroneurogram (ENG) of the stimulated nerve were 
analysed. 

Material and Methods 

Surgical Procedure: All experiments were carried out 
under strict adherence to the Animals (Scientific 
Procedures) Act of 1986. The procedures were approved 
by the Home Office (PPL 40/3743) and were conducted in 
three terminal experiments in adult Wistar rats. 
Anaesthesia was induced using 3% isoflurane in oxygen. 
To maintain stable, deep anaesthesia, respiration rate was 
monitored and the isoflurane concentration adjusted 
between 1% and 2%. 0.05 mg kg-1 of Buprenorphine 
(Temgesic, Indivior, Slough, UK) was administered intra 
muscularly for analgesia. The body temperature was kept 
between 37-38°C with an adjustable heatpad (E-Z Systems 
Corporation, Palmer, Pennsylvania, USA). 
Stimulation and ENG recording electrodes were made 
from PVC insulated stainless steel wire (Electrode wire 
AS634, Cooner Sales Company, Chatsworth, California, 
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U.S.A.). Loops of 1mm diameter were formed from the 
uninsulated wire ends and placed under the common 
peroneal nerve (CPN). Two stimulation electrodes were 
placed 2mm apart, approximately 5mm distal to the CPN 
branch from the sciatic nerve. The more distal electrode 
was the cathode and the proximal electrode the anode for 
bipolar stimulation. For monopolar stimulation the nerve 
anode was not connected and a hypodermic needle (21G x 
1-1/2") under the dorsal skin of the animal was used as a 
remote return electrode (anode). A second electrode pair, 
also 2mm apart, was placed approximately 10mm distal to 
the stimulation electrodes and used for ENG recording, 
with the more distal electrode as reference.  
After freeing the extensor digitorum longus (EDL) muscle 
by dissecting the distal tendon of the overlying tibialis 
anterior, the proximal EDL tendon was clamped at the knee 
joint with a artery forceps which was firmly mounted to a 
steel table. The distal EDL tendon was dissected, fixed to 
a miniature titanium alloy hook, and connected to a force 
transducer (Gould Inc, Statham Instrument Division, 
Oxnard, California, U.S.A.). This procedure allowed us to 
mechanically isolate the EDL muscle and record isometric 
contractions, while blood supply and innervation were 
preserved. The proportion of isometric force generated was 
taken as indicative of the proportion of neural acivation 
among the population of motorneurones within the 
common peroneal nerve. 
Stimulation: Stimulation pulses were generated at a 
1MS/sec sampling rate with LabVIEW™ 2016 (National 
Instruments Corporation, Austin, Texas, U.S.A.) and sent 
over the analogue output of a NI PCIe 6351 Data 
Acquisition Card (National Instruments Corporation, 
Austin, Texas, U.S.A.) to a galvanically isolated voltage- 
to-current converter. The current-controlled stimulation 
pulses were delivered to the cathode at the nerve. A relay 
unit was used to select between the nerve anode and the 
remote anode. Combinations of stimulation parameters 
(amplitude, pre-pulse type, intensity, duration and anode 
position) were applied in randomized order. Every 20 
stimulations a standard control pulse, set to ensure full 
nerve activation, and therefore to elicit maximal isometric 
twitch force, was delivered to the electrodes. All force 
responses were measured relative to the nearest control 
response. This means that final recruitment curves were 
built from test pulses that were placed randomly from start 
to finish of the recording period, and therefore are not 
affected by variations of temperature, level of anaesthesia 
or fatigue. 
Full recruitment curves were recorded in 2 animals in 
50µA increments for square and ramp DPPs and HPPs with 
1, 5 and 10ms duration at 10% and 20% of the amplitude 
of the subsequent stimulation pulse in both electrode 
configurations (n=3 animals for 10% DPPs, 5 and 10ms). 
The stimulation pulses were biphasic with phase widths 
(PhWs) of 40µs, cathodic phase first.  
Additionally, in n=2 animals ten repetitions of PhW 100 
and 200µs standard biphasic stimulations (without pre-
pulses) with amplitudes that ensured full neural activation 
were recorded with bipolar and monopolar anode position. 

Recording: Isometric twitch force and ENG were recorded 
at 100kS/sec with a PowerLab 16/35 (ADInstruments Pty 
Ltd, Bella Vista, New South Wales, Australia) and stored, 
pre-processed and exported using ADInstruments 
LabChart 7 Pro (ADInstruments Pty Ltd, Bella Vista, New 
South Wales, Australia).  
Data analysis and statistics: The 50% activation 
thresholds were determined for every recruitment curve by 
linear interpolation of experimental data points (Fig. 1).  
The normalized data followed the same patterns in each of 
the 2 or 3 experiments performed. Rather than formal 
statistical tests we have shown the consistency of the data 
by plotting individual data points with the means (Fig. 2). 

 
Figure 1: Recruitment curves for 40µs biphasic stimulation 
with and without 5ms DPPs of 20% stimulus intensity in 
monopolar (black) and bipolar (blue) setup. 

Results 

Depolarizing Pre-pulses: All tested DPPs increased the 
50% activation thresholds in the monopolar electrode 
configuration and decreased stimulation thresholds in the 
bipolar configuration (Fig. 2.a-b). DPPs with 10% of the 
stimulation pulse amplitude increased thresholds in the 
monopolar configuration up to 7.5% (10ms Square DPP, 
±0.6% SEM) and decreased thresholds up to 3.5% (5ms 
Square DPP, ±0.2% SEM) in the bipolar configuration. 
Larger threshold changes of up to 11.3% increase (5ms 
Square DPP, ±2.4% SEM) in monopolar and 6.7% 
decrease (1ms Square DPP, ±0.2% SEM) in bipolar 
configurations were observed when the DPP amplitude 
was set to 20% of the stimulus amplitude. 
Hyperpolarizing Pre-pulses: HPPs decreased stimulation 
thresholds in monopolar and increased thresholds in 
bipolar configurations (Fig. 2.c-d). The threshold decreases 
with 10% HPPs ranged up to 4.9% (10ms Square HPP, 
±1.3% SEM) for monopolar stimulation. The same pre-
pulses increased thresholds by up to 6.1% (10ms Ramp 
HPP, ±2.9% SEM) in the bipolar case. Thresholds were 
decreased up to 7.3% (10ms Square HPP, ±3.1% SEM) in 
monopolar and increased by up to 3.5% (1ms Square HPP, 
±2.2% SEM) in bipolar setup, when HPPs of 20% stimulus 
amplitude were used. 
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Figure 2: Changes in 50% activation threshold with 10% (dashed lines and empty markers) and 20% (solid lines and full 
markers) a) square DPPs, b) ramp DPPs, c) square HPPs and d) ramp HPPs. Pre-pulses have opposite effects on 50% activation 
threshold with monopolar (black) and bipolar (blue) electrode configuration. Negative values of ‘Difference in 50% threshold’ 
indicate that the activation threshold with biphasic stimulation PhW=40µs decreased with the tested pre-pulse compared to 
standard stimulation without pre-pulse. Lines represent mean n=2 animals (except for 5 and 10ms 10% DPPs with n=3). 
 
Electroneurogram recordings: ENG recordings of 
compound action potentials (CAPs) evoked by 100µs 
biphasic stimulation had an average delay of 1.67ms of the 
prominent first downward signal deflection to the stimulus 
artefact with monopolar, and an approximately one PhW 
greater delay of 1.79ms with bipolar electrodes (Fig. 3.a). 
Biphasic stimulation with 200µs PhW led to a delay of 
1.72ms in the monopolar and 1.91ms, one PhW greater, in 
the bipolar setup (Fig. 3.b). 

Discussion 

The observed effects of DPPs and HPPs on the excitability 
of the nerve with a succeeding stimulus in monopolar 
electrode configuration are in good agreement with the 
original research by Mortimer and Grill. In their first 
publication on subthreshold pre-pulses, the authors used a 
cable model of a mammalian myelinated axon with 500µs 
monophasic stimuli applied via a monopolar point source 
and reported increased thresholds when the stimulation 
pulse was preceded by 500µs DPPs of 95% threshold 
amplitude [4]. Further computer simulations employed a 
single space-clamped node of Ranvier as well as a 

compartment cable model of a mammalian nerve fibre, 
both modelled exclusively as monopolar electrode 
configurations, and described threshold increases with 
500µs DPPs of 90% threshold amplitude and threshold 
decreases with similarly parametrized HPPs [3]. In later in-
vivo experiments on cat sciatic nerve stimulation, 
Mortimer and Grill demonstrated that 500µs DPPs of 90% 
threshold amplitude applied via a monopolar electrode 
contact selectively increased stimulation thresholds of 
nerve fibres that otherwise showed the lowest threshold for 
recruitment [5]. 
Using the bipolar electrode configuration we observed 
opposite effects of pre-pulses on stimulation threshold that 
are also in line with published literature that opposes the 
pioneer work by Grill and Mortimer [2], [9]–[11]. Most of 
these studies were carried out with human transcutaneous 
stimulation, either in a clearly bipolar configuration [9], 
[10] or in a monopolar setting in which the reference anode 
was still relatively close to the stimulated nervous structure 
[2]. The consistent differences of pre-pulse effects in 
monopolar and bipolar electrode setup in both the data 
described in the present study and in previously published  
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Figure 3: ENG recordings of the CPN during biphasic 
stimulation of a) PhW=100µs and b) PhW=200µs with 
monopolar (black) and bipolar (blue) electrode 
configuration (10 superimposed recordings each). Arrows 
indicate mean delays of first signal downward deflection 
with respect to the stimulation artefact t0. 

literature, led us to hypothesize that excitation might occur 
at the anode in bipolar stimulation setups at near threshold 
conditions. This hypothesis of excitation at the anode 
provides a satisfying explanation for the opposite effects of 
pre-pulses in bipolar versus monopolar stimulation 
described in this study. Like the stimulation phases 
themselves, the pre-pulses are inverted at the anode: DPPs 
have a hyperpolarizing effect and thus decrease thresholds 
at the anode, whereas HPPs have depolarizing effects that 
render the membrane less excitable at this location. The 
ENG recordings verify the hypothesis by showing a shift 
correlating to the duration of one PhW between responses 
elicited by monopolar and bipolar stimulation setups (Fig. 
3). Our interpretation is that while in monopolar 
stimulation excitation occurred as a response to the 
cathodic (first) phase, the effective part of the pulse for the 
bipolar setup was the anodic (second) phase. This provides 
a potent explanation for the differences in pre-pulse effects 
that were observed between monopolar and bipolar 
configurations in this study. Furthermore, the possibility of 
excitation at the anode explains apparently contradictory 
findings in published literature with bipolar electrodes [9], 
[10]. 
The present study is the first to investigate 
comprehensively the effect of DPPs and HPPs on biphasic 
stimulation thresholds under conditions of direct relevance 
to contemporary miniature implantable neuromodulation 
devices. The consistent finding of reversed pre-pulse 
effects in bipolar setup due to excitation at the anode 
clearly stresses the strong influence the electrode 
configuration has on the effect of variations in pulse shape. 
A better understanding of the differences between 
monopolar and bipolar stimulation is of particular 
relevance to the emerging field of miniaturized 
neuromodulators, so called electroceuticals, where the 
small implant size does not allow for substantial separation 
of the electrodes. The majority of published literature on 
well-established pulse shape variations such as inter phase 
gaps (IPGs) [12] is, like the literature on subthreshold pre-

pulses, primarily based on monopolar findings and is not 
applicable to these bipolar scenarios.  
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Abstract: Computational models have brought a significant advancement to the field of electrical stimulation. Still, it is 
quite challenging to develop a representative model for neuromuscular stimulation, given its intricate physiology. This 
study aims to extend the capability of a finite element (FE)-based nerve excitation model to accommodate subsequent 
muscle contraction that embodies neuromuscular stimulation by coupling an active nerve fiber with a constitutive 
muscle fiber model. Both the nerve and the muscle elements were embedded in a volume conductor of the tissue layers. 
The model was solved under transient conditions, wherein an external stimulus created a distributed electric field to 
excite the nerve fibers that subsequently initiated muscle contraction. The validity of the model was further verified 
against experimental data on nerve excitability. The model was able to predict the stress developed during muscle 
contraction, which contributed to the total force exertion. The proposed model is a novel attempt towards a continuum 
description for neuromuscular stimulation, that can be deployed to test various stimulation protocols and assessing 
their physiological outcome. 
 
Keywords: Strength duration curve, FH nerve, Hill-type muscle, Twitch contraction, Finite element approach 
 

Introduction 

Transcutaneous neuromuscular electrical stimulation 
(tNMES) represents a non-invasive and a convenient way 
to elicit dormant motor function. Axons branching from a 
peripheral nerve arborize into individual muscle fibers to 
form motor units [1]. With tNMES, such axons are 
targeted to activate several motor units, which causes 
muscle contraction. Hence, the number of axons being 
excited directly impacts the recruitment of muscle fibers 
[1], [2]. Furthermore, a sustained muscle contraction is 
achieved by inducing a continuous excitatory response of 
motor axons using a pulsated stimulation [1], [3]. 

Driven by electrophysiological indices, computational 
models could replicate neuromuscular function at the 
subject-specific level. In this way, such tools can aid to 
understand the physiological recruitment and the 
neuromuscular response to various stimulation protocols 
[2], [4], [5]. This could potentially reduce evaluation 
times on patients and can serve as a test-bench to validate 
motor control strategies. However, a complete 
biophysical representation of neuromuscular stimulation 
is very challenging. Such modeling needs to embody (i) 
the spatial distribution of electric field inside tissue layers 
[2], (ii) excitation of nerve fibers based on the spatially 
distributed electric field [6], (iii) the excitation-
contraction coupling to transduce nerve activation into 
corresponding muscle fiber recruitment [7] and (iv) the 
contraction dynamics to dictate the whole muscle 
response [7]–[9]. Separate studies have modeled these 
representations. So far, an integral approach has not been 
attempted for tNMES.  

Two-step models are used to predict the nerve 
response to external excitation [2]. Herewith, the spatial 

distribution of the electric field within tissues are solved 
as volume conductors, and the excitatory field is later 
applied to analytical nerve models. However, these 
models have limited applicability as the calculation of 
field distribution, and the resulting excitatory response 
secedes. The constitutive representation is widely adopted 
in biomechanics towards full-scale muscle modeling. 
Active stress development that initiates muscle 
contraction is modeled based on macroscopic, 
phenomenological models like the Hill-type [3] or 
microscopic models based on cross-bridge sliding, like 
the Huxley-type models [5], [9]. The choice of the two 
methods varies based on their applicability and 
computational limitations [10]. To couple the previously 
mentioned nerve activation with the muscle models, 
depolarization of a muscle fiber is modeled based on the 
alterations in its calcium ion concentration with respect to 
the transient excitatory nerve response [5], [7], [9]. 
Coupling the physiological process of nerve recruitment 
into these models is actively researched [9]. 

Three-dimensional modeling represents a compelling 
approach to include the geometrical and biophysical 
features of the neuromuscular system for deriving 
personalized models. Furthermore, the above-mentioned 
physiological mechanisms and their transient behavior are 
represented by differential equations, hence, to 
accommodate such a modeling feat with reduced 
computational complexity, the finite element (FE) 
approach is favored [2], [5], [9], [10]. Accordingly, this 
study aims to develop a model that can predict muscle 
forces for a transient external stimulation using the FE 
approach.  
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Material and Methods 

This paper presents a methodological approach in 
deriving a neuromuscular multi-scale model using the FE 
approach. To couple individual elements that represent 
tNMES, the excitation of an active myelinated nerve fiber 
in a volume conductor of tissues was coupled with a 
constitutive muscle model with its active stress generation 
characterized by the Hill-type formulations. The entire 
computational model was implemented using COMSOL 
Multiphysics®, Version 5.4 (COMSOL, Inc., MA, USA). 
The model represented the transcutaneous stimulation of 
the median nerve for its consequent contraction of the 
Brachioradialis (BRD) muscle upon excitation. The 
forearm tissues and the BRD muscle were modeled as 3D 
geometry [2],[8] (Fig. 1a). Additionally, the median nerve 
with its axons was modeled as 1D elements to reduce the 
computational complexity. 
 

 
 
Figure 1: [a] A stylized representation of the neuromuscular 
model. [b] Electrical equivalent of the compartmentalized 

myelinated nerve model. [c] Biomechanical equivalent of a 
muscle with active and passive elastic components.  

 
Firstly, the tissue layers were idealized as volume 

conductors with respective conductivity (𝜎), permittivity 
(𝜀0). Using Poisson's equation for electrical conduction 
(1), the spatial distribution of the electric field as a 
potential gradient (𝛻𝑉𝑒) was calculated for the externally 
induced stimulation (𝐽).  
 −𝛻 ∙ (𝜎𝛻𝑉𝑒 − 𝜀𝑜𝛻 𝛿𝑉𝑒𝛿𝑡 ) = 𝐽       (1) 

 
The axons of the nerve fiber were modeled based on 

an established myelinate nerve [6]. Each nerve axon was 
compartmentalized with 21 interconnected nodal and 
internodal segments. The nerve fiber was at a depth of 
12𝑚𝑚 from the skin surface with 25 of such 10𝜇𝑚 
compartmentalized nerve axons distributed within 
20𝑚𝑚2 [2]. The current density across each compartment 
of the nerve segment was computed as (2), based on the 
membrane capacitance (𝐶𝑚), conductance (𝐺𝑚) and the 

resistivity of the intracellular fluid (𝑅𝑖) (Fig. 1b). The 
potential gradient, 𝛻𝑉𝑒 from the volume conductor is 
directly coupled into (2), thus perturbations to the 
intracellular potential (𝑉𝑖) can depolarize the nerve 
causing an action potential.  
 𝑐𝑚 (𝜕𝑉𝑖𝜕𝑡 − 𝜕𝑉𝑒𝜕𝑡 ) = 𝑑𝑎4𝜌𝑖 (𝜕2𝑉𝑖∆𝑥2 ) − 𝑔𝑎(𝑉𝑖 − 𝑉𝑒 − 𝑉𝑟𝑒𝑠𝑡)    (2) 

 
This action potential can further depolarize the motor-end 
plates of several muscle fibers within a motor unit (Fig. 
1a). Activation of motor units depends on its type [3], 
stimulation amplitude (recruitment) [2] and frequency 
(tetanus) [1]. In this study, only the recruitment-based 
activation was considered. Hence, a scale factor (𝑆𝑓) was 
introduced in (5). Based on the innervation ratio and the 
number of constituent muscle fibres within BRD [1], the 
total muscle contraction was graded based on the number 
of excited nerve axons. Based on the transmembrane 
potential (𝑉𝑎), the motor unit activation was considered 
(3). Also, the dynamics between nerve activation and the 
resulting depolarization for subsequent muscle activation 
was included (4) [11]. 
 𝑢(𝑡) = {0, 𝑖𝑓 𝑉𝑎  < 20 𝑚𝑉 1, 𝑖𝑓 𝑉𝑎  ≥  20 𝑚𝑉      (3) 

 𝑎̇(𝑡) = 𝑢−𝑎𝜏𝑎(𝑎,𝑢)             (4) 

 
A muscle-tendon complex (MTC) has the muscle fiber 

arranged in series with the tendon. The Hill-type model 
was used to represent the MTC, Fig. 1c. The muscle 
component included the active contractile element (CE) 
and the passive connective tissue element (PE). The force 
generated by the muscle (𝐹𝑚) depended on the (i) 
respective passive force-length relationships of CE [12] 
and PE [7] elements 𝑓𝑓𝑙𝐶𝐸(𝑙𝑚) and 𝑓𝑓𝑙𝑃𝐸(𝑙𝑚), Fig. 2a. (ii) 
dynamic force-length relationship of the CE [12], 𝑓𝑓𝑣𝐶𝐸(𝑣̃𝑚), Fig. 2b and (iii) muscle activation 𝑎(𝑡). Thus 𝐹𝑚 was the sum of active and passive forces (5). As the 
hill-type parameters are scalable to model different 
muscle types, we characterized it for BRD. Accordingly, 
the optimal muscle length (𝑙𝑚), tendon stack length (𝑙𝑠𝑡) 
and pennation angle (𝛼𝑚) were determined [7], [8]. The 
maximum muscle force (𝐹𝑜𝑚) was estimated from the 
muscle’s cross-sectional area and its specific tension [8].  

 𝐹𝑚 = 𝐹𝑜𝑚𝑆𝑓 [(𝑓𝑓𝑙𝐶𝐸(𝑙𝑚)𝑓𝑓𝑣𝐶𝐸(𝑣̃𝑚)𝑎̇(𝑡)) +  𝑓𝑓𝑙𝑃𝐸(𝑙𝑚)]     (5) 

 𝑓𝑓𝑙𝐶𝐸(𝑙𝑚) = {−4(𝑙𝑚 − 1)2 + 1, 0.5 ≤ 𝑙𝑚 ≤ 1.5 0,                        𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒      (6) 

 

𝑓𝑓𝑣𝐶𝐸(𝑣̃𝑚) = { 
   0               ,   𝑣̃𝑚 < −10𝑠−1− arctan(𝑣̃𝑚−0.5)arctan(5) + 1,−10𝑠−1 ≤ 𝑣̃𝑚 ≤ 2𝑠−1𝜋4 arctan(5) + 1,             𝑣̃𝑚 > 2𝑠−1      (7) 

 𝑓𝑓𝑙𝑃𝐸(𝑙𝑚) = 𝑒10(𝑙𝑚−1)𝑒5 , 1 ≤ 𝑙𝑚 ≤ 1.5     (8) 
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Figure 2. [a] Normalized force-length relationship for active 
and passive muscle elements. [b] Normalized force-velocity 

relationship for the active muscle element.  
 
The 3D MTC was modeled as cylindrical geometry with 
the muscle connected to a tendon. The material properties 
[13] of MTC is given in Table 1. The mechanical 
behavior of the muscle upon its activation 𝑎̇(𝑡) from the 
previous sections was assigned to the MTC. Further to 
this, the model was solved for its displacement, and the 
von Mises stress was obtained. External stimulation was 
implicated into the model using the Neuman boundary 
condition applied at the active electrode, the reference 
electrode was held as ground using the Dirichlet boundary 
condition, and the lateral edges were insulated.   
 

Table 1: Material properties of the muscle-tendon complex 

 Young’s modulus Poisson’s ratio Density 

 𝑀𝑃𝑎 − 𝑘𝑔𝑚−3 
Muscle 1.162 0.4 1056 
Tendon 1.6 0.49 1670 

 
The model was validated based on experimental data 
from two subjects. Through motor point-based 
stimulation [14], the BRD muscle was evoked for wrist 
flexion. A monophasic stimulation with amplitude varied 
from 1-30 mA, and the pulse-width between 100-500 µs 
was delivered via surface electrodes. The stimulation was 
delivered via a current controlled stimulator, RehaStim™ 
2 (Hasomed GmBH, Magdeburg, Germany). The 
strength-duration curve was measured to quantify nerve 
excitation to transcutaneous stimulation and, the twitch 
response was also recorded using a dynamometer [2]. The 
twitch response was normalized based on the maximum 
voluntary isometric contraction (MVIC).  
 
Results 

The activation of nerve fibers and the resulting muscle 
contraction were represented by a collection of coupled 
differential equations. The computational domain was 
discretized into finite elements using tetrahedral and edge 
mesh elements. A mesh convergence study resulted in 
300000 mesh elements that were solved using a fully 
coupled, direct solver as a time-dependent study. The 
model was studied by simulating the experimental 
protocol.  

The permeation of the externally induced electric 
field, Fig. 3. Based on the spatial distribution of electric 

 
 
Fig 3. Potential distribution along the forearm model for a 
transient-external stimulus.  
 
field, the number of nerve axons being excited varied. 
Fig.4 shows the comparison of model predicted 
excitability against experimental data. Although the time 
constants for model predictions fall within the acceptable 
range [2], the discrepancy was due to the choice of nerve 
model [2], [6]. Wherein, the rheobase for the model [6] 
was four times of experimental data.  

 
 
Fig 4. Comparison of model-predicted and experimentally 
obtained strength-duration curve.  
 
The experimentally obtained twitch responses were <10% 
of MVIC. The transient-external stimulus applied to the 
model recruited several nerve axons that initiated muscle 
contraction. After solving the active stress development 
with the hill-type formulations for various recruitment 
levels, the resulting muscle contraction was evaluated for 
its deformation. A visual representation of muscle 
displacement is shown in Fig. 5. Stresses were induced 
due to the stretching of muscles. Moreover, the maximum 
stress of 17 MPa was developed when 𝐹𝑜𝑚 was at its 
maximum.  
 

 
 
Fig 5. Deformation of the muscle with increasing levels 
of active stress development (25%, 50%, 100% of 𝐹𝑜𝑚 ).  
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Discussion 

The proposed multi-scale model reproduces the 
critical characteristics of tNMES. The interactions 
between a spatially distributed electric field, nerve 
activation, and the resulting muscle contraction were 
modeled as a fully coupled system of differential 
equations. Embracing the advantages of FE-based 
discretization, the modeling approach is a novel 
contribution to the field, that provides an alternative 
solution approach to capture time-dependent and spatial 
effects. The standard volume conductor-based 
implementation was able to replicate the permeation of 
electric field across forearm tissues [2]. Furthermore, the 
model also included an established myelinated nerve that 
was compartmentalized. Although its excitability was 
times higher than the experimental data, the model can 
accommodate physiologically realistic nerve 
representations to improve its excitability response. 
Compared to the Huxley-type models, the constitutive 3D 
muscle utilizing the Hill-type model demonstrated to be 
computationally effective. In this way, the critical 
characteristics of a parameterized muscle model were able 
to oblige the macroscopic-whole muscle level responses: 
the force-length and the force-velocity relation. [10]. 
Finally, the active stress developed in the muscle was 
coupled with the deformation response of the muscle.  

As future work, we aim to expand the model’s 
capability to predict muscle response to frequency-
induced stimulation effects based on the calcium 
accumulation dynamics at the muscle fiber level. In this 
way, the model can predict muscle response to different 
stimulation protocols. Also, higher stimulation 
frequencies will dramatically increase the muscle output 
to its maximum, causing fatigue. Inclusion of frequency-
dependent muscle activation and the effects of fatigue can 
aid with the identification of suitable stimulation 
parameters needed to achieve desired force output.  
 
Conclusion 

In this study, the physiological processes representing 
tNMES were modeled using the finite element approach. 
The model can predict muscle forces for an externally 
induced transient stimulation. The activation of a 
myelinated nerve with a volume conductor was coupled 
to a parameterized Hill-type muscle model. The active 
stress developed during muscle contraction was later 
integrated into constitutive muscle models. The model 
represents a continuum for neuromuscular stimulation, 
which encourages its use as a testbed for evaluating 
various tNMES-based protocols.  
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FES Testbed for Multi-Channel Transcutaneous Stimulation Systems 

Valtin M.1, Schauer T.1  
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Abstract:  Troubleshooting advanced FES applications or stimulation devices by measuring the stimulation current and 
voltage over several minutes is often not possible because of the limited memory available in standard oscilloscopes. 
The developed FES Testbed, a specialised data acquisition system for transcutaneous electrical stimulation, enables 
such measurements. The galvanic isolated measurement system transfers the high-resolution data of every detected 
stimulation pulse via USB to a PC or Laptop. The stimulation pulse can use one of the 3 included skin replacement 
models or can be forwarded to standard electrodes, allowing to record a normal FES application. Modular 
postprocessing MATLAB functions round up the FES Testbed. These functions handle the data conversion, pulse 
detection, gathering of statistics, data management and data visualisation. A MATLAB GUI for efficient pulse 
examination completes the FES Testbed. 
 
Keywords: Stimulation Device, FES, Current Measurement, Data Acquisition, Skin Model 
 
 

Introduction 

Research involving functional transcutaneous electrical 
stimulation often includes some kind of control over the 
electrical stimulation. This may include the timing of the 
stimulation and/or the stimulation intensity, often based 
on sensor data [1]. Prominent examples of this structure 
are the FES based drop-foot correction [2] and the 
rehabilitation of the upper extremities, e.g. the hand [3]. 
In both cases, complex stimulation patterns are generated 
based on real-time sensor data. Monitoring and validating 
these stimulation patterns is often not easily possible, 
because the necessary measurement equipment is to large, 
to expensive, or to difficult to operate outside a lab 
environment. 
Traditionally, the generated stimulation pulses are 
measured with an oscilloscope or with a data acquisition 
card for the PC. With a little bit of additional hardware, 
the stimulation voltage, as well as the stimulation current 
can be measured with these systems. Both methods 
usually use grid powered devices with no galvanic 
isolation, so the electrical safety of the whole setup must 
be kept in mind to protect the devices or the subject.  
While oscilloscope measurements are great for real-time 
feedback, they cannot be used for long term evaluation 
(e.g. several minutes) or tracking of randomly occurring 
stimulation errors, because of the limited amount of 
memory available. 
PC based data acquisition systems do not have this 
limitation, however, these, often stationary systems, are 
generally less practical because of the costs, system size 
and complexity. Data acquisition systems also require 
elaborate postprocessing to go through the millions of 
samples to extract the short stimulation pulses and 
convert the integer raw-data samples into ampere/volt. 
 
The presented FES Testbed is a specialised data 
acquisition system for transcutaneous electric stimulation, 

enabling researchers to check and validate the safety and 
functionality of their advanced FES applications. 
 
The second application of the FES Testbed is the 
validation and comparison of different stimulators and 
support of the development of new stimulation devices. 
Since the various stimulators used in FES research all 
generate an electrical pulse, suitable to trigger a muscle 
contraction, the subtle and not so subtle differences, like 
symmetric and asymmetric biphasic pulses, are often 
neglected, conveying the idea that every stimulation pulse 
form is equally effective and can be easily exchanged. 
With the FES Testbed, the high-resolution voltage and 
current wave forms of multiple stimulation pulses can be 
recorded and compared. Additionally, multiple realistic 
loads included in the FES Testbed simulate the electrode-
skin interface and allow comparing different stimulators 
under the exact same load conditions. 
 
Material and Methods 

The FES Testbed consists of three individual parts: 
• a small data acquisition system, specialised for FES, 
• a PC based data recorder program, 
• and MATLAB (MathWorks Inc., USA) post-

processing scripts for efficient evaluation of the 
recorded stimulation pulses. 

 

The FES data acquisition system is controlled by the PC 
data recorder, which saves the raw data for post-
processing by the MATLAB scripts. 
 
FES Data Acquisition System 

Figure 1 depicts the basic structure of the whole system, 
with the PC or Laptop controlling the FES data 
acquisition system and the stimulation device. An 
optional demultiplexer, as well as the modules for 
additional input channels, are shown in grey.  
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All devices are connected via USB to the PC, which also 
supplies the power for the data acquisition system. The 
power supply, as well as the USB communication 
channel, are galvanically isolated from the PC, to protect 
the PC from the high stimulation voltage and to protect 
against any ground loops, in case the FES Testbed is 
connected to a person. The power supply uses isolated 
DC/DC modules with at least 5.2kV isolation voltage 
(MEJ2 series, Murata, Japan). For the communication 
channel, the USB isolation IC ADUM4160BRWZ 
(Analog Devices Inc., USA) is used.  
 

The FES Testbed supports 4 stimulation channels directly 
and up to 96 additional channels with optional extension 
modules, e.g. if a demultiplexer for electrode arrays needs 
to be tested. However, only one of these input channels 
can be active at a time. So, the stimulator must have a 
multiplexed current source, if this feature is used. The 
input stage is identical for every input channel and 
consists of a 'stimulation active' detection, which 
determines which stimulation channel is used. This is 
realised with an opto-coupler, which is driven directly by 
the stimulation current. An opto-coupler is used, because 
the stimulation current is not altered and because the 
resulting digital signal voltage is isolated from the 
stimulation voltage. Each input stage also has visual 
feedback of the stimulation pulse using LEDs. 
 

After the input stage, all channels are connected to one 
single stimulation channel, which is routed to the current 
measurement resistor Rmess and the selected load. 

 Four via jumper selectable loads are included: 
• a 1kΩ load for simple tests and comparison with 

oscilloscope measurements (1kΩ), 
• a simplified linear skin model [4] (SkinModel), 
• a model of the electrode interface according to test 

specification 09-01 03/2007 MDS-Hi (AuditModel), 
• and a connector for standard stimulation cables (Skin). 

 

The voltage drop over the measurement resistor Rmess and 
the voltage over the load are measured with a two 
channel, 16-bit analogue to digital converter (ADC) 
MAX11198 (Maxim Integrated Inc., USA). The ADC’s 
sampling rate can go up to 2 MSample/s and is controlled 
via an external clock signal. The ADC features a dual 
serial peripheral interface (SPI), with one SPI output 
channel for each ADC channel and a maximum SPI clock 
frequency of 50MHz. However, it is not possible, to use 
two traditional SPIs, since only one SPI clock input is 
available. Therefore, one SPI interface was used in the 
master configuration to drive the SPI clock, accompanied 
by a second SPI interface in slave configuration, using the 
SPI clock generated by the SPI master. This allows the 
microcontroller (MCU) to utilise the direct memory 
access (DMA) unit for the data transfer, significantly 
reducing the MCU workload. The data transfer is 
triggered by the same MCU timer, which generates the 
ADC’s clock, guaranteeing a valid data transfer after the 
ADC’s data registers were updated. 
The ADCs sampling rate was chosen to 1 MSample/s. 
This is because the stimulation pulse has a time resolution 

Figure 1: Overview of the FES Testbed, including the structure of the data acquisition system. 
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of 1µs or greater. Passive first order anti-aliasing filters 
with ~500 kHz cut-off frequency are included in the 
signal preconditioning circuitry, before the ADC.  
An ARM© based microcontroller (STM32L433, 
STMicroelectronics, Netherlands) was used to receive the 
SPI data, as well as the USB data. Because of the 
embedded USB 2.0 module, supporting 12 MBit/s, no 
USB to serial converter is needed. Since the highest data 
rate supported by the USB isolator IC is USB 2.0 'Full 
Speed' with 12 MBit/s, no faster external USB solutions 
are viable. Because the data rate is limited, the MCU 
needs to pre-process the continuous ADC data stream to 
identify the stimulation pulses, so that only the parts 
containing stimulation pulses are sent to the PC. This is 
done via configurable thresholds for the measured 
stimulation current and voltage. The data is buffered 
using the MCU’s RAM and send out in packages of two 
times 1000 samples. A 32-bit sample counter is sent with 
every package to enable the PC program to reconstruct 
the correct time vector of the stimulation pulses. 
 
Data Recorder Program 

The FES data acquisition system is controlled from a 
Linux PC via the Data Recorder program. This program 
initiates the measurement, receives, and saves the data 
excerpt. The following parameters are set during 
initialisation of the FES data acquisition system: data type 
to send (only the stimulation pulses or a continuous 
down-sampled data stream), sample rate divider, search 
width (number of samples to skip if detecting a 
stimulation pulse), detection thresholds, and if a 
demultiplexer is used. This initial setup is also stored in 
the custom binary format, used to store the measurement 
data. This allows the postprocessing script the correct 
conversion of the raw data stored. The data format is 
optimised for read-in speed and size, so only the time as a 
float value, and the raw 16-bit integer values for current 
and voltage are stored as vectors for one pulse. Therefore, 
before each pulse section, a small header is added with 
the meta information about the pulse, like the number of 
samples, the active stimulation channel(s), and so on. 
Figure 2 depicts the general structure of the resulting data 
file. 
 

 
Figure 2: File structure of the custom binary data file. 

The data about each stimulation pulse is also available via 
TCP/IP connection, to allow real-time visualisation and 
monitoring by other programs or scripts. 
 
MATLAB based Postprocessing 

Since the PC program only saves the raw data, the bulk of 
the conversion and postprocessing is done by modular 
MATLAB functions. A first function reads the binary file 
and converts the 16-bit raw data into volt and 
milliampere. The function also creates a MATLAB 
structure (struct) for the data, with an array of structs 
containing the stimulation pulse data. The meta data for 

each pulse is also taken over from the raw data and re-
formatted for easy access in MATLAB. A second 
function is used to search for the expected pulse form, e.g. 
symmetric bi-phasic, and aligns the found pulse data, so 
that the pulses can be automatically compared and 
analysed. This function also collects various stats like the 
current or pulse width for later use. This step also saves 
all pulses which do not follow the expected form, so that 
they can be inspected manually later. Custom functions 
which, e.g., identify skin-model parameters can now be 
used on these normalised datasets. 
Plotting these datasets is also very easy. A custom 
MATLAB GUI was developed to efficiently view the 
results and compare various stimulation pulses. This GUI 
has an overview function, where the complete, down-
sampled vector of the stimulation current is plotted over 
time in subplot 1. One stimulation pulse, highlighted in 
the overview plot, can be selected via slider and shown in 
subplot 2. If the overview is disabled, subplot 1 is going 
to display the stimulation current of N pulses, while 
subplot 2 is going to display the stimulation voltage for 
these N pulses. N, the number of pulses to display, is 
configurable in the GUI and includes the selected pulse as 
well as the previous N-1 pulses. 
The MATLAB data structure containing all this 
information can be saved directly from the GUI with 
varying degree of raw data included, significantly 
reducing the needed file size. 
 
Results 

The FES data acquisition device with an extension 
module for additional 16 input channels is depicted in 
Figure 3.   

 
Figure 3: FES Testbed (right) and one 16 channel 

extension module (left). 

The small size (115 mm × 80 mm × 20 mm) and the 
single USB connection makes the device very portable 
and easy to operate. 
The quality of the measured data is also very good for 
such a simple system. The time resolution of 1 µs is 
sufficient to capture even very short spikes and sharp 
transients. The 16-bit ADC resolution provides a 
theoretical resolution for the stimulation current of ~5 µA 
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and enables low noise measurements from 0 mA up to 
±150 mA without the need to adjust the measurement 
range. Figure 4 shows the stimulation voltage of a 
stimulator with adaptive high voltage generation [5] over 
the AuditModel, measured with the FES Testbed and with 
a 10-bit oscilloscope (Rode&Schwarz, RTM3004). 
 

 
Figure 4: Stimulation voltage over the electrode interface 

model, measured with the FES Testbed (green) and an 
oscilloscope (red) (cur=25 mA; pw=300 µs). 

Figure 5 shows the MATLAB GUI for a data set of 60 
seconds or 1200 pulses (cur=25 mA; pw=300 µs) with 50 
ms between each pulse. In the lower part of the GUI, 
stimulation current (blue) and voltage (orange) is 
displayed as well as the automatically detected boundaries 
of the different parts of the pulse (red). The file size of 
this one-minute long data set is about 34.9 MB. The 
postprocessing is also very fast, taking less than one 
second for the 1-minute data set, which would make the 
postprocessing real-time capable. 
 

 
Figure 5: FES Testbed GUI showing the overview with 

1200 pulses and the details for pulse 240. 

The only limitation of the FES data acquisition system is 
its inability to continuously stream the data with 1 
MSample/s. However, the need for galvanic isolation 
requires this compromise. On the other hand, most of this 
data would be discarded anyway, since the relevant 
stimulation pulse is very short, compared to the 
stimulation period. The MCUs buffer capability of 2 ms 
(sampling rate 1 MSample/s) should be sufficient for 

most applications, even where multiple pulses are used. In 
all other cases, reducing the sample rate will increase the 
pulse length the buffer can hold accordingly. 
 

Conclusions 

We developed a testbed aimed at supporting developers 
of intelligent stimulators, researcher who study electrical 
stimulation and its effects on the body, and clinicians who 
want to check and monitor the stimulation pulses 
generated by their FES application, over the entire 
treatment session. 
The FES Testbed gives new insight into the physical 
effects of electrical stimulation and may aid in the 
development of smarter stimulators, which e.g., warn the 
health care professional if the stimulation voltage 
saturates because of poor electrode-skin contact. The FES 
Testbed could also prove invaluable for the validation and 
accreditation of complex stimulation systems. 
 

Future work will focus on the automatic parameter 
identification for various skin models [6] [7] and the 
change of these parameters over stimulation intensity and 
time. 
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Current-Controlled Stimulator with Variable High Voltage 

Generation 

Wiesener C.1, Valtin M.1, Schauer T.1 
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Abstract:  The currently available and certified FES cycling systems are tabletop units which are not certified for 

portable use or to be worn at the body and cannot be configured via a smart device. Therefore, a new stimulation module 

was developed which can be triggered via integrated or external wireless IMU sensors. The module can be controlled via 
a smart device. It offers a variable high voltage generation which can be adjusted in real-time. The use of a demultiplexer 

makes the design very compact and versatile. Due to its small size, it can be directly integrated into a sleeve. 

 

Keywords: Neuromuscular Stimulator, Variable Stimulation Voltage 

 

Introduction 

There are many stimulation systems available for 
paraplegic rehabilitation. One of the most frequently used 

systems in FES cycling is the RehaStim1 by Hasomed 

GmbH which offers the so-called Sciencemode library1 for 

stimulation configuration if used together with an 

ergometer or tricycle. It consists of two separate 

stimulation modules each with four channels where each 

module includes a DC/DC converter cascade to produce 

the galvanically isolated high voltage. The stimulation 

pulses are then generated via discrete H-bridges. A 

comparable architecture can be observed for the clinical 

research system Rehamove Science [1] or in scientific 

approaches like [2], [3]. The advantage of this architecture 
is that only one high voltage source is needed and 

depending on the amount of H-bridges several channels 

can be stimulated. The main drawback is the high volume, 

cost, and weight of the DC/DC converters and the high 

amount of discrete power switches for the H-bridge 

realization.  

A different approach was presented in [4] and [5] where a 

flyback transformer is used for each stimulation channel 

which charges a capacitor. This capacitor is then directly 

switched to the electrodes via a current controller. Using 

this architecture each channel can act separately with a 
very low rise time of the current and with voltages for up 

to 300 V. The drawback is the high volume, weight and 

cost of the flyback transformer for each channel which 

limits the number of available channels.  

In [6] an optimization of the first architecture is presented 

which uses only one DC/DC converter for high voltage 

generation and an integrated high voltage demultiplexer for 

H-bridge switching. 

 

Requirements Analysis and Design 

Since a neuromuscular stimulator is a class II medical 

device, there are several guidelines for the development, 

production process as well as standards to asure safety for 

the user. According to ISO 13485, a controlled 

development process is mandatory, therefore essential 

                                                        
1 http://sciencestim.sourceforge.net 

requirements are derived. In summary, to enable mobile 

applications, the entire circuit should be compact, portable 

and battery powered only. 

Therefore, a common connector is used for either charging 

or stimulating which makes it possible to omit galvanic 

isolation of the high voltage generation to the battery 

power. To stimulate a large number of muscle groups up to 
8 channels shall be offered. 

The current source of the stimulator shall be able to drive 

100 mA for resistive loads for up to 2 ms. As a 

conseqeuence, internally, a voltage source of up to 115 V 

is needed to drive the requested currents even for high 

contact resistances. Furthermore, the design of the DC-DC 

converter has to be optimized to avoid power loss during 

stimulation. Finally, the stimulator shall be configured and 

controlled via a smart device using a wireless protocol. The 

overall hardware architecture is summarized in Figure 1 

which will be referenced and explained in the following 
sections. 

 
Figure 1: Architecture overview of the neurostimulator. 

Dashed lines indicate low power control signals (e.g. SPI, 

I2C, GPIO), solid lines indicate power signals, e.g., 

stimulation current or charging current. 

-- 111 --



Variable High-Voltage Generation 

The high-voltage source is needed to drive the current through 

the load attached to the electrodes. According to the 

requirements, a stimulation voltage of up to 115 V is needed. 

As stated in the introduction, the use of a common connector 
for either charging or stimulation makes it possible to omit the 

need for galvanic isolation for the high voltage source. 

Therefore, a standard switching converter can be used. The 

aim of the design is to minimize the size of the switching 

converter and at the same time to keep the efficiency as high 

as possible. The higher the frequency of the switching 

converter, the smaller the inductance can be selected. 

However, the duty cycle has to be kept small for high 

efficiency. To keep the duty cycle below 95% a coupled 

inductor for a cascaded switching converter can be used which 

is called SEPIC (Single-ended primary inductance converter). 

The resulting schematic is shown in Figure 2. 

 

Figure 2: High-voltage generation consisting of a SEPIC 

converter with feedback manipulation. 

 

The compensation network is used to guarantee an adequate 

phase margin of the switching converter’s current mode 

control. The voltage VCC represents the battery voltage. The 

optimized circuit only uses 7.2 cm2 of PCB space and still 

guarantees high efficiency. 

With the standard SEPIC circuit, only a fixed high voltage can 
be generated. If the electrode impedance is high the maximum 

voltage level is needed to drive the requested current. If the 

impedance is low the unused voltage level drops over the low 

side current control MOSFET which results in low efficiency 

due to power dissipation. Hence, an adequate voltage level for 

the actual electrode impedance is needed. Therefore, the 

feedback manipulation can be used to adjust the feedback 

voltage which is the control input of the switching converter. 

The feedback manipulation can be seen as an applied bias of 

the feedback line. Furthermore, for applications with low 

current requirements (e.g. facial stimulation or transcranial 

stimulation) the stimulation voltage can be adjusted to a 

minimum level of 30 V. 

Multiplexer 

To distribute the current pulses to the different channels, a 

multiplexer is used. In order to be able to generate bipolar 

current pulses, a full bridge is necessary for each of the 8 

channels resulting in a total of 32 high voltage power 
transistors. Standard bipolar transistors cannot be used to 

avoid corruption of the controlled stimulation current by the 

basis current of the transistor which would change the current 

over the measurement shunt. Furthermore, a discrete 

assembly using SMD parts would occupy a large area on the 

PCB and a high number of soldering contacts. Therefore, an 

integrated circuit is used, which is controlled via SPI. There 

are several different multiplexers available with a different 

number of channels and voltage levels. The HV2801 

(Microchip, USA) consists of 32 high voltage MOSFETs in 

half bridges which can be connected to form 8 full bridges for 

a maximum stimulation voltage range of [-200V, 200V]. In 

case of an event, the output voltage can be switched off in a 

few nanoseconds via one digital line. The overall quiescent 
current for a switching rate of approx. 100 Hz is rated in the 

datasheet with approx. 78 μA. 

Current controller and Control Unit 

To drive a current through the skin via transcutaneous 

electrodes means controlling the current through a floating 

impedance consisting of a resistive and capacitive load as 

shown in Figure 3.  

 
Figure 3: Skin model is taken from medical device 

verification according to 09-01 03/2007 MDS-Hi. 

 

This means that either low- or high-side current control can be 

applied. Since the control circuitry is sitting on the low side of 

the power (3.3V), driving low side switches is usually easier 

than driving high side switches. Therefore, with a floating 

load that does not care whether it is switched at the low or high 

side, low side control is preferred. Furthermore, low-side 

control means that the lowest level of stimulation voltage 

which will be switched by the demultiplexer will be always >

0V due to the voltage drop over the low-side switch and shunt 

resistor. 

For this task, it is conceivable to use a n-channel MOSFET as 

the control switch. If the MOSFET is directly driven by an 

analog output of the micro controller a certain drain current 

can be realized. The characteristic drain current to drain-

source relation is a nonlinear and temperature dependent 

function which cannot be pre-determined. At the low-side 

MOSFET, a certain power loss can be expected which results 

in a temperature variation of up to 30°C. 

According to standard characteristic temperature curves for n-

channel MOSFETs, a variation of up to 5 % for the gate-

source threshold voltage is expected. Therefore, an analog PI 

controller is designed that controls the MOSFET in the linear 

mode, above the gate-source threshold voltage. The value for 

the setpoint current is provided via DAC from the stimulation 

control unit. The actual value of the current is measured via a 
shunt resistor between the source of the MOSFET and ground. 

This additionally realizes negative current feedback, which 

ensures higher temperature stability of the current controller. 

To assure a fast control behavior the analog controller is 
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designed with a single operational amplifier as shown in 

Figure 4. 

 

Figure 4: Designed current PI-controller for low-side current 

control. 

 

The potential at the shunt is only marginally affected by the 

operational amplifier. Therefore, no additional impedance 

converter is needed. Furthermore, dependencies on the drain 

voltage and temperature are adequately adjusted by this 

topology. 

To handle applications like FES cycling and to provide a user 

interface the stimulator’s control unit consists of a stimulation 

and an application micro controller. The latter incorporates a 
standard Arm Cortex M4F processor and a Bluetooth low 

energy radio module. Additionally, an inertial measurement 

unit is added to control FES cycling when integrated into an 

electrode sleeve or attached to the patient’s segments. 

The stimulation controller handles current control, high 

voltage control, pulse generation, and electrode error 

detection. For communication with peripheral parts and the 

application controller different digital interfaces such as SPI 

and UART are used. The stimulation controller uses a 32-Bit 

timer to guarantee a high timing resolution of the pulse 

generation. Furthermore, the stimulation current and voltage 

are monitored via ADCs. The target values for current and 

high voltage control are applied via integrated DACs. 

 

Results 

First, the generated high voltage was tested for different 

input and output voltages. For this test, two resistive 

impedances were used for two different high voltage 

settings (𝑉()* = 77 V and 49 V) to guarantee the same 

stimulation current (𝐼()* = 73	mA), as shown in Figure 5. 

 

 
Figure 5: High voltage generation efficiency for different 

battery voltage levels and different output voltages. The 

resistive load was adjusted to yield the same current 

amplitude. 

 

The resulting efficiency varies between 77-85 % for low 

and between 86-90 % for high electrode impedance 

depending on the battery voltage level. 

To test the stimulation device under real conditions a so-
called skin model is used which mimics the worst case 

impedance of both electrodes and the tissue (see Figure 3). 

For high stimulation currents at high pulse width and high 

frequency, the SEPIC is not able to transfer enough charge 

into the buffer capacitor during the stimulation pulse. 

Hence, the high voltage starts to drop during stimulation 

and rises during stimulation pause as shown in Figure 6. 

This results in a voltage ripple of 1.5 V peak-to-peak, 

which is compensated by the current controller. 

 
Figure 6: Voltage ripple during biphasic stimulation (40 

mA,100 Hz, 300	𝜇s) over a skin model. The blue line 

shows the high voltage which was set to 115 V. 

Despite the voltage ripple, the current controller fulfills the 
required performance parameters in all aspects. Figure 7 

shows as an example of the stimulation voltage and the 

resulting stimulation current at the skin model for a 

biphasic stimulation pulse with 40 mA and a pulse width 

of 300 μs. 

V 

V

0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

Time in seconds

112

113

114

H
ig

h
 V

o
lt
a
g
e
 i
n
 V

20

40

C
u
rr

e
n
t 
th

ro
u
g
h
 l
o
w

 s
id

e
 s

h
u
n
t 
in

 m
A

-- 113 --



 
Figure 7: Stimulation voltage and current of biphasic 

stimulation pulse (40 mA, 300 μs) over worst case skin 

model. 

 

 
Figure 8: Onset of the same stimulation pulse 

 

The ascending slope of the voltage during the stimulation 

is normal for a capacitive load as well as the remaining 

charge during the interpulse phase which results in a 

nonzero voltage level at the beginning of the negative 

stimulation pulse. This leads to a small overshoot of the 

stimulation current at the beginning of the negative pulse.  

In Figure 8, the pulse is shown in more detail. The current 

control needs approximately less than 2 μs to reach the 
target current. But the slope starts with a small switching 

artifact of the multiplexer. These effects cannot be avoided 

by the current controller since the current does not go 

through the low-side shunt and the current control is 

enabled afterwards. 

 

Discussion and Conclusions 

The presented current controlled stimulator fulfills all 

requested requirements while being ultra-compact with 

low manufacturing costs. Up to 8 stimulation channels can 

be independently controlled and configured via a standard 

smart device. The variable high voltage generation can be 

used to adjust the stimulation voltage in the case of 

electrode impedance changes. For the final release of the 

device, this adaptation can be used for energy harvesting 

or applications where only a low stimulation voltage is 

needed. Finally, if the demultiplexer is configured with a 

constant switching matrix, low DC currents can be 

generated with up to 30 mA for iontophoresis applications.  
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High-frequency transcutaneous cervical electrical stimulation: A pilot 

study  

Villar Ortega E.1, Ansó J.2, Buetler K. A.1, Marchal-Crespo L.1,3 
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University of Bern, Bern, Switzerland 
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University of Bern, Bern, Switzerland  
3Sensory-Motor Systems (SMS) Lab, Institute of Robotics and Intelligent Systems (IRIS), Department of Health 
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Abstract: Early results suggest that transcutaneous stimulation of cervical regions may have a positive effect on recovery 
of upper limb motor function after neurological injuries. However, in clinical applications, patients find transcutaneous 

low-frequency spinal cord stimulation (LF-tSCS) unpleasant. Transcutaneous high-frequency spinal cord stimulation 

(HF-tSCS) has been presented as an option to reduce pain and discomfort produced by LF-tSCS. We performed a pilot 

study with 3 participants to compare the effects of HF-tSCS and LF-tSCS on upper limb reflex responses and reported 

pain level and discomfort. In the first part of the experiment, high- (i.e., monophasic and biphasic burst) vs low-frequency 

(i.e., monophasic pulse) single waveform cervical tSCS was applied and motor response threshold identified via 

electromyography (EMG). In the second part of the experiment, the three waveforms were administered as train pulses 

and the stimulation intensity was increased in four steps from 20% to 80% of the individual motor response threshold. 

Participants indicated the pain level for each stimulation intensity increment and waveform. We find that participants 

reported stronger discomfort in HF-tSCS than LF-tSCS stimulation at motor threshold level. Further, stimulation at 

subthreshold level was associated with strong discomfort in HF- and LF-tSCS train pulses, especially in participants with 

relatively high motor response threshold. We conclude that cervical HF-tSCS may not (yet) be an option for clinical 
application, even though acceptability may depend on the individual motor response threshold of the patient.  

 

Keywords: Electrical stimulation, spinal cord stimulation, high frequency stimulation, stroke 

 

Introduction 

In the last few decades, experts in the field of 
neurorehabilitation have employed electrical stimulation to 

treat neurological injuries, namely epidural electrical 

stimulation to support gait recovery in patients with spinal 

cord injury [1]. In contrast, only few studies elaborated on 

the use of electrical stimulation for stroke recovery. 

Epidural spinal cord electrical stimulation has shown 

promising results in improving cerebral and cerebellar 

blood flow in stroke patients [2]. However, epidural 

electrical stimulation employs invasive implantable 

electrodes located over the spinal cord (e.g., at the lumbar 

and/or upper sacral area), limiting its application in stroke 

patients. An alternative may be the use of noninvasive 
stimulation techniques such as transcutaneous spinal cord 

stimulation (tSCS). The use of tSCS, in combination with 

active training, has shown promising results in improving 

locomotion function in spinal injured patients [3], [4].  

Most of the research effort has concentrated on stimulating 

the lower lumbosacral vertebrae to enhance locomotor 

recovery, while transcutaneous stimulation of cervical 

region for improving hand and arm function is still in 

nascent stage [3]. The basic mechanisms underlying the 

effects of cervical tSCS likely also rely on activation of the 

sensory afferent system [5]. It has been recently shown that 
cervical tSCS activate posterior roots that transsynaptically 

modulate motor pools projecting to upper limb muscles 

(i.e., posterior root-muscle reflexes) [6]. Continuous 

stimulation at subthreshold intensity levels of motor reflex 

response (e.g. <80% of motor threshold) modulate the level 

of sustainable spinal cord excitability [4]. 

Early results suggest that transcutaneous stimulation of 

cervical regions may confer similar benefits to those of 

epidural stimulation [7]. Cervical tSCS seems to facilitate 

recovery of upper limb motor function after paralysis. In a 

recent study, non-invasive electrical stimulation resulted in 
improved voluntary control of hand function in tetraplegic 

subjects [8]. These promising results make cervical tSCS 

an appealing therapeutic approach for recovery of arm 

function after brain injuries. However, before trying this 

technology in stroke patients, it is important to first gain a 

better understanding of the feasibility and acceptance of 

the technology in healthy participants.  

Benefits and acceptance of electrical stimulation are 

limited by stimulation parameters such as intensity, 

frequency, pulse duration, stimulus pattern, stimulation 

time and location of electrodes. Conventional noninvasive 

electrical stimulation setups that stimulate at low 
frequencies have been associated with tingling sensation, 

pain and discomfort [9]. High-frequency tSCS (HF-tSCS) 

(up to 10 kHz) is considered to be less painful and  free-

paraesthesia stimulation compared to conventional 

electrostimulation [9]. It has been suggested that HF 

stimulation modulates Aα and Aβ fiber activity more 

effectively than traditional SCS [10]. However, it is 

unclear whether high-frequency tSCS can evoke cervical 

posterior root reflexes using similar levels of intensity than 

low-frequency tSCS (LF-tSCS).  
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The motivation of this pilot study was to test the feasibility 

and acceptance of different non-invasive spinal cord 

stimulation protocols for potential application in stroke 

patients. We performed a pilot study with 3 participants to 
compare the effects of HF-tSCS and LF-tSCS on upper 

limb muscle reflexes and assess the participants’ 

acceptability using a subjective pain rating scale. We 

hypothesized that high-frequency spinal cord stimulation 

would be associated with reduced pain and discomfort 

compared to low-frequency stimulation, but might require 

higher intensity levels to evoke motor responses.  

Material and Methods 

Participants 

Three authors of this study participated in the experiment. 

Participant 1 (age 38, male), participant 2 (age 29, male) 

and participant 3 (age 34, female). The intervention was 

supervised by a neurophysiologist who monitored the setup 

and electrode placement. 

Experimental Setup 

Participants were sitting in a low backrest chair with their 

arms comfortably placed on the side rests. The 

experimental setup is shown in figure 1. Transcutaneous 
cervical electrical stimulation was delivered via adhesive 

round electrodes (Axelgaard, USA, 2.5 cm diameter) 

placed over the C6 and T1 vertebrae (figure 2a) [11]. A 

bipolar arrangement was selected for precaution, in order 

to prevent any electrical current passing through the back, 

heart, chest, anterior neck and/or the carotid sinus [12]. 

Electrical stimulation was applied via a modified version 

of a constant current stimulator device (DS8R, Digitimer, 

UK). A special firmware is provided by the manufacturer 

to reach stimulation frequencies up to 10kHz. 

Upper limbs reflex responses were recorded via 
electromyography (EMG) (ISIS Headbox, inomed, 

Germany). Adhesive surface recording electrodes (inomed, 

Germany, 23x23 mm) were positioned over the flexor carpi 

radialis (FCR) as shown in figure 2b. EMG and tSCS were 

synchronized via a triggering system provided by the 

manufacturer (ISIS trigger-box, inomed, Germany). A 

graphic user interface was developed in MATLAB 

(MathWorks, USA) to control and trigger the DS8R using 

a TTL analog output signal from a host computer through 

a NI-USB 6215 I/O device (National Instrument, USA). 

  

Figure 2: Electrode set-up. a) tSCS electrodes over C6 
(stimulation anode) and T1 vertebrae (stimulation cathode). b) 
EMG electrodes over flexor carpi radialis (FCR) with the EMG 

ground electrode (EMG GND) located between FCR and wrist. 

Stimulation Parameters and Protocol 

Single stimulation 

Within the first part of the experiment, upper limb reflex 

responses to a single stimulation event were evaluated. 

Motor evoked potential response to a single stimulation 

event was recorded for three different waveform types: i) 

monophasic pulse (MP), ii) monophasic burst (MB), and 

iii) biphasic burst (BB). Pulse duration was set to 1 

millisecond and burst carrier frequency was 10 kHz. 

Stimulation intensity was increased by +5 mA until an 
EMG response was detected in the flexor carpi radialis per 

each participant and waveform. Threshold response was 

defined as the lowest stimulation intensity at which upper 

limb reflexes were consistently elicited. Participants 

indicated pain level after each stimulation increment (+5 

mA) on a scale ranging from 1 (no pain) to 6 (worst pain 

possible). Intervention per each waveform was interrupted 

if participants indicated the worst pain possible, even if a 

reflex response was not yet induced. 

Stimulation train 

In the second part of the experiment, we administered 
single monophasic pulses (i.e., LF-tSCS) and monophasic 

and biphasic bursts (i.e., HF-tSCS) as train of pulses at 10 

Hz during 4 s (i.e., three different train pulses). Although 

we originally aimed to compare train of pulses at different 

frequencies (i.e., 10, 20, 30 and 40 Hz), we decided to stop 

once the test with 10 Hz was finished, due to the 

participants’ reported levels of discomfort. We employed 

four levels of stimulation intensities (20%, 40%, 60%, 

80%) relative to the individual motor response threshold 

extracted from the first part of the experiment. Participants 

indicated the pain level after each stimulation. The test (per 

each waveform) was interrupted if participants indicated 
the worst pain possible. Tests were not blinded to the 

participants. 

EMG 

Current Electrical Stimulation TTL trigger

Synch

Figure 1: Experimental set-up. 
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Results 

Motor Response to single stimulation 

Participant 1 and 2 exhibited similar motor response 

thresholds in response to cervical tSCS with the single 

monophasic pulse (MP) (75 mA and 70 mA, respectively), 

while the motor threshold in participant 3 was slightly 

lower (55 mA) (figure 3). For the single burst monophasic 

(MB) and biphasic (BB), the stimulation intensity required 
to evoke a motor response was at least 3 times higher than 

the single monophasic pulse. For example, in the single 

burst monophasic, participant 1 had a motor response 

threshold at 260 mA. The motor response threshold for 

single burst biphasic was only slightly lower than single 

burst monophasic (240 mA). Participant 2 had similar 

results as participant 1. Congruent with the single 

monophasic trial, during the single monophasic burst trial, 

participant 3 had a motor response threshold lower (185 

mA) than participant 1 and 2. Interestingly, participant 3 

required higher stimulation thresholds for biphasic than for 

monophasic bursts, opposite than in participants 1 and 2.  

Pain level related to single stimulation  

The three participants reported higher pain levels at the 

motor response threshold during bursts compared to the 

single pulse waveform (figure 4). However, the three 

participants reported lower pain with burst than with pulse 

stimulation for the same intensity of stimulation. For 

example, participant 1 reported no pain when we delivered 

a single burst of 75 mA (i.e., at motor response threshold 

to single pulse), but when we applied 260 mA (i.e., at 

motor response threshold to the single burst) he reported 

severe pain.  

For each of the three waveforms, participants 1 and 2 

reported similar pain levels at the motor threshold intensity 

(figure 4). Participant 3 reported lower levels of pain 

compared to participants 1 and 2 through the experiment. 

Participants 1 and 2 rated the interventions as mild (MP) 

and moderate pain (MB & BB), while participant 3 rated 

no pain (MP) and mild (MB & BB). 

 

Pain level related to stimulation train 

To analyze the pain related to the train of pulses at 10 Hz, 

we calculated the sum of the pain score across the 4 

stimulation intensities (20%, 40%, 60% and 80% of the 

motor response threshold). Participants reported lower pain 

levels for the constant bursts monophasic (MB) and 

biphasic (BB) than constant pulse monophasic (MP) at 

20% and 40% of muscle threshold amplitude level (figure 

5). Participant 1 and 2 reported less pain in the train of 

constant bursts biphasic (i.e., no pain and mild pain) than 
monophasic (i.e., no pain and moderate) at 20% and 40% 

of motor threshold stimulation intensity, while participant 

3 reported less pain for the constant bursts monophasic 

than biphasic (i.e., no pain). 

 

Figure 5: Sum of pain score during stimulation train. The y-axis 
represents the sum of pain score across stimulation intensities 

(20%, 40%, 60% and 80% of the motor response threshold) and 
x-axis the waveforms: pulses monophasic [MP], bursts 

monophasic [MB] and burst biphasic [BB]). 

When applying the train pulses at 60% and 80% of the 

motor response threshold, the constant bursts monophasic 

(MB) and biphasic (BB) were not associated with lower 

pain levels than the constant pulse monophasic (MP). 

Participant 1 and participant 2 rated the relative stimulation 

Figure 3: Stimulation thresholds MP: Monophasic pulse, 
MB: monophasic burst, and BB: biphasic burst. 

Figure 4: Pain score at muscle threshold response. MP: 
Monophasic pulse, MB: monophasic burst, BB: biphasic burst. 
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thresholds of 60% and 80% as very severe and worst pain 

possible across the three waveforms. Participant 3 reported 

stimulation intensity at 60% of the muscle response 

threshold as no pain (constant MB and BB) and moderate 

pain (constant MP) and 80% of the muscle response 

threshold as mild (constant BB) and moderate pain 

(constant MB and MP). 

Discussion 

Single waveform high-frequency spinal cord stimulation 

(HF-tSCS) reduced pain and discomfort compared with 

low-frequency stimulation (LF-tSCS) when applied with 

the same stimulation intensity. However, while HF-tSCS 

reduced the pain at LF-tSCS threshold intensity, it did not 

evoke any motor response. In fact, the current required to 

evoke a motor response was three times higher for HF-

tSCS than LF-tSCS. This resulted in participants reporting 

more severe pain in high frequency than in low frequency 

stimulation when stimulating at motor threshold intensity. 

Our results suggest that the acceptability of cervical tSCS 

may vary between participants depending on the patient’s 

individual stimulation intensity required to evoke the 

posterior root reflex. Motor reflex excitability is known to 

be influenced by various parameters such as age, body 

mass and gender [11]. Participants 1 and 2 indicated higher 

pain levels than participant 3 throughout the intervention. 

The lower pain level reported by participant 3 (female) 

could be due to the lower absolute muscle response 

threshold compared with the other two participants (male).  

In conclusion, our results suggest that cervical high 

frequency stimulation may not (yet) be an option for 

clinical application, even though acceptability may depend 

on the patient’s individual posterior root reflex excitability.  

Further investigations on the stimulation parameters (e.g., 

using biphasic pulse wave-form, different frequencies -i.e., 

20, 30, 50 Hz, longer bursts durations -e.g., 3~4 ms, and 

electrode locations) should be performed. Finally, 

stimulation while subjects are lying supine might reduce 

the motor response threshold, resulting in a less painful 

intervention [6].  
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Abstract: Complementary to visual feedback, proprioception is essential for awareness of the body image and particular 
the actual arm and hand position. Information on the object's surface, grip force, or proprioception is possible even 
without visual feedback in the physiologically intact upper extremity. Within a broader project on upper extremity 
reconstruction after amputation, we work on inducing near-natural impressions artificially to persons with amputation, 
helping to integrate mechanical prosthesis into the body schema and facilitating acceptance and handling of artificial 
limbs. Using a specific stimulation protocol, with very short stimulation pulses (10 µs), and high amplitudes it is possible 
to elicit proprioceptive feedback with surface electrodes in persons with upper limb loss while avoiding unpleasant skin 
sensation in the application area of the stimulation electrode. Single-pulse stimulation (1 Hz) with very short stimuli were 
able to induce stimulus threshold perception first as proximal sensation (distal proprioception threshold), with increased 
stimulus intensity as local skin sensation in the contact area of the active electrode (local sensory threshold) and finally 
as distal movement (motor threshold). 
 
Keywords: proprioception, afferent nerve stimulation, amputation, phantom limb, neuroprosthesis 
 
 

Introduction 

In a physiologically intact upper extremity, sensory 
perception provides haptic information, like on an object 
surface and grip force, and proprioception gives permanent 
information on the position of all arm- and hand segments 
in space, even without support by visual feedback. Within 
a wider project on upper extremity reconstruction after 
amputation, we work on inducing similar impressions 
artificially to persons with amputation, helping to integrate 
mechanical prostheses into the body schema and 
facilitating acceptance and handling of artificial limbs.  
The knowledge on the position of the arm without the need 
for support by visual perception is a feature of the natural 
limb that is very difficult to copy. So far, several studies 
are trying to create some kind of artificial sensing to the 
arm prosthesis by using haptic feedback modalities (e.g., 
vibration, electrical stimulation, etc.) [1]–[7]. Several 
studies stated that sensory feedback not only helps to 
improve dexterity but also the reliability of myoelectric 
control in grasping tasks [1], [8], [9].  
 
It has also been shown, that electrical stimulation can not 
only reduce phantom pain in a stump after amputation but 
can be applied for evoking sensory feedback like touch, 
joint movement, and limb position in individuals with 
amputations [10]–[13]. Using specific stimulation patterns, 
it has even been demonstrated to convey varying sensory 
feelings [9] or even correctly identify objects [1].  
 
The drawback in these studies is the necessity of patients 
having an identifiable projected finger map or using 
implanted electrodes that are accompanied by high costs 
and surgical risks. Current solutions with surface 
electrodes are not entirely satisfactory for sensory feedback 
with practical value yet, in particular in commercial 
products.   

 
 
Afferent nerve fibers can be activated by electrical 
stimulation at peripheral sites where multiple types of 
neurons, including Ia, Ib, and cutaneous afferents (type II) 
would be recruited. Stimulation of these afferent fibers at 
a sufficiently high frequency (100 Hz) evokes temporal 
summation of excitatory postsynaptic potentials in 
motorneurons, indicating the potential for activity patterns 
more similar to physiological activation. [14], [15] 
 
First experiments with very short impulses were performed 
by Macdonald et al. in 1995, where they placed surface 
electrodes on the mid-line of the back for electrotherapy 
which they called transcutaneous spinal electroanalgesia 
(TSE) [16]. The authors decided to use very short pulses 
(typically 4 µs) with sufficient voltage (above 100 V) to 
reach the nerve. TSE was applied to the skin overlying the 
vertebral spine and the stimulation frequencies were far 
higher (2500+ Hz) than those for transcutaneous electrical 
nerve stimulation (TENS) (circa 1 - 150 Hz). The pulse 
widths used are also substantially different: 4 - 10 µs for 
TSE compared with 50 - 200 µs for TENS [16], [17]. 
 
Here, we present observations on eliciting basic anatomical 
perception in phantom limbs by means of combining 
TENS and TSE. The parameters chosen, have the 
advantage of reducing the uncomfortable skin sensation 
known by conventional TENS while predominantly 
activating afferent nerve fibers. 
 
 
Material and Methods 

Subjects 
Experiments were performed on eight volunteers (seven 
men and one woman; mean age ± SD = 40 ± 17). Three 
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abled-bodied persons and five with an upper limb 
amputation (three transradial, two transhumeral).  
The inclusion criterion was a unilateral upper limb 
amputation with intact plexus and a generally healthy 
condition.  
 
All experiments were conducted in accordance with the 
Declaration of Helsinki and approved by the Ethics 
Committee of the Medical University of Vienna. All 
participants were informed about all experimental 
procedures and signed the informed consent. 
 
Table 1: General information on subjects with upper limb 
amputation. 

Subject            

(Gender, age) 

Amputation side, cause and 

years since the incident 

1 (M, 53) Left, trauma, 2 
2 (M, 54) 
3 (F, 34) 
4 (M,35) 
5 (M, 51) 

Right, trauma, 2  
Left, trauma, 33 
Right, trauma, 20 
Left, trauma, 4 

 
 
Experimental setup 
The subject had his arm (stump) positioned on a cushioned 
pedestal, lifted to 90° in relation to the vertical body axis. 
This position was comfortable for the subject and allowed 
access to the armpit to place the stimulation electrode. A 
self-adhesive reference electrode (75 x 140 mm, Dr. 
Schuhfried Medizintechnik GmbH) was applied on top of 
the shoulder of the (amputated) arm. The active counter 
electrode was a ball-shaped stainless steel (316L) electrode 
that was placed in the armpit right under the ulnar nerve / 
median nerve / radial nerve and fixed with a strap that 
allowed applying contact pressure on the active electrode. 
To enhance the electrical conductivity, electrode gel was 
applied.  
 
Stimulation protocol  
Voltage-controlled bipolar rectangular pulses with a phase 
width of 10 µs to 100 µs were applied in a continuous train 
of 1 Hz or 80/100 Hz. It has been shown that using 
vibratory stimulation with a frequency range of around 70 
Hz was described as kind of movement illusions [18]. In 
our initial preliminary experiments, the subject’s reported 
similar impressions to electrical stimulation with a 
frequency above 70 Hz. The experiments have shown that 
there is no difference in perception if the stimulation 
frequency is 80 Hz or 100 Hz. 
The stimulation output was controlled with a LabVIEW 
2017 program (National Instruments Corporation) that 
transferred the digital output to NI USB-6216 (National 
Instruments Corporation), an isolated USB-multifunction 
I/O device. That output was finally conveyed to the input 
of the stimulator (STMISOLA, Biopac Systems Inc.) to 
deliver the stimulus. 
 
Since the aim of this study was to induce near-natural 
sensations without feeling the undesirable electrical 
tingling at the contact area of the active electrode, the 
appropriate stimulation intensity needed to be identified. 
To find the thresholds for distal perception and skin 

sensation at the electrode site, a modified version of the 
staircase method, as described in [19], a variation of the 
method of limits was applied. During stimulation with a 
continuous train of pulses which progressively increased in 
amplitude, the subject was asked to say yes if there was a 
sensation felt at the stimulation electrode. Then the 
descending sequence started which was terminated when 
there was no sensation present, at that point the sequence 
was reversed again. The threshold was calculated as the 
average of the transition points. 
 
Experiment 1: Evaluation of perceptual attributes  
The experimenter was moving the stimulation electrode 
near the Musculus coracobrachialis, right above the radial, 
median, and ulnar nerve. The subjects were asked to inform 
the experimenter if they feel anything unusual. In that case, 
the experimenter asked where precisely this feeling was 
occurring and how they would describe what they feel. The 
phase duration was set to 10 µs while the stimulation 
amplitude was increased in steps of 1 V if the subject could 
not sense any excitation.  
 
Experiment 2: Evaluation of sensory thresholds 
At the position where the subject reported distal 
perception, experiment 2 began. The phase duration was 
set to 10 µs and increased in steps of 10 µs up to maximal 
80 µs, while the frequency was fixed to 80 Hz and the 
initial stimulation amplitude set to 1 V. Before increasing 
the phase duration, the subject was asked if there is distal 
excitation or a sensation at the electrode position. If any 
muscle activation occurred, the experimenter noted the 
motor threshold. When the subject reported beginning 
discomfort or a motor threshold was reached, the trial 
ended. The amplitude was increased by 1 V, and the 
procedure was repeated.  
In abled-bodied subjects, the same experiment was 
performed with the frequency set to 1 Hz. 
 
Data analysis 
All data analyses were conducted using MATLAB 
R2015b (MathWorks, Natick, Massachusetts).  
 

Results 

Experiment 1: Evaluation of perceptual attributes  
All subjects were comfortable with the stimulation. Due to 
the stimulation below the threshold of tingling at the 
stimulation electrode, no pain was caused, and no local 
stimulation could be detected at the site of stimulation. At 
specific electrode locations and 80 Hz stimulation, the 
patients reported a feeling of a "pressure sensation" in 
specific areas of the missing limb, or a feeling similar to 
having the arm "outstretched" in the 3-dimensional space, 
or even selective perception of single phantom fingers.  
Stimulation above the accepted maximum level usually 
caused local discomfort, but no uncomfortable distal 
sensation. These findings correlate with [13], where the 
authors had comparable results but used an invasive 
approach. 
 
The proprioceptive feeling was localized in the distal 
branches of the nerves, like the lower arm, the hand or the 
fingers.  
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Table 2: Proprioceptive feelings 

Location Sensation elicited 

Thumb Bent, Pressure 
Pointer 
Middle finger 
Ring finger 
Little finger 
Lower arm 

Pulsation, Tingling, Outstretched 
Rubbing 
Rubbing 
Outstretched 
Bent, Pressure 

 
 
The sensations described by the subjects ranged from 
tingling in individual fingers to the feeling of an arm 
being bent (Tab. 2). A pinprick sensation could be elicited 
in every subject.  
 
Experiment 2: Evaluation of sensory thresholds 
Single-pulse stimulation (1 Hz) with very short stimuli 
were able to induce stimulus threshold perception first as 
proximal sensation (distal proprioception threshold - 
paresthesia), and then with increased stimulus intensity as 
local skin sensation in the contact area of the active 
electrode (local sensory threshold) and finally as distal 
movement (motor threshold). E.g., one able-bodied subject 
could feel his little finger at 20 V and 10 µs whereas first 
muscular responses could be seen starting with 28 V. 
Using 80 Hz stimuli the thresholds to elicit distal 
proprioceptive sensations before reaching the motor 
threshold were even more clearly separated. In subjects 
having an upper limb loss, it was not possible to elicit 
visible local motor responses with 10 µs pulses, before 
reaching uncomfortable stimulation amplitudes. 
The measured values (Fig. 1) nicely fit Lapicque’s 
strength-duration curve, including all influences on the 
separation of sensory and motor thresholds like electrode 
placement and the pressure applied. 
 

 
Figure 1: Measured paresthesia, motor and  

pinprick sensation thresholds (1 Hz); dashed curves 
show the corresponding Lapicque’s equation 

 
Discussion 

To enhance the functionality of prosthesis control, sensory 
feedback is crucial to provide the user status information 
of the device in real-time. Especially feedback by means of 
natural sensory pathways is missing in clinical prosthetic 
systems [8]. Although there are several approaches for 
sensory feedback with intraneural stimulation, it has 
always been a challenge to selectively evoke near-natural 
proprioceptive feedback. 

 
This work shows that it is possible to elicit proprioceptive 
feedback with surface electrodes using very short 
stimulation impulses with high amplitudes in subjects with 
upper limb loss without feeling the undesirable electrical 
tingling at the contact area of the active electrode. It is even 
possible to selectively discriminate individual fingers.  
 
The threshold data presented in Fig. 1 were recorded on an 
able-bodied person. Nevertheless, it is consistent with the 
data from subjects with upper limb loss. The trend in the 
data shows that first, the distal proprioceptive threshold is 
reached, followed by local sensory and motor threshold. 
The pressure dependence observed in the experiments will 
be faced in future studies by integrating a pressure sensor 
in the stimulation electrode. 
 
The test for the evaluation of sensory thresholds in intact 
individuals turned out to be difficult, as the motor threshold 
for muscle twitch reactions in the distal arm got quite 
strong before the local cutaneous threshold was reached. 
With longer pulses, e.g., 100 µs, the threshold amplitudes 
for distal proprioception and local sensory perception got 
more similar, and selective stimulation for distal 
perception got difficult. 
 
Conclusions 

There is strong evidence that it is possible to provide some 
kind of proprioceptive feedback from a phantom limb of 
amputated subjects while avoiding uncomfortable skin 
sensation at the surface electrodes site. This could only be 
observed with very short stimulation pulses (around 10 µs) 
and disappeared with increasing pulse duration. Further 
work will focus on the applicability of these findings in 
prosthesis control and to what extent inconvenience in 
other applications of electrical stimulation can be reduced. 
Due to the non-invasive approach, this could be a practical 
way to restore near-natural proprioceptive feedback to 
some extent or reduce sensible discomfort in FES 
applications. By applying proprioceptive feedback, the 
control-loop in prosthesis control techniques could be 
closed, and dexterity and reliability of myoelectric control 
in daily tasks could be improved. 
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The Role of Functional Electrical Stimulation in Hybrid Systems for 
Rehabilitation  

Popović, D.B. 

Serbian Academy of Sciences and Arts, Belgrade, Serbia and Aalborg University, Aalborg, Denmark 
 
Abstract:  The current approach in the rehabilitation favours maximum intensity training of functional movements. The 
evidence from clinical studies where constraint-induced movement therapy, robot-assisted therapy, and functional 
electrical stimulation (FES) have been compared with conventional treatments suggested a significant increment in the 
speed and level of recovery of compromised functions. In parallel, clinical studies where two therapies have been 
compared with only one indicate that the more action is induced, especially during the early period after the onset of 
impairment, the carry-over effects are pronounced. The development of exercise machines like training bicycles, 
tricycles, body suspension systems, and robot mechanisms which drive the leg combined with the FES and integrated 
into the training protocol where the person with impairment must work hard seems to be the solution which deserves 
much attention. The biggest problem is the integration where the external support will be minimized, while the 
remaining motor abilities will be used as much as possible. Ultimately, the biological control should be mimicked and 
necessary compensatory motor control strategy developed by the user after the onset of the impairment allowed. 
Forcing the recovery of normal function is not necessarily an optimal solution since the motor capacity after the lesion 
of the central nervous system is not normal. The user of the system must feel that he is in control of a motor function. 
The FES provides conditions for the intensive parallel exercise of “healthy” and “impaired” motor systems. The likely 
significant effect of the stimulation is the activation of sensory systems that directly contribute to the modified 
excitability of the brain systems. The altered excitability leads to “plastic” changes (reorganization of the motor 
schema), but also to the generation of motor signals that assist in the normalization of spinal networks operation. The 
FES facilitated exercise contributes to the prevention of muscle loss and the range of movement and provides a 
condition for better functioning of the cardiovascular and pulmonary systems. The FES is an ideal add-on to 
exoskeletons and increases the efficacy of the rehabilitation. The features of the FES systems which will make the 
difference are the simple interface allowing the implementation by clinicians and individual home users and 
physiological like synergistic activation of the sensory-motor systems. 
 
Keywords: The hybrid system, FES, exoskeleton, intensive exercise, restoration of function 
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STIMULATION PARAMETERS FOR CYCLING IN PERSONS 

WITH DENERVATED AND ATROPHIED MUSCLES DUE TO 

INJURY OF THE CENTRAL NERVOUS SYSTEM 
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Abstract: Functional Electrical Stimulation (FES) of denervated muscles has long been regarded as generally 
insufficient, only some limited capability of slowing down degenerative processes in muscle tissue with lost nerve supply 
has been attributed to application of sequences of long-duration triangular stimuli ("Exponential Current") via skin 
attached electrodes. After growing evidences that more effective direct muscle stimulation is possible with appropriate 
stimulation patterns, this question was addressed on a broader basis in the European Research and Development Project 
"RISE", that was focused to individuals with flaccid paraplegia with clinically complete denervation of both lower 
extremities. Deliverables of RISE were validated clinical guidelines for maintaining intact or retraining degenerated 
denervated muscles and equipment for stimulation and assessment of muscle status for intervention planning and 
monitoring. The method provides effective prophylaxis against pressure sores and osteoporosis, and opens new exercising 
means for cardiovascular fitness for persons with flaccid paraplegia. Within RISE this was accomplished by stand-up 
and stepping exercises, now, as an additional modality, cycling was tested. In comparison to established FES-cycling, in 
case of lower motor neuron lesion specific strategies are needed to achieve fused muscle contractions for propelling, as 
effective stimuli have a minimum length of 30ms. Preparatory conditioning of muscle excitability is necessary before 
appropriate patterns are applicable. An alternative cycle design applies rowing-like leg movements instead of classical 
pedalling for more efficient propulsion and simpler control, just involving Mm. quadriceps contractions. 
  
Keywords: denervated muscles, lower motor neuron lesion, direct muscle stimulation, FES-cycling 
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ELECTRICAL STIMULATION FOR CYCLING 
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Abstract: The proper execution of limb movements requires well-coordinated interaction between neural, muscular and 
skeletal structures. The multilevel control of limb movements and locomotion is known and has already been modeled for 
various types of motor tasks. Models are applied to study healthy human limb movements as well as provide research 
tools that can be used in rehabilitation of spinal cord injured (SCI) persons. This strongly relates to control of devices 
and approaches that help to substitute lost motor functions. One particular application is functional electrical stimulation 
(FES). Modeling is very important to define stimulation patterns for FES cycling on a stationary cycle-ergometer or 
mobile tricycle. There are several commercially available FES cycling systems which can be used in passive and active 
mode. In active mode not only the amplitude, pulse with, wave forms and stimulation frequency influence the performance 
of the cyclist participant. Besides these factors, the timing of muscle activities also influences the power and energy output 
of the participant. In FES cycling, stimulation intervals of muscles are usually given as a function of the crank angle and 
that function is mapped to the time domain. Recorded muscle activity patterns (time series of EMG signals) may be 
averaged across healthy subjects and the averaged patterns are used to define stimulation patterns for cycling movements 
of SCI individuals. However, individual differences are significant, and the muscle properties of SCI individuals differ 
from that of able-bodied persons. Intrinsic, biomechanical and geometric properties of the particular musculo-skeletal 
system and external conditions as gravity, or crank resistance affects the cycling performance and success of FES cycling 
trainings. Changing pedaling cadence or changing crank resistance is associated with altered timing of muscle activities 
and altered muscle synergies. For instance, cycling against higher crank resistance or cycling with higher cadence may 
be achieved by increasing stimulation current amplitude or altering the length of co-activation time-intervals of several 
muscles. Modeling can help to discern relation between extrinsic variables and muscle stimulation patterns. Recently 
dimension reduction methods as non-negative matrix factorization is applied to model synergistic control of sets of 
muscles. All of these modeling techniques may help to design efficient FES cycling trainings for spinal cord injured 
persons. 
  
Keywords: denervated muscles, lower motor neuron lesion, direct muscle stimulation, FES-cycling 
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Abstract: 

Cycling assisted by functional electrical stimulation (FES cycling) has many positive effects on the overall health in 

persons with paralyzed legs due to the injury of the central nervous system (i.e., increases bulk of stimulated 

muscles, preserved range of movements in the joints, preserved cross-section geometry of long bones that are 

axially loaded, reduced body fat content, preserved functioning of the cardiovascular and pulmonary systems, 

reduced frequency of urinary infections, reduced spasticity in stimulated muscles). If the FES cycling exercise starts 

shortly after the central nervous system lesion, then the muscles will not be atrophied. The FES needs to provide 

sufficient muscle power to turn the pedals of the bicycle. If the pedals don’t rotate, then the exercise would be 

discouraging for the patient and many among them would give up on this type of training. The FES assistance must 

provide strong enough stimulation that is tolerable by the user, and the correct timing of stimulation bursts to push 

and pull when needed. If the stimulation power is not sufficient, then the external power coming from the motor built 

into the exercise bike is required. The temporal pattern (on-off) need to match the pushing and pulling on the pedals 

at the appropriate positions to generate the driving momentum; hence, it is linked to the angle of the pedals (from 0° 

to 360°). The optimal setup of the temporal pattern benefits from the assessment of the interface force between the 

pedal and the foot. The driving torques will be optimal if the interface force is perpendicular to the lever.  

We are developing a protocol for designing the optimal stimulation-motor assistance profile for the cycling based 

on the measurements of the interface forces. The setup uses the optimization criterion that maximizes the effect 

based on the asynchronous activation of synergistic muscles. The protocol is being developed for the therapy 

performed with Omego bike (Tyromotion GmbH, Graz, Austria) and Motimove FES stimulator (3F-Fit Fabricando 

Faber Ltd, Belgrade, Serbia). The same principle used for the setup can be used for closed-loop control to correct 

the original non-optimal temporal pattern. 
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Tricycling by FES of quadriceps muscles leads to increased cycling 

speed over series of trainings of persons with flaccid paraplegia 
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Abstract: We present that a sequence of FES cycling trainings on a special tricycle for persons with flaccid paraplegia, 

made them able to drive the tricycle and increase cycling speed during the series of trainings. Participants cycled for 

30 minutes, two times a week for six weeks. A custom build 4 channel electrical stimulator for denervated muscles 

delivered biphasic rectangular pulses for activating synchronously quadriceps muscles of both legs. Thus, bilateral 

knee extension was actively driving the tricycle. Improvements in cycling speed were observed with progress of 

trainings. The level of injury was T10 for two and T12 for one participant. Their age was 32, 45 and 67 years. The time 

since injury was 3, 6, and 29 months. The cycling speed was measured and the average speed was calculated for each 
training. The average speed was related to the corresponding sequential number of the training in the sequence of 
trainings. This relation shows a slope of regression 0.22, 0.23 and 0.12 for the 3 participants. The third participant who 

showed a lowest slope of improvement was the oldest and his time since injury was the longest. This may explain the 

slower improvement in cycling speed. The youngest participant reached the highest speed and his improvement of 

cycling speed was also the highest while he had the same level of injury as the oldest participant. Thus, mainly the age 

and time since injury may affect the improvement in cycling speed. 

 
Keywords: Denervated muscles, tricycle, cycling speed 

 

 

Introduction 

Functional electrical stimulation (FES) helps to maintain 
and regenerate denervated muscles [1]. Some FES based 
training protocols were applied for denervated muscles of 
persons with paraplegia and relevant improvements were 
reported in the contractibility and functionality of their 
muscles. These training generated tetanic contractions in 
the quadriceps muscles and comprised standing up 
exercises as well [2]. Our aim is to investigate how FES 
driven cycling exercises can be performed by denervated 
muscles. FES cycling is often applied in rehabilitation of 
Spinal Cord Injured (SCI) individuals with spastic 
muscles [3,4,5]. However, as far as we know, FES 
cycling has not been applied for patients with denervated 
muscles. 
We train SCI persons with flaccid paraplegia to perform 
cycling movements with a special tricycle (Reha-
Funtrike, OVG, Munich, Germany) adapted for this 
purpose and employing a special stimulator device 
(controller). Participants were very motivated in 
performing the series of trainings. Earlier we had 
presented results of 2 young SCI participants who had 
relatively fresh injuries (they started the training 3 and 6 
months after injury) [6]. Here we report the 
accomplishment of an older participant (P3) who started 
the trainings much later after the injury than the other 2 
persons and we compare his achievement with that of the 
former participant's. The Ethical Committee of the 
National Institute for Medical Rehabilitation, Hungary 
approved the FES trainings.  

Material and Methods 

Recovery from muscle degeneration after denervation can 
be reached by FES training and this is the only possibility 
for denervated muscles to generate force. By this strong 
motivation participants performed cycling trainings for 30 
minutes, two times a week during six weeks. The basic 
data of participants are given in Table 1. 
A custom build 4 channel electrical stimulator for 
denervated muscles can deliver biphasic rectangular 
pulses (15 - 100 ms per phase, +/- 80 V), for activating 
synchronously quadriceps muscles of both legs. Thus, 
bilateral knee extension was actively driving the tricycle 
equipped with the stimulator device (Figure 1). In both 
legs, pairs of conductive rubber electrodes (Schuhfried 
Inc., Vienna Austria) with wetted foam pads were used to 
stimulate the quadriceps and induce knee extension. In 
this “cycling mode” the muscle contractions move the 
trunk backwards in the longitudinally sliding seat, with 
the cycle chain coupled to the seat and thus driving the 
cycle. The size of each electrode was 200 cm2, they were 
placed above the quadriceps muscles, centered to the 
rectus femoris. Interelectrode distance was approximately 
10 cm. 
In "rowing mode", passive knee flexion is generated by 
pulling the body forward, towards the firm steering bar by 
active arm flexion, and moving the sliding, but now 
decoupled from the chain, seat forward.  There was no 
stimulation during forward movement phase in rowing 
mode.  
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In each training the average cycling speed was computed 
for three equal phases (10 minutes long intervals at the 
starting, middle and finishing) of the training and for the 
whole training as well.  The means of these speed values 
were then computed across trainings. The across trainings 
standard deviation of the speed for each particular phase 
(starting, middle and finishing) was investigated to reveal 
whether the speed changed within the trainings 
consistently comparing different trainings.  

The average speed in a particular training was related to 
the corresponding sequential number of that training.  
The slope of the regression line of this relation 
characterized the improvement of the participant's 
performance in terms of cycling speed. 
 
 
 

Table 1: Basic data of participants  

 P1 P2 P3 

Gender male male Male 
Age 32 45 67 
Level of injury T10 T12 T10 
Time since injury 3 months 6 months 29 months 
Average speed 
during the training 
(mean and SD 
across trainings) 

5 km/h 
SD=0.87 

4 km/h  
SD=0.86 

4.38  km/h 
SD=0.52 
 

 

Results 

Regarding P3 the improvement in speed across trials is 
presented at Fig 2. The slope of regression was 0.12.  

 
Figure 2: The average (within training) speed in each 12 
consecutive trainings for a 67 years old SCI person. 
Dotted line represents linear regression corresponding to 
the given regression equation. 
 

 
Interestingly, the mean speed (across trainings) in the first 
second and third phases were almost equal (4.44, 4.34, 
4.36 km/h (Fig 3.). Standard deviation was 0.57, 0.65, and 
0.56 for the 1st, 2nd and 3rd phases respectively. 

 
Figure 3: The average (across trainings) speed in the 1st 2nd 
and 3rd phases of the trainings (dots connected by thick 
lines). Small dots (connected by thin lines) represent speed 
values for 12 separate trainings for the older (P3) participant. 

 
Figure 4: The average (across trainings) speed in the three 
phases of the trainings for 3 participants. 
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Figure 1. The special tricycle equipped with a stimulator (controller) that delivers signals to the quadriceps muscles through 
surface electrodes. Bilateral knee extension starts and actively drives the tricycle as the quadriceps muscles are stimulated. 
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Discussion 

The tricycling speed increased during the series of 
trainings in the case of two participants (P1 and P2), 
whose results have been presented earlier [6]. The slope 
of regression (that characterized he improvement in 
speed) for P1 and P2 (0.22, 0.23 respectively) was larger 
than that of the third participant whose results are 
presented here. In this latter case the slope of regression 
was 0.12. 
The third participant who showed a lowest slope of 
improvement in speed, was the oldest and the time since 
his injury was the longest compared to the other two 
participants. This may explain the slower improvement in 
his cycling speed. The youngest participant reached the 
highest speed and his improvement of cycling speed was 
also the highest, while his level of injury (T10) was the 
same as that of the oldest person.  
It was presented earlier [6], that in the case of the first two 
participants (P1 and P2) the speed was lower in the 
middle phase of the training than at the beginning and at 
the end of it, in almost all of the trainings (in 10 and out 
of 12 trainings) for both participants. This is reflected in 
the average (across trainings) speeds in the three phases 
of the trainings: dotted and dashed lines at Fig 4.  
For the older participant (P3) this was not the case, 
instead the mean (across trainings) speed was almost 
constant regarding the 3 phases of the trainings (Fig 3 and 
Fig 4). Only in 4 trainings was the speed the lowest in the 
middle phase of the training and in 3 of the 12 trainings 
the speed was even the highest in the middle of the 
training.  
The analysis of the observed variation of speed across 
trainings is subject of further research. We can only 
speculate that at the beginning of the trainings the first 
two participants tended to start with a high speed and 
could not keep that speed, but approaching the end of 
trainings they tried to achieve as long cycling distance 
within the training as possible and additional use of upper 
body helped them to increase speed. The third participant 
started with a lower speed and his change of speed was 
less consequent, but he may have used less upper body 
movement during the whole training. 
It has been reported that during series of FES cycling 
trainings on cycle ergometers, SCI participants with 
spastic muscles improved in cycling distance [7]. Our 
study suggests, that such improvement may also happen 
in persons with flaccid paraplegia. However, the reason 
may be different and it is a question of further research. 
Our study has limitation regarding the number of 
participants as well. The number of participants is not 
sufficient to make statistical conclusions but it supports 
the assumptions that age and time since injury affect the 
improvement and performance during the series of 
trainings. On the other hand P3, who is clearly out of the 
acute and far in the chronic phase of SCI gives evidence, 
that beneficial training is possible also in persons with 
longer-term flaccid paralysis. 
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