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EVALUATION OF THE EFFECTIVENESS
OF AN UNLOADING ORTHOSIS OF THE KNEE JOINT
BASED ON INDIRECT INDICATORS AND SURFACE
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C. Kosban, I1. Bepbuyvka, I1. Ilpokonosuu, 1. Cudopenko, 1. Ilpokonosuy. OuiHka eeKTHBHOCTI PO3BaAHTAKYBaJbHOI0 OpTE3a
KOJIIHHOIO €yr;106a 3a HeNpsIMUMHU NOKAa3HHKAMHU Ta JaHMMH TNOBepXHeBOi ejekTpoMmiorpadii. OaHuUM i3 aKTyaJbHUX 3aBIaHb Y
nporeci cTBOpeHHs1 6ioMeXaHIYHHX IPUCTPOIB, a caMe PO3BAHTA)XXYBaJbHHUX OPTE3iB, € BU3HAUCHHS iX edeKTUBHOCTI. Y poOOTI HaBeIEeHO
Pe3yJIbTaTH AOCIIDKEHHS BTOMH M’SI31B CHHEPTiCTIB KyJbIIOBOIO CyrJio0a MpH i30TOHIYHMX CKOPOYEHHSX NPY BUKOHAHHI NMPHUCIJIAHb SK 3
BHUKOPHCTAaHHSM PO3BaHTaXyBaJLHOIO OpTe3a I KOJIHHOTO cyrioba, Tak i 06e3 Hporo. KpiM BH3HAa4YeHHS HENpPSMUX ITOKA3HHKIB, IO
BHM3HAYAIOTh NepUQeprudHy BTOMY M’S3iB, a caMe KUIBKOCTI BUKOHAHUX MPHUCIaHb Ta NIBUAKOCTI IX BUKOHAHHS, B POOOTI BAKOPHUCTOBYBABCS
e ouH e()eKTHBHUI METOM TOCIIKEHHS IPOTrpecyBaHHs M’ 30BOi BTOMH — METOJ] HOBepXHeBoi enekrpomiorpadii. OTpruMaHi B HOJILOBHX
yYMOBax JaHi K 32 HENPSAMUMH IOKa3HMKAaMH, TaK i 3a 3alMCaMH IOBEPXHEBOI enekTpomiorpadii oOpoOisum IUIIXOM pPO3PaxyHKY
CepeHbOKBAIPATUYHOTO 3HAUCHHSI, 10 JAJI0 3MOT'Y OLIHUTH e()eKTHBHICTH PO3BAHTAXKYBAIBHOI'O OPTE3a KOIIHHOTO CYIJIo0a 3a JOIOMOTOI0
perpeciiiHo-cTatucTiyHOl Mozeni. Kpurepiem owiHKM e(peKTHBHOCTI 00paHO KoedillieHT aOCOMIOTHOrO Haxwily JiHIHHOT perpecii,
noOynoBaHOI Ha OCHOBI eKCIIEpUMEHTAIBHUX JaHuX. JlaHi ToBepxHeBoi enekTpomiorpadii 3amucyBaaM 3a  JOIIOMOTOIO
esieKTpomiorpadiuHoro Moayssi 34uTyBaHH iiitech Ta 0OpoOIieHi 3a 10MOMOror nakera nporpamHoro 3abesnedeHHs Spike Recorder, mo
[OCTaYaeThCs pa3oM i3 MomyieM. CTaTHCTHYHY OOpOOKY pe3yJbTaTiB JOCHIUKCHHS Ta PO3paxyHKH Koe(iwieHTIB JiHIHHOI perpecii
MpoBOAMIIM 3a JoroMororo makera MS Excel. AHani3 oTpuMaHUX pe3ysbTaTiB CBIIYMTH NPO €(EKTUBHICTH BUKOPHCTAHHS 3aJIy4€HOrO B
eKCIIEPUMEHTH OpTe3a, BUKOPHCTAHHSI SIKOTO JA€ 3MOTY BIICTPOYHUTH 3HIDKEHHS IIPOJYKTHBHOCTI aKTHBHHUX M SI30BHX BOJIOKOH 1 IIPU3BOAUTH
10 YHOBUIBHEHHS HACTaHHA NepupeprUyHOT M’ A30BOT BTOMHU.
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S. Kovban, P. Verbytska, P. Prokopovych, I. Sydorenko, 1. Prokopovich. Evaluation of the effectiveness of an unloading orthosis of
the knee joint based on indirect indicators and surface electromyography data. One of the urgent tasks in the process of creating
biomechanical devices, namely unloading orthoses, is to determine their effectiveness. The paper presents the results of a study of muscle
fatigue of the hip synergists during isotonic contractions when performing squats both with and without the use of a knee joint unloading
orthosis. In addition to determining indirect indicators that determine peripheral muscle fatigue, namely the number of squats performed and
the speed of their implementation, another effective method for studying the progression of muscle fatigue, the method of surface
electromyography, was used in the work. The data obtained in field experiments for both indirect indicators and surface electromyography
recordings were processed by calculating the root mean square value, which made it possible to evaluate the effectiveness of the knee joint
unloading orthosis using a regression statistical model. The coefficient of absolute slope of the linear regression, built on the basis of
experimental data, was chosen as the criterion for evaluating the effectiveness. Surface electromyography data were recorded using the
iiitech electromyographic reading module and processed using the Spike Recorder software package supplied with the module. Statistical
processing of research results and calculations of linear regression coefficients were carried out using the MS Excel package. The analysis of
the results obtained indicates the effectiveness of the use of the orthosis involved in the experiments, the use of which makes it possible to
delay the decrease in the production strength of active muscle fibers and leads to a slower onset of peripheral muscle fatigue.
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1. Introduction

Long-term impact of an external system of forces on the body of a person performing high-speed
monotonous movements while solving professional problems is often associated with various soft tis-
sue disorders. One of these disorders is considered peripheral muscle fatigue. It is believed that this
variant of muscular-physiological fatigue is most often found in people who are engaged in physical
labor. It occurs when certain muscle groups lack the energy to maintain their activity due to various
reasons, such as a new order of contraction when changing trajectories and amplitude of movement,
malnutrition, etc. It should be especially answered that the onset of peripheral muscle fatigue, along
with the accompanying dullness of attention, are one of the main causes of injuries. In addition, pe-
ripheral muscle fatigue is an objective sign of a person’s inability to maintain a certain level of physi-
cal effort and, as a result, indicates a decrease in the productivity of his work.

To reduce peripheral muscle fatigue, all kinds of unloading orthoses have been developed and are
being developed, which are elastic mechanical systems built on the basis of both metallic and non-
metallic elastic elements of various types. In turn, the presence of a sufficiently large number of de-
signs of such devices requires methods for determining the effectiveness of their application. It will
allow us to proceed to the evaluation of the design solutions obtained in these developments according
to fairly simple and understandable economic or technical criteria, built on certain coefficients or rati-
os. For example, “efficiency — cost” or “efficiency — durability”, etc.

2. Literature analysis

The problem of determining and predicting the time of onset of fatigue, after which it is no longer
possible to continue to perform physical activity with the same performance, has been considered by
many authors. Research in this area is related to sports and is an integral part of sports medicine. How-
ever, it is not always possible to apply the results of these studies and methods for determining fatigue
to workers engaged in physical labor due to the specifics of movements in sports and in the technolog-
ical process. Nevertheless, there are works devoted to the study of fatigue of manual workers.

As a criterion for determining the fatigue of a worker, his productivity was adopted [1, 2]. Per-
formance is understood as the number of operational movements performed in the technological cycle
during a given technological cycle, in other words, we are talking about the speed of execution of
movements. In our opinion, this criterion is based only on indirect indicators of fatigue, such as the
number of movements and the time of their execution, the relationship between which may not reflect
the real situation with the occurrence of fatigue. So, in addition to peripheral fatigue, fatigue of the
central nervous system (“mental” fatigue) is distinguished, in which a change in the number of move-
ments and the time of their implementation are primarily associated with the psychological state of a
person and his motivation. In addition, a number of rather rare cases are described in the literature,
when a change in the number of movements and the time of their execution are associated with neu-
romuscular fatigue (“nervous” fatigue). This kind of fatigue is due to the nerves not being activated
enough to keep the muscle moving. Insufficient activation of the nerves is the result of various pathol-
ogies or occurs with extreme levels of muscle activity and its intensity. Nevertheless, the criterion in
the form of performance, although not very accurate given the above, is often used in studies to deter-
mine the physical activity of muscles due to the simplicity of its definition.

To date, the most optimal technique for studying changes in muscle strength and the phenomenon
of fatigue, due to non-invasiveness and ease of use, is surface electromyography (sSEMG) [2, 3]. sSEMG
signal acquisition is a medical technique used to record and analyze the electrical activity produced by
muscles. EMG systems detect the electrical potential generated by muscles when they are neurologi-
cally activated. The EMG signal can be used to obtain certain information related to muscle activity,
such as identifying medical abnormalities, levels of muscle activation, or analyzing human biome-
chanics [3]. The most common method is surface SEMG, in which the change in electrical signals (po-
tential difference) over time, which corresponds to the functioning of the muscles, is read using two or
three electrodes located on the outer surface of the skin above the muscle. At the same time, the main
indicator is the amplitude of the sSEMG signals, which is stochastic (random) in nature and therefore
requires appropriate processing for interpretation and use. In some studies, it was found that the ampli-
tude of SEMG signals depends on the applied force, since the greater the force, the more action poten-
tials will be stimulated, which will lead to a contraction of more muscle fibers [4, 5]. The ability to
correlate the amplitude of the EMG signal with muscle strength, obtained as a result of the use of elec-
tromyography, made it possible in a number of studies to establish parameters characterizing muscle
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activity. The experimental determination of a certain threshold and the time of exceeding this thresh-
old by the amplitude of the EMG signal in some studies is interpreted by the authors as the duration of
muscle activity [4, 5, 6].

As a rule, EMG systems are equipped with software that implements various methods for pro-
cessing the amplitude and frequency of EMG signals to form the most visual representation of them in
relation to time. To process data in the form of amplitudes of EMG signals, the calculation of their
root mean square (RMS) is most often used. It has been established that the RMS of the SEMG signal
amplitude gradually increases over time in dynamics during continuous isotonic contractions (when
the flexors relax and the extensors contract and vice versa). At the same time, the RMS of the sSEMG
signal amplitude gradually decreases in statics with a single isotonic contraction (the flexors are re-
laxed and the extensors are contracted or vice versa). At the same time, changes in RMS are expressed
and evaluated using a statistical curve fitting model, while determining the controlled parameter in the
form of an absolute slope angle [7, 8, 9].

To obtain meaningful frequency information in the frequency analysis of EMG signals, the fast Fouri-
er transform technique is most commonly used. In the works of some researchers, it is indicated that this
method is not ideal; nevertheless, it is convenient when fast data processing is required [10, 11, 12].

Summarizing the analysis of the literature it should be recognized that the authors mainly consid-
er the problems associated with determining and predicting the time of onset of fatigue, after which it
becomes impossible to maintain physical activity with the same performance. However, the issue of
evaluating the effectiveness of the use of unloading orthoses in the literature practically does not oc-
cur, although the number of designs of these devices is constantly increasing. Therefore, scientific re-
search related to the definition of evaluation criteria and the development of methods for evaluating
the effectiveness of unloading orthoses is an urgent scientific and applied task.

Purpose of research

The purpose of the research is to identify the criterion and its interpretation as an indicator of the
effectiveness of orthotics of the knee joint with the help of unloading orthoses.

3. Research method

To evaluate the effectiveness of the use of an unloading orthosis, a full-scale experiment was
prepared and carried out with subsequent processing of its results. In the experiment, synergist muscle
fatigue was modeled when performing a basic movement (BM) not burdened by an external load.
Squatting is taken as BM, which includes two phases of movement: squatting, returning to the starting
position. The considered BM basically corresponds to isotonic contractions of the quadriceps femoris
muscle (quadriceps femoris) (Fig. 1, a).

Thigh The Quadriceps
femoris muscle
Rectus femoris
Vastus lateralis
Vastus medialis
Knee
Vastus
intermedius
Shin / (not visible)
a b

Fig. 1. Experimental application of an unloading orthosis of the knee joint: location and structure of the
quadriceps femoris muscle (quadriceps femoris) (a); general view of the applied unloading orthosis (b)

Muscle fatigue was modeled in both the free state of the lower extremities and when they were
orthoticized with a knee joint unloading orthosis. Orthotics was performed using the Power Knee De-
fenders unloading knee joint orthosis manufactured by Joerex, which is widely used on the medical
market (Fig. 1, b). The applied orthosis consists of upper / and lower 2 lodgments for its placement on
the thigh and lower leg on the back of the knee. Angular movement between the lodgements, which
determines knee flexion, is realized by fixing them relative to each other by means of an axis 3 that
determines the orthosis flexion axis. Torsion springs 4 are coaxially arranged along the orthosis flex-
ion axis, one end of which is in contact with lodgement / and the other with lodgement 2. Belts 5 are
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designed to fix lodgements on the human body. It is the presence of an elastic system consisting of
torsion springs 4 that determines the presence of an elastic force, which, according to the developers,
performs the function of unloading the knee joint and reduces the peripheral fatigue of the muscle
group that ensures its flexion-extension.

In order to obtain a database for research, the program of the experiment included the execution
of the BM series by the same subject for five days. At the same time, on the first, third and fifth days
of the experiment, the corresponding series of BM was performed without orthotics, and on the second
and fourth - with the use of orthoses. Before the start of the series, a warm-up was carried out (in the
amount of five basic movements), and the performance of the series itself was accompanied by verbal
rewards. A series of basic movements was carried out in a free mode without maintaining a certain
pace and lasted until the subject, according to subjective sensations, did not report fatigue.

To collect experimental data, the method of surface bipolar electromyography (EMG) was used.
For this purpose, a module for reading electromographic indicators from iiitech was used (Fig. 2, a).
This module captures signals from three electrodes, which were fixed over the quadriceps femoris
muscle in places corresponding to Rectus femoris, Vastus lateralis, Vastus medialis, both when per-
forming BM series without orthotics (Fig. 2, ) and during orthotics (Fig. 2, ¢). The Spike Recorder
software supplied with the module made it possible to visualize the electromyographic results of the
basic exercise (Fig. 2, d).

3.3 ¢

—

d

a

Fig.2. Surface electromyography in the experiment: module for reading electromyographic indicators iiitech (a);
electrodes on the leg without an orthosis (b); electrodes on the leg with an orthosis (c);
electromyogram of one basic movement in Spike Recorder (d)

Visualization and recording of signals in the presented software made it possible to determine the
following information components: the number of BMs in a series, the series time, BM time, the am-
plitude of electrical impulses corresponding to BM, the frequency of electrical impulses 7 (Hz) in BM,
the number of electrical impulses N corresponding to BM, root mean square pulse amplitude value
RMS (mV).

The presence of the first two of the presented information components made it possible to calcu-
late and analyze an indirect indicator of muscle fatigue in the form of the performance of the P; series,
which for each i-series was calculated as the ratio of the number of basic movements performed in the
series (epm) to the time (#;) spent on the series, followed by its averaging P, taking into account the
number of series j:

p="Comi 1

o

In electromyographic studies, it was taken into account that the amplitude of the EMG signal is
sign-variable in time, therefore, its root-mean-square value was used:

(1)

2)

The change in the mean square value of the EMG amplitude at the beginning of a certain time in-
terval and its end (4prvs and 4grvs) related to its duration, determined by some initial and final
measurement time (#g and 7g), which makes it possible to obtain the value:
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which many researchers interpret as a criterion that determines peripheral muscle fatigue.

This criterion is used in the statistical model of “critical fatigue”, which is characterized by a zero
value of the amplitude of the electromyographic signal:

A =Vit+b =0, 4
where V' is the coefficient of linear regression, which determines the slope of the linear dependence
(4); t is the time of the entire process of fatigue development; b is the value that determines the inter-
section of the considered linear dependence with the AcF axis.

Thus, given that there is no clear relationship between the specified criterion and the psychologi-
cal state of the subject, this criterion is proposed to be used as an alternative to the announced indirect
indicator in the form of performance for assessing peripheral muscle fatigue and the effectiveness of
orthotics. Also, using a similar indicator, in the form of a linear regression coefficient, it is proposed to
estimate the duration of the execution of one basic movement during a series, which will also indirect-
ly clarify the effectiveness of orthotics. The corresponding coefficients of linear regressions were cal-
culated using the MS Excel package.

4. Results

When determining an indirect indicator in the form of an average performance P,, the databases
obtained during electromographic studies were processed by selecting the relevant information com-
ponents and their subsequent processing (Table 1).

Table 1
Information components and the definition of an indirect criterion in the form of average performance
i Indications by day of experiment
Types of indicators Day 1 | Dey 3 | Day 5 Day 2 | Day 4

Orthotics Without orthosis With orthosis
Series time, sec 86 87 101 164 191
Number of BMs in a series, pcs. 66 55 67 106 125
Performance by series P;,, BM/sec 0.77 0.63 0.66 0.65 0.65
Average performance P,, BM/sec 0.69 0.65

Focusing on the average performance, determined according to expressions (1), we can conclude
that orthotics are ineffective and even negative, since the use of orthoses led to a decrease in produc-
tivity by 6 %. However, the graphical interpretation of the results of the obtained data demonstrates a
fairly clear picture of the fact that this is not entirely true. First, it should be noted that the performance
in the Pi series is unstable (Fig. 3, a). Moreover, in the absence of orthoses, the performance by series
of the experiment tends to decrease (square markers on the presented graph), and in the case of orthot-
ics, it has a slight increase (triangular markers on the presented graph). This is the first inconsistency
of the applied proxy indicator.

In a more detailed study of the change in the time of performing one basic movement during the
series, it was found that on days 2 and 3, where the orthosis was used in the experiment, this time de-
creases by the end of the series (Fig. 3, ¢ and /). And on the days when the orthosis was not used in the
experiment (4 and 5, except for the 1st), the time for performing BM by the end of the series increases
(Fig. 3, b, d, and f). A regression analysis of the time gy of performing one movement during a series
of N basic movements, carried out for series j, where the data obtained were interpreted by a linear
relationship of the form:

gy =K,N, +b, (5)

made it possible to establish that the average coefficient of linear regression of the obtained linear de-
pendencies:

K="—, (6)

positive, in the absence of an orthosis and negative — in the case of its use (Table 2).
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Fig. 3. Definition of an indirect indicator in the form of productivity: productivity by days of the experiment (a);
change in the time of performing one basic exercise in 1 day without an orthosis (b); change in the time of
performing one basic exercise within 2 days with an orthosis (c); change in the time of performing one basic
exercise for 3 days without an orthosis (d); change in the time of performing one basic exercise within 4 days
with an orthosis (e); change in the time of performing one basic exercise within 5 days without an orthosis (f)

Table 2

Information components and the definition of an indirect criterion in the form of average performance

— . . Average linear

2 . . Coefficient linear .

-2 Ne Linear Regression rearession K. regression Notes

@ £ ! coefficient K,

2 1 | T =-0.0014N, +1.0938 —0.0014

S [3] r=oo002w, + L1142 0.0032 0.0013 Vovements
= 5| T,=0.0021N; +1.0364 0.0021

2; 2 | T,=-0.0023N, +1.4323 —0.0023 0.00305 Movements
o 4 | T, = —0.0015N, + 1.3067 —0.0015 o are accelerating

The revealed contradictions, when using the indirect indicator under consideration, allow us to
somewhat doubt the assessment of the effectiveness of its application. Separately, it should be noted
the high productivity recorded in 1 day (series) of the experiment. In our opinion, this may be due both
to the psychological state of the subject, subject to verbal rewards and the desire to perform the maxi-
mum number of basic movements, and to the absence of pain, since the accumulation of lactic acid in
the muscles has not yet occurred.
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Processing the results of electromyographic studies made it possible to establish a predictable in-
crease in RMS during the performance of basic exercises in all series, which is theoretically associated
with the recruitment of new motor units to compensate for impaired muscle capacity for productive
strength (Fig. 4).

25 25
E 20 E 20 Regresion
e D ————
%) L st \/ ‘\/ 1758 MA‘:_‘,'{T“‘-\"(‘“
E 15 Regresion E 15 7
10 10
5 25 45 65 85 5 45 85, ) 125 165
Series execution time, s Series execution time, s
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6 6 -
E _______________________ _\ — E Regresion N
s 4 . 22)
E Regresion E
2 2
5 25 45 _ 65 85 5 55 105 155
Series execution time, s Series execution time, s
c d
25
>
Eﬁ 20F

% 15 Regresion
10

5 30 55 80 10f
Series execution time, s

e

Fig. 4. Electromyographic parameters of the series: series 1 day without an orthosis (a); series 2 day with
orthosis (b); series 3 day without orthosis (c¢); series 4 day with orthosis (d); series 5 day without orthosis (e)

The conducted regression analysis, according to expression (4), shows that the corresponding co-
efficients of linear regression Vg;, which is nothing more than the rate of fatigue in each j series, are
quite closely related to orthotics (Table 3).

Table 3

Regression analysis of electromyographic studies, determination of the effectiveness of orthotics

| Linear regression of RMS . Average fatigue rate . .
_ No values of EMG amplitudes Fatigue rate Vg, Ve Orthotic efficiency
S 1 RMS, = 0.0157, +17.635 0.015
g, § 3 RMS, = 0.0087, +4.5009 0.008 0.0116
5 O
'g 215 RMS, = 0.0127; +19.942 0.012 0.0116/0.0045=2.57
is, 2 RMS, = 0.0027, + 1.5346 0.002

0.0045
4 RMS, =0.0077, +7.8163 0.007

It was found that on the 2nd and 4th days (series) of the experiment with the use of an orthosis,
the rate of fatigue was significantly lower than in the series when the orthosis was not used. It should
be noted that it was in these series that both their greatest duration in time and greater number of basic
movements were observed, which indirectly confirms the slowdown in the growth of peripheral fa-
tigue (See Table 1). Thus, it can be assumed that the use of the criterion in the form of fatigue rate Vg,
(or its average value over several Vg, series) when interpreted as the indicator “before use — after the
use of the device in question”, it allows to evaluate the effectiveness of orthotics, and in the case of
using several devices for orthotics, to determine the most effective one.

For the experiment, it can be stated that the orthosis of the knee joint with an orthosis of the com-
pany .... is effective, since its use slowed down the recruitment of new motor units and made it possi-
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ble to delay the decrease in the generated strength of active muscle fibers due to a 2.57-fold decrease
in the onset of fatigue.

Conclusions

According to the results of the research, the following was established:

1. The value of an indirect indicator of efficiency, in the form of performance, is significantly af-
fected not only by peripheral fatigue, but also by fatigue of the central nervous system, in which
changes in the number of movements and the time of their execution are primarily associated with the
psychological state of a person and his motivation. Therefore, the assessment of the effectiveness of
orthotics using this indicator should be recognized as insufficiently accurate, and its use is possible
only with a preliminary assessment.

2. The method of surface electromyography is an effective tool for evaluating orthotics, which al-
lows you to quickly collect record and compare the necessary data on the electrical activity of muscles
for further evaluation of the effectiveness of orthotics.

3. The data of electromyographic studies make it possible to identify a criterion in the form of fa-
tigue rate V5 (or its average value over several series Vy, ), the value of which makes it possible to
establish the relationship between the number of basic movements and the recruitment of new motor
units during the generation of force by active muscle fibers.

4. Fatigue rate Vy; (or its average value over several series V5, ) can be used to evaluate the effec-
tiveness of orthotics, since it determines the change in the time of onset of fatigue.

5. The results of the study showed the effectiveness of orthotics of the knee joint with cuts from the
manufacturer Joerex, since the time for fatigue onset is 2.57 times lower than in the case without orthotics.
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