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ABSTRACT

This paper represents a broadband 2-ways Wilkinson power divider for S-band (2-4 GHz), C-band (4-
8 GHz) and X-bands (8-12 GHz) applications. The broadband design is proposed by dint of a
multisection Wilkinson power divider topology with utilizing the microstrip technology on a single
layer printed circuit board. The proposed design has a 7-sections to achieve an operating frequency
bandwidth of 2-12 GHz. The surface mount resistors are utilized in the design to enhance the isolation
between the output ports. In addition, a prototype of the proposed design is manufactured on a Rogers
4003C and the 0402 package surface mount resistors are soldered between the output ports of each
section. The prototype has input reflection coefficient better than -15 dB, -20 dB and -10 dB,
respectively in the S-, C-, X-bands. Moreover, the prototype has output reflection coefficients better -
17 dB, -20 dB and -10 dB, respectively in the S-, C- and X-bands. The measured insertion loss is less
than -5 dB. Furthermore, the isolation between the output ports is better than -10 dB, -17 dB and -15
dB, respectively in the S-, C- and X-bands. Furthermore, the total phase variation between the output
ports are less than 1.8° in the frequency range from 2 to 12 GHz. The prototyped multisection 2-way
power divider illustrates a broadband characteristic with better phase imbalance and the measurement
and simulation results are close to each other. The total size of the prototype is 4x41 mm?.

Keywords: Wilkinson power divider, broadband, multisection, coupled line, compact

1. INTRODUCTION

The power divider is one of the crucial passive device that is widely utilized in the modern
communication systems [1]. The advantages of the microstrip power dividers are easy-manufacturing,
low-cost, light-weight, low-loss and high electrical performance. In addition, the conventional
Wilkinson power divider (WPD) is consisted of three ports, one of them is utilized as an input and the
other two ports are utilized as the output ports [2]. In order to accomplish a low-loss characteristic, the
output ports of the WPD are matched to the characteristic impedance of Z, [3]. Moreover, the WPD
splits the incident power into the two output powers with equal phase and equal amplitude [4]. WPD
has a simple structure that is formed with two quarter wavelength (A/4) transmission line with the
characteristic impedance of v2Z, and 2Z, resistor for isolation between the outputs [5]. These
advantages give power dividers opportunity to utilize in a numerous application area such as
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amplifiers, mixer, antenna feeding network, phase detectors etc. [6-9]. On the other hand, the
conventional power dividers have a narrow frequency bandwidth and mostly designed to operate in a
single frequency [10]. However, the narrow band performance is usually undesirable for many of the
microwave applications.

In the literature, there are various techniques to enhance the frequency bandwidth such as tapered
transmission lines, complementary conducting strip transmission lines, port expansion and
multisection [11-14]. Among these techniques, the multisection WPD can be utilized to achieve
broadband performance while having a reduced size with optimizing the characteristic impedances of
the coupled lines in each section.

In this letter, two-way WPD with 7-sections is designed to work in the frequency range from 2 to 12
GHz. The proposed design has seven sections to achieve the broadband performance and seven
isolation resistors at the output ports of each section. The prototype of the proposed design is
manufactured on a Rogers 4003C substrate with the relative permittivity of 3.55 and the dielectric
thickness of 0.508 mm. In addition, the prototyped WPD has input and output (1/O) reflection
coefficients better than -10 dB and -12 dB, respectively in the operating frequency band from 2 to 12
GHz. In addition, the insertion loss is less than -5 dB in the 2-12 GHz, while the isolation is less than -
10 dB and -15 dB in the frequency bands from 2 to 12 GHz and from 5 to 12 GHz, respectively.

2. MATERIALS AND METHODS

Wilkinson power divider (WPD) is a passive radio frequency (RF) component that capable of splitting
the incident signal into two outputs with equal phase and amplitude by the dint of two symmetrically
connected M4 transmission line with the characteristic impedance of v/2Z, and a 2Z, resistor for
isolation between the output ports. Since the conventional 2-way WPD has a narrow frequency
bandwidth, in the design the 2-way multisection WPD with the coupled lines is utilized to broaden the
frequency bandwidth while reducing the total circuit size. Figure 1(a) depicts the schematic of the
proposed 7-section WPD. In addition, Figure 1 (b) and 1 (c) depicts the even and odd mode equivalent
circuits of the proposed WPD. In the schematics, i denotes the number of the section, Z, and Zj,
denote the even/odd impedances of the transmission lines, 6; denotes the electrical length of the
coupled lines and R; denotes the isolation resistors in each section.
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Figure 1. a) The schematic of the proposed WPD b) even- and ¢) odd-mode equivalent circuit.

In the even mode the input impedance of 2Z, need to be matched to the output characteristic
impedance of Z; at seven different frequencies. On the other hand, in the odd mode the characteristic
output impedance of Z, is matched to the short circuit. In the even/odd mode analysis, the
characteristic impedances of the equivalent circuit are calculated for center frequency of 7 GHz as in
the Table 1. In addition, the coupled lines’ impedances are calculated with utilizing the Equation 1.

Zi =\ZieZi 1)

Table 1. The characteristic impedance of the coupled lines.

[ Zi Zie Zio ei
Q  (©Q Q) ©)

1 71.04 75.82 66.56  104.6
2 66.76  71.19 62.61 70.05
3 65.49 69.82 61.44  70.15
4 57.79 6147 5433 79.61
5 48.98 51.93 46.21 78.74
6 42.60 45.03 40.31 90.35
7 42.12 4450 39.86 7234

In the design, each section is designed with the coupled lines and the distance between the each
coupled line is kept equal to each other. In addition, the outputs of each section are terminated with
the isolation resistor to enhance the isolation performance. Moreover, the Keysight’s ADS Momentum
tool is utilized to design the layout and the method of moment (MoM) method is utilized in the
electromagnetic (EM) simulations. In the layout design, the output ports are located at the different
sides of the printed circuit board (PCB) to mount the South West SMA-female connector. Figure 2
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depicts the layout of the proposed WPD. Table 2 illustrates the dimension of coupled lines and values
of the isolation resistor. In the layout design, W;, L; denote, respectively, the width and length of
coupled line, S; denotes the space between coupled line in the i section and R; denotes the value of

the isolation resistor of the i section.

Figure 2. The layout of the proposed WPD.

Table 2. The dimension of the proposed WPD.

i W, S; L Ri
(um)  (um) (um) Q)
1 609 1041 7620 10
2 686 1041 5080 10
3 711 1041 5080 10
4 889 1041 5715 10
5 1168 1041 5588 24
6 1448 1041 6350 51
7 1473 1041 5080 150

3. FABRICATION and MEASUREMENTS

To validate the design, the proposed WPD is manufactured on Rogers 4003C with the relative
permittivity of 3.55, the thicknesses of the dielectric and copper are 0.508 mm and 35 pm,
respectively. In addition, the S-parameter measurement is performed with using Keysight N5224B
PNA in ASELSAN Inc. Figure 3 illustrates the photography of the prototyped WPD. The total
occupied area of the design without connectors and 50 transmission lines at the I/O ports is 164

mm?.
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Figure 3. The photography of the prototyped WPD (4x41 mm).

Figure 4 illustrates the simulated and measured input reflection coefficient |S;y| of the proposed
design. According to the measurement results, it is observed that the measured |Sy;| of the prototype is
better than -15 dB, -20 dB and -10 dB in the S-, C- and X-bands, respectively.

0

10
o 207
z i
» 30
40—

] = Simulated S11

7] = Measured S11

-50 T | T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T | T | T ‘ T ‘ T ‘ T ‘ T ‘ T

o1 2 3 4 5 6 7 8 8 10 M 12 13 14 15

Frequency (GHz)
Figure 4. The S-parameter measurement and EM simulation results of the proposed WPD.

Figure 5 illustrates the simulated and measured output reflection coefficients (|Sy,| & [Sa3|) of the
proposed design. According to the measurement results, it is observed that the measured |S,,| and |Sa;|
of the prototype is better than -17 dB, -20 dB and -10 dB, respectively in the S-, C- and X-bands.
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Figure 5. The S-parameter measurement and EM simulation results of the proposed WPD.
Figure 6 illustrates the simulated and measured insertion losses (|Sz| & |Ssi|) of the proposed design.

According to the measurement results, it is observed that the measured |S,;| and |Ss;| of the prototype
is less than -4 dB in the S-, C-bands, and less than -5 dB in the X-band.

T e
‘_)F\J_\_

S21 & S31 (dB)
=
|

15— === Simulated Sz1
= Simulated S31
| = Measured 521
B Measured S31
-20||\|\||||||‘\|\||||‘\‘\|\||||
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Frequency {(GHz)

Figure 6. The S-parameter measurement and EM simulation results of the proposed WPD.

Figure 7 illustrates the simulated and measured isolation |S,s| of the proposed design. According to the
measurement results, it is observed that the measured |Sy3| of the prototype is better than -10 dB, -17
dB and -15 dB, respectively in the S-, C- and X-bands.
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Figure 7. The S-parameter measurement and EM simulation results of the proposed WPD.

Figure 8 illustrates the measured phase variation between the output ports of the proposed design.
According to the measurement results, it is observed that the phase variation of the prototype is less
than 0.3°, 0.5° and 1° in the S-, C- and X-bands, respectively. Moreover, the total phase variation is
less than 1.8° in the bandwidth of 2-12 GHz.

Phase Variation (Degree)

Frequency (GHz)

Figure 8. The S-parameter measurement and EM simulation results of the proposed WPD.

Table 3 illustrates the comparison of the simulation and measurement results of WPD. According to
the comparison table, it is observed that S-parameter measurement and simulation results are close to
each other. On the other hand, the measured bandwidth is approximately 500 MHz broader than the
simulated bandwidth. However, the insertion loss is 1 dB higher in the measurements. Nonetheless,
the total peak to peak phase variation between the output ports are less than 1.8° in the bandwidth of
2-12 GHz.
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Table 3. The comparison of the simulation and measurement results.

Frequency Bandwidth Simulation Measurement
2-4 GHz -14 -15
glél) 4-8 GHz -12 -20
8-12 GHz -10 -10
2-4 GHz -11 -17
Eﬁ'f"S”' 4-8 GHz -12 -20
8-12 GHz -12 -10
2-4 GHz -3.2 -4
gzgf"S“' 4-8 GHz -3.5 -4
8-12 GHz -4.2 -5
2-4 GHz -10 -10
%é') 4-8 GHz -12 -17
8-12 GHz -16 -15
A 2-4 GHz 0 0.3
(O()D 4-8 GHz 0 0.5
8-12 GHz 0 1
4. RESULTS

A broadband 2-way multisection Wilkinson power divider is designed with microstrip on printed
circuit board technology for S-, C- and X-band applications. The prototyped WPD has 1/O reflection
coefficients better than -10 dB in the frequency band from 2 to 12 GHz. In addition, the insertion loss
is less than -5 dB while the isolation between the output ports is better than -10 dB in the 2-12 GHz.
Furthermore, the measured phase variation between the output ports of the prototype is less than 1.8°
in the operating frequency bandwidth. The proposed 2-way Wilkinson power divider could be utilized
in the broadband RF/microwave applications with its low-cost, compactness and broadband features.

5. DISCUSSION

The measurement results are close to the simulation results. On the other hand, the bandwidth of the
prototype is approximately 500 MHz wider than the simulation results. In addition, 1/O reflection
coefficients of the prototype is better than the measurement results in the S- and C-bands while the
measured insertion loss is approximately 1 dB higher than simulation results at the upper frequency
bandwidth. It is thought that the slight variation between the simulation and measurement results
could be caused by the difference between the resistor model that is utilized in the design and the
surface mount resistors that are soldered between the output ports of each section. In addition, the
prototyping machine manufacturing tolerances could be caused small variations in the dimension of
the coupled lines that can cause small variation in the S-parameter measurements. Moreover, the
proposed WPD could be utilized in broadband microwave operations because of having broadband
and low-loss characteristics, as well as having an easy and low-cost manufacturing process.
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ABSTRACT

In this study, the effect of biomass fly ash (BFA) as co-amendment was assessed on compost maturity
and reduction of N loss during municipal solid waste (MSW) composting. Composting experiments
were conducted using three ratios of BFA (0, 5 and 10%) in three in-vessel composting reactors for
105 days. MSW showed lower C/N ratio and higher moisture content for composting. Thermophilic
temperatures could not be reached in MSW treatment. However, co-amendment of BFA and MSW
extended the thermophilic stage and promoted compost maturity. Nitrogen loss from reactors co-
amended by BFA and MSW were reduced by compared with the control. While nitrogen loss was
62.75% in MSW treatment, it was 31.58% in 5% BFA treatment and 28.09% in 10% BFA treatment.
The results demostrated that 10% BFA could be a suitable additive to improve the quality of MSW
composting.

Keywords: Biomass fly ash, Municipal solid waste, Composting
1. INTRODUCTION

Recently, large quantities and various characteristics of wastes have been generated as a result of the
changes in consumption habits with the increasing population [1]. The correct management of solid
wastes is of great importance in order not to endanger human health and the life of other living things,
not to pollute the air, water, and soil, and to use the raw material and energy potential [2]. Living
standards of the societies are not affected and sustainable development is ensured with the selection
and implementation of the necessary/appropriate method, technology, and management programs
(Integrated solid waste management) towards a specific waste management objective [3]. The solid
wastes in general consist of organic wastes, metal, paper, plastic, glass and other wastes. The
distribution of solid wastes on a globally are 44% organic wastes, 17% paper, 12% plastic, 5% glass,
4% metal and 18% other wastes. It is known that the income level changes the shares in the waste
content, and it is observed that the amount of organic waste in the waste composition increases with
the decrease in the income level [2].

In the disposal of organic wastes, which have a high share in the solid waste composition, landfilling

and incineration ways that are not sustainable are generally applied due to limited space. Composting
is gaining importance day by day due to gas and liquid wastes generated in landfills and incineration
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processes [4]. Composting is a disposal and recovery method that biodegrades organic materials into a
final product called compost [5]. Material mixture and process management factors such as
temperature, pH, nutrient content, moisture content, and oxygen content affect the composting
process. The nutrient balance, expressed by the C/N ratio, must be between 25 and 35 for the growth
and activity of microorganisms [6, 7]. To achieve a good microbial activity, the pH value should be in
the range of 5.5 - 8.0 [6, 8]. With regular aeration, the temperature is controlled, while the increase in
moisture content and CO, content is removed. It is also a source of oxygen for microbial activities.
The desired O2 content in the composting process is 15 -20% [8, 9]. At the beginning of the
composting process, the moisture content is expected to be between 50-60% [10]. An increase in
moisture content weakens the O2 transfer between the materials, while its decrease reduces the rate of
degradation of organic substances [11]. In the composting process, thermophilic temperatures should
be reached to destroy pathogens. However, this temperature must not exceed the tolerance limit (52-
60°C) of microorganisms in order to continue microbial activities [6, 8].

By the use of additives in the composting process, it is possible to fast the activity of microorganisms
and improve the content of the final compost. Several additive materials have been the focus of
research such as hazelnut kernel [12], vermiculite [13], poultry waste [14], zeolite [15], and fly ash
[16], etc. Fly ash is a solid waste formed during the combustion of solid fuels, containing metal
oxides, unburned carbon, and other inorganic matters [17]. It is known that the use of fly ash in the
composting process will improve the quality of the final compost formed due to the carbon in its
structure [18].

In the present study, composting of fly ash and municipal solid waste for 105 days was investigated.
The scope of the present study is to (i) examine the composting of municipal solid wastes with fly ash,
(i) evaluate the effects of MSW and fly ash mixtures on the physicochemical properties such as
temperature, pH, and TN, and (iii) determine the optimum material mixing ratio.

2. MATERIALS and METHOD

2.1. Composting Materials

BFA was obtained from a Biomass Power Plant in Carsamba, Samsun. Municipal solid waste was
collected from a wholesale market hall in Samsun. Organic fraction of municipal solid waste was
seperated and shredded before the composting. The initial properties of the composting materials were
summarized in Table 1.

Table 1. Characteristics of composting materials used in the experiments.

Parameter BFA MSW
pH 514 7.26
EC (mS/cm) 247  2.04
MC (%) 6.13 71.50
Total N (%) 011 284
TOC (%) 6.29 6151
C/N 57.18 21.66
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2.2. Composting Procedure and Sampling

The composting experiments were carried out in-vessel reactors. The reactors had a volume of 30 L.
Air was pumped into each reactor at a rate of 10 L min™ during the process. A total of three reactors
were used in the experiments. The organic fraction of MSW and BFA were mixed at two different
ratios. A reactor was filled with only MSW and compared with co-composting reactors. The mixture
ratios in reactors are given in Table 2.

Table 2. Mixture ratios in reactors.

Reactor no Mixture ratio

T1 100% MSW

T2 5% BFA + 95% MSW
T3 10% BFA + 90% MSW

Each composting mixture was turned before every sampling. Temperature was measured daily using a
digital dry bulb thermometer within the pile. pH was measured in the aqueous extract (1:10 w/v
sample: water extract) using a pH meter with a glass electrode. Moisture content (MC) was
determined by drying the sample at 105 °C for 24 h in an oven. All measurements were conducted at
least in triplicate, and data are presented as the mean.

3. RESULTS AND DISCUSSION

During the composting process, organic materials are degraded by microorganisms and carbon
dioxide and water are formed as aerobic decomposition products. A large amount of energy is released
in the form of heat with microbial decomposition. The self-decomposition property of the composting
material leads to heat build-up which causes the temperature to rise. The resulting heat ensures the
removal of disease-causing microorganisms that are undesirable in the compost. The temperature
values observed in the three composting systems examined during the process are shown in Figure 1.
Temperature values in all systems increased during the first two weeks. After the second week, the
temperature values decreased. There was no significant change was observed in the temperature
values after reaching ambient temperature. The pathogenic organisms are generally eliminated at
temperatures above 55°C for 1 or 2 days [5]. In MSW treatment the maximum temperature reached to
41.5-C in the thermophilic phase. However, both of the co-amendment treatment reached the required
temperature for forced aeration (>55°C). Similar results have been reported by Kabak et al. [14], who
indicated that MSW treatment without the addition of any additives failed to reach sufficient
thermophilic temperatures in composting.
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Figure 1. Changes of temperature during the composting process.

The pH values of BFA and MSW were 5.14 and 7.26, respectively. As a result of mixtures of BFA
and MSW, the pH values changed between 6.26 and 6.89. The pH change in all systems during the
process is graphically shown in Figure 2. In all systems, pH values showed a rapid decrease when the
temperature peaked. It is stated that these decreases occur due to the rapid decomposition of organic
matter forming CO, and organic acids in the thermophilic phase. The pH value increased again in all
systems after the second week. The pH changes did not show much oscillation in the last weeks.
Optimum pH value for the final compost is between 6.5 and 7.2 [19]. At the end of the composting
process, pH value was measured as 8.25, 7.14 and 6.99 in MSW treatment, containing 5% BFA
treatment and containing 10% BFA treatment, respectively. Co-amendment treatments provided the
optimum pH range in final products. However, pH value of final compost of MSW treatment was not
in the optimum range. Similar results have been reported by Turan and Ergun (2008) for MSW
composting without any amendment material [15].
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Figure 2. Changes of pH during the composting process.

Nitrogen has an important place in the composting process since it is necessary for the activities and
reproduction of microorganisms. Other nutritive elements, which are necessary for the reproduction of
microorganisms, are mostly found in organic materials at sufficient levels. Nitrogen content is among
the parameters examined in composting processes, since it requires more than inorganic nutrients. The
total nitrogen content of MSW and BFA were 2.84 and 0.11, respectively. MSW contains a higher
amount of nitrogen than BFA. Total nitrogen content in all treatments decreased during the process.
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The most notable reductions were observed at high thermophilic temperatures. The variation of the
total nitrogen content observed in the treatments during the composting process is shown in Figure 3.

At the end of the process, the nitrogen loss in each system was calculated. Nitrogen losses are very
important due to the potential to pollute underground and surface water resources, to create odor and
to reduce the nutrient content of the compost. Approximately 20-77% of the nitrogen contained in
animal wastes is lost in the composting process [20] Nutrient losses during composting occur mainly
in the form of gas emissions. Martins and Dewes (1992) stated that approximately 47-77% of nitrogen
losses are in the gaseous state. An important part of this is in the form of NH3, and a small part is in
the form of N,O. Nitrogen losses occur in the form of NH; evaporation, especially when the
temperature is quite high and the pH is above 7. Low C/N ratio also increases NH; losses in poultry
waste [21].

The highest nitrogen loss occurred in the system containing 100% MSW with 62.75%. It is thought
that nitrogen loss in MSW is due to the high pH and moisture content. Nitrogen loss is reduced by
about half in co-amendment treatments compared to control treatment. The nitrogen losses were
31.58% and 28.09% and in the treatments containing 5% and 10% BFA, respectively.
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Figure 3. Changes of total nitrogen content during the composting process.
4. CONCLUSIONS

Composting is one of the recommended treatment methods for MSW. However, MSW requires
amendments to adjust process conditions for composting. In this study, the effects of BFA as an
amendment were investigated in MSW composting. The results showed that BFA as an amendment
was obviously effective in improving compost quality and maturity. In addition, it reduced nitrogen
loss during the composting process and provided higher thermophilic temperatures. Among different
BFA and MSW treatments, 10% BFA treatment obviously decreased TN losses during the
composting process.Hence, BFA can be recommended in MSW composting because it both improves
the compost properties and does not cost as a waste.
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0z

Inme, omurilik yaralanmalari, serebral palsi gibi rahatsizliklar nedeni ile alt ekstremite lokomotor
fonksiyonlarinin bir kismi veya tamami kaybedilebilmektedir. Bu tip hastalarda dogru ve uygun
rehabilitasyon programlart uygulandiginda lokomotor fonksiyonlarda pozitif artis saglanabilmektedir.
Ozellikle hemiplejik vakalarda erken donemde uygulanan rehabilitasyon programlari yardimi ile
basarili sonuglar elde edilmektedir.

Teknolojide meydana gelen gelismeler ile birlikte robotik sistemlerin rehabilitasyon siireglerinde
kullanim1 fikri ortaya atilmistir. Siire¢ igerisinde farkli teknik ve stratejilere sahip robotik
rehabilitasyon cihazlar1 iiretilmis ve aktif olarak kullanilmaya baslanmistir. Bu ¢aligmada inme,
omurilik yaralanmalari, serebral palsi gibi rahatsizliklar nedeni ile alt ekstremite fonksiyon kaybina
ugramis hastalarin rehabilitasyonunda kullanilan robotik rehabilitasyon cihazlarmin teknolojileri,
¢aligma prensipleri ve tedavi proseslerine getirdigi katkilar degerlendirilmistir.

Anahtar kelimeler:  Robotik  Rehabilitasyon, Yiiriime Rehabilitasyonu, Alt Ekstremite
Rehabilitasyonu,

LOWER-LIMB ROBOTIC REHABILITATION
ABSTRACT

Due to complications such as stroke, spinal cord injuries, and cerebral palsy, some or all of the lower
extremity locomotor functions may be lost. With such patients; when correct and appropriate
rehabilitation programs are applied in, a positive increase in locomotor functions can be achieved.
Especially in hemiplegic cases, successful results are obtained with the help of early rehabilitation
programs.

Thanks to the developments in technology, the idea of using robotic systems in rehabilitation
processes has been put forward. During the process, robotic rehabilitation devices with different
techniques and strategies were produced and started to be used actively. In this study, technologies,
working principles and contributions to the treatment processes of robotic rehabilitation devices used
in the rehabilitation of patients who have lost lower extremity function due to stroke, spinal cord
injuries, and cerebral palsy were evaluated.

Keywords: Lower Limb Robotic Rehabilitation, Robotic Rehabilitation, Gait Rehabilitation
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1. GIRIS

Inme, omurilik yaralanmalari, serebral palsi gibi rahatsizliklar hastalarda yiiriime kabiliyetinin bir
kismmmin veya tamaminin kaybina sebebiyet vermektedir. Yiirime kaybinin diginda farklhi
semptomlarinda ortaya ¢iktig1 bu tip rahatsizliklardan 6zellikle inme, 6liim nedenleri arasinda diinya
capinda goriilen Gglincli en sik 6liim nedenidir [1]. Bu rahatsizliklar hastalarda mobilite kaybi
olusturmakta ve yasam kalitelerini diisiirmektedir. inme sonrasi, viicudun bir tarafinda hemiparezi
veya kismi felce yol agan ve hastanin giinliikk yasam aktivitelerini gerceklestirme kabiliyetini etkileyen
norolojik bozukluklar siklikla ortaya ¢ikmaktadir [2]. Bu vb. nérolojik bozukluklarin giderilmesinde
rehabilitasyon siireglerinin dogru ve etkili olarak yonetilmesi biiyiilk ©Onem tasimaktadir.
Rehabilitasyon siire¢leri yardimi ile hastanin yeniden yiiriiyebilmesi bagimsiz bir hayat
stirdiirebilmesi agisindan ¢ok 6nemlidir. Dogru ve etkili bir rehabilitasyon programi hastalarin hizlica
toparlanip, iyilesmesine olanak saglayabilecektir. Fizik tedavi ve rehabilitasyon siire¢leri kaybedilen
islevlerin iyilestirilmesine yardimci olmaktadir [3,4]. Burada fizik tedavi ve rehabilitasyon siirecinin
asil amaci, spesifik hareketler yardimi ile hastada motor plastisiteyi tetiklemek ve boylelikle motor
iyilesmeyi saglamak olarak ifade edilebilir. Hareket uzvu etkilediginden uzuv ¢alistirilmalidir [2,4].
Yiiriime hareketi, “viicudu istenen ilerleme ¢izgisi boyunca aym anda ilerleten ve ayn1 zamanda sabit
bir agirhk tasgima postiriinii koruyan bir dizi hareketin alt uzuvlari tarafindan tekrarlanan
performansidir” seklinde ifade edilebilir[5]. Normal vyiiriiylis karakterize edilmek istenirse ana
unsurlar ilerleme, ayakta durma dengesi ve enerji tasarrufudur. Patolojik durumlar yiiriimenin
etkinligini degistirip bozacaktir. Ileri yonde ilerleme ve durus kararlilig1 korunabildigi takdirde olusan
kontrol kaybinin giderilmesi gerekir [6]. Hasta hareketlerinin viicudun belli bir bolgesine dogru
yogunlastirilmas1 viicutta sezgisel ve biitiinsel iyilesme saglayabilir[7]. Yiriime rehabilitasyonunda
terapotik egzersizler oncelikle bagimsiz yiiriime kabiliyetini eski haline getirmeyi amaglar. Modern
terapotik yaklagimlar biiyiik olgiide tekrarli uygulamalara dayanir[8]. Bu gorev odakli egitimler motor
Ogrenmenin temel prensiplerine dayanmaktadir[9,10]. Bu nedenle rehabilitasyon sirasinda tekrarh ve
dogru egzersiz kaliplarinin yogun bir sekilde hastaya uygulanmasi gerekmektedir. Norolojik kdkenli
problemlerin yogun, tekrarlayan ve gorev odakli egitimle azaltilabilecegi ve benzer sekilde bu
yaklagimin kisa ve uzun vadeli kortikal organizasyona yol agtigina dair ortaya ¢ikan kanitlar
bulunmaktadir [11,12,13,14,15]. Rehabilitasyon, kontrollii tekrarlayan ve degisken modeller
saglayarak noronal plastisiteyi etkileyen bir motor iyilesme saglayabilir[6]. Fizik tedavi ve
rehabilitasyon siirecleri hastalarda noronal plastisiteyi tetikleyerek iyilesme saglayabilir. Plastisite,
insan yasami boyunca noral bilesenlerin organizasyonunun degistirme kapasitesidir[16]. Adaptif
modifikasyonlar, beyindeki anatomik veya fonksiyonel degisikliklere yanit olarak ortaya ¢ikan noral
plastik olusumlardir [17,18]. Rehabilitasyon siiregleri noroplastisiteyi tetikleyerek hastalarda iyilesme
saglayabilecektir. Geleneksel terapi yontemlerinde fizyoterapistlerin is yiikii ¢ok fazladir. Aym
zamanda geleneksel terapide tekrarli hareketlerin ayni seviyede yaptirilmast ve Olgiilmesi,
rehabilitasyonu gergeklestiren uzmanin tecriibe ve kabiliyetlerine bagli olarak degisebilmektedir. Bu
durum tedaviden elde edilen verimi degistirmektedir. Robotik teknolojideki gelismeler ile birlikte,
rehabilitasyon siirecinde robotlarin etkin olarak kullanilmasi ile ilgili ¢ok ciddi ¢aligmalar yiiriitiilmiis
ve bu anlamda farkli teknik ve stratejileri kullanan cihazlar gelistirilmistir. Alt ekstremitenin
rehabilitasyonunda yiiriime kabiliyetinin yeniden kazanilabilmesi amaciyla rehabilitasyon siireci {i¢
faza ayrilabilir [19].

1. Yiiriiyemeyecek durumdaki hastalarin tekerlekli iskemle ile mobilizasyonu.
2. Yiiriime kabiliyetinin tekrar kazanilmast.
3. Giinliik hayat aktivitelerini gergeklestirmek {lizere ylriimenin iyilestirilmesi.
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Sekil 1° de alt ekstremitenin robotik rehabilitasyonu i¢in kullanilan yontemler verilmistir.

o Vicut agirlig
Viicut agirgy destekleme sistem|
~—

‘ //destekleme sistemi ——____| Exoskeleton

Exoskeleton Ayak Ortezi

Mobil - rehabilitasyon

Sabit robotik terapi
Unitesi
(©

(d) ()

Programlanabilir ayak
dizlemi

(a) (b)
Sekil 1. Alt ekstremitenin robotik rehabilitasyonu i¢in kullanilan yontemler [2].

Sekil 1° de gosterilen sistemler[2].

a) Kayar zemin (kosu bandi) destekli rehabilitasyon cihazi,

b) Programlanabilir ayak diizlemi destekli rehabilitasyon cihazi,
c) Mobil rehabilitasyon cihazi,

d) Sabit robotik terapi cihazi,

e) Ayak ortezi,

Seklinde gruplandirilabilir.

2. ALT EKSTREMITENIN ROBOTIK REHABILITASYONUNDA KULLANILAN
CIHAZLAR

2.1. Kayar Zemin (Kosu Bandi) Destekli Yiiriime Rehabilitasyon Cihazlar:

Kayar zemin yardimli yiiriime rehabilitasyon cihazlari, rehabilitasyon sirasinda dogru yiiriime kalibini
aktarmak amaci ile hastaya hareket aktarimi yaparken, ayni zamanda hasta hareketlerini siirekli
izleyerek raporlamaktadir. Bu yontemi kullanarak rehabilitasyon gerceklestiren cihazlarin ¢aligma
prensibi sekil 2° de sunulmustur. Hasta, cihazda bulunan agirlik eksiltici mekanizmaya sekil 2’ de
gosterildigi gibi kosum kiyafeti (harnes) araciligi ile baglanmistir. Kalga ve bacak hareketi bacaklara
baglanan robotik unsur yardimi ile saglanmaktadir. Ayrica dik durusun saglanabilmesi icin bir bel
destegi bulunmaktadir. Tleri gitme hareketi altta bulunan yiiriime band1 sayesinde simiile edilmektedir.
sistem hasta tepkilerini Olgiimleyip raporlarken {izerinde bulunan sensorlerden gelen verileri
kullanmaktadir. Bu konuda gelistirilen cihazlarin bir kismi ticarilesirken, bir kismi sadece prototip
diizeyinde iiretilmis ve ticari olarak satisa konu olmamigtir. Bu tipteki cihazlardan ticarilesmis ve en
yaygin olarak bilinen cihaz Hocoma firmasinin gelistirmis oldugu Lokomat isimli cihazdir.
LOKOMAT gibi benzer yaklagimla caligan diger rehabilitasyon sistemleri temelde adaptif ortak tork
geri bildirim fikrine gore ¢aligmaktadir [20].
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Sekil 2. Kayar zemin destekli robotik rehabilitasyon cihazlar1 caligma prensibi [21].

2.1.1. Lokomat

Bu cihaz Hocoma firmasi tarafindan gelistirilmis ve ticari olarak satigta bulunan bir cihazdir. Bu cihaz
robotik bir yiirliylis ortezi, gelismis bir viicut agirlik destek sistemi ve kosu bandindan
olugsmaktadir[21]. Cihaz iizerinde bulunan sensérler yardimi ile diz ve kal¢a ekleminde meydana gelen
torklart Olglimleyip raporlayabilmektedir. LokomatPro ve LokomatNano olmak {izere iki g¢esidi
bulunmaktadir. Cihaz iizerinde hastanin kargisinda konumlandirilmis monitor ile sesli ve gorsel
geribildirim yapilmakta ve hasta yonlendirilebilmektedir[22]. Lokomat ile yapilan klinik ¢aligmada
elde edilen sonuglar omurilik yaralanmasini takiben bir¢ok motor bozuklugun tedavisinde faydali
etkileri olduguna dair kanitlar bulununmustur [23].

LokomatPro LokomatNanos

Sekil 3. Lokomat robotik rehabilitasyon cihazi modelleri [24].

2.1.2. LokoHelp

Woodway firmasi tarafindan tiretile LokoHelp isimli rehabilitasyon cihazi end-efektor tipinde bir
cihaz olarak kabul edilir. Elektromekanik yapida olan bu cihazin gelistirilme amaci agirlikli olarak
beyin travmalar1 sebebiyle olusan yiiriime problemlerini gidermektir [25]. LokoHelp rehabilitasyon
cihazinda, kayar bandin 6n tarafina sabitlenmis pedal sistemi, kayar zemin (kosu bandi) orta
ekseninde yiizeye paralel yiirlime dogrultusunda yerlestirilmistir. Cihaz iizerinde ayrica viicut agirligi

21



Journal of Scientific Reports

Kdse, K.C., Journal of Scientific Reports-C, Say: 2, 18-31, Aralik 2021.
Kose, K.C., Journal of Scientific Reports-C, Number 2, 18-31, December 2021.

dengeleme sistemi bulunmaktadir. Freivogel vd. tarafindan yapilan klinik ¢aligmalarda cihazin
fizibilite ve etkinligi degerlendirilmistir [26].

Sekil 4. Lokohelp robotik rehabilitasyon cihazi [27].

2.1.3. ReoAmbulator

Motorika firmasi tarafindan tiretilmis bir rehabilitasyon cihazi olan ReoAmbulator, benzer cihazlarda
oldugu gibi viicut agirligr dengeleme sistemine sahip kayar zemin destekli robotik sistemdir [28].
Cihaz yapisal olarak diger cihazlar ile benzer karakteristikte calismaktadir.

Sekil 5. ReoAmbulator robotik rehabilitasyon cihazi [29].
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2.1.4. RoboGait

Tirkiye’ de Bama teknoloji firmasi tarafindan gelistirilip iiretilmis bir cihaz olan RoboGait,
ticarilesmis ve fizik tedavi ve rehabilitasyon merkezlerinde kullanimda olan bir cihazdir. Yapisal
olarak diger kayar zemin yardimli robotik cihazlar ile ayni1 6zellikleri tagimaktadir. Benzerlerinden
farkl1 olarak yetiskin ve pediatrik i¢in ayr1 {inite kullanim zorunlulugu bulunmamaktadir.
Ayarlanabilir yapisi sayesinde hem yetigkin hem pediatrik hastalarda ayni {inite kullanilabilmektedir.

Sekil 6. RoboGait robotik rehabilitasyon cihazi [30].

2.1.7. Walkbot

Giiney koreli P&S mekanik sirketi tarafindan iretilmis olan Walkbot, Walkbot-K, Walkbot-S,
Walkbot-G seklinde ii¢ ayrt model olarak iretilmektedir. Walkbot- K pediatrik hastalar igin
gelistirilmig bir modeldir. Walkbot-S standart model olarak piyasaya siiriilmiigtiir. Sistemin ¢aligma
yapist diger kayar zemin yardimli robotik cihazlar ile ayn1 yapidadir.

Sekil 7. Walkbot robotik rehabilitasyon cihazi modelleri [31].

23



Journal of Scientific Reports

Kdse, K.C., Journal of Scientific Reports-C, Say: 2, 18-31, Aralik 2021.
Kose, K.C., Journal of Scientific Reports-C, Number 2, 18-31, December 2021.

2.2. Programlanabilir Ayak Diizlemi ile Robotik Yiiriime Rehabilitasyon Cihazi

Yiriime rehabilitasyonu i¢in gelistirilen cihazlarin bazilarinda ayak, tabandan hareketin aktarildigi
programlanabilen bir diizlem yardimi ile hareket ettirilmektedir. Bu tip cihazlara ayn1 zamanda end-
efektor cihazlarda denilmektedir. Hareketin ayak tabanindan aktarilmasi sayesinde bacak iizerine
robotik ortez yerlestirme zorunlugu ortadan kalkmaktadir. Hastanin fonksiyon kaybina gore, bacaklari
ve durusu desteklemek igin bazi ortezler kullanilabilmektedir. Kayar zemin yardimh cihazlarda
oldugu gibi bu cihazlarda da viicut agirlig1 destekleme sistemi kullanilmaktadir.

2.2.1. Geo- system evolution

Reha technology tarafindan isvigre de iiretimi yapilmaktadir. End-efektor tipinde bir cihaz olup
hareket ayak tabanindan hastaya aktarilmaktadir. Bu cihaz, viicut agirligint destekleyen kosum takimi
ile birlikte iki ayak igin ayr1 ve bagimsiz programlanabilen ayak diizlemi ve bilgisayar ara yiiziinden
olusmaktadir. Kalga ve gévde ayak tabanindan aktarilan harekete gore serbestce hareket eder. Cihaz
ayrica merdiven ¢ikma programu ile farkl bir rehabilitasyon imkani tanimaktadir. Firmanin G-EOs, G-
EO, ve G-EO; olmak iizere toplam ii¢ farkli modeli bulunmaktadir.

G-EO1 Modeli G-EO L Modeli G-EOs Modeli

Sekil 8. G-EO robotik rehabilitasyon cihazi modelleri [32].
Thera-trainer lyra
Bu cihaz da end-efektor tipinde bir cihaz olup, rehabilitasyon sirasinda hareket ayak tabaninda, ayagin
baglandigi diizlem tarafindan hastaya aktarilmaktadir. Bu cihaz da viicut agirligint destekleyen ve iki
ayak i¢in bagimsiz programlanabilen ayak diizlemi ve bilgisayar ara yiiziinden olugsmaktadir.

Sekil 9. There-trainer lyra robotik rehabilitasyon cihazi modelleri [33].
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2.2.2. Gangtrainer (GT)

Gangtrainer GT | reha-stim firmasi tarafindan ticarilestirilmistir [2]. Cihaz rehabilitasyon sirasinda
agirlik eksilterek ve hastanin bireysel kapasitesi ve hizina uyumlu bir sekilde hareket 6zgiirligiinii
yeniden kazandirmaktadir [34]. Hastanin dengesi kusak (harness) sistemi yardimi ile saglanmaktadir.
Ayak baglanti plakalari yardimi ile yiiriiylis Simiile edilmektedir. Klinik olarak bu cihaz yardimi ile
yapilan rehabilitasyon siiregleri ve etkileri {izerine diinyada ¢ok sayida ¢alisma yapilmustir [35,36].
Reha — stim firmasi Gait trainer GT I’ i rettikten sonra, bu cihazda elde edilen bilgi birikimini
kullanarak Gait trainer GT II modelini geligtirmistir.

Sekil 9. Gait trainer GT |l robotik rehabilitasyon cihazi modelleri [37].

2.3. Ayak Ortezi ve Rehabilitasyon Robotlar:

Ayak bileginde meydana gelen rahatsizliklar sonucunda bireyde mobilite kaybi sik¢a goriilmektedir.
Bu tip hastalarda, rehabilitasyon siirecinde ayak bilegini destekleyecek ve ayak bileginin hareket
yapisina uygun hareketleri aktarabilecek ortezler ve platform temelli cihazlar kullanilmaktadir. Aktif
ortez terimi, tipik olarak, kullanict veya terapist talimatlari altinda bir veya daha fazla eklemde giicii
artirmay1 amaglayan antropomorfik bir cihazi tanimlamak igin kullanilir[38]. 1k aktif ortezler 1935
yilinda tescil edilmistir[39]. Aktif ortezlerde MIT yiiksek siirtiinme ve giiriiltii gibi problemleri
gidermek iizere, vidali mil ve spiral yay kullanarak bir seri elastik aktiiator ekleyerek alternatif bir
tasarim gergeklestirmistir [40]. Sekil 10°da MIT ve Arizona State Universitesi tarafindan tasarlanmis
olan aktif ortezler verilmistir.

Connection0 a
1o Controlier Anda FooC

3

Ground Reaction(
Force Sensors

Sekil 10. MIT ve Arizona State Universitesi tarafindan tasarlanmis olan aktif ortezler [41,42]
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Ik olarak 1952’ de McKibben tarafindan gelistirilen pnomatik aktiiatorler, yapay pnomatik kas
olugturmada kullamilmigtir [43]. Bu yap1 kullanilarak daha hafif ve kolay iiretilebilen aktif ortezler
tasarlanmustir. Sekil 11° de Gordon ve arkadaslar1 tarafindan tasarlanmis olan ve ¢ift pndmatik kas
kullanilmus aktif ortez gosterilmigtir [44].

Sekil 11. Gordon ve arkadaglarinin tasarlamig oldugu aktif ortez [44].

Aktif ortezler ile yapilan caligmalar ile birlikte ayak bilegi rehabilitasyonunda, platform temelli
cihazlar gelistirilmistir. Yapisal olarak hastanin ayaginin yerlestirildigi bir platform araciligi ile
hareket aktariminin yapildigi cihazlardir. Bu kategorideki ilk robot Rutgers Ankle olarak ifade edilir
[45]. Ayrica Liu ve arkadaslar1 [46], Yoon ve arkadaslari [47] prototip cihazlar gelistirmislerdir. Bu
kategoride gelistirilen pek ¢ok robotik cihaz, tasariminda Gough-Stewart platformundan esinlenmistir
[48]. Sekil 12’ de Rutgers Ankle, Liu ve arkadaglari, Yoon ve arkadaslar1 tarafindan tasarlanan
cihazlarin gorselleri paylasilmistir

Rutgers Ankle Liu prototip cihazi Yoon prototip cihaz1

Sekil 12. Rutgers Ankle, Liu ve arkadaslari, Yoon ve arkadaglari tarafindan tasarlanan prototipler
[45,46,47]
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3. SONUCLAR

Bu c¢aligmada, alt ekstremitenin robotik rehabilitasyonunda kullanilan cihazlar ve teknikleri hakkinda
bilgi paylagilmistir.  Geleneksel rehabilitasyon  yontemlerinde —rehabilitasyonun  basarisi,
rehabilitasyonu gerceklestiren uzmanin tecriibesi ve uygulamaya bagli olarak degisiklik
gostermektedir. Ayrica rehabilitasyon siirecinin ve hastada meydana gelen diizelmelerin 6l¢iilmesi
fizyoterapistler agisindan zahmetli siiregler igermektedir. Robotik rehabilitasyon ile zamanin daha
verimli kullanilabilmesi ve daha fazla hastanin rehabilite edilebilmesi saglanabilmektedir. Ayrica
fizyoterapistlerin is yiikiinli azaltmasi sayesinde, uzmanlarin hastalar ile daha rahat ilgilenebilmesine
imkan tanimistir. Mehrholz ve arkadaglar1 yaptigi bir ¢alismada, fizyoterapi ile birlikte robotik
yurilyiis egitiminin inme sonrasi hastalarda bagimsiz yiiriimeyi iyilestirebilecegini gosterdi[49]. Lo ve
arkadaglar1 hafif ve siddetli bozukluklar1 olan hastalarin bir alt grup analizini ger¢eklestirmistir;
robotik cihazlarla tedavi edilen ciddi rahatsizliklar1 olan hastalarin, geleneksel tedavi ile tedavi edilen
hastalara gore daha iyi gelisme gosterdigi sonucuna ulastilar [50]. Bruni ve arkadaglar1 2018'de end-
efektdr robotlarm bir kontrol grubuna kiyasla yilirime hizini iyilestirmede dnemli dl¢lide daha etkili
oldugunu bulmus ve dis iskelet robotlarinin geleneksel terapiden daha etkili olduguna dair hi¢bir kanit
bulamamislardir[51].

4. TARTISMA

Bu ¢alismada, alt ekstremitenin robotik rehabilitasyonunda kullanilan cihazlar ve yontemleri, yiiriime
rehabilitasyonu agisindan degerlendirilerek genel 6zellikleri ve rehabilitasyon yaklasimlar: hakkinda
bilgi verilmistir. Geleneksel yontemlere kiyasla robotik rehabilitasyonun avantajlarindan
bahsedilmistir.

TESEKKUR
Bu calismada, alt ekstremitenin robotik rehabilitasyonunda kullanilan cihazlar ve yontemleri

degerlendirilmistir. Bu vesileyle, robotik rehabilitasyon siire¢lerinin gelistirilmesinde emegi olan tim
bilim insanlarina tesekkiir etmek isterim.
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