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a b s t r a c t 

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- 

plifiers positioned on the nonparetic and paretic forearms. The areas where the difference between the 

EMG maps obtained from the nonparetic and paretic arms was significant were identified as the stimula- 

tion sites. The stimulation was applied through array electrodes with magnetic holders and two wearable 

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

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. 
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. Introduction 

Electrical stimulation of paretic and paralyzed upper limbs was

ntroduced many years ago, yet the clinical evidence is still not

ufficiently convincing to make this technique widely used [1,2] .

unctional electrical therapy (FET), i.e., intensive functional exercise

ombined with surface electrical stimulation of the paretic arm,

romoted greater recovery of motor control and function in acute

troke patients [3] compared with the same treatment applied in

hronic stroke patients [4] . However, in both acute and chronic

troke, the difficulty of determining the most effective positions for

he stimulating electrodes remains a major challenge [5] . 

Selective activation of the muscles that control each finger and

he wrist with electrical stimulation is a challenge that was ini-

ially addressed by Nathan [6] . The technology that has allowed

abrication of array electrodes for stimulation and the develop-

ent of advanced electronic stimulators has provided a basis for

etermining 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 ́c Maneski). 
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ings, Medical Engineering and Physics (2016), http://dx.doi.org/10.1016/
e achieved [e.g., 7–10 ]. These studies led to two major conclu-

ions: 1) small electrodes that are positioned appropriately can im-

rove the selectivity of stimulation [11–14] and 2) stimulation de-

ivered asynchronously through several small electrodes at a lower

requency (approximately 10 pulses per second) rather than a sin-

le large electrode at a high frequency (approximately 30 pulses

er second) allows prolonged stimulation that results in fused

ontraction [15–17] . A remaining challenge is how to easily and

uickly select the number of electrodes and their relative positions

ith respect to the excitable tissue to produce adequate prehen-

ion and a safe and strong grasp with minimal wrist interference. 

The hypothesis that we introduce is that by comparing EMG

aps recorded while the patient performs the target function

hand opening, hand closing, holding an object for various types

f grasp) using the nonparetic and paretic arm, one can determine

he positions (regions) over the peripheral sensory-motor systems

hat can be stimulated. Thus, by mimicking the activation map

f the nonparetic arm, we can replicate on the paretic side the

omplex and hardly predictable neural interplay that is unique to

ach individual. The quasi-normal activation of neural systems is

ikely to influence the motor control system and contribute to the

evelopment of synergies that can facilitate more effective and
r control of functional grasp based on multi-channel EMG record- 

j.medengphy.2016.06.004 

http://dx.doi.org/10.1016/j.medengphy.2016.06.004
http://www.ScienceDirect.com
http://www.elsevier.com/locate/medengphy
mailto:lanapm13@gmail.com
http://dx.doi.org/10.1016/j.medengphy.2016.06.004
http://dx.doi.org/10.1016/j.medengphy.2016.06.004


2 L. Popovi ́c Maneski et al. / Medical Engineering and Physics 0 0 0 (2016) 1–9 

ARTICLE IN PRESS 

JID: JJBE [m5G; June 24, 2016;21:4 ] 

Table 1 

The basic demography for the subjects in the study. 

Patient no Age 

Ashworth modified 

scale score 

Fugl-Meyer score for upper 

extremities (max 66) 

Time after stroke 

(months) Paretic side 

1 54 3 36 6 Left 

2 45 2 35 2 Right 

3 62 1 + 28 3 Left 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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. 

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. 
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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 ́c” in Belgrade, Serbia, ref. no. 03-

580/1, date: 20.2.2015. 

2.2. Instrumentation 

Two rectangular (6 ×15 cm 

2 ) array electrodes with 24 circular

conductive pads each ( D = 10 mm, 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. 
Please cite this article as: L. Popovi ́c Maneski et al., Stimulation map fo

ings, Medical Engineering and Physics (2016), http://dx.doi.org/10.1016/
The kinematic data were recorded ( Fig. 2 ) with four F35 single-

xis goniometers (Biometrics Ltd, VA, USA) positioned over the fin-

ers and two two-axis goniometers (SG65 and SA110A) that mea-

ured thumb rotation and radial/ulnar and dorsal/volar deviations

f the wrist. The goniometers were connected via angle units to

he input of a NI USB 6216 A/D card (National Instruments, TX,

SA). 

The dynamometer was a custom-made device with four squeez-

ble chambers instrumented with pressure sensors ( Fig. 2 , right

anel). This device was used in some of our previous studies that

ssessed grasp strength [10,16] . 

The kinematics and dynamometer data (12 channels) were sam-

led at 500 samples per second to match the sampling rate of the

MG recordings via a National Instruments A/D converter on a PC

omputer running a custom-designed program in LabVIEW. 

The recordings from the two Smarting units and the sys-

em for measuring force and kinematics were synchronized when
r control of functional grasp based on multi-channel EMG record- 

j.medengphy.2016.06.004 

http://www.mbraintrain.com/
http://dx.doi.org/10.1016/j.medengphy.2016.06.004


L. Popovi ́c Maneski et al. / Medical Engineering and Physics 0 0 0 (2016) 1–9 3 

ARTICLE IN PRESS 

JID: JJBE [m5G; June 24, 2016;21:4 ] 

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] . 
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hey were connected to the same wireless network by a custom-

esigned software. 

Two wearable electronic stimulators (7 ×3 × 2.5 cm 

3 ) with a

otal of eight output channels generated compensated current-

ontrolled biphasic pulses [21] . The stimulator allows the user to

ontrol the pulse frequency, duration, amplitude and delay on each

f the channels. The stimulator communicates wirelessly with the

C computer, with the interface allowing simple, online control of

ll stimulation parameters. 

The stimulating array electrodes (7 ×12 cm 

2 ), which were used

s cathodes [22] , had 40 conductive pads (5 transversal and 8 ax-

al, D = 8 mm) made f rom magnetic material that connected with

agnetic tip of wiring system that interfaces with the stimulator

 Fig. 3 ). The metal pads (12 mm ×12 mm) each were covered with

 conductive gel (AG730, Axelgaard Manufacturing Co) and con-

acted the skin. Two oval anodes (Pals Plus electrode, 4 ×6 cm 

2 ,

xelgaard Manufacturing Co) were positioned over the dorsal and

olar sides above the wrist. 

.3. Data processing 

The EMG data were acquired using custom-designed software

Streamer) available online from the manufacturer of the Smarting

ystem [18] . The acquired signals were processed offline with a

rd order Butterworth high-pass filter at 10 Hz to remove baseline

rifts, notch filtered at 50 Hz, rectified and then low-pass filtered

t 5 Hz to estimate the EMG envelopes. The processed signals
ig. 4. The experimental setups for assessing joint angles during prehension (left) and gr

wo 24-channel Smartings and two 24-contact electrodes. See the text for details. (For in

eb version of this article). 

Please cite this article as: L. Popovi ́c Maneski et al., Stimulation map fo

ings, Medical Engineering and Physics (2016), http://dx.doi.org/10.1016/
ere used to create maps in Matlab (Mathworks, Natick, MA,

SA) using techniques adapted from methods presented in the

iterature [24,25] . Colors on the maps represented the amplitudes

f the EMG envelopes normalized to the maximal value on the

ealthy forearm. The maps were stored for each time sample, and

he custom-designed software allowed for the selection of the

oment when the appropriate signals from the kinematic sensors

nd dynamometers reached the threshold values. 

. Procedure 

The subjects were informed about the experimental procedure

nd signed the informed consent form approved by the local ethics

ommittee. 

Subjects sat in front of a desk with their forearm supported and

he elbow joint maintained at an angle of approximately 110 °. Two

MG array electrodes were positioned on the dorsal and volar side

f the nonparetic forearm, covering the innervation zones of wrist

nd fingers flexors and extensors ( Fig. 4 , left panel). The skin was

leaned and prepared with an abrasive gel prior to positioning the

lectrodes. Two Smarting amplifiers were connected and fixed to

n elastic band. A goniometer was fixed with tape to each finger,

he thumb and the wrist. The goniometers were calibrated prior

o positioning them on the hand ( Fig. 1 , left panel). The outputs

rom the sensors were connected to the A/D board. Two computers

onnected to the same wireless network (one for recording EMG

ignals from the Smarting unit and the second for recording the
asping force of the four digits (right). In both cases, EMG activity was measured by 

terpretation of the references to color in this figure, the reader is referred to the 

r control of functional grasp based on multi-channel EMG record- 
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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. 
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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
 r

Please cite this article as: L. Popovi ́c Maneski et al., Stimulation map fo

ings, Medical Engineering and Physics (2016), http://dx.doi.org/10.1016/
xtension during grasping. The procedure for adjusting the stimu-

ation intensity was initiated on a single channel where the differ-

nce between the EMG maps on the nonparetic and paretic fore-

rm was the largest. When the first channel was set, the second

ne was turned on and the intensity adjusted, and so on. The stim-

lation intensity on different channels had trapezoidal-form pro-

les, which followed the timing (rise-time, plateau, decay-time) es-

imated from the EMG envelopes which were recorded form the

onparetic arm, as shown in Fig. 9 . The joint angles during stretch

nd grasping force during grasp were recorded. 

As the target zones for stimulation excluded the zones in which

MG activity existed in both the nonparetic and paretic forearms,

he subjects were asked to add their own effort, if any, for opening

r closing the hand during stimulation. This is considered to pro-

ide an extra value in both motor and psychological rehabilitation

y amplifying residual muscle activity and closing the sensory-

otor loop, which likely increases the motivation to exercise when

he invested effort results in proper task accomplishment [1,2,5] . 

The complete sessions were videotaped for subsequent

nspections. 

. Results and discussion 

Figs. 5 and 6 show the envelopes of EMG signals from all 48

lectrodes, EMG maps at the selected moments and data from

he kinematic sensors for the hand-opening and hand-closing task,

espectively. 
r control of functional grasp based on multi-channel EMG record- 
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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. 

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). 

Please cite this article as: L. Popovi ́c Maneski et al., Stimulation map for control of functional grasp based on multi-channel EMG record- 

ings, Medical Engineering and Physics (2016), http://dx.doi.org/10.1016/j.medengphy.2016.06.004 
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Fig. 8. EMG activity maps and stimulation zones in subject 1. The maximum current intensities are color coded: red circles – high intensity = 24 mA, orange squares – middle 

intensity = 19 mA, yellow triangles – low intensity = 14 mA. The frequency on all channels was set to 30 pps, and the pulse duration was set to 350 μs. (For interpretation of 

the references to color in this figure legend, the reader is referred to the web version of this article). 

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. 
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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
Please cite this article as: L. Popovi ́c Maneski et al., Stimulation map fo

ings, Medical Engineering and Physics (2016), http://dx.doi.org/10.1016/
he EMG maps, which resulted in a noticeable performance degra-

ation (e.g., extensive ulnar/radial deviation or poor finger exten-

ion/flexion). 

The stimulation profiles (onset/offset times and slopes) were

ne-tuned based on a set of EMG maps obtained from one series

f recordings for hand opening or closing from the nonparetic arm,

hich is illustrated in Fig. 9 . One profile was applied to all stimula-

ion channels on the same electrode. It might be that an even bet-

er function could be obtained if each channel on the same elec-

rode would follow its own stimulation profile (e.g., based on the

exion sequence for the volar side in Fig. 9 ; CH2 in Fig. 8 should

e turned on before CH1, but CH1 requires a higher current
r control of functional grasp based on multi-channel EMG record- 
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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). 

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). 
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ntensity compared with CH2). However, this would require the

uning of several parameters; therefore, it was considered a non-

ractical solution. 

An example proving the hypothesis that stimulation of regions

here the EMG activity is missing when compared with the sub-

ect’s contralateral, nonparetic arm is presented in Fig. 10 . We

how that joint angles and grasping forces from the nonparetic

and, the paretic hand without stimulation (voluntary effort of the

ubject) and the paretic hand with stimulation applied at the zones

dentified from the EMG maps. It is important to mention that

he patients included in this study were selected from the low-

unctioning group and had no previous experience with electrical

timulation. 

Subject 3 was unable to voluntarily control his fingers and open

he paretic hand (middle top panel in Fig. 10 ), whereas the stimu-

ation provided this function in a range comparable with the angles

easured in the nonparetic hand. The subject was able to gener-

te low grasping forces voluntarily only in the index and ring fin-

ers; however, the stimulation provided grasping forces that were

omparable with the forces generated by the nonparetic hand. The
Please cite this article as: L. Popovi ́c Maneski et al., Stimulation map fo

ings, Medical Engineering and Physics (2016), http://dx.doi.org/10.1016/
rofiles of joint angles and forces between the nonparetic and

timulated paretic hand were not similar. Nevertheless, the aim

f this study was to test the hypothesis regarding the position-

ng of the stimulating electrodes and not to duplicate the func-

ion of the nonparetic hand. One should notice that the function

as achieved by simultaneous activation of agonists and antago-

ists. This can be seen in Figs. 7 and 8 for the grasping task with

he nonparetic (healthy) arm, where there is clear co-activation of

rist extensors (dark red areas closer to the elbow) during hand

losing. Therefore, the stimulation that activated the forearm mus-

les did not evoke excessive wrist deviations, which is necessary

or proper wrist function. In this way, it is possible to stabilize

he wrist without a splint, which was the basis for the success in

he only clinically applicable and commercially available FES de-

ice, Ness H200 [26] . 

. Summary 

We developed a method for determining the regions over

he motor system that can be stimulated for selective functional
r control of functional grasp based on multi-channel EMG record- 

j.medengphy.2016.06.004 

http://dx.doi.org/10.1016/j.medengphy.2016.06.004


8 L. Popovi ́c Maneski et al. / Medical Engineering and Physics 0 0 0 (2016) 1–9 

ARTICLE IN PRESS 

JID: JJBE [m5G; June 24, 2016;21:4 ] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

C

A

 

I  

a  

“  

e  

“  

i  

c  

g  

t

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[

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 5 Hz) 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 ×12 mm 

2 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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 

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 

I. 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: 

 stride cycle – time between the two consecutive heel 

contact (HC)  of the same leg; 

 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. 

 
Fig. 1: Gait phases defining the parameters of interest. 

 

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.  

II. 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, 26±4 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. 

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

 

C.    Signal processing 

Signals were processed offline in Matlab R2015a (The 

MathWorks, Natick, MA, USA). We applied Butterworth 

low-pass filter (5th 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:  

 
 

 
 

where x is the time sample of the signal, and a, b, c 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). 

 

 
Fig. 4. Illustration 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. 

 
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. 

 
Fig. 6. FFNN1 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. 

III. RESULTS 

Fig. 7 shows recorded signals for subject No 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).  

 
Fig. 7. Recorded signals for subject No1 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: 0 (heel on or 

heel off phase) and 1 (flat foot phase). The mean square errors 

for the FFNN1 are 2.2% and for the FFNN2 are 6.8%. 
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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 (FFNN2, 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 No 1.  

 



 

 
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 No 2.  

 

 
Fig. 10. Comparison of signals and detected gait phases on both legs for 

subject No 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 Heel on Flat foot Hell off 

No 1 1.64 11.11 8.33 2.33 

No 2 2.44 12.1 8.87 3.1 

No 3 3.28 11.3 8.82 3.4 

No 4 0.05 10.5 7.9 2.21 

No 5 1.54 11.3 8.22 2.42 
 

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. 

 

Subject Step 

[s] 

Stride 

[s] 

Stance 

[s] 

Swing 

[s] 

SSP 

[s] 

DSP 

[s] 

Cadence 

[steps/min] 

No 1 0.8 1.6 0.98 0.61 0.37 0.19 87 

No 2 0.65 1.27 0.76 0.41 0.33 0.14 105 

No 3 0.83 1.67 1.06 0.61 0.35 0.23 84 

No 4 0.73 1.45 0.88 0.56 0.34 0.18 98 

No 5 0.73 1.52 0.87 0.65 0.38 0.14 95 

 

 

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 

[s] 

Stride 

[s] 

Stance 

[s] 

Swing 

[s] 

SSP 

[s] 

DSP 

[s] 

Cadence 

[steps/min] 

No 1 0.8 1.58 0.96 0.62 0.34 0.2 87.5 

No 2 0.65 1.2 0.77 0.42 0.32 0.15 105 

No 3 0.83 1.68 1.08 0.59 0.34 0.23 83.8 

No 4 0.72 1.43 0.86 0.56 0.34 0.16 97.6 

No 5 0.73 1.53 0.89 0.64 0.36 0.13 95.02 

 

 

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 

[s] 

Stride 

[s] 

Stance 

[s] 

Swing 

[s] 

SSP 

[s] 

DSP 

[s] 

Cadence 

[st/min] 

No 1 0.8 1.6 1.01 0.59 0.35 0.22 90 

No 2 0.66 1.31 0.81 0.4 0.31 0.17 107.2 

No 3 0.84 1.66 1.13 0.56 0.33 0.27 83.3 

No 4 0.71 1.49 0.93 0.56 0.35 0.16 97.22 

No 5 0.73 1.55 0.9 0.65 0.39 0.17 96 
 

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

 

The errors of estimation of the gait parameters are 

presented in Table 2. 

IV. 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 

Subject No  1 No 2 No 3 No 4 No 5 All 

Foot 

[%] 1.9 2.78 1 2.85 1.99 2.1 

Shank 

[%] 4.17 4.96 5.8 4.62 3.26 4.56 



 

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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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, 

BIOElettronica, 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 array. 

 

 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 

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]. 

 

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
rd

 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 I. 
TABLE I 

SUBJECTS 

 

 Gender Age Length Circumference 

Subject 1 male 27 28cm 26cm 

Subject 2 male 66 27 cm 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 

0.5l 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. 

 
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). 

 
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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 

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.  

 
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 
neurorehabilitation 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). 

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).  

 
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 1400. 
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. 

 

 
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.  

 
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.  

 
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. 

 

 
 

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. 

 
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 

number of EMG signals used for the analysis.  
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.  
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 

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 

I. 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.  

 

 
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).  

 
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. 

 
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 (2nd 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 (2nd 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, 23±3 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. 

 

 
Fig. 4:  EMG signals (top) and envelopes (down) recorded with BioVision 

and Smarting systems during the sequential flexion of index, middle, ring 
and pinky digits.  ch1 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 ch1; position of ch1 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 
0.990.01.  

 

 
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. 
 

 
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. 

 

 
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.   

 
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. 

 

 
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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