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MpeameT: Monba 3a nokpeTare NOCTynka 3a u3bop MacTep NHKerepa enekTPOTEXHNKE U pauyHapcTea
WeaHa Tonanosuha, nctpaxusaya NpUNPaBHUKa y 3Barbe UCTPaXKMBAY CapafHuK

HAYHHOM BERY MHCTUTYTA TEXHUYKMX HAYKA CAHY

Monum Bac a3, y cknaay ca MpasMAHWUKOM O NOCTYMKY U HauMHY BPeAHOBatba U KBAHTUTaTUBHOM
WCKasnBakby HAYYHOUCTPaXMBaYKUX pesynTata uctaxusada (Cn. MnacHuk PC, 6p. 24/2016 i 21/2017), u
MpasuNHMKOM O CTUUAkbY 3Barba UCTPaXKMBaya capagHuka, HayuHo sehe MHCTUTYTA TeXHWUKMX HayKa
CAHY nokpeHe noctynak 3a Moj u3bop y 3Barbe UCTpamBay capaHuK.

3a unaHoBe KOMWCUjE NpeaNarkem:

* Akagemuka ap [lejaHa b. Monosuha, pegosHor npodecopa y neHsuju,
* [p Nany NMonosuh MaHeckn, Hay4yHOT CaBETHWMKA MHCTUTYTa TeXHUYKMX Hayka CARY,
* Akxagemuka 3opaHa bypuha, Hay4HOT CaBeTHUKA MHCTUTYTa TEXHUYKMX Hayka CAHY.

Y npunory goctas/bam:

1. Buorpadujy
2. bBubnuorpadujy ca Konujama pagosa
3. [loka~ 0 NnpoceyHoj OLeHU Ha OCHOBHUM U MacTep cTyaujama.
4. "[lokas o NONOMKEHUM UCAUTUMA Ha OOKTOPCKMM CTyAMjama.
5. [lokas o ogo6peHoj AOKTOPCKOj Tesu
Y beorpagy 17.3.2018. roguHe MoaHocuAal, 3axTesa

MeaH Tonanosuh, mactep nHerep
E/1EKTPOTEXHUKE U PavyHapCTBa



Buorpaduja

MBaH Tonanosuh je pohen 20. anpuna 1989. roamnuHe y Noprwem MunaHosLy. OCHOBHY
LWKONY U TMMHa3ujy je 3aBpLlno y Yauky.

OcHoBHe akagemMcKe ctyanje ynucao je 2008. roanHe Ha EneKTpoTexHUYKom paKkynTeTy,
YHuBep3uTeTa y beorpagy, Ha cmepy EnekTpoTexHWKa U padyHapcTBo. Y Apyroj roguMHu ctyamja
ce onpeaenno 3a moayn , Pusnyka enekTpoHnKa — bUomeaULMHCKN U eKONTIOLLKN UHXKEHEPUHT.
Aunnnomupao je 2013. rogmHe, Ha Temy: ,,CUCTEM 33 CHUMaAHE TENECHUX TEMMNEpPaTYPHUX mMana
Ha 6a3m NTC Tepmuctopa“, koa ap ejaHa b. Monosuha.

OAMax HaKOH OCHOBHMX CTyAMja ynucao je macTep aKafeMcKe cTyauje, Takohe Ha
EnektpoTexHnykom ¢akyntety, yHuBep3uteTa y beorpagy, Ha cmepy ,buomeamumHckm u
€KONOLWKMN NHXKerepuHr”. OabpaHuno je mactep pag 2014. roguHe, Ha Temy: ,,M1OENeKTPUYHM
CUTHAM 3a ynpas/bakbe NPCTUMA poboTcKe wake”.

NcTe roanHe je ynucao OOKTOPCKE akageMcKe CcTyauje Ha uctom dakynTeTy, Ha cmepy
»YNpaB/batbe cucteMnuma u obpasa curHana, Ha Kojuma je u gaHac. Monoxuno je cee ucnure u
TPEHYTHO paZu Ha NpUNpeMun AOKTOpcKe ancepTaumje. Kao ycky obnact uHTepecoBarba M3abpao
je aHanusy enektpomuorpadckmx (EMF) curHana, koja he 6UTM Tema HeroBor LOKTOPCKOT pasa -
“NMpumeHa MyAnTUKaHa/NHe enekTpomuorpaduje y pexabunutaumju®. MpeuusHuje, Heros
UCTPaXKMBaYykM paf ce 6asMpa Ha MyNTMKAHAZNHOM CHUMaky EMI curHana v HbuxoBom
Mmanupary, Yymme ce omoryhyje NpoCTOPHO M BpeMeHCKO npahere enekTpuyHe aKTUBHOCTU
Muwmha cuHeprucTa, oaroBopHuUx 3a oapeheHn nokpet. OCHOBHU UW/b UCTParKMBatkba je Aa ce
ncnutajy moryhHocTM npumeHe OBaKBOr HayMHa nocmatpara EMI curHana 3a ynpas/batba
WHTEIMTEHTHUM NpoTe3ama, MaHUNynatopuma Yy pexabuantaumju pasnmunTux  BpCTa
naumjeHaTa, Kao 1 3a eCTUMaunjy mmwmnhHe akTUBHOCTW.

Opg 1. anpuna 2016. rognHe 3anocneH je Ha MHCTUTYTY TexHUYKmx Hayka CAHY, kao
MCTPAXKMBa4Y NpUNpaBHUK. AHraxkoBaH je Ha npojektuma WMWK 44008 — , Passoj poboTta Kao
cpeacTea 3a nomoh y npesasunaxkemwy Tewkoha y passojy aeue” n TP 35003 — ,, UcTparknsatse
1 pa3Boj aMbnjeHTaIHO-MHTENIUTEHTHUX CEPBUCHMX POBOTA aHTPOMOMOPPHUX KapaKTEPUCTUKA®.
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Transcutaneous activation of muscles with electrical stimulation has limited selectivity in recruiting para-
lyzed muscles in stroke patients. However, the selectivity could be increased by the application of smaller
electrodes and their appropriate positioning on the skin. We developed a method for selecting the ap-
propriate positions of the stimulating electrodes based on electromyography (EMG). The EMG activity
maps were estimated from signals recorded with two electrode arrays and two 24-channel wearable am-

Keywords: plifiers positioned on the nonparetic and paretic forearms. The areas where the difference between the
Electrical stimulation EMG maps obtained from the nonparetic and paretic arms was significant were identified as the stimula-
EMG mapping tion sites. The stimulation was applied through array electrodes with magnetic holders and two wearable

Multi-pad electrode

stimulators with four output channels each. The measures of functionality included joint angles measured
Upper extremities

with goniometers (hand opening) and grasp force measured with a multi-contact dynamometer (grasp-
ing). The stimulation protocol comprised co-activation of flexors and extensors to stabilize the wrist joint

and prevent pronation/supination.

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

1. Introduction

Electrical stimulation of paretic and paralyzed upper limbs was
introduced many years ago, yet the clinical evidence is still not
sufficiently convincing to make this technique widely used [1,2].
Functional electrical therapy (FET), i.e., intensive functional exercise
combined with surface electrical stimulation of the paretic arm,
promoted greater recovery of motor control and function in acute
stroke patients [3] compared with the same treatment applied in
chronic stroke patients [4]. However, in both acute and chronic
stroke, the difficulty of determining the most effective positions for
the stimulating electrodes remains a major challenge [5].

Selective activation of the muscles that control each finger and
the wrist with electrical stimulation is a challenge that was ini-
tially addressed by Nathan [6]. The technology that has allowed
fabrication of array electrodes for stimulation and the develop-
ment of advanced electronic stimulators has provided a basis for
determining how selective stimulation of the forearm muscles can

* Corresponding author. Tel. +381 11 2185 437; fax: +381 11 2185 263.
E-mail address: lanapm13@gmail.com (L. Popovi¢ Maneski).

http://dx.doi.org/10.1016/j.medengphy.2016.06.004
1350-4533/© 2016 IPEM. Published by Elsevier Ltd. All rights reserved.

be achieved [e.g., 7-10]. These studies led to two major conclu-
sions: 1) small electrodes that are positioned appropriately can im-
prove the selectivity of stimulation [11-14] and 2) stimulation de-
livered asynchronously through several small electrodes at a lower
frequency (approximately 10 pulses per second) rather than a sin-
gle large electrode at a high frequency (approximately 30 pulses
per second) allows prolonged stimulation that results in fused
contraction [15-17]. A remaining challenge is how to easily and
quickly select the number of electrodes and their relative positions
with respect to the excitable tissue to produce adequate prehen-
sion and a safe and strong grasp with minimal wrist interference.

The hypothesis that we introduce is that by comparing EMG
maps recorded while the patient performs the target function
(hand opening, hand closing, holding an object for various types
of grasp) using the nonparetic and paretic arm, one can determine
the positions (regions) over the peripheral sensory-motor systems
that can be stimulated. Thus, by mimicking the activation map
of the nonparetic arm, we can replicate on the paretic side the
complex and hardly predictable neural interplay that is unique to
each individual. The quasi-normal activation of neural systems is
likely to influence the motor control system and contribute to the
development of synergies that can facilitate more effective and
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Table 1
The basic demography for the subjects in the study.

Ashworth modified

Fugl-Meyer score for upper

Time after stroke

Patient no  Age  scale score extremities (max 66) (months) Paretic side
1 54 3 36 6 Left

45 2 35 2 Right
3 62 1+ 28 3 Left

efficient movements and possibly re-train the brain so the patient
no longer depends on the FES (carryover effect). Our hypothesis
testing was facilitated by the availability of a practical and easy-to-
use multi-channel recording system (Smarting [18]) and new array
electrodes with quick contacts [19]. The results we present here
come from the experimental work in clinical tests with stroke pa-
tients. The variables we used to quantitatively assess the achieved
function (hand opening and grasping) were the differences in the
achieved joint angles and grasping forces between the non-paretic
(without stimulation) and paretic hands when stimulated.

2. Materials and methods
2.1. Patients

The proposed method was tested as a case series study with
three sub-acute stroke patients (Table 1).

The inclusion criteria for the study were as follows: response
to electrical stimulation applied via surface electrodes, nonfunc-
tional volitional prehension and grasp, first ever stroke, stable
blood pressure and heart rhythm, no implanted stimulators, no
known epileptic condition, not participating in other therapy that
uses electrical stimulation, and ability to understand and follow in-
structions during the tests. The protocol for the testing, which was
prepared according to the rules established by the Helsinki decla-
ration, was approved by the Ethical Committee of the Clinic for Re-
habilitation, “Dr Miroslav Zotovi¢” in Belgrade, Serbia, ref. no. 03-
580/1, date: 20.2.2015.

2.2. Instrumentation

Two rectangular (6x 15cm?) array electrodes with 24 circular
conductive pads each (D=10mm, interpad distance: 14 mm axial
and 20 mm transversal) were connected to two Smarting devices
for EMG data acquisition. We selected the commercially available
Smarting device for data acquisition because it is small, light and
connects via short leads to the array electrode (Fig. 1). Smarting
is a low-noise 24-channel digital amplifier that sends signals via
Bluetooth to a computer or mobile phone. The Bluetooth inter-
face for PC computers is available on the manufacturer’s web site
(mBrainTrain) [18]. The Smarting system is designed for monopo-
lar recordings only and for brain-computer interface (BCI) applica-
tions. The maximum sampling rate is 500 samples per second per
channel (24 channels). The limitation to 500 samples per second
does not satisfy the Nyquist criterion for EMG recordings, thus the
recordings include somewhat distorted signals. In our earlier re-
search, we validated the applicability of the Smarting system for
the acquisition of envelopes of EMG data by comparing the signals
recorded by the Smarting system and a professional EMG ampli-
fier manufactured by Biovision (Wehrheim, Germany), which was
connected in parallel with the Smarting system to the same ar-
ray electrode [19]. We found differences in the recordings; yet, the
time course of envelopes and their peaks were sufficiently similar
for the purpose of our research. We used pre-gelled Ag/AgCl elec-
trodes (GS26, Bio-medical Instruments, MI, USA) positioned over
the bony portion close to the elbow joint as the reference and
ground for the monopolar EMG recordings.

Fig. 1. Smarting (http://www.mbraintrain.com/), 24-channel physiological signal
amplifier with wireless communication and a 24-pad recording array electrode with
circular contacts (D=10 mm) produced by Tecnalia Serbia (Belgrade, Serbia) covered
with conductive gel.

ANGLE UNIT

-y

SG 110/A

MULTI-CONTACT
DYNAMOMETER

Fig. 2. The measurement system for kinematics: goniometers [20] and custom-
made multi-contact dynamometers with a soft interface and four chambers instru-
mented with pressure transducers.

The kinematic data were recorded (Fig. 2) with four F35 single-
axis goniometers (Biometrics Ltd, VA, USA) positioned over the fin-
gers and two two-axis goniometers (SG65 and SA110A) that mea-
sured thumb rotation and radial/ulnar and dorsal/volar deviations
of the wrist. The goniometers were connected via angle units to
the input of a NI USB 6216 A/D card (National Instruments, TX,
USA).

The dynamometer was a custom-made device with four squeez-
able chambers instrumented with pressure sensors (Fig. 2, right
panel). This device was used in some of our previous studies that
assessed grasp strength [10,16].

The kinematics and dynamometer data (12 channels) were sam-
pled at 500 samples per second to match the sampling rate of the
EMG recordings via a National Instruments A/D converter on a PC
computer running a custom-designed program in LabVIEW.

The recordings from the two Smarting units and the sys-
tem for measuring force and kinematics were synchronized when
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Fig. 3. Wearable 4-channel stimulator with wireless communication to a PC and 40-pad stimulating array electrodes with magnetic contacts interfacing with the skin via

conductive gel AG730 [23].

they were connected to the same wireless network by a custom-
designed software.

Two wearable electronic stimulators (7 x3 x 2.5cm3) with a
total of eight output channels generated compensated current-
controlled biphasic pulses [21]. The stimulator allows the user to
control the pulse frequency, duration, amplitude and delay on each
of the channels. The stimulator communicates wirelessly with the
PC computer, with the interface allowing simple, online control of
all stimulation parameters.

The stimulating array electrodes (7 x 12 cm?), which were used
as cathodes [22], had 40 conductive pads (5 transversal and 8 ax-
ial, D=8 mm) made from magnetic material that connected with
magnetic tip of wiring system that interfaces with the stimulator
(Fig. 3). The metal pads (12 mm x 12 mm) each were covered with
a conductive gel (AG730, Axelgaard Manufacturing Co) and con-
tacted the skin. Two oval anodes (Pals Plus electrode, 4 x 6 cm?2,
Axelgaard Manufacturing Co) were positioned over the dorsal and
volar sides above the wrist.

2.3. Data processing

The EMG data were acquired using custom-designed software
(Streamer) available online from the manufacturer of the Smarting
system [18]. The acquired signals were processed offline with a
3rd order Butterworth high-pass filter at 10 Hz to remove baseline
drifts, notch filtered at 50 Hz, rectified and then low-pass filtered
at 5Hz to estimate the EMG envelopes. The processed signals

were used to create maps in Matlab (Mathworks, Natick, MA,
USA) using techniques adapted from methods presented in the
literature [24,25]. Colors on the maps represented the amplitudes
of the EMG envelopes normalized to the maximal value on the
healthy forearm. The maps were stored for each time sample, and
the custom-designed software allowed for the selection of the
moment when the appropriate signals from the kinematic sensors
and dynamometers reached the threshold values.

3. Procedure

The subjects were informed about the experimental procedure
and signed the informed consent form approved by the local ethics
committee.

Subjects sat in front of a desk with their forearm supported and
the elbow joint maintained at an angle of approximately 110°. Two
EMG array electrodes were positioned on the dorsal and volar side
of the nonparetic forearm, covering the innervation zones of wrist
and fingers flexors and extensors (Fig. 4, left panel). The skin was
cleaned and prepared with an abrasive gel prior to positioning the
electrodes. Two Smarting amplifiers were connected and fixed to
an elastic band. A goniometer was fixed with tape to each finger,
the thumb and the wrist. The goniometers were calibrated prior
to positioning them on the hand (Fig. 1, left panel). The outputs
from the sensors were connected to the A/D board. Two computers
connected to the same wireless network (one for recording EMG
signals from the Smarting unit and the second for recording the

Fig. 4. The experimental setups for assessing joint angles during prehension (left) and grasping force of the four digits (right). In both cases, EMG activity was measured by
two 24-channel Smartings and two 24-contact electrodes. See the text for details. (For interpretation of the references to color in this figure, the reader is referred to the

web version of this article).
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Fig. 5. The envelopes of EMG signals from all 48 electrodes, EMG maps at the selected moments and the appropriate angles during the hand-opening task in the nonparetic

arm of subject 2.

signals from the goniometers and/or dynamometer) allowed syn-
chronization of the recording systems. A subject was first required
to stretch the fingers for five seconds four times each, as if he was
preparing for grasping and then relaxed. The second task presented
was the palmar grasp, in which the subject was required to firmly
hold the dynamometer for five seconds, with the fingers positioned
over the four measuring chambers (Fig. 4, right panel). This move-
ment was also repeated four times. The same two tasks were per-
formed with the nonparetic and paretic arms.

EMG maps were inspected to define the zones where muscles
activity was low or missing on the paretic arm (blue color in the
images) compared with the activity recorded from the nonparetic
arm. These zones were selected as targets for stimulation.

The EMG electrodes were removed and the stimulation elec-
trodes were then positioned over the previously identified posi-
tions (note that sizes of the two types of electrodes were slightly
different). Because the positions of the innervation zones usually
do not overlap with the zones of the strongest EMG activity, we
selected array elements (conductive pads) that were positioned
slightly proximal compared to the positions of EMG electrodes. The
anodes were positioned as described in the Methods section.

The stimulator leads with magnetic tips were connected to
the conductive pads at the target zones, and the stimulators
were turned on. The maximum stimulation intensity was ad-
justed so that finger extensions were evoked in parallel with low-
level stimulation of the wrist flexors (zones closer to the elbow)
during prehension and finger flexion along with low-level wrist

extension during grasping. The procedure for adjusting the stimu-
lation intensity was initiated on a single channel where the differ-
ence between the EMG maps on the nonparetic and paretic fore-
arm was the largest. When the first channel was set, the second
one was turned on and the intensity adjusted, and so on. The stim-
ulation intensity on different channels had trapezoidal-form pro-
files, which followed the timing (rise-time, plateau, decay-time) es-
timated from the EMG envelopes which were recorded form the
nonparetic arm, as shown in Fig. 9. The joint angles during stretch
and grasping force during grasp were recorded.

As the target zones for stimulation excluded the zones in which
EMG activity existed in both the nonparetic and paretic forearms,
the subjects were asked to add their own effort, if any, for opening
or closing the hand during stimulation. This is considered to pro-
vide an extra value in both motor and psychological rehabilitation
by amplifying residual muscle activity and closing the sensory-
motor loop, which likely increases the motivation to exercise when
the invested effort results in proper task accomplishment [1,2,5].

The complete sessions were videotaped for subsequent
inspections.

4. Results and discussion

Figs. 5 and 6 show the envelopes of EMG signals from all 48
electrodes, EMG maps at the selected moments and data from
the kinematic sensors for the hand-opening and hand-closing task,
respectively.
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Fig. 6. The envelopes of EMG signals from all 48 electrodes, EMG maps at selected moments and the appropriate forces during the hand-closing task in the nonparetic arm
of subject 2.
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Fig. 7. Representative EMG maps from the nonparetic and paretic arms (subject 2) used for the comparisons during prehension and grasping. The left panel shows the EMG
activity recorded during grasping mapped to the forearm. This subject had a right-side paretic arm. There is an obvious symmetry in the EMG activity between the paretic
and nonparetic arms. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article).
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Fig. 9. The trapezoidal profiles, derived from the upper maps in the healthy arm, show the onset, rise-time, plateau and decay-time for the stimulator sending pulses to the
flexors and extensors in subject 1. The intensity is set based on the individual responses using the remote computer.

Fig. 7 shows the zones with significant differences between the
EMG activity in the nonparetic and paretic arms during the same
functional task. If a particular zone on the EMG map of the paretic
arm is blue and the corresponding zone on the nonparetic arm is
red, then this is a clear indication that the muscles required for
normal movement are not active, resulting in poor or no motor
output.

Fig. 8 shows the electrode zones and the relative current inten-
sities used to stimulate prehension and grasping in one hemiplegic
subject. These positions correspond to the zones in the EMG maps
where differences between the arms were identified. The therapist
attempted to change the active zones from the zones suggested by

the EMG maps, which resulted in a noticeable performance degra-
dation (e.g., extensive ulnar/radial deviation or poor finger exten-
sion/flexion).

The stimulation profiles (onset/offset times and slopes) were
fine-tuned based on a set of EMG maps obtained from one series
of recordings for hand opening or closing from the nonparetic arm,
which is illustrated in Fig. 9. One profile was applied to all stimula-
tion channels on the same electrode. It might be that an even bet-
ter function could be obtained if each channel on the same elec-
trode would follow its own stimulation profile (e.g., based on the
flexion sequence for the volar side in Fig. 9; CH2 in Fig. 8 should
be turned on before CH1, but CH1 requires a higher current
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Fig. 10. Joint angles (top panels) during voluntary and stimulated opening of the hand (prehension) and contact forces (bottom panels) during voluntary and stimulated
closing of the hand (grasp) in Subject 3. Pairs of vertical dashed red lines mark the periods of hand opening. Time axes are different for each graph. The paretic hand was in
the typical claw position at the beginning of the recording; therefore, there is a large offset in force readings for the index and middle fingers due to an involuntary spastic
grip, which was slightly released after several trials of FES. In the case of the nonparetic hand grasp and paretic hand stimulated grasp, the force sensor enters saturation
for some fingers due to a strong grasp and because the sensor was calibrated to detect the small forces in the paretic hand during voluntary contraction. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article).
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Fig. 11. An illustration of the two-phase procedure: 1) mapping the EMG activity (top view) for the nonparetic and paretic forearm muscles during trials in which subject
2 performed hand closing (left panel) and 2) positioning of the stimulation electrodes on the paretic forearm over the zones where a significant difference (no activity) in
EMG activity was identified and stimulation was applied (active pads are highlighted with different colors: red circles - high intensity, orange squares - middle intensity,
yellow triangles - low intensity). Fine tuning for testing the response when the neighboring pads were activated was trivial with the instant contact provided by the new

magnetic array electrodes (right panel). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

intensity compared with CH2). However, this would require the
tuning of several parameters; therefore, it was considered a non-
practical solution.

An example proving the hypothesis that stimulation of regions
where the EMG activity is missing when compared with the sub-
ject’s contralateral, nonparetic arm is presented in Fig. 10. We
show that joint angles and grasping forces from the nonparetic
hand, the paretic hand without stimulation (voluntary effort of the
subject) and the paretic hand with stimulation applied at the zones
identified from the EMG maps. It is important to mention that
the patients included in this study were selected from the low-
functioning group and had no previous experience with electrical
stimulation.

Subject 3 was unable to voluntarily control his fingers and open
the paretic hand (middle top panel in Fig. 10), whereas the stimu-
lation provided this function in a range comparable with the angles
measured in the nonparetic hand. The subject was able to gener-
ate low grasping forces voluntarily only in the index and ring fin-
gers; however, the stimulation provided grasping forces that were
comparable with the forces generated by the nonparetic hand. The

profiles of joint angles and forces between the nonparetic and
stimulated paretic hand were not similar. Nevertheless, the aim
of this study was to test the hypothesis regarding the position-
ing of the stimulating electrodes and not to duplicate the func-
tion of the nonparetic hand. One should notice that the function
was achieved by simultaneous activation of agonists and antago-
nists. This can be seen in Figs. 7 and 8 for the grasping task with
the nonparetic (healthy) arm, where there is clear co-activation of
wrist extensors (dark red areas closer to the elbow) during hand
closing. Therefore, the stimulation that activated the forearm mus-
cles did not evoke excessive wrist deviations, which is necessary
for proper wrist function. In this way, it is possible to stabilize
the wrist without a splint, which was the basis for the success in
the only clinically applicable and commercially available FES de-
vice, Ness H200 [26].

5. Summary

We developed a method for determining the regions over
the motor system that can be stimulated for selective functional
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activation of the hand that is based on a comparison between the
EMG activity of the nonparetic and paretic forearms. The actual im-
plementation is foreseen as a two-phase operation (Fig. 11) that in-
cludes 1) multi-channel EMG recordings and data processing and
2) stimulation via electrode pads placed at locations selected ac-
cording to significant differences in the EMG maps obtained from
the paretic and nonparetic forearms, with stimulation profiles that
mimic activity of the nonparetic arm.

Identification of stimulation sites based on EMG mapping does
not require kinematic sensors and dynamometers in clinical ap-
plications, and the efficacy of the stimulation can be visually in-
spected. The array electrodes with quick and easy-to-use magnetic
connectors allow additional tuning based on the experience of the
clinician or patient. The EMG mapping procedure is simple and fast
with the Smarting system; yet, other EMG recording systems with
the appropriate mapping software can be used instead.

The question that deserves more elaboration in future studies
is how to improve the recording system if a more sophisticated
analysis of signals is of interest [27]. In our case, the envelopes
(rectified, filtered signals at 5Hz) were used to select areas in
the paretic arm that showed no or low EMG activity when com-
pared to the recordings from the nonparetic arm. The low sam-
pling rate ultimately introduces aliasing, and this could be ex-
pressed even more if one uses bipolar recordings and the arrays
with interpad distances greater than 10 mm. However, the com-
parison of the recordings that we performed in our earlier study
[19], where we compared the Smarting and the Biovision ampli-
fiers, made us decide not to go into detail and study the effects
of the inter-electrode distance. In our future work, EMG data ac-
quisition with a higher sampling rate will be analyzed, although
it is likely that this would have little effect on the EMG activity
maps. We suggest that the distortion in the recordings is not crit-
ical for the type of analysis we performed, bearing in mind that
the stimulation pads that form the final array are not miniature
but 12 x 12 mm? squares because the stimulation current density
must be kept within safe limits.

The stimulation method with array electrodes and quick con-
nectors was found to be intuitive for patients and therapists. The
layout of the stimulation sites determined from the EMG maps can
also be used for the placement of individual electrodes instead of
an array electrode. The stimulation can be delivered by other elec-
tronic stimulators capable of asynchronously sending stimulation
pulses to individual stimulating pads.

The method described here met the requirements for elicit-
ing the desired contractions in a case series study. The electrode
shape and total area (number and position of pads selected) var-
ied among subjects due to the differences in their motor system
anatomy and level of impairment, which was expected. A larger
group of patients should be included for the validation, and the
test should consider an analysis of the benefits from the prospec-
tive users and caregivers.
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Estimation of gait parameters based on data
from inertial measurement units

Ivan Topalovi¢ and Dejan B. Popovi¢, Member, IEEE

Abstract— We developed a method based on an artificial neural
network for the estimation of gait parameters from data recorded
by inertial measurement units (IMU) mounted on the shank and
foot. The input for the training of the neural network are the
signals recorded by inertial measurement units (Yost Labs,
Portsmouth, Ohio, USA) positioned at the foot and the shank, and
the output of the network are the fuzzified data from the sensors
recorded by the force transducers built into the insoles. The
communication between the sensors and the computer was realized
wirelessly. The input and output data were captured synchronously
on a Windows platform during the gait. The differences between
the gait parameters (relative errors) estimated from the reference
data and the IMU system were below 4%. The system is now being
used in a small clinical trial in stroke patients.

Index Terms— gait cycle, gyroscope, ground reaction force,
neural network

. INTRODUCTION

The assessment of the gait in the rehabilitation uses semi-
subjective heuristic description based on the expertise and
experience of a clinician. Current instrumentation (camera
based systems recording the markers mounted on the body
and force platforms measuring the ground reaction force [1-2],
instrumented walkways [3-5], wearable systems composed of
inertial measurement units and instrumented insoles [6-8], and
instrumentation for measuring electromyography) allows the
quantification of gait [9-10]. The quantification is based on
the data characterizing mechanics (joint angles [11], ground
reaction forces [12], joint forces and torques [13], angular
velocities and accelerations [14-15], power, energy) or
physiological activity that is responsible for the gait
(electromyography — EMG) [16-18]. The quantification can
also combine the mechanical and physiological measures. For
clinical applications, the complex data can be reduced to a set
of scalar measures describing the most relevant parameters
(events defining the gait). This study is directly related to the
estimation of the following gait parameters:

e stride cycle — time between the two consecutive heel
contact (HC) of the same leg;
e step cycle — time between the HC of the ipsilateral leg and
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the HC of the contralateral leg;

stance phase — time between the HC and the toes off (TO)
of one leg;

swing phase — time between TO and HC of one leg;

single support phase (SSP) — time when only one leg is
contacting the ground;

double support phase (DSP) — time when both legs are
contacting the ground;

gait cadence — number of steps per unit time.
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HEE
CONTACT (HC))

The simplest method for determining the listed gait
parameters are walkways and instrumented insoles. The
walkway limits the gait to a fixed geometry [3-5], and the
insoles are not robust sufficiently for the prolonged free gait.
The limitations were the motivation for testing and validating
the use of a simple wearable system with only two inertial
measurement units (IMU) for the estimation of gait
parameters in the clinical environment. We compared the
results obtained by IMUs with results obtained by
instrumented insoles, as a referent system. To accomplish the
task we developed a computer simulation based on an
artificial neural network which uses data from inertial
measurement units as inputs and fuzzified ground reaction
force signals from instrumented insoles as the output
(reference data).

We present the method and the comparison of the gait
parameters determined by both systems.

1. METHODS

A. Instrumentation

We used the custom designed system Walky® (Fig. 2) for
the measurements. The system comprises two insoles (five
sensors in each insole) and four IMUs (Yost Labs,
Portsmouth, Ohio, USA https://yostlabs.com) measuring
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angular rates (3-axis gyroscope) and accelerations (3-axis
accelerometer). The size of insoles can be set to fit the foot
size. Walky system sends wirelessly signals as 100 Hz
sampling rate to the host PC.

|

Fig. 2. Walky system: two insoles with five force transducers each (1),
extensions for insoles (2), wireless emitters (3) for sensors in insoles which
communicate with a computer by a dongle (4), four IMUs (5) which
communicate wirelessly with a dongle (6).

B. Subjects and Procedure

We recorded data from five healthy subjects (three male
and two female, 26x4 years old).We attached two IMUs per
leg: one unit was placed on the top side of the foot and the
second on the proximal side of the shank below the knee (Fig.
3). Before the placing insoles, we set offset of force sensors to
zero. We also set the size of insoles to match the size of
subject’s foot. After attaching all sensors to the appropriate
positions, the subject was asked to walk in straight line for
about ten standard steps. The gait always started from the
standing with both feet on the ground.

IMU2
IMU1

Figure 3. The sketch of the positions of IMU sensors.

IMU4

IMU3

C. Signal processing

Signals were processed offline in Matlab R2015a (The
MathWorks, Natick, MA, USA). We applied Butterworth
low-pass filter (5™ order, the cutoff frequency of 3Hz) on
angular velocity signals to reduce noise and the impact
artifacts during the heel contact. All signals were normalized
by dividing all signals recorded by one recording unit with
maximal absolute value recorded with that IMU. This
normalization set the range for the force signals to [0, 1] and
the angular velocity signals to [-1, 1].

We used fuzzy logic to estimate the phases of gait cycle
from the foot pressure signals. Inputs for the fuzzy logic were

three signals: heel force, metatarsal force and toes force. We
set two spline-based membership functions for each input:

0, X <a
X - b2 a+b
Z(b—a)’ =x= 2
fi0Gab) = X - a° a+h
l_z(b—a)’ 2 =x=b
1, Xx=b
1, X <C
X - ¢\” c+d
l_z(d—c)’ C=X= >
fa0xe.d) = - dy2 c+d
2(d—c)’ 2 =x=d
0, X =d

where X is the time sample of the signal, and a, b, ¢ and d the
parameters of curves given in Table 1.

TABLE 1. PARAMETERS OF MEMBERSHIP FUNCTIONS

a b c d
heel 0 0.1 0.005 0.025
metatarsal 0 0.1 0.005 0.025
toes 0 0.02 0 0.02

We used additional rules for the fuzzification shown in
Fig. 4. The output of the fuzzy logic has four values for four
phases: swing, heel contact, flatfoot, and heel off (Fig. 4).

— RULES
05 HEEL |META |TOES

Degree of

nometa

Degree of

° : : .
o 02 04 06 08 1 swing heel heeloff

META 1
1
toes
05-
’ notoes
0 0

0 0.2 04 0.8 08 1
TOES 0 0z 04 086 08 1
OUTPUT

Degree of
o
o
Degree of
membership

Fig. 4. lllustration of the fuzzification for the estimation of the gait phases
from foot pressure sensors. It has three inputs, each with two slope-based
membership functions (left panel), additional rules (top right panel) and one
output with four values for four phases: swing, heel, flatfoot and heel-off
(bottom left panel).

To estimate the gait phases from IMU signals, we used an
artificial neural network (ANN). To minimize the error of
phase recognition, we used cascade method based on two
neural networks (Fig. 5). First ANN divides the signal into
swing and stance phase. Second ANN recognizes flat foot
phase in stance phase. Heel-on phase is obtained as the time
between the beginning of the stance phase and the beginning
of the flat foot phase. Similarly, the heel-off phase is obtained
as a time between the end of the flat foot phase and the end of
the stance phase. We divided swing phase into acceleration



phase and deceleration phase by finding a local maximum in
part of the intensity of the angular velocity signal during the
swing phase. The intensity of the angular velocity is obtained

as the root of the sum of squared component signals.
SIGNAL

-

acceleration deceleration

-

heel on flatfoot heel off

Fig. 5. Algorithm for detection of gait phases based on two cascaded neural
networks: FFNN1 separates the swing and stance phases, and FFNN2 detects
subphases of the stance phase: heel-on, flat foot, and heel-off. Swing phase is
divided into acceleration and deceleration phases by the estimation of the
maximum value of the angular velocity in the swing phase.

The ANN used are feedforward neural networks with ten
inputs and ten outputs with linear transfer functions, and three
hidden layers with sigmoidal transfer functions. The first
ANN has 25 neurons in the first layer, 12 in the second and 7
in the third layer (Fig. 6, top panel). The second ANN has 25
neurons in the first layer, 13 in the second and 7 in the third
layer (Fig. 6, bottom panel). The number of layers and
neurons was determined heuristically. The inputs for neural
networks are sets of 10 adjacent samples of gyroscope signal
from sagittal plane. We made window ten samples wide to go
through the signal to collect samples for the neural network.
The outputs for the first ANN are the sets of binary values
corresponding to swing (value 1) and stance (value 0) phases,
obtained from the fuzzy logic described before. Similarly, the
outputs for the second ANN are the sets of binary values
corresponding to flatfoot (value 1) and all other (value 0)
phases. Our training data set contained 500 x 10 data samples
from all five subjects. We used 70% of data for training 15%
for testing, and 15% for validation. We used Matlab Neural
Network Toolbox, to obtain ANNS.

FFNN1
Hidden 1 Hidden 2 Hidden 3 Output
Input { Output
"l” n"l“’l" "l
m i i e
25 12 7
Hidden 1 Hldden 2 Hidden 3 Qutput
Input "E Output
/ //V‘ el.' ﬁl., >0
o I’WM 5 ]
7 10

Fig. 6. FFNNL1 is a feed-forward ANN for separation to the swing and stance
phases and FFNN2 a feed-forward ANN for the detection of subphases of the
stance phase.

Ill. RESULTS

Fig. 7 shows recorded signals for subject N° 1 for nine steps
(5 with left and 4 with right leg). Top panels show signals
from insole sensors and middle and bottom panels show
signals recorded by IMU sensor placed on feet and shanks.

In Fig. 7 we can notice the repetitive pattern of the gait

cycle. The heel contact is at the time when the heel contact
signal starts rising, while other two signals are zero. At the
same time, the angular velocity measured by IMU increases
from negative local minimum to zero. When the whole sole
contacts the ground (all three insole sensors above the
threshold), then the flat foot occurs. The flat foot beginning
coincides with the rise of the signal from the metatarsal zone
sensor. The angular velocity of the foot during the flat foot
phase is zero because foot does not move. When the signal
from the sensor under the heel falls to below the threshold,
then the heel off phase starts. During this phase, angular
velocity declines because foot and shank are leaning in front
of the vertical line. The swing phase begins at push off
moment, which can be detected when the signal from the
sensor under the toes falls to zero. During the swing phase,
angular velocity rises from local minimum (acceleration
phase) to highest peak in whole gait cycle which correspond
to mid-swing. At that moment leg is fully extended, and heel

starts to move toward the ground (deceleration phase).
Right
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Fig. 7. Recorded signals for subject N°1 for nine steps (5 with left and 4 with
right leg). Top panels show signals from foot pressure sensors (heel — blue;
metatarsal — orange; toes - yellow), and middle and bottom panels show
signals recorded by IMU placed on feet and shanks (X-axis — blue; Y-axis —
orange; Z-axis - yellow).

Fig. 8 shows confusion matrices for the trained ANN.
FFNN1 has two output classes: 0 (stance phase) and 1 (swing
phase), and the FNN2 has two output classes: O (heel on or
heel off phase) and 1 (flat foot phase). The mean square errors
for the FFNNL1 are 2.2% and for the FFNNZ2 are 6.8%.

FFNN1 FFNN2
1707 | 22 9.7 1615 | 56 96.6%
63.9% | 0.8% 1.3% 60.7% | 2.1% 3.4%
3 905 | 9.2 124 [ 865 | 875%
1.3% 33.9% | 3.8% 4.7% 32.5% | 125%
97.9% | 97.6% | 97.8% 929% | 93.9% | 93.2%

Output class
Output class

2.1% 2.4% 2.2% 71% 6.1% 6.8%
0 1 0 1
Target Class Target Class

Fig. 8. Confusion matrices for the trained neural networks. First neural
network (FFNN1, left) has two output classes: 0 (stance phase) and 1 (swing
phase). Second neural network (FFNNZ2, right) has two output classes: 0 (heel
on or heel off phase) and 1 (flat foot phase).

Fig. 9 shows the comparison of signals and detected gait
phases, recorded by force sensors (top panel) and signals
(angular velocities) recorded by the IMU gyroscope (middle
and bottom panels) which was placed on the foot. The data
shown are from the sensors on the left leg of subject N° 1.
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Fig. 9. Comparison of signals and detected gait phases, recorded by foot
pressure sensors (top panels) and signals recorded by gyroscope placed on
foot (bottom panels) on the left leg of subject 1.

Fig. 10 shows the comparison of gyroscope signals and
detected gait phases on both legs for subject N° 2.
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Fig. 10. Comparison of signals and detected gait phases on both legs for
subject N° 2.

Table 2. shows the errors estimated for the duration of
phases detected from gyroscopes and the phases detected from
ground reaction force for all subjects.

TABLE 2. ERRORS (IN %) OF ESTIMATED LENGTH OF PHASES DETECTED FROM
GYROSCOPES AND GROUND REACTION FORCE SENSORS FOR ALL SUBJECTS.

Subject SWING Heelon Flatfoot Hell off
N 1 1.64 11.11 8.33 2.33
No 2 244 12.1 8.87 3.1
N°3 3.28 11.3 8.82 34

Ne 4 0.05 10.5 79 2.21
No 5 1.54 11.3 8.22 242

Table 3. shows gait parameters obtained from ground
reaction force signals for all subjects.

TABLE 3. GAIT PARAMETERS OBTAINED FROM GROUND REACTION FORCE
SIGNALS FOR ALL SUBJECTS.

Table 4. shows gait parameters obtained from IMU sensor
placed on foot for all subjects.

TABLE 4. GAIT PARAMETERS OBTAINED FROM IMU SENSOR PLACED ON FOOT

FOR ALL SUBJECTS
Subject Step Stride  Stance Swing SSP DSP  Cadence
[s] [s] [s] [s] [s] [s] [steps/min]

No 1 08 158 0.9 062 034 02 875

No2 065 1.2 0.77 042 032 015 105

N3 083 168 1.08 059 034 023 838

No 4 072 143 0.86 05 034 016 976

No 5 073 153  0.89 064 036 013 95.02

Subject Step  Stride  Stance Swing SSP DSP  Cadence

[s] [s] [s] [s] [s] [s§] [steps/min]

No 1 08 16 0.98 0.61 037 019 87

No 2 065 127 0.76 0.41 033 0.4 105

No 3 083 167  1.06 0.61 035 023 84

No 4 073 145 0.88 056 034 018 98

No5 073 152  0.87 065 038 014 95

Table 5. shows gait parameters obtained from IMU sensor
placed on shank for all subjects.

TABLE 5. GAIT PARAMETERS OBTAINED FROM IMU SENSOR PLACED ON

SHANK FOR ALL SUBJECTS.
Subject Step  Stride  Stance Swing SSP  DSP  Cadence
[s]  [s] [s] [s] [s]  [s]  [sthmin]

No 1 08 16 1.01 059 035 022 90
No2 066 131  0.81 0.4 031 047 107.2
No3 084 166 1.13 056 033 027 833
N°o 4 071 149 093 056 035 016 97.22
N 5 073 155 09 065 039 017 9

TABLE 6. ERRORS OF ESTIMATED GAIT PARAMETERS (IN PERCENT).

Subject Ne 1 Ne2 Ne3 Ne4 Nos5 Al
Foot
[%] 1.9 278 1 285 199 21
Shank
[%] 417 496 58 462 326 456

The errors of estimation of the gait parameters are
presented in Table 2.

IVV. DISCUSSION

In the top panel in Fig. 9 we can notice that the swing phase
is not divided into the acceleration and the deceleration phase.
During the swing phase, the ground reaction force is zero,
because the foot is not touching the ground. To find the mid-
swing we selected to find the maximum value of the angular
velocity during the swing phase.

The confusion matrices in Fig. 8 show that NNs have been
trained well based on the calculated small mean square errors.
These errors manifest as gaps in phases. These gaps are easy
to correct afterward, by merging them with surrounding phase
by using the constraint that the phase will be considered only
if it lasts for a minimum of 100 ms. If we used only one ANN
to detect all phases, then the correction of these errors would
be much more complicated.

We calculated all gait parameters based on heel contact and
toes off moments. Therefore, only the detection of swing and
stance phase has the influence to the accuracy of these
parameters. As we can notice in Table 6, the error of



estimation of gait parameters from angular velocity of the foot
is 2.1 % that fits the error of FFNN1, which is used as the
decision for the differentiation between the swing and the
stance phases. When we applied same NN to the signals from
IMU placed on the shank, the error increased to 4.56%. This
increasing error was expected because the angular velocity of
the shank carries less information about the phase of the gait
compared with the information from the foot. To improve
accuracy and have a more robust system we should train NN
with more samples coming from sensors positions at different
places on the shank and foot.

In Table 2 we can notice that errors of estimation of sub-
phases of the stance phase are significantly larger than errors
of estimation of swing phase and stance phase. The duration
of these sub-phases is approximately three times shorter than
swing phase. Therefore, one or two wrongly classified
samples have a large influence to the error. This result was
expected because in the swing phase and the heel off phase
there is much more movement of a foot than in other phases.
Therefore, from the heel contact to the beginning of the heel
off phase there, there is a relatively small variation of angular
velocity signal, and it hinders accurate classification. Since
determining of the beginning of flat foot phase is not an
important parameter for the gait analysis, IMUs still can
provide acceptable results for the clinical work.

The primary goal of this study was to evaluate the simple
system consisting of IMU positioned at the leg for detection
of gait phases. We show that this was a valid hypothesis.
Literature data [10-12] report the mean errors in the range
between 2.7% and 12%; hence, our results prove that the
suggested instrumentation and signal processing are
applicable for clinical gait analysis in rehabilitation.

To improve the accuracy presented in this manuscript a
larger dataset should be used for the training of the neural
network, and short time series of consecutive moments used
instead of only one moment like it was done in [16]. The
further tests need to include various gait modalities.
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EMG Maps for Estimation of Muscle Activities
During the Grasping

Ivan Topalovi¢, and Dejan B. Popovi¢, Member, IEEE

Abstract — The electromyography (EMG) and mechano-
myography (MMG) are indirect noninvasive methods which
provide the information that is correlated with the muscle force
and the level of recruitment. EMG is accepted as a standard
clinical method for diagnostics related to the status of the
sensory-motor system. EMG is often used as an interface for
control of prosthetic and orthotic devices and the biofeedback.
Conventional surface EMG is the time course of the voltage
between two points on the skin. The map presenting the electrical
potentials at the skin provides precious information comprising
many more details about the muscle activity compared with the
conventional bipolar recordings. We show the system that is
convenient for the recording of the EMG map. The system
comprises the electrode-array and the multichannel digital
amplifier which wirelessly send signals to a PC. This new system
with two electrode-arrays and two Smarting® was tested for
defining the grasping synergies of the forearm muscles during
the grasp movements. Results show that the system provides the
spatial and temporal representation of the course of particular
muscles being activated during the motor act.

Index Terms— surface EMG, dry-electrode array, EMG map,
grasping

I. INTRODUCTION

ELECTRICAL activity of muscles (Electromyography -
EMG) is a convenient method for assessment of the force and
the muscle recruitment. EMG signals recorded at the surface
of the body carry primarily diagnostic information about the
conductivity and status of sensory-motor systems, but can be
used for biofeedback, control of prosthetic and orthotic
devices, etc. The conventional EMG uses a pair of surface
electrodes for recording, and one ground electrode for the
minimization of the noise. The EMG signals depend strongly
on the position of electrodes with respect the sources of
electrophysiological activity [1-4]. Therefore, standards for
the positioning of the surface electrodes have been defined
[5]. A solution suggested to minimize the variability of the
EMG because of the positioning was the application of an
electrode-array and the analysis of the EMG map [6-9]. An
electrode-array covers a region above the target sensory-motor
systems. The signals from the conductive pads of the array
provide a spatial and temporal image of the electrical activity
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of underlying systems. Detailed information (number and
orientation of motor units and their firing rate, the position of
the innervation points) can be determined from the signals
recorded with high-density small pads within the array [6-9].

We presented features of the system which combines an
electrode-array and an EEG data recorder [10,11] for the
estimation of muscle activity. In these studies, we used the
Smarting®, a wireless, small digital amplifier with excellent
noise rejection [12]. Similar amplifiers based on the high-
resolution A/D converter with low-noise instrumentation
amplifiers at the input are available (e.g., g.Nautilus®, G.tech
medical engineering, Graz, Austria [13]; the Trentadue,
BIOEIettronica, Torino, Italy [14]). The remaining problem is
related to the interface (electrode-array, fixation of the system
to the skin, elimination of the conductive gel and
minimization of the connecting elements).

We present a new array with dry electrodes and the
Smarting® amplifier to define synergies of the forearm
muscles during the grasping. The hypothesis that we tested is
if the EMG maps, estimated from the multisite recordings
during the movement are detailed enough for determining the
timing and strength of the contractions in the muscle group
responsible for the functional movement.

II. METHODS

A. Instrumentation

We used two custom designed rectangular dry-electrode
arrays (11 x 16 cm, 6 x 4 pads with the diameter of about 0.8
cm at distances of 1.7 cm) (Fig. 1). More details about the
electrode could be found in [15,16].

Figure 1. Custom-made rectangular dry-electrode afray.

One electrode array was positioned on the volar, and the
other on the dorsal side of the forearm. The top edges of
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arrays were at about one-fifth of the forearm length from the
elbow (Fig. 2). The skin of the forearm was cleaned with
water. Ground and reference electrodes (disposable pre-gelled
EMG Ag/AgCl electrodes with 10 mm flat pellets, Covidien
BRD H124SG) were placed over the bony part of the elbow.

Figure 2. Schematic view of the setup. Three computers were used for the

electrode arrays

Bluetooth
JOINT DORSAL VOLAR
ANGLES EMG EMG
recordings of the EMG from two 24-contact array electrodes with two
Smarting amplifiers, and joint angles (Biometrics, F35 and SG110 flexible

goniometers and Datalog). The recordings were synchronized by the
proprietary software from mBrainTrain company [12].

gonimeters

0

The electrode-arrays were connected to two Smarting®
systems (Fig. 2) provided by the mBrainTrain company [12].
Smarting® is a 24-channel physiological amplifier with the
maximal sampling rate set to 500 samples per second (sps) per
channel which sends signals via Bluetooth to the PC or mobile
phone. The sampling rate limitation to 500 sps follows the
Bluetooth limitation for the transmission without loss of
information. This limitation does not satisfy Nyquist criterion
for EMG signals, but we validated the applicability of the
Smarting® for estimation of EMG envelopes by comparing
the recordings with the signals acquired by a professional
EMG amplifier BioVision (Wehrheim, Germany) [17]. For
the data acquisition we used the proprietary software of the
Smarting® and the proprietary synchronization of signals
when PCs are connected to the same wireless network.

We recorded joint angles by two flexible goniometers
(Biometrics Ltd, UK [18]). We used F35 single-axis
goniometer positioned over MP joint of the middle finger, and
the two-axes goniometer SG110 to measure the thumb
extension/flexion and adduction/abduction.  Biometrics
Datalog was connected to the goniometers' outputs and sent
signals via Bluetooth to the PC. The angles were recorded at
the sampling rate of 500 sps and they were synchronized with
EMG data recorded by the Smarting® systems.

B. Signal processing

Signals were processed offline in Matlab R2015a (The
MathWorks, Natick, MA, USA). We filtered EMG signals
with high-pass Butterworth filter (3 order, cutoff frequency
10 Hz) to correct the baseline and with a notch filter (50 Hz)
to minimize the impact of noise coming from the power lines.

EMG envelopes were generated by applying the 20 ms
lasting BIN-integration of rectified and filtered EMG signals.
Each envelope was normalized to the maximum value of the
signals recorded at the particular element of the electrode-
array. The outputs was a 6 x 4 matrix of the current values of
envelopes for 24 elements the electrode-array. The EMG
maps (images) were obtained by polynomial interpolation
between the 6 x 4 matrix elements. Since the signals were
normalized, the scales of colors in different maps cannot be
directly compared.

C. Subjects and Procedure

We recorded data from three healthy subjects. The data
about their gender, age and dimensions of forearm are given
in Table L.

TABLEI
SUBJECTS
Gender | Age | Length | Circumference
Subject 1 male 27 28cm 26cm
Subject 2 male 66 | 27cm 29.5 cm
Subject 3 | female | 24 27cm 24cm

A subject was seating with forearm resting on the desk in
the horizontal position.

Figure 3. Experimental setup. The system comprised two 24-contact
electrode-arrays linked by wires to two Smarting® digital amplifiers. Two
flexible goniometers measured the middle finger and thumb movements with
respect the forearm and the hand. Datalog sent joint angles data by Bluetooth
to the PC. See text for details.

The subject was asked to repeat ten times the same task.
We analyzed several functions (drinking, writing, using a
mobile phone, etc.). We present here only the task of using a
0.57 bottle for drinking. The bottle was placed in the middle
line, in front of the subject at the distance of about 50 cm. The
hand of the subject was resting in front of the ipsilateral
shoulder at the distance of about 18 cm from the bottle. The
task was divided into five sub-tasks (prehension, grasping the
bottle, lifting and moving the bottle to the mouth and
returning, opening of the hand and releasing the bottle, and
returning to the hand to the initial position). Each sub-task
was delayed for 4 s from the previous. The timings were
presented to subjects by the auditory cue.



II. RESULTS

Fig. 4 shows the maps (dorsal and volar sides) generated
from the EMG signals during one movement for one subject.
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Figure 4. EMG maps obtained from the recording of EMG signals during the
movement for one subject.

Fig. 5 shows EMG maps for one subject during three
repetitions of the same movement (left panels). Map examples
are shown for five characteristic points in time as shown in
Fig. 4 (prehension, grasping the bottle, lifting and moving the
bottle to the mouth and returning, opening of the hand and
releasing the bottle, and returning to the hand to the initial

position).
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Figure 5. Left panels are EMG maps for one subject during three movements.
Map examples are shown for five characteristic points of time (prehension,
grasping the bottle, lifting and moving the bottle to the mouth and returning,
opening of the hand and releasing the bottle, and returning to the hand to the
initial position) defined by the appropriate angles (Fig. 4 bottom panel). Right
panels show the maps for three subjects for the same points of time.

The right panels in Fig. 5 show the maps for three subjects
for the same points of time defined by angles.

III. DISCUSSION

Fig. 5 shows the electrical activities of muscles underlying
the electrode-array during the movement. For different

actions, we can notice different regions where the intensity in
EMG map is high. In the first phase (prehension) we see more
activity on the dorsal side compared with the activities on the
volar side. This findings is expected since the muscles on the
dorsal side are responsible for opening of the hand (extensors
activity). In the second phase, during the grasp, we can notice
more activity on the volar side compared with the dorsal side.
The highest activity on both sides is characteristic for the third
phase (holding the bottle requires wrist stability and the firm
grasp). We can notice that in this phase shapes of the regions
are similar to the shapes in the earlier phase, but there is
significant difference in the level of activity. In last two
phases we can see how activity decreases on both sides.

If we compare the maps for one subject for the same angles
in repeated movements, we can see that there are no
significant differences in the activities. The small differences
are expected, because of the variability of the activity during
the repeated movements. The analysis demonstrated that
although the actions required from the patient belong to the
repertoire of typical daily functions, the joint angles became
very similar only in the last five repetitions [16], and they
were highly variable during the first five repetitions. This can
be explained as the learning of the sequencing of the reach to
grasp which could be considered is a new skill. The variability
of the joint angles is clearly expressed in the EMG maps (Fig.
5).

Figure 6. EMG maps compared with the muscular anatomy of the forearm.

If we superimpose the maps (volar and dorsal side) over the
anatomical sketch of the forearm showing the position of
particular muscles, we can directly determine the timing and
level of activity of specific muscles (Fig. 6). Maps in the
presented example are recorded during the grasp. The highest
EMG at the volar side is found above the flexor pollicis
longus, flexor digitorum superficialis and flexor digitorum
profundus, and at the volar side above extensor digitorum and
extensor carpi ulnaris. Muscles flexor digitorum superficialis
and flexor digitorum profundus are major finger flexors, and
flexor pollicis longus m. is abducting and flexing the thumb.
On dorsal side we see a high intensity EMG along the forearm
zone which corresponds to the extensor digitorum (the wrist



and fingers extensor) being active to provide the appropriate
stability (stiffness) at the wrist joint. The high intensity EMG
in the proximal zone of the forearm (anconeus m.) clearly
point to the wrist extension.

We can see similarities among the maps for different
subjects at the same position (Fig. 5, right panels). For
example, the highest EMG on the volar side is in the lower
right region of the map for all subjects. This zone is above the
flexor muscles. The intensity ratio of EMG signals from volar
and dorsal sides is similar for the whole (all phases)
movement.

Figure 7. Influence of the relative size of the electrode vs. forearm maps.

The shapes and sizes of the high or low activity regions are
not identical in subjects. Dimensions of the forearms for
subjects are different (Table I) and the size of the electrode-
array was the same. As a consequence the electrode covers
different muscles or their parts (Fig. 7). This suggests that in
the future work different size electrodes and ultimately
different number of contact points should be used. The
development of the electrode should also consider smaller
conductive pads and shorter distances between the contact
pads.
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Muscular Synergies During the Grasping
Estimated from Surface EMG Recordings

Antonina Aleksi¢, Ivan Topalovi¢, and Dejan B. Popovi¢, Member, IEEE

Abstract— Electrical activity of muscles (EMG) recorded at
the surface of the body is the method most often used for
estimation of the force and the muscle recruitment. EMG is a
medical routine for diagnostics related to the status of the
sensory-motor system; but, also a tool for the biofeedback, and
interface for control of prosthetic and orthotic devices. To obtain
reliable and reproducible information about the muscle activity
multi-channel EMG recordings are favorable. The multichannel
activity relies on the application of electrode-arrays and
multichannel signal conditioners. The new system with two
electrode-arrays and two Smarting® units for defining the
grasping synergies of the forearm muscles during the grasp
movements is described in this paper. We show that the system
provides spatial and temporal representations of the course of
particular muscles being activated during the motor act.

Index Terms— synergy surface EMG, dry-electrode array,
grasping, control.

I. INTRODUCTION

THE results of this study contribute to the design of the top
level of a hierarchical controller (Fig. 1) for assisting humans
with upper limbs impairment caused by a stroke or a spinal
cord injury.
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Figure 1. The model of the controller: black-box at the top implementing
synergistic finite state model and model based controllers at the bottom
individually tuned for particular muscles. Control signals are envisioned to
come from the subconscious level of the user. Feedback provides information
to the user allowing him to make corrections and be aware of the operation.

The top level of the controller has a multi-input-multi-
output structure and mimics the biological counterpart. More
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precisely, the user should only issue a command about the
task, and the controller needs to distribute the command to
local controllers. The outputs are control signals that trigger
model-based controllers which regulate the stimulation
parameters delivered to the electrodes. The black-box
approach has been documented to operate functionally for
neurorchabilitation of stroke patients [1]. The lower control
level needs to consider the complexity of the grasping, and
even more the changes that occurred muscle properties of the
patient.

The grasp is an organized activity of many muscles
controlling positions of several segments of the arm and hand.
The hand comprises phalanges, metacarpals, and carpals
which connect with ulna and radius bones in the forearm (Fig.
2).
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Figure 2. The X-ray image of the human hand.

The joints in a human hand allow 21 rotations (three
extensions/flexions and abduction/adduction of four fingers,
and five rotations of the thumb).
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Figure 3. The set of muscles that are engaged in the hand orientation, opening
and closing.
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The two rotations in the wrist (radial/ulnar deviation and
dorsal/volar flexion), and pronation/supination of the forearm
control the orientation of the hand. The position of the wrist is
controlled by proximal joints of the arm (shoulder and elbow,
the motion of the shoulder).

The muscles contributing to the movement are presented in
Fig. 3. The reason of showing this well-known anatomy is to
bring the readers' attention to the complexity of the task of
controlling the reaching to grasp movement. There are some
essential characteristics imposed by the anatomy: the hand
orientation is independent of the fingers/thumb movements;
the control of thumb is separated from the four digits of the
hand; adductions/abductions of the fingers are independent;
the posture of the wrist does not affect the interdependence.

A well-known statement is that different motor tasks
employ specific synergies that are characteristic for the task
[2]. The nervous system adopts strategies that reduce the
complexity of controlling the movement. The muscle synergy
is defined as a set of muscles that are activated following the
temporal synchrony during a task. This suggests that the
physiological signals (e.g., EMG) in parallel with the
kinematics of the movement can be used for establishing the
black-box model for control.

The studies related to movement synergies for locomotion
[3] concluded that the walking is defined by five principal
components. It was shown that the coordination of the limb
segments during human locomotion follows a planar law for
walking at different speeds and directions [3].

Our group presented results related to synergies of reaching
to grasp by using kinematic data [1, 4-6] and started
considering joint trajectories as stochastic signals [7,8].

We present here a method for exploration of the synergies
during the grasping and releasing of objects. The task of the
study was two-fold: to define a method for analyzing the
synergies from the EMG recordings with electrode arrays
positioned on the dorsal and volar sides of the forearm, and to
determine the temporal synchrony (the onset and offset of
muscle contractions) within the phases of the prehension and

grasp.

II. THE METHOD

A. Subjects

Three healthy subjects participated in this study. They had
no documented neuromuscular disorders or myopathic
history. Subjects for the study were selected to represent
different populations: Subject 1 (male, 66 years old, left-
handed), Subject 2 (male, 26 years old, right-handed), and
Subject 3 (female, 24 years old, right-handed).

B. Instrumentation

Two  24-channel digital amplifiers (Smarting®,
mBrainTrain, Belgrade, Serbia) and the proprietary software
for the company were connected to two custom made
electrodes for the recording of the EMG signals (Fig. 4). A
24-contact dry electrode is reusable and self-adhesive [9]. The

reference and ground electrodes were placed near the elbow at
the bony portion of the skin.

We used Biometrics Datalog and goniometers (Biometrics
Ltd., Newport, UK). A single axis goniometer F35 and a twin
axis goniometer SG65 measured the MP joint of the middle
finger flexion/extension and the thumb abduction/adduction
and thumb opposition/extension.

Figure 4. The instrumentation used in the study.

The Smarting® devices and the Biometrics Datalog were
synchronized by using a custom designed software.

C. Protocol

The subject was sitting in front of the desk so that the
elbow of his dominant arm was approximately 5 cm above the
surface of the desk. The hand was resting on the desk in front
of the ipsilateral shoulder. The object to be grasped was in
front of the head (centrally) at the distance of about 20 cm
from the grasping hand. The elbow angle was at about 140°.
The objects used in the study were a small bottle, a mobile
phone, a pen. The task was to grasp the object by sequencing
the movement into five phases each lasting four seconds: 1)
prehension, 2) grasping, 3) using the object, 4) releasing, and
5) returning the hand to the start position and relaxing. The
timing of four seconds was given as an auditory cue by the
experimenter.

D. Data processing

The EMG and goniometers' signals were recorded at 500
samples per second. MATLAB (Mathworks, Natick, USA)
software was used for further analysis. The EMG signals were
filtered by a high-pass filter with a cut-off frequency of 2 Hz
to remove the shifting of the baseline. A 50 Hz notch filter
was applied to remove noise from the power lines. The
goniometers' signals were filtered by a low-pass filter with a
cut-off frequency of 2 Hz. The intervals for the later analysis
of EMG signals were determined from the middle finger
flexion/extension and the thumb opposition/extension angles.

The algorithm to detect the rising edge was the following: if
the differences after subtracting the first from the second point
and the second from the third point of the signal respectively
were greater than the same threshold, then the interval was
considered as the rising edge. For the thumb



extension/flexion, it was additionally required that the signal
is greater than the 1.5 times of the arithmetic mean. The rising
and the falling edges (middle finger MP joint angle)
corresponded to the prehension and grasp, and the edges
(signals from the thumb) to the use of the object and returning
the hand. If the rising or falling edge lasted shorter than 0.2 s,
we considered it as an artifact. Signals of the each of the two
phases were normalized to the duration of the shortest phase.

The PCA was applied to the processed EMG signal [10].
For later analysis of the temporal synchrony, the EMG signal
was also rectified, bin-integrated and averaged.

III. RESULTS

Fig. 5 shows a representative sequence (20 seconds) of
EMG signals from one recording channel (out of 48) and the
joint angles. 20 seconds interval was selected to show the five
four seconds lasting prehension, grasp, use of the object,
release and resting phases of the execution of one task.
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Figure 5. EMG from the first channel of the flexors of the forearm (top

panel) and joint angles measured at the MP joint of the middle finger
flexion/extension and the thumb adduction/abduction and
opposition/extension (bottom panel).

Fig. 6 shows the recordings from the middle finger during
the execution of the whole task (ten repetitions each lasting 20
seconds). Blue lines show the falling edges determined by the
methods described earlier.
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Figure 6. The signal from the goniometer positioned over the MP joint of the
middle finger during ten repetitions of the task. Blue lines show the falling
edges used for the signal decomposition of the full signal into subsequences.
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Fig. 7 shows a correlation of features with the two PCs and
the angle of data projections. The top panels are for Subject 1,
and the bottom panels for Subject 2.
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Figure 7. PCA applied to the rising edges (10 normalized sequences) from the
MP angle for Subject 1 (top left panel) and Subject 2 (bottom left panel). The
distribution of angles in the PC plan is on the rising edge of the signal from
the MP joint for Subject 1 (top right) and 2 (bottom right panel).

Fig. 8 shows the correlation of features for the thumb.
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Figure 8. PCA obtained for the falling edge of the full signal from the thumb
of Subject 1 (top panel) and Subject 2 (bottom panel).

IV. DISCUSSION

The aim of this presentation is to demonstrate that the
recordings of EMG with an electrode array allow the
determination of synergies that are responsible for the
execution of complex movement.

The PCA analysis provided the answer what is the
minimum number (M, Fig. 1) of signals that when the neural
network is trained would ensure the target action of n
muscles. More precisely, the EMG recorded from a sufficient
number of the electrodes over the groups of muscles
responsible for the movement allows the determination of the
minimum number of inputs (number of PCA).

The presented analysis shows how the number of synergies



can be established by treating the signals as stochastic signals.
The existence of synergies has been documented [1-3].

The results that are presented were selected to bring out
several important aspects of the application of this method.
Fig. 7 presents a strong synergy for both subjects. This was
the case with the third subject who participated in this study
(not shown due to space limitations). Fig. 7 shows that
principal components (PCs) are very distinct in Subject 2.

It is clearly shown (Fig. 7) that we have a group of a few
PCs for the Subject 1, while on the bottom panel for Subject 2
we can clearly see only two PCs out of which the first one is
dominant, and the angle is rather large. This was expected to
find based on the strength of the synergy: much more
concentrated data for Subject 2 compared with Subject 1.

In the case of the thumb opposition (Fig. 8), the results are
similar: in Subject 2 there is a strong and distinct correlation.
On the other hand, the data for Subject 1 also show a high
correlation which leads us to the conclusion that there is an
existence of synergies, but not significant as in Subject 1.

Fig. 9 shows the PCA projections, yet with the reduced
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Figure 9. PCA with reduced number of signals used for the PCA analysis on
the falling edge of the EMG signal from Subject 1. Red oval shows the
grouping indicating the two PCAs alike the results in Fig. 8

The results show a high level of reduction of components,
which is the consequence of strong natural constraints that
have been developed through experience mostly developed
during the first two years of the life. This characteristic is
essential for the simplification of the control inputs, as
suggested earlier. The number of input signals shown in Fig.
1 (volitional commands) can be reduced to only two for the
case presented while the number of output could be set based
on the number "n" of actuators in the assistive system.

From the prospective of neural networks it is significant
that the data is highly correlated as shown for Subject 2.

When we apply the PCA on the signals recorded with the
reduced number of electrodes (Fig. 9), there was a noticeable
correlation; hence, the existence of synergies suggesting that
even in the case that we cannot control all of the muscles we
can still generate the targeted movement.

The synergies are not identical for different subjects, hence,
it can be concluded that the analysis needs to be repeated for
each subject. For example, for a stroke patient, we could

determine synergies by analyzing data recorded from the
healthy (nonparetic) arm, train the neural network and apply
the results for the electrical stimulation of the paretic arm. On
the other hand, for an transradial amputee, the measured PCs
on the normal side could be used for the synthesis of the
controller for the prosthesis.

V. CONCLUSION

The multi-channel EMG based on electrode-arrays is a
valuable source of information for the analysis of synergies.
We show that dry electrodes connected to the multi-channel
digital amplifier with high enough common mode rejection
ratio form a practical tool which is easy to apply. The results
from the tests in real-life suggest that this new system
provides spatial and temporal representations of the course of
particular muscles being activated during the motor act. This
result proves that the principal component analysis (PCA) is a
suitable method for reducing the number of control system
when a black-box model is used for movement representation.

ACKNOWLEDGMENT

We acknowledge the support of the Ministry of Education,
Science and Technological development of Serbia *(Project
N°: TR35003). We thank mBraintrain and Orto+, Ni§, Serbia
companies, and Dr L. Popovi¢-Maneski for providing us with
the Smarting® digital amplifier and electrode-arrays.

REFERENCES

[1] M. B. Popovi¢, "Control of Neural Prostheses for Grasping and
Reaching. Med Eng Phys, 25(1): 41-50, 2003

[2] M.L. Latash, S. Gorniak, and V. M. Zatsiorsky. "Hierarchies of
synergies in human movements." Kinesiology (Zagreb, Croatia) 40.1
(2008): 29

[3] Y. Ivanenko, R. E. Poppele, and F. Lacquaniti. "Motor control programs
and walking." The Neuroscientist 12.4 (2006): 339-348.

[4] B. Mijovi¢, M. B. Popovi¢, D. B. Popovi¢. "Synergisti¢ control of
forearm based on accelerometer data and artificial neural networks."
Braz J Med Biol Res, 41(5):389-97, 2008.

[51 S.D. Iftime, L. L. Egsgaard, M. B. Popovié. "Automatic Determination
of Synergies by Radial Basis Function Artificial Neural Networks for
Control of a Neural Prosthesis." IEEE Trans Neur Sys Reh Eng, 13(4):
482-489, 2005.

[6] M. B. Popovi¢, D. B. Popovi¢. "Cloning biological synergies improves
control of elbow neuroprosthesis." I[EEE Eng Med Biol, 20(1):74-81,
2001.

[71 I Milovanovi¢, D. B. Popovi¢. "Principal Component Analysis of Gait
Kinematics Data in Acute and Chronic Stroke Patient.” Computational
and Mathematical Methods in Medicine, Article ID 649743, 8 pages,
doi:10.1155/2012/649743,2012.

[8] M. Petrovi¢, D. B. Popovié. "Heuristic estimation of joint angles during
gait from data acquired by body-worn inertial sensors." Proc of Ist
Intern Conf on Electrical, Electronic and Computing Engineering,
ICETRAN 2014, Vrnjacka Banja, Serbia, June 2 — 5, 2014, ISBN 978-
86-80509-70-9, MEI1.2.1-4.

[91 L. Popovié-Maneski. “Surface array electrodes for interfacing
motorsystems: A review and new solutions." Proc of 3™ Intern Conf on
Electrical, Electronic and Computing Engineering, IcETRAN 2016,
Zlatibor, Serbia, June 13 — 16 (this proceedings)

[10] O. Erkki. "Principal components, minor components, and linear neural
networks." Neural Networks 5.6 (1992): 927-935.



Validation of the acquisition system Smarting®
for EMG recordings with electrode array

Ivan Topalovi¢, Milica M. Jankovi¢, Member, IEEE and Dejan B. Popovi¢, Member, IEEE

Abstract— The estimates of the muscle recruitment and force
are often based on the recordings of the electrical activity
(Electromyography, EMG). Recent research results suggest that
the use of electrode array provides much more accurate image of
the muscle activity compared to the use of conventional pairs of
two electrodes. We validated the electrophysiological digital
acquisition system Smarting® which can acquire up to 24 signals
at maximum of 500 samples per second and send them to a
Windows or Android platform wirelessly via Bluetooth when
connected to a custom designed electrode array. The validation
was based on the estimated correlation of the timing (onset and
offset), signal amplitude envelopes and power spectrum densities
for the signals acquired with the Smarting® and with the
commercial bioamplifier BioVision® connected to the National
Instruments A/D card. The correlations found were: 0.99+0.01,
0.94+0.03, 0.85+0.09, thereby, we confirmed our hypothesis that
the Smarting® is a very convenient and sufficiently accurate
system for wireless EMG recordings via surface electrode array.
The lower correlation of power spectral densities is due to lower
gains at higher frequencies since Smarting® is designed for EEG
signals.

Index Terms— EMG, multichannel EMG amplifiers, surface
EMG electrodes, electrode array

1. INTRODUCTION

The recordings of electrical activities of muscles
(Electromyography, EMG) with electrode array provide a
spatial and temporal image of the electrical activity of the
muscle covered with the electrode as shown in, Fig. 1.

The presented example shows that array recordings allow
analysis of the activity of specific regions (diagnostics) and
also biofeedback. The electrode array and multichannel
recordings attract lately much attention. Numerous researches
show that EMG signals depend on the position of electrodes
[1-4]. Solution to the problem of appropriate electrode
placement is multichannel recording of EMG signals with
electrode array [2-8]. In [5-6] has been shown that is possible
to extract single motor unit action potentials from surface
EMG signals using high-density electrode array.

In this study the primary task was to validate the
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electrophysiological digital acquisition system Smarting®
(mBrainTrain, Belgrade, Serbia) which can acquire up to 24
signals at maximum of 500 samples per second and send them
to a Windows or Android platform wirelessly via Bluetooth.

envelope [mV]
coeoeeeo

time [s]
Fig. 1: Recordings from the 24-pad electrode array custom-made by Tecnalia
Serbia, Belgrade with the Smarting® 24-channel acquisition system during the
sequential flexion of index, middle, ring and pinky digits. The inserts are
images created by interpolation of intensity matching colors over the whole
electrode array (distribution of the voltages at specific times).

We also tested the custom-designed electrode array
(Tecnalia Serbia Ltd., Belgrade, Serbia) for the detailed
mapping of muscle activities. Our goal was to prove that
Smarting® is convenient system for wireless EMG recordings
from electrode array and that the recorded monopolar EMG
signals can be used also for the analysis of corresponding
bipolar EMG signals.

II. METHODS

A. Instrumentation

We used a custom designed rectangular electrode array (6 x
12 cm, 6 x 4 oval pads with the diameter of about 1 cm at
distances of 2 cm covered with AG702 gel (Axelgaard,
Manufacturing Co., Ltd., Denmark) produced and provided to
us by Tecnalia Serbia, Belgrade, Serbia (Fig. 2).

Fig. 2: Custom-made rectangular electrode array (Tecnalia Serbia, Belgrade,
Serbia). Marked pads are channels shown in Fig. 4 and Fig. 9. Black pads
represent channels connected to Smarting® and red pad represents channel
connected to BioVision®.
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The electrode array was positioned over the ventral side of
forearm with one side about 12 cm from the elbow (Fig. 3, left
panel).

il
/ ; Bluetooth

BIOV.IS.IOH A/D NI 6212
amplifiers

d

Fig. 3: Schematic view of acquisition set. Twelve pads were connected to the
Smarting® and seven to seven BioVision® amplifiers, to ensure parallel
recording. Reference and ground electrode (disposable Ag/AgCl EMG
electrodes) were positioned over the bony part of the elbow.
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We used the ground and reference electrodes (disposable
pre-gelled EMG Ag/AgCl electrodes with 10-mm flat pellets,
GS26, Bio-Medical Inc., Warren, USA) placed over the bony
part of the elbow (Fig. 3, left panel). The array of electrodes
was connected to two recording systems (Fig. 3, right panel)
to allow parallel recordings: 1) Smarting®, a 24-channel
physiological amplifier with the 500 samples per second
(http://www.mbraintrain.com/) communicating by Bluetooth
to the computer, and 2) set of 7 BioVision® EMG amplifiers
(http://www.biovision.eu/) connected to the inputs of the 16
bit, 400 kS/s A/D card (NI 6212, National Instruments,
Austin, TX, USA) set at the sampling rate of 500 samples/s.

B. Signal processing

All signals were processed offline in Matlab R2014b (The
MathWorks, Natick, MA, USA). We filtered EMG signals
with high-pass Butterworth filter (2™ order, cutoff frequency
10 Hz) to correct the baseline and with notch filter (50 Hz) to
minimize the impact of electromagnetic fields. We applied a
low-pass Butterworth filter (2™ order, cutoff frequency 2 Hz)
to estimate EMG envelopes.

We selected the threshold of 10% from the maximum value
of the processed signal in order to determine automatically the
onset and offset of EMG envelopes. We calculated durations
of periods of EMG activity by subtracting the offset and onset
of activity times (see Fig. 4).

We used the Fourier transform to estimate the power
spectrum and power spectrum density (PSD).

We compared the gains and timing (onset, offset) of the
two recording systems and calculated the correlation between
the EMG envelopes and durations of EMG activity. The
correlation of power spectrum densities recorded with the two
systems was estimated.

The mapping of electrical potentials is presented with
matching colors over the whole electrode array at a given
time. The mapping was obtained by polynomial interpolation

of the signal intensity from the 24-points recordings at a given
time.

C. Subjects and Procedure

We recorded data from three healthy subjects (2 female 1
male, 2343 years, right-handed). They were asked to make
sequential flexion of index, middle, ring and pinky digits. The
task was to volitionally generate 70% of the maximum force.
The force was estimated from the Biometrics grasp force
transducer and presented to subjects on the screen (feedback).

In first part of this study the goal was to estimate
correlation of the timing (onset and offset), signal envelopes
(signal amplitudes) and power spectrums for the signals
acquired with the Smarting® and the commercial high-quality
EMG amplifier.

In the second part of this study we recorded data when all
electrodes were connected to all 24 channels of Smarting®
acquisition system, in order to test the custom-designed array
electrode for the detailed mapping of muscle activities. The
array of electrodes was positioned identical in both cases.

III. RESULTS

Top panels in Fig. 4 show EMG signals recorded with
BioVision® and Smarting® systems during the sequential
flexion of index, middle, ring and pinky digits. Bottom panels
show envelopes of the EMG signals. Correlation of signal
envelopes is 0.94+0.03.
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Fig. 41 EMG signals (top) and envelopes (down) recorded with BioVision®
and Smarting® systems during the sequential flexion of index, middle, ring
and pinky digits. chl and ch3 positions on the electrode are shown in Fig. 2.

The recordings obtained with two systems are not identical,
as expected, since they are not from same electrodes. This is
the reason for differences in the peak heights in the bottom
panels. The higher peak on the envelop traces means that the
muscle activity underneath the recording pad stronger (i.e.,
signal was stronger during ring finger flexion under pad
marked with ch3 compared with the signal under pad marked
with chl; position of chl and ch3 can be seen in Fig. 2).

Fig. 5 shows an example of the estimated period of EMG
activity for one flexion relaxation of index finger. The red
dotted line shows the threshold, set as 10% of the maximum.



Red line shows the estimated period of muscle activity. The
timing correlation for three subjects and all movements is
0.9940.01.
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Fig.5: Periods of EMG activity (index digit) recorded with BioVision® (top)
and Smarting® (bottom) system. We selected the threshold of 10% from the
maximum value of the envelope signal in order to determine automatically
the onset and offset of EMG envelopes.

Fig. 6 shows the power spectrum and power spectrum
density of signals. Correlation between PSD curves of signals
recorded with BioVision® and Smarting® system for three
subjects and all movements was 0.84+0.09.
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Fig. 6:  Comparison of power spectrums (top) and power spectrum densities
(bottom) of signals recorded with BioVision®” and Smarting® systems.

Fig. 7 and 8 are examples of the EMG maps, recorded with
24-channel Smarting® during the flexion of all digits and
sequential flexion of index, middle, ring and pinky digits.
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Fig. 7: Detailed mapping of muscle activities, recorded with 24-channel
Smarting® acquisition system, for 3 subjects, for 3 flexions of all digits. This
example shows a good reproducibility of system.
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Fig. 8: Detailed mapping of muscle activities, recorded with 24-channel
Smarting® for 3 subjects for different fingers.

IV. DISCUSSION

In Fig. 4 and 5 we show examples suggesting that the
amplitude levels of signals from both systems have the same
order of magnitude and high level of correlation. Some
differences were expected, because we compared EMG
signals from neighboring electrode pads, with interelectrode
distance 2 cm. High level of correlation of timing indicates
that there is matching in time between Smarting® and
BioVision® system.

Fig. 6 shows that the power spectrum of signal recorded by
Smarting® is higher than the spectrum of signal recorded by
BioVision®. This result was expected, because Smarting® was
designed for electroencephalography (low frequencies).
However, there is still sufficient level of correlation between
PSD curves at frequencies of interest for EMG recordings
with surface electrodes for signals up to about 500 Hz. All
these facts indicate that Smarting® acquisition system can be
used with confidence for EMG feedback or EMG driven
assistive systems.

In detailed maps of muscles activities (Fig. 7), we can see
that there is little in common in the recordings between
subjects, but there is good reproducibility in each subject. The
big difference in maps from subject to subject is expected due
to anatomical differences, difference in the sizes of the
forearm and amount of soft tissues.

It is also visible (Fig. 8) that the individual muscles
contribution can be detected when comparing the signals
when all fingers (first column) were flexed and individual
fingers (four left columns). This directly points to the
advantage of using array electrodes for biofeedback,
diagnostics, and over all for the smart control of
multifunctional prostheses and orthoses.



The presented system with the Smarting® amplifier and
electrode array can be used also to display and follow bipolar
recording configurations. This is of specific interest for the
more detailed analysis of neighboring or somewhat
overlapping muscles (e.g., heads of the quadriceps muscle,
heads of calf muscles, muscles on the dorsal and volar sides of
the forearm). Fig. 9 shows two differential signals obtained
by subtracting two monopolar signals, recorded with pads in
the same column of the electrode array. This example clearly
indicates how the position of electrodes during the recordings
in the bipolar configuration influences the output signal. The
pad pairs, used in this example, are from the two neighboring
columns. Comparing those two signals, we can see the
difference between amplitude levels and envelope shapes,
although signals were simultaneously recorded.
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Fig. 9: Differential EMG signals, obtained by subtracting two monopolar
signals, recorded with pads in same column of array electrode (see Fig. 2).
Pad pairs, used in this example, are from adjacent columns, with 2cm space
between. Comparing those two signals, we can see the difference between
amplitude levels and envelope shapes, although both signals were recorded in
the same time. All signals were recorded by Smarting®.
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Peny6nuka Cpbouja
YHusep3uTeT y beorpamy
ENnekTpoTeXHUIKH QaKyaTeT
Bpoj unpekca: 2008/0246
Hatym: 26.09.2013.

YBEPEILE O ITIOJIOKEHUM UCIIMTUMA

Wpan Tonaxoeuh, ume jemror poautesa Pawko, IMBIT 2004989783427, pohen 20.04.1989. ronune, I'opren
Munanosau, Cpbuja, ynucan wkoncke 2008/09. ronune, nana 26.09.2013. roguse 3appino je OCHOBHE aKaJdeMCKe
CTYZAHWje Ha cTyaujckoM mporpamy EnexTpoTexHuka M pauyHapcTeo, MOAyn QH3HMYKA €NEKTPOHMKA - CMEp
BHOMEIMUMHCKH H €KOJIOUIKH HHKSHEPUHT, Y Tpajaiby Of ueTHpu rofuHe, obuma 240 (aeecta getpaecer) ECIIB
BOIOBA, M CTEKAO CTPYUHH HA3HE JMMTIOMMPAHH HHKeHep eNeKTPOTEXHHUKE U pauyHapcTsa. TOKOM CTYAHja MONOKHO je
nenure w3 cnenehux npeomera:

s P.6p.| Iludgpa |Haius npeamera Ounena |ECIHB [@ong wacosa™y  datym
1, |0O1EN EHrneck jesux | 3(ocam) 2 |L(30+0+0) 30.012009. |
| 2 |ooie1 Pusuxa | 7(cenam) 5 [1:(45+430+0) 19.01.2010. |
| 3. |00l [Tporpamupame |1 6(wecrt) 5 [1(45+30+0) 01.02.2009. |
4. 001D Jaboparopujcke Bexbe n3 Puznke 7(cenam) 2 |L(0+0+30) 01.02.2009.
5 |OOINKP  |TIpaktuxym u3 kopuwhena pauynapa 10(necer) 2 |L(15+0+15) 03.022009. |
6. |OO10EI QCHOBH elleKTpoTexHuKe | 6(mect) 7 [1(45+45+0) 03.02.2010. |
7. |00IMMI  |Maremaruika | “6(wect) 7 |L(45+45+0) 16.02.2010.
8. |0O0IMM2  [MaremaTuka 2 6(wect) 7 |IL(45+45+0) 20.06.2010.
9. |O0I0E2  |OCHOBHM €NEKTPOTEXHHKE 2 T(cenam) 7 |IL(45+45+0) 09.10.2010. |
10. |OOI112 INporpamupamse 2 6(mect) 5 |1(45+30+40) 23.09.2009. |
11. |OO1EI2 Enrneck jesuk 2 10(necet) 2 IL(30+0+0) 30.06.2009.
12. |O01¥YM VBon y MEHAIMEHT 10(agceT) 2 |IL(30+0+0) 18.06.2009.
13. |OOIOPT  |OcHOBM padyHapCKe TEXHUKE T(cenam) 5 [I{45+30+0) 22.06.20009.
14. |QOUIOE  |JTaGoparopujcke BeskGe n3 OCHOBA ENEKTPOTEXHHKE 8(ocam) 2 |I1(7,5+0+422,5) 24.06.2009.
15. |O®ZEM Enextpuuna Meperma 8(ocam) 6 |IIL:(30+0+45) 02.02.2011.
16. |O@P2TEK  |Teopuja eneKTpUUHAX KOJa 7(cemam) 6 |IIL(45+30+0) 18.01.2011.
17. |O®2EE EneMeHTH eeKTPOHIKE 8(ocam) 6 |l1(45+30+15) 20.01.2011. |
18. |OWZMYE  |Marepujann y eNeKTPOTEXHHLH 10(necer) 6 |lI:(45430+15) 11.01.2011.
19. |[OD2M3 MaremaTHka 3 8(ocam) 6 |lI:(45+45+0) 12.02.2011.
20. |ODd2M4 Maremaruka 4 8(ocam) 6 |IV:(30+30+15) 28.08.2011.
| 21 [O®21ICA ITpakTHKYM M3 COYTBEPCKUX anara 10(zeceT) 3 |IVi(1540+22,5) 17.062011. |
| 22, |O®2E EnexrpomarneTura 6(wecer) 6 |IVi(45+30+0) 02.02.2012.|
| 23. |O®2IKE  |[IpakTHKYM M3 KOHCTPYHCA:A eNEKTPOHCKHX ypehaja 10(aeceT) 3 [IVi(15+0+22,5) 16.06.2011. |
24, |O®2KM KpanTHa MexaHMKa 7(cenam) 6 [IV:(45+30+0) 10.06.2011.
| 25. |0®2CHC  |CHrHanM u CHCTEMH 8(ocam) 6 |IV:(45+15+15) 19.06.201 1.
20, [OO3OTM  |PU3HUKO TEXHHYKA MEpEHa 8(ocam) 6 |V:(45+0+30) 05.07.2012.
| 27. |0O®3CCO  |CucTemu 1 CUTHAH Y OPraHu3My 8(ocam) 6 [Vi(45+15+15) 16.01.2012.|
| 28. |0®3CD Cratnernuka usuka 8(ocam) 6 [V:(45+30+0) 26.02.2012.
§ 29. |[O®3EEY  |EnemenTy enextpoHckHx ypehaja 10(neceT) 6 |Vi(45+I5HLS) |, 12.01.2012.
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Peny6mka Cpbuja
YHuBep3suTer y beorpany
Enexrporexnmaku paxynrer
Bpoj unnexca: 2008/0246
Hatym: 26.09.2013.

i.llm{:pa Hasme npeamera Ouema  ECIIB [@ong uacora™? Harym —[
/ %99305 Ocuosu Grodusuxe 6 |V(45+30+0) 17.01.2012. |
s1. |OmD3CIT Censopu 1 npersapayn 3cCeT 6 |[VL(45+0430) 08.06.2012. |
32. |OO3MOM  [Metone hopMHpaka MEARLMHCKE CIHKE O(zcBer 6 E\.’I.(45+3G-v-0) 26.06.2012. |
|| 33 |O®3EON  |Exomomuxs 0GHOBBLHEH H3BODH €Hepruje 6 |VL(45+30+0) 15.06.2012. |
34. JO®3COM  |Cucremu ONJIYHUBAKGA ¥ METWIIMHY 6 |VL(45+15+15) 17.06.2012. |
35. |[OW3AEC  |AxBu3suumja ENeKTPOPH3HONOLIKNX CHrHANA 6 !VI:(45+15+15) 12.06.2012. |
36. |ODAMAC  (Mertoze ananuse ENEKTPOPHIMONOLIKAX CHIHANA 6 |VIL(45+15+15) 17.01.2013. |
37. |O®4H® Hykneapra dusuica 10(zecer 6 |VIL(45+30+0) 17.01.2013.
38. |O®L4EM Buomarepujanu 10(aecer 6 i'\’II:(45+IS+15) 05.02.2013.
| 39 |OP4HMT  |Hykiteapua MeIMLMHCKA TCXHHKA 9(aeser 6 |VIL45+22,547,5) 12.022013.]
| 40. |O®4CHO  |Cucremu 3a AMrHTATHY 00pany ciuke | 9(aemer) 6 |VIL(45+15+15) | 07.02.2013.|
41 [OO4KIIH [ KnuHeio HHACHEpeTBO 9(aeseT) 6  |VIL@5+30+0) | 06.062013.|
| 42, |OP4T™M Tenemenuumna 10(eceT) 6 EVIH:(45+30+O) 04.07.2013.
| 43, jowa33 JHosumerpuja u sammaTa o 3payera 8(ocam) 6 \VIII:@S—:ISHS) 30.06 2013.]

* - CKBUBANCHTHPAH/MPHIHAT HCTIMT,
¥ - doun vacosa je y thopmary (npenasama+sexGetoctano).

- Onpabene oGasese:

| P.op.

Hasug oGaeese

| 1. Crpyuna npakca

’I Ec;nji

YkynHo ocTeapero 240 ECTIE,

Oniutu yenex: 8,45 (oca

3aBpiunu pan onbpatsen je nana 26.09.2013. ronute ca ouenom 10 (necer).
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Penybnuxa Cpbuja
Vuugepsurer y Beorpany
Enextporexnmuxu dhaxynrer
Bpoj unnexca: 2013/3072
Hatym: 22.10.2014,

Ha ocnosy 4naua 161 3akoHa 0 oMiuITeM yipaBHOM DOCTYNKY 1 cinyxOete eBUTEHIHje n3naje ce

YBEPEIHE O NOJIO)KEHUM UCITUTUMA

Mpan Tonanowsuh, ume jeanor poautema Pawko, IMBI 2004989783427, polien 20.04.1989. roaune, Topru
Munanogau, Penybnuka Cpbuja, ynucan wkoncke 2013/14. roaune, sana 08.10.2014. roanHe 3aBPIIMO j& MacTep
aKalIeMCKe CTYJHje Ha CTYAH|CKOM NporpaMy ENeKTpoTeXHHKa H payyHapeTBO, MOLYN BHOMEAMIMHCKO H eKOJIOMKO
HEDKCH-CPCTRO, Y Tpajamy 0J jeine roguue, obuma 60 (wesuecer) ECIIB Souosa, 1 cTeKao akageMCKH HAZHB MacTep
WHKEHEP €NCKTPOTEXHHKE U padyHapeTha, TOKOM CTYAH]a [MOM0KKO je ueluTe 13 cheaelnx npeamera:

P.op. Windgpa Hazue npeamera Ouena ECHE | ®oujx wacopa** Harym
L. [13MO5S1IMCO Moziciupame CHCTEMa 1 IPOLEca y OPraHu3My 10 (mecer) 6 |L:(30+15+15) 01.02.2014.
2 |13MOS1THH HeypaslHo HHKEHEPCTBO 10 (mecer) 6 |[L:(30+15+15) 03.02.2014.
3. 113MOGIDMC DuzMKa MeAUIHHCKOr CIHKAmba 9 (neset) 6 11:(45+15+0) 01.07.2014.
4. |13E03441T Hurepuer nporpammupare 9 (acBer) 6 1L(45+15+15) 17.06.2014
5. |13E064KM Krantna nndopmarixa 10 (necer) 1 6 [IL(45+30+0) 09.06.2014.

s

= E}\'BHHB.’IEI-ETHpai-IprlI’3Ilal' HCITHT.
#* - doua wacosa je y Gpopmaty (npeaasatba+peste+HocTaio).

Ykynno octeapeno 60 ECIIB.
Omuwru yenex: 9,67 (aeser u 67/100)
3aepuuny - macrep pax oaGparsen je mana 08.10.2014. roguse ca ouenom 10 (mecer).
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Peny6muxa Cpbuja
Yuusepsurer y Beorpany
Enexrporexumukn daxynrer
Bpoj unnexca: 2014/5041
Hatym: 23.10.2017,

wiana 29. 3aKoHa o OMIITeM YIPaBHOM NOCTYNKY 1 ciyxOene eBHICHUM]e H3llaje ce

YBEPEILE O IIOJIOXKEHUM UCTIUTHMA

Hpan Tonanosuh, nme jemuor

poauTessa Pamxo, pohen 20.04.1989 romune, Topon Munanosan, PemyGruia

CpOuja, ynucan mxoncke 2014/2015. ronuse na AOKTOPCKE aKkajeMeKe cTyauje, mxoncke 2017/2018. ropume VIHCaH Ha

CTATYC CaMO(DUHAHCHDARLE, CTY/H]CKH Iporp:
obpaza curuana, TOKoM CTYAMjA ION0KHO ]

am Emektporexmmika u pauymaperso, mMoxy: VopaBiLame CHCTEMHMA H
€ yenure W3 cnenehnx npeaMéra:

!P.6p~ Hluppa Hasue npenmera Onena ECHB | ®onx wacopa** | Jlatym |
i L. [13J1041TIMP [pumena Mukpopauynapa 10 (mecer) 9 |L(90+0+0) 05.09.2015. |
2. {131051HM Heypanae mpesxe 10 (necer) 9 |L(90+0+0) 10.02.2015. | |
3. |13J10510MO Opabpane merose 00pame PAIHONOLWKHX CHIIANA 10 (mecer) 9 [1:(90+0+0) 01.02.2015. !
| 4. |137051MUE MeToJie H HHCTpYMeHTALH]a 34 EIEKTPOGHIHONIOTH]Y 10 (necer) 9 L(90+0+0) 19.06.2015. i
5. |13[1051TOIL Texnuke obpage u npenozuasaiba rOBOPHOI CHIHAJIA 10 (aecer) 9 L{90+0+0) 10.07.2015.
6. [I3T051KEC Kanacuduramuja u ecruvanmja cnraana 10 (mecer) 9 IL(90+0+0) 02.09.2016. °
E 13J10510I111 Ounabpane npumeHe aururanHe 0bpalne ciuke 10 (mecer) 9 [L(90+0+0) 27.06.2016.
8. |13J1091YHP YBOI y Hay4HH paj, 10 (mecer) 6 [IL(90+0+0) 12.02.2016. ;
9. [1311051HIT Heypanne nporese: o 10 (necer) 9  |II:(%0+0+0) 21.01.2016. _
|10, [I300SIMKP MotopHa KonTpona u pexabmmTanuja 10 (;{ecer)' ‘ 9 lIH:(90+O+{J) 22.01.20E6¥ 5
* - eKRUBATCHTHDPAH/IIPH3HAT HCIUT. i
** - Doug yacora je y dopmaty (npegaparsa+ senbetocTano). i
Hauny onemupama Ha npemerma: i
‘ Ouena 3uavene oueue Bpoj foera :
| o 10
}7 10 OJTHIAH 91 100
| 9 H3Y3ETHO 10Bap 81 90 !
8 BpiI0 Hobap 71 80 x
7 noGap 61 70
e sovoman . st 60 )] !
' Onpaljcre obasese: |
& P.op. [ Hazug obagese ECHEJ

I

Hayuno crpyunn pax

Crywjexn nerpaskusaury pax [

Crymujexu nerpaskupauxu paz I1

YxynHO ocTBapero 120 ECIIE.
Onurry yenex: 10,00 (necer u 00/1 00) , mo rogurama crymja (10,00, 10,00, /).

Crpana 1 ox |
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Penry6nuka Cpbuja

YuupepauteT y beorpany

BNeKTpOTeXHHIKH (paKynTeT

J.bp.2014/5041

Hatym: 09.03.2018. romuHe

Ha ocHopy unaa 29. 3akoHa O OINIITEM yNPaBHOM nocrymnky ("Ci. TIacHHK PC", 6p.18/2016) u cuyxbene eBHJICHL{jE
u3gaje ce

VYBEPEIBE

Tonanosuh (Pamxo) Wsan, Op. napexca 2014/5041, pohen 20.04.1989. ronune, Topwu MunaHnosal,
Peny6nnka Cpbuja, yIHCaH MIKOJICKS 2017/2018. rommue, y crarycy: camMo(HHAHCHPAmE; THII
cTyAuja: JOKTOPCKE aKaaeMcKe CTyZHje; CTy/AHjCKU TiporpaM: ENeKTpOTeXHHKA 1 pauyHapcTBO, MOAYJ
YIpaBbarbe ccTeMUMa ¥ 0bpaja curHana.

[Ipema CratyTy (haxynrera crymmje Tpajy (6poj ronuHa): TpH CTY/MjCKE TOIMHE ¥ UMa najmarbe 180
ECIIB 6on0Ba.

Pok 3a 3aBpIIETAK CTYHja: ¥ ABOCTPYKOM Tpajamy CTYAH]a.

OBo ce yBeperhe MOXKe YIOTPEOUTH 32 PEryJHcame BOjHE oBaBe3e, H3MABaAmBE BU3C, 11PaBa Ha JedHjH  JOJaTaK, TIOPOXHYHE
TNEH3Hje, HHBAJIH/ICKOT JI0JaTKa, nobujama 3ApaBCTBEHE KILHKILS, JlerHTHMAIHje 38 HOBIamieHy BOXKEY U CTHIICHIH]E.

& B
:me@CTyneﬂTcmr oJceKa

i
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Penry6imnka Cpbuja

Yrupepaurer y beorpany

ENeKTpOTeXHIHIKH (aKkyaTeT

J.Bp.2014/5041

) Harym: 09.03.2018. ropune

Ha ocHoBy umana 29. 3aKoHa O OIUTEM YNPABHOM MOCTYIIKY ("Cn. rnacunk PC, 6p.18/2016) u cnyxbene eBHICHIHjE
n3naje ce

VBEPEILE

Tonanosuh (Pauce) Msan, Op. nupexca 2014/5041, pohen 20.04.1989. rogune, Dopmu Munanosall,
Penry6nnka Cpbuja, yHHCAaH HIKOJICKE 2017/2018. roamHe, y CTaTycy: CaMOQMHAHCHPARE; THII
CTyIuja: JOKTOPCKE aKkaZieMCKe cry/uje; cTyMjekn mporpan: EIexTpoTexHiKa n pauyHaperso, MOZYJT
YIpaBibame CHCTEMAMA 1 00pajia cUTHana.

ITpema CraryTy (haxysirera cryaumje Tpajy (6poj roanHa): Tpu CTYAM]CKE FOANHE ¥ HMA HajMarbe 180
ECIIb 6oposa.

Pok 38 3aBpIIETAK CTYAuja: y JBOCTPYKOM Tpajatby CTY/Hja.

Ogno ce YBEPEHC MOXKE yﬂOTp€6ﬂTV[ 3a pGFyHHCﬂHJB BOjHe 068B€3€, H3naBambe BU3C, TIpaBa Ha [le‘lHjH nojarak, MoOpoAnvHE

nemnje, UHBAAHJCKOr A0JaTKa, IIOGHjZlH:ﬂ 3JIPABCTBEHE KELIDKULE, JIEFHTHMALH)C 3a ﬂOB)‘IaLﬂhGHy BOXIBbY H CTHl'ICH}lHjEL

TYHEHTCKOT OJICEKa




YHUBEP3IUTET ¥V BEOI'PALY

Crynenrcxu Tpr 1, 11000 Beorpan, Peny6mka Cpbuja
Ten.: 011 3207400; ®axc: 011 2638912; E-mail: officebu@rect.bg.ac.rs

BERE HAVYHUX OBJIACTHU beorpan, 26.2.2018. roguxe
TEXHNYKUX HAYKA 02 6poj: 61206-850/2-18
T

Ha ocHoBy unana 47. craB 5. tauka. 3. Craryra YHuBep3urera y beorpany
("T'macunx Yuusepsurera y beorpamy", 6poj 186/15- npeunmhenn texcr u 189/16) n
yn, 14. — 21. Ilpasunnuka o BehuMa HayMHHX 00nacTH Ha YHHUBEpP3UTETY y beorpany
(“T'macuuk Yuusepsurera y beorpany”, 6poj 134/07, 150/09, 158/10, 164/11, 165/11,
180/14, 195/16 u 197/17), a ua 3axtes Enexrporexunukor daxynrera, 6poj: 311/2 ox
14.2.2018. romune, Behe payunux o6gacTH TEXHHYKUX HayKa, Ha CEJHMUIH OIPIKAHO)
26.2.2018. roauHe, IOHETO je

ONNAVKY

JAJE CE CATI'JIACHOCT wa nppemior Teme  JOKTOPCKE
nqucepraije Vpana Tonanosuha, oy Hazusom: , JlpuMmena MynTukananne
enexTpoMuorpaduje y pexadbunnranuju’.

TPE/ICE/IHMK BEHA
R b {),\
Tpod. ap Jopan Dummiokuh

=Y
LY

2 IOCTaBI/ITI/IZ

- Maxynrery,
- ApxuBH YHHBEpP3UTETA.
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