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 15 :الملخص             

المشية له العديد من التطبيقات في التقييم الكمي لمشية الإنسان الطبيعية أو المرضية.  يتم حساب العديد   تحليل 16 

التحريكية   المحدداتالحركية، و   المحددات  ،بما في ذلك بارامترات المسافة الزمن  في مراقبة المشية  من المحددات 17 

مقياس ما. في هذا البحث، تم استخدام نظام المنطق  مفاصل لتقييم مشية المريض بشكل عددي أو بناء على  لل 18 

الثاني النوع  من  ذكي  Fuzzy logic type-2  الضبابي  مؤشر  انحرافات يقي  (FL2-AKHDI)  لتصميم  م  19 

لدى مرضى الشلل الدماغي قبل وبعد الجراحة مقارنة بالأطفال الذين يتطورون  والورك    الكاحل والركبة  مفاصل 20 

زوايا   المميزة من مخططات  السمات  باستخراج  المقترحة  المنهجية  تبدأ  طبيعي.  الوركبشكل  الركبة و   مفاصل  21 

أداء المؤشر المقترح. ، تقييم  بناءً على الميزات المستخرجة. وأخيراً   FLوالكاحل خلال دورة المشي، ثم تهيئة نظام   22 

وخلصت النتائج إلى أنه من الممكن استخدام المنطق الضبابي من النوع الثاني في تقييم فعالية العمليات الجراحية   23 

تتوافق  و ،  (%25)  لمرضى الشلل الدماغي، حيث انخفضت القيمة المتوسطة للمؤشر لمجموعة المرضى بنسبة 24 

. كما وتأتي أهمية هذا (%21)  والتي تساوي   GPSمؤشر  القيمة المتوسطة لتلك النسبة مع نسبة الانخفاض في   25 

البحث في تقديم نموذجاً أولياً لنظام دعم القرار الطبي الذي يمكنه تقييم الحالات المرضية بشكل كمي، وكذلك  26 

 FL. 27تقييم كفاءة العلاج والتدخل الطبي باستخدام 

 28 
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Abstract:  52 

Gait analysis has many applications in the quantitative assessment of normal or patho- 53 

logical human gait. Many parameters are calculated in gait monitoring, including spatiotem- 54 

poral, kinematic, and joint kinematic parameters to evaluate the patient's gait numerically or 55 

based on a scale. In this research, a Fuzzy logic type-2 system was used To design a smart 56 

index (FL2-AKHDI) that evaluates the deviations of the ankle, knee, and hip joints in CP 57 

patients before and after surgery compared to children with normal development. The pro- 58 

posed methodology starts by extracting the characteristic features from the angle diagrams of 59 

the hip, knee, and ankle joints during the gait cycle. Then it initializes the FL system based on 60 

the extracted features. Finally, the performance of the proposed index will be evaluated. The 61 

results concluded that it is possible to use Fuzzy logic type-2 to evaluate the effectiveness of 62 

surgical operations for patients with cerebral palsy The average value of the index for the 63 

patient group decreased by (25%), and this percentage corresponds to the percentage of de- 64 

crease in the average value of the GPS index, which is equal to (21%). The importance of this 65 

research also lies in providing a prototype of a medical decision support system that can quan- 66 

titatively evaluate disease conditions and evaluate the efficiency of treatment and medical in- 67 

tervention using FL. 68 

 69 

Keywords: Gait Analysis, Spastic Cerebral Palsy, Fuzzy Logic. 70 
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 71 

1- Introduction 72 

Damage to the brain (central nervous system) in patients 73 

with cerebral palsy causes incorrect movement control 74 

(Kawamura et.al., 2007) resulting in a complex walking 75 

deformity, and it is challenging to identify this deformity 76 

through a traditional physical examination or visual vision 77 

alone (Ajagadamma et.al., 2010) so it has become com-78 

puterized gait analysis is an urgent necessity, as it adds 79 

quantitative measurements that include a large set of data 80 

that gives a definition of gait deviations and a better un-81 

derstanding of them, which helps in developing the most 82 

appropriate treatment plan and then evaluating the results 83 

of treatment and the amount of improvement in walking 84 

(Armand et.al., 2016).  85 

By using gait analysis many parameters, including spatio-86 

temporal and kinematic param-87 

eters, are calculated to assess 88 

the patient's gait numerically or 89 

on a scale (Khalaf et.al., 2022). 90 

The existence of numerous pa-91 

rameters, as well as the uncer-92 

tainty associated with each pa-93 

rameter, makes accurately as-94 

sessing a patient's gait difficult. 95 

Furthermore, comparing re-96 

sults for a particular patient at various times or clinical 97 

points makes determining treatment efficacy difficult.   98 

Accordingly, data complexity hampered the clinical use of 99 

gait analysis in many clinical trials, raising awareness of 100 

the need for a summary index, a single measure of the 101 

quality of human gait pattern that addresses the maximum 102 

number of gait parameters that have the greatest impact on 103 

medical diagnosis (Rosati et.al., 2017). 104 

Accordingly, considerable effort has been expended in de-105 

veloping indices that summarize and condense the infor-106 

mation derived from many gait parameters as a result of 107 

gait analysis into a singular score. 108 

Fuzzy logic (FL) is one of the most reliable artificial in-109 

telligence tools in evaluating and classifying human gait 110 

due to its ability to mimic human reasoning. FL produces 111 

accurate outputs by using reasoning methods based on a 112 

set of inputs and knowledge bases that represent the hu-113 

man expert. Moreover, it enables accurate gait evaluation 114 

and assists clinicians in understanding the mechanism of 115 

gait. (Massoud, R. (2022)   116 

The application of fuzzy logic in the clinical studies of hu-117 

man gait is still rare. On the other hand, studies have 118 

shown that it can deal with the large number of parameters 119 

studied in gait analysis and the possibility of assembling 120 

and expressing them according to a semantic expression 121 

that describes the degree of weakness or deviation in hu-122 

man gait. 123 

Researchers have begun to use a Type 2 fuzzy logic sys-124 

tem (Type 2 FLS) in gait classification because it can 125 

model uncertainties in gait patterns and deal with noise in 126 

measured gait data. The researchers used Type 2 FLS re-127 

lying on four features derived from kinematics and EMG 128 

data to build a gait classification system to recognize the 129 

gait patterns of healthy people with reconstructed anterior 130 

cruciate ligament (ACL-R). Type 2 FLS outperforms Type 131 

1 FLS in terms of classification accuracy (Massoud, 2022). 132 

Cerebral palsy (CP) is the most prevalent motor impair-133 

ment in childhood. Cerebral palsy is a collection of dis-134 

eases that impair a person's ability to move, balance, and 135 

keep equilibrium. Spastic CP (SCP) refers to the damage 136 

or issue in the motor cortex of the brain. Where the motor 137 

cortex is in charge of action planning and regulation, a 138 

SCP kid suffers from gait impairment and instability (Ros-139 

enbaum, 2003). The worldwide incidence of cerebral 140 

palsy is approximately 2 to 4 per 1,000 live births. In In-141 

dia, it is estimated at 3 cases per 1000 live births (Gupta, 142 

2023). 143 
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This percentage varies from one country to another and 144 

also varies in the same country from one time period to 145 

another (Ajagadamma et.al., 2010). Spastic cerebral palsy 146 

(SCP) is considered the most common type of cerebral 147 

palsy, as its incidence exceeds (70%) of cerebral palsy pa-148 

tients (Stanley et.al., 2006). It occurs when the brain injury 149 

is in the cerebral cortex (Al-Gabbani, 2006), causing neu-150 

romuscular motor problems in patients in which spasticity 151 

is the dominant clinical feature (Whittle, 2007). 152 

Recently, (Al-Mawaldi and Khadour, 2022) presented a 153 

clinical study involving gait analysis of SPC and healthy 154 

children. The study included 10 individuals with spastic 155 

CP who endured (SEMLS) at the age of (9.2±3.2) years. 156 

And a set of 10 healthy children aged (8.2±2.2) years. 157 

They compared kinematic parameters such as Gait Profile 158 

Score (GPS) before and after Single Event Multilevel Sur-159 

gery (SEMLS) on walking for Spastic Cerebral Palsy chil-160 

dren. 161 

2- Research objective 162 

 163 

This research aims to assess the effect of surgeries on chil-164 

dren with cerebral palsy, using fuzzy logic type-2 by 165 

building a digital index to assess the degree of deviation 166 

of the hip, knee and ankle joints (FL2-AKHDI) before and 167 

after surgical operations for children with cerebral palsy. 168 

Each joint is evaluated with a subsystem fuzzy logic that 169 

takes into account the important angles of the gait cycle 170 

and the times of its occurrence. Then the fuzzy systems 171 

are collected for each of the joints using a final fuzzy sys-172 

tem that gives in its output a digital value to the deviation 173 

of the hip, knee and ankle joints. 174 

3- Reference studies 175 

Fuzzy logic shows a high potential in gait classification. 176 

Because fuzzy algorithm translates the experiences of ex-177 

perts into objective rules that trigger based on subject data. 178 

Studies built fuzzy logic inference systems based on gait 179 

kinematic, kinetic, or time distance parameters (Darbandi 180 

et.al., 2020). (Massoud et .al, 2023) utilized a fuzzy infer-181 

ence system based on ground reaction force to determine 182 

the severity of spastic cerebral palsy in 10 children. The 183 

system output is a percent that represents the severity of 184 

the examined subject and how much is close to being 185 

healthy (0%) and severe SCP (100%).  186 

(Rosati et.al., 2017) proposed a new index to evaluate the 187 

level of gait impairment of a patient based on fuzzy logic. 188 

The proposal is a compilation of two Fuzzy Inference Sys-189 

tems (FISs) where one system uses gait phases (GP) (re-190 

ferred to as FIS-GP) to evaluate gait and the other system 191 

relies on knee joint kinematics (JK) and is referred to as 192 

FIS-JK. 193 

Two groups of samples were used, one of which was used 194 

for training and building the system (FISs), and it con-195 

sisted of thirty people who did not suffer from any neuro-196 

logical or movement diseases that could affect their gait. 197 

The other group is to test and verify the validity of the 198 

proposal and includes (twelve healthy people - five people 199 

with an artificial hip and two people with poor muscle 200 

control). 201 

The result was validated by comparing analyses of two 202 

gait analysis experts on a group of 12 people, some of 203 

whom had gait disorders and others did not. 204 

The study concluded by comparing the three classifica-205 

tions (of the proposed system and the two human experts) 206 

to show that the system gives the same result given by the 207 

human expert (Rosati et.al., 2017). 208 

In her master's thesis at an Italian university, (Colaci, 209 

2020) adopted the electromyogram approach in analyzing 210 

gait and concluded an indicator that links gait deviation 211 

with the asymmetry of the electrical signal of the muscles 212 

(EMG). Data of five markers extracted from the EMG sig-213 

nal of four individuals were collected and classified ac-214 

cording to the fuzzy logic controller and then divided into 215 

the training set and the testing set (respectively 75% and 216 

25%) to be processed by reinforcement and non-reinforce-217 

ment learning algorithms for prediction. level of incon-218 

sistency. 219 

The researcher built the fuzzy rules in this study by apply-220 

ing hierarchical clustering algorithms calculated for each 221 

class. With the use of the min-max rule to obtain each 222 
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value in the interval (0 – 1), some of the membership func-223 

tions were triangular in shape and others were trapezoidal. 224 

The researcher (Colaci, 2020) concluded the results by de-225 

termining the muscle asymmetry index and studying its 226 

effect on changing walking parameters. However, her 227 

study lacked sufficient precision because the data model 228 

was not combined with other information explaining the 229 

condition of the patients who were studied. 230 

On the other hand, (Massoud, 2022) presented a smart in-231 

dicator that numerically evaluates the deviations of walk-232 

ing in high heels. The Index was created using a type-2 233 

fuzzy logic system based on the natural state (barefoot).  234 

The study samples were 14 young female students from 235 

the University of Damascus, all of whom had a moderate 236 

level of physical activity, with no health problems that 237 

may affect their gait. The experiments were conducted in 238 

the biomechanics laboratory at the University of Damas-239 

cus using a system of six motion capture cameras with in-240 

frared sensors and two force plates. 241 

The proposed system is based on spatiotemporal parame-242 

ters of normal walking. Therefore, its importance goes be-243 

yond the benefit of detecting heel height and its effect on 244 

gait, as the index can also be used to evaluate cases of 245 

pathological gait deviation or gait deviations due to trau-246 

matic injuries in orthopedic and rehabilitation centers 247 

for patients with gait deviation. The research results 248 

indicated that the swing time, stance time, double 249 

support time, stride time, and stride width increase 250 

with increasing heel height. 251 

4- Methodology 252 

 253 

4-1- Data collection 254 

4-1-1 Data used to build the index 255 

To build the fuzzy logic system, the kinematic parameters 256 

of the gait of typically developing healthy children were 257 

collected from the Biomechanics Laboratory in the De-258 

partment of Medical Engineering at Damascus University 259 

using the SMART-D Motion Capture System, in addition 260 

to the kinematic data from the literature. Table 1 shows the 261 

data for healthy children whose kinematic data was used 262 

to build the (FL2-AKHDI).  263 

Table 1. includes the data for the children that were 264 

used to build the fuzzy 265 

Re-

searcher’s 

name 

Year 

N. OF 

chil

dre

n 

ren 

Age 

(year) 

(SD) 

Height 

(cm) 

(SD) 

Weight 

(kg)  

(SD) 

Gen

der 

Katharine J 

et.al [25] 
2002 10 

7.8 

±2.5 
- - - 

Manuela 

Galli et.al 

[26] 

2010 15 
9.2 

±5.7 

130.3 

±7.1 

33.5 

±9.4 

6 M 

9 F 

Veronica 

Cimolin 

et.al [27] 

2010 15 
8.9 

±3.8 

128.6 

±7.4 

29.8 

±7.7 

7 M 

8 F 

Meta N 

Eek et.al 

[28] 

2017 10 
10.7 

±1.9 

148 

±11 

35.1 

±7.4 

5 M 

5 F 

Al-Mawaldi 

& 

Khadour 

[20] 

2022 10 
8.9 

±2.9 

128 

±16.7 

26.6 

±11.4 

7 M 

5 F 

 266 

 267 

4-1-2 Data used in testing the indicator 268 

Three datasets were used to test and evaluate the perfor-269 

mance of the (FL2-AKHDI): 270 

 271 

  First dataset 272 

The angle values and their occurrence times were used for 273 

five new reference studies  in Table 2, different from the 274 

studies in Table 1 that were used in constructing the fuzzy 275 

system for  typically developing children, taking into ac-276 

count that data of age, height, and weight are close to the 277 

data of the children whose kinematic data were used to 278 

build the fuzzy system.  279 

 280 
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 281 

 282 

Table2. includes characteristics of healthy children 283 

in studies that were used to evaluate the fuzzy sys-284 

tem. 285 

Re-

searcher’s 

name 

Year 

N. 

OF 

chil-

dren 

Age 

(year) 

(SD) 

Height 

(cm) 

(SD) 

Weight 

(kg) 

(SD) 

Gen-

der 

Stansfield 

et.al 

 [29] 

2005 16 

9.55 

±1.41 

138 

±11 

32.64 

±8.07 

8 

M 

8 

F 

Victoria 

et.al 

[30] 

2006 12 

8 

±0.53 

129 

± 9 

27.86 

±6.03 

7 

M 

5 

F 

Katarzyna   

et.al  

[31] 

2019 8 

8.11 

±1.17 

125 

±5 

26.57 

±8.14 

- 

Ye ma  

et.al 

[32] 

2019 10 

7.9 

±1.4 

132 

±11 

26.8 

±6.3 

5 

M 

5 

F 

 

Jurgita 

et.al 

[33] 

2022 17 

7.88 

±1.97 

131 

±11 

28.75 

±7.41 

6 

M 

11 

F 

 286 

 Second dataset 287 

The angles and their times of occurrence were used for a 288 

sample of 10 healthy children who were used in the re-289 

search (Al-Mawaldi &Khadour, 2022) whose average age 290 

is 8 years, average weight is 26 kg, and average height is 291 

129 cm. 292 

Third dataset 293 

In the end, the angle values for ten children with cerebral 294 

palsy were taken from the reference (Al-Mawaldi &Kha-295 

dour, 2022), whose average age is 8.8 years, average 296 

weight is 23.2 kg, and average height is 120.3 cm. Multi-297 

level surgeries were performed on children with cerebral 298 

palsy in this dataset to improve their gait. Table 3 shows 299 

the operations performed on these children, whether on 300 

one limb or both limbs. 301 

Table 3. Shows the operations performed on chil-302 

dren with cerebral palsy (Al-Mawaldi &Khadour, 303 

2022). 304 

ID Type of surgery 

Cp1 

Lengthening the tendons of the knee 

joint for both limbs, amputation of 

the rectus femoris for both limbs and 

amputation of the hip adductor mus-

cles for both limbs. 

Cp2 

Achilles tendon lengthening of the 

right limb, rectus femoris muscle bi-

opsy for both limbs and hip adductor 

biopsy for both limbs 

Cp3 Rotation biopsy of the left leg bone 

Cp4 

Lengthening the Achilles tendon for 

both limbs and lengthening the pos-

terior tendons of the knee joint for 

both limbs 

Cp5 
Lengthening the Achilles tendon on 

the right limb 

Cp6 
Lengthening the Achilles tendon in 

both limbs 

Cp7 

Lengthening the Achilles tendon and 

knee joint tendons on the right side 

only 

Cp8 
Lengthening the Achilles tendon in 

both limbs 

Cp9 
Lengthening the Achilles tendon in 

both limbs 

Cp10 

Lengthening the Achilles tendon and 

knee joint tendons on the right side 

only 
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 305 

4-2- Features extraction  306 

Considering the reference studies and the methods of deal-307 

ing with angles. It was found that the important angles 308 

during the gait cycle of the joints are located at the positive 309 

or negative peaks of the joint angle trajectory as shown in 310 

Figure 1.    311 

The Important angles take the numbers 1-2-3-4. 312 

 313 

 314 

 315 

Figure 1. Points of interest from angle trajectories 316 

used as input to the fuzzy system, up hip angle tra-317 

jectory, in the middle knee angle trajectory, down 318 

ankle angle trajectory (Al-Mawaldi &Khadour, 319 

2022). 320 

Based on the angle charts and tables found in the reference 321 

studies for healthy children, the important angles (peaks) 322 

were extracted from each study with their standard devia-323 

tion, and averages were calculated in Table 4. But when 324 

talking about constructing fuzzy logic according to the 325 

values of important angles, their occurrence times as a per-326 

centage of the gait cycle must be taken into account. 327 

Therefore, the time of occurrence of the angles and their 328 

standard deviations were extracted, and the averages (for 329 

times and their standard deviations) were calculated.  Ta-330 

ble 4 shows the average angles, average times, and stand-331 

ard deviations for all the reference studies in Table 1 332 

which was used in constructing the fuzzy system.  333 

Table 4. The average angles, times, and standard de-334 

viations used in constructing the fuzzy system 335 

Joint Variable 

1 2 3 4 

Mean 

(SD) 

Mean 

(SD) 

Mean 

(SD) 

Mean 

(SD) 

Ankle 

Angle ( deg) 

 

-5.5 
(±3) 

14 

(±4.42) 

-13 
(±4) 

4.3 
(±3) 

Time (% of 

the Gait cy-

cle) 

8 
(±3) 

46 
(±3) 

66 
(±3) 

86 
(±3) 

Knee 

Angle ( deg) 

 

20 
(±3.2) 

8 
(±3.5) 

64 
(±5.6) 

- 

Time (% of 

the Gait cy-

cle) 

13.5 
(±3) 

43 
the 

(±3) 

73 
(±3) 

- 

Hip 

Angle ( deg) 

 

38 
(±4) 

-6 
(±4.5) 

39.5 
(± 5) 

- 

Time (% of 

the Gait cy-

cle) 

5 
(±3) 

54.5 
(±3) 

91 
(±3) 

- 

 336 

4-3- Fuzzy Logic Model 337 

Proposed fuzzy system 338 

Figure 2 shows The block diagram of the proposed fuzzy 339 

system, whose final result will give an index for evaluat-340 

ing the knee and ankle deviation. 341 
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342 

Figure 2. The block diagram of the proposed fuzzy 343 

system 344 

The proposed system consists of three stages, as shown in 345 

Figure 2. 346 

Subsystems in the first stage detect the deviations in gait 347 

based on the values of angles or their occurrence times (% 348 

of the gait cycle) according to the system at the level of 349 

the hip, knee and ankle joints. The output of each system 350 

at this stage is a numerical value between zero and one, 351 

where 0 means that there is no deviation in gait from the 352 

baseline (normal children), and 1 indicates the largest de-353 

viation that the subsystem can enumerate. 354 

The three subsystems in the second stage take their inputs 355 

from the output of the fuzzy subsystems in the first stage 356 

and also give their output a digital value between zero and 357 

one. 358 

The third stage is the (FL2-AKHDI), which gives a nu-359 

merical value between zero and one. The values range ac-360 

cording to the hip, knee and ankle deviation from zero (no 361 

deviation in gait from the baseline) to one (the largest de-362 

viation that the subsystem can enumerate). 363 

The FLS output has the same design for all systems. It has 364 

four fuzzy sets: Normal, Medium, High, and Extremely 365 

high. These fuzzy sets describe how close gait parameters 366 

are to the normal ones (normal children). When the fuzzy 367 

output is Normal, this means that the gait is as close as 368 

possible to the normal gait, while Extremely high indi-369 

cates a great deviation from the normal gait. 370 

Type-2 fuzzy logic system (T-2 FLS)  371 

 372 

In this study, T2-FLS was used to build all fuzzy logic sys-373 

tems using Matlab R2019aVR by IT2-FLS open-source 374 

toolbox (Taskin et.al., 2015) 375 

 376 

The internal structure of T2-FLS is similar to its type-1 377 

counterpart. However, the main differences are that T2-378 

FLS employs and uses type-2 fuzzy sets as well as a type-379 

reduction process (Taskin et.al., 2015) as shown in Figure 380 

3. 381 

 382 

 383 

Figure 3. up: Structure of type-2 fuzzy system 384 

(Taskin et.al., 2015). down: A fuzzy set of a type-2 385 

FLS (Sprunk et.al., 2013) 386 

A type-2 fuzzy set consists of two type-1 fuzzy sets: One 387 

upper membership function 𝜇
𝐴

(𝑥)  (UMF) and a lower 388 

membership function 𝜇𝐴(𝑥) (LMF). The area in between 389 

the two is called the footprint of uncertainty (FOU) as de-390 

picted in Figure 3. Since the output is a type-2 fuzzy set as 391 

well, it is necessary to use a type reduction before defuzz-392 

ification (Taskin et.al., 2015). A type-2 fuzzy set (�̃�) is de-393 

fined by a type-2 membership function 𝜇𝐴(𝑥, 𝑢) as:  394 

�̃�  = {((𝑥, 𝑢), 𝜇𝐴(𝑥, 𝑢))∀𝑥 ∈ 𝑋, ∀𝑢 ∈ 𝐽𝑥 ⊆ [0,1]}  395 

Where: 0 ≤ 𝜇𝐴(𝑥, 𝑢) ≤ 1 , x and u are the primary and 396 

secondary membership variables,  𝐽𝑥   is the primary 397 

membership function of x. The FOU of the type-2 fuzzy 398 

set is given by: 399 

FOU(�̃�) =  ∪
∀𝑥∈𝑋

 (𝜇𝐴, 𝜇𝐴
(𝑥))  400 
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Type-2 FLS has the potential to deal with the high level of 401 

uncertainties presented in a system. Therefore, this study 402 

uses interval type-2 FLS, which is fully explained (Taskin 403 

et.al., 2015). 404 

In this study, a Sugeno type-2 FL system was used to build 405 

all fuzzy logic systems. Fuzzy membership functions of 406 

type zmf, trimf, and smf were used for all fuzzy logic sys-407 

tems of the first stage Figure 2, where each input has three 408 

membership functions, as Figure 4 shows. 409 

 410 

Figure 4. It shows the membership functions used 411 

for one of the fuzzy logic systems in the first stage. 412 

while the trimf membership function was used to con-413 

struct the inputs for the fuzzy logic systems in the second 414 

and third stages Figure 5. 415 

 416 

Figure 5 shows the membership functions of the 417 

inputs used for one of the fuzzy logic systems in the 418 

second and third stages. 419 

The outputs of all fuzzy logic systems are constant crisp, 420 

and their reduction and defuzzification method is the Kar-421 

nik-Mendel Algorithm (KM) (Taskin et.al., 2015). Fuzzy 422 

logic rules are designed using the Takagi-Sugeno method: 423 

𝑅𝑖: 𝑖𝑓 𝑥1𝑖𝑠 𝐴𝑖1 𝐴𝑁𝐷. , 𝑥𝑛𝑖  𝑖𝑠𝐴𝑖𝑛𝑇𝐻𝐸𝑁 𝑦𝑖  𝑖𝑠 𝑎0𝑖  424 

Where: 𝑥1, is the first input, 𝐴𝑖1 is the fuzzy set of the 425 

first input, i is the rule number, while 𝑦𝑖   is the output of 426 

rule i and 𝑎0𝑖 is the fuzzy set of that output (in this case, 427 

it is a constant crisp value). The number of the fuzzy logic 428 

rules is: 429 

81 for each of the systems of ankle in the first stage. 430 

27 for  each of the systems of knee and hip in the first 431 

stage. 432 

16 for each of the systems in the second stage. 433 

64 for the final system in the third stage. 434 

The method used to determine the number of rules for 435 

fuzzy systems used in this research for any fuzzy system 436 

depends on fixing the membership function for an input at 437 

a certain fuzzy value and taking all the possibilities corre-438 

sponding to the other input or inputs. For example on the 439 

level of ankle joint in the first stage: the fuzzy system that 440 

deals with angle values, we have four inputs. For each in-441 

put there are four membership functions, the sum of the 442 

resulting probabilities is 81 probabilities and they corre-443 

spond to 81 rules. 444 

The output of Sugeno FL is a specific numerical value so 445 

there is no need for defuzzification, and accordingly, the 446 

output field, which ranges from 0 to 1, has been divided 447 

into four parts, as shown in Figure 6. The output surface 448 

for fuzzy systems is shown in Figure 7. 449 

 450 

Figure 6. The output field of the fuzzy system and its 451 

division 452 
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 453 

Figure 7. Shows the surface of the final fuzzy system 454 

5- Results  455 

The results will be discussed in three sections: 456 

 457 

1- Results for healthy children from reference 458 

studies 459 

By applying the angles and their occurrence times men-460 

tioned in the reference studies shown in Table 2 and fol-461 

lowing the system in Figure 2, the (FL2-AKHDI) output 462 

was obtained, which appears in Table 5 and Figure 8, 463 

which shows that all the results fall within the normal 464 

range specified in Figure 6. Except for the study (Ye ma 465 

et all .2019) falls in the middle of the medium range. 466 

Table 5. Output of the proposed fuzzy system (Gait 467 

index) for healthy children 468 

Researcher’s name 
Year of research 

completion 

(FL2-

AKDHI) 

Stansfield  et.al 2005 0.15 

Victoria  et.al 2006 0.23 

Katarzyna  et.al 2019 0.15 

Ye ma  et.al 2019 0.37 

Jurgita  et.al 2022 0.15 

 469 

 470 

 471 

Figure 8. Output of the final fuzzy system 472 

 473 

2- Results of the fuzzy system for healthy 474 

children from reference (Al-Mawaldi 475 

&Khadour, 2022) 476 

When evaluating the (FL2-AKHDI) on the group of 477 

healthy children reference (Al-Mawaldi &Khadour, 2022) 478 

as Figure 9 shows the most of indicator values were lo-479 

cated at the midpoint of the medium deviation range and 480 

below Figure 6 within the experimental and measurement 481 

errors for the kinematic data. Depending on the specificity 482 

of the case, these values will be considered normal so that 483 

children before and after surgery can later be compared 484 

together. 485 

 486 

Figure 9. Output of the of the final fuzzy system for 487 

healthy children.  488 

 489 

3- Results of the fuzzy system for children 490 

with cerebral palsy 491 

When the (FL2-AKHDI) was applied to children with cer-492 

ebral palsy before and after surgery, the results for the 493 

right limb were shown in Figure 10. 494 
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 495 

 496 

Figure 10. Output of (FL2-AKHDI) before and after 497 

surgery for the right limb for children with cerebral 498 

palsy. 499 

For the left side, the results were as shown in Figure 11. 500 

 501 

Figure 11. Output of (FL2-AKHDI) before and after 502 

surgery for the left limb for children with cerebral 503 

palsy. 504 

 505 

To be able to make a comparison with the results of da-506 

tasets 1 and 2, a special collection system was built that 507 

takes as its input the results of the (FL2-AkHDI) for the 508 

right and left limbs and gives in its final result the nu-509 

merical value equivalent to the ankle-knee deviation ac-510 

cording to the index as shown in Figure 12. In its struc-511 

ture, this clustering system mimics the clustering sys-512 

tems found in the second stage, Figure (2), in terms of 513 

the number of inputs, the nature of the membership func-514 

tions used, the division of the output field, and also the 515 

number of fuzzy rules. 516 

 517 

 518 

 519 

 520 

 521 

 522 

Figure 12. The output of (FL2-AKHDI) before and 523 

after surgery for both limbs together for children with 524 

cerebral palsy. 525 

For most patients, there is a significant improvement in 526 

(FL2-AKHDI) after surgery. This improvement is evi-527 

denced by lower (FL2-AKHDI) for the majority of patients, 528 

indicating that their ability to walk has generally improved 529 

after surgery. However, there are some patients (cp2, cp5 530 

and cp6) whose postoperative (FL2-AKHDI) are signifi-531 

cantly lower compared to others. For some patients, the in-532 

dex remaining the same before and after surgery indicates 533 

that the surgery may not have been effective or that they 534 

may have suffered from complications or other factors such 535 

as poor adherence to physical therapy or weight gain that 536 

may have affected their recovery after surgery. The mean 537 

preoperative (FL2-AKHDI) (0.713) is higher than the mean 538 

postoperative (FL2-AKHDI) (0.557), indicating an overall 539 

improvement in (FL2-AKHDI) across the patient group af-540 

ter surgical intervention. 541 

On the other hand,  542 

(Baker et al. 2009) proposed a GPS index whose features 543 

can be calculated directly from data for the individual un-544 

der study and average data for people without walking im-545 

pairment. GPS knows the root mean square (RMS) differ-546 

ence between a particular gait trial and averaged data from 547 

people with no gait pathology. It has an advantage over 548 

the other indices as it is comprised of several gait variable 549 

scores (GVSs) representing an equivalent RMS difference 550 

for different kinematic variables.  551 
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Table 6 shows the mean values of the (FL2-AKHDI) and 552 

the mean of the GPS index before and after surgery for 553 

children with cerebral palsy 554 

Table 6. Values of the proposed index and the GPS 555 

index 556 

Index 

Before 

sur-

gery 

After sur-

gery 

GPS (Al-Mawaldi 

&Khadour, 2022)  
16.4 12.2 

Mean of 

(FL2-AKHDI) 
0.713 0.557 

 557 

The percentage decrease in the mean index value before 558 

and after surgery for children with cerebral palsy was 559 

calculated. It was 25% for GPS while it was 21% for the 560 

(FL2-AKHDI). The close ratio reflects the accuracy of 561 

the (FL2-AKHDI) to express walking deviation in cere-562 

bral palsy children.  563 

 564 

In the end, as an important final result of this proposed 565 

(FL2-AKHDI), we summarize in Table 7 the ranges of 566 

the values of the index for healthy children and patients 567 

before and after surgical operations. 568 

 569 

Table 7. The areas of the indicator values according 570 

to the studied case. 571 

Case of Interest 
Range of  (FL2-

AKHDI) before surgery 

Normal children 
 For most patients  

0  –  0.37 

Children with cerebral 

palsy before surgery 
For most patients > 0.5 

Children with cerebral 

palsy after surgery 
0.37  - 0.85 

 572 

 573 

 574 

 575 

6- Discussion 576 

This study presents a system for evaluating hip, knee, and 577 

ankle joint deviation in the form of a digital index by ex-578 

tracting some important features related to the ankle knee, 579 

and hip joints and using them as input to a fuzzy system 580 

composed of several stages. These features differ in their 581 

values between healthy and cerebral palsy cases. The 582 

(FL2-AKHDI) value for most healthy children was in the 583 

middle of the range of medium deviation Figure 6. For 584 

children with cerebral palsy, it decreased in most children 585 

from the range of high deviation to medium deviation after 586 

operation. 587 

In this part, we discuss more clarification with charts for 588 

ankle, knee, and hip joint angles before and after surgery 589 

for some patients described in dataset 3 to increase the 590 

clarification of the index performance accuracy. By com-591 

paring the results in Figure 12 with the angle diagrams 592 

from reference (Al-Mawaldi &Khadour, 2022). 593 

The results in Figure 12 were compared with the angle di-594 

agrams in the reference study (Al-Mawaldi &Khadour, 595 

2022). It was found that the patient (cp1) had the same 596 

index value before and after surgery, where The reason for 597 

this is the significant weight gain after surgery, which 598 

made it difficult for the muscles to stretch and bear the 599 

extra weight of the body. and this result is consistent with 600 

the angular diagrams of the hip, knee and ankle joints 601 

shown in Figure 13. 602 

The patient (cp5) had a decrease in his index value from 603 

(0.85) to (0.37) and this falls within the middle of the 604 

range of medium deviation according to Figure 6. This is 605 

consistent with the improvement in patients' angle dia-606 

grams as shown in Figure 14. 607 

 608 

Figure 13. Angles diagrams of the ankle, knee and 609 

hip joints for the patient (Cp1) before and after 610 

surgery (Al-Mawaldi &Khadour, 2022) 611 
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 612 

Figure 14. Angles diagrams of the ankle, knee and 613 

hip joints for the patient (Cp5) before and after 614 

surgery (Al-Mawaldi &Khadour, 2022) 615 

While for the patient Cp7: Comparison with preopera-616 

tive and postoperative angle diagrams Figure 15. There 617 

was a slight improvement at the level of the ankle joint, 618 

but the angle values remained significantly outside the 619 

normal range, while no noticeable improvement oc-620 

curred at the level of the hip and knee joints, therefore 621 

the index fell slightly. 622 

 623 

 624 

Figure 15. Angles diagrams of the ankle, knee and 625 

hip joints for the patient (Cp7) before and after 626 

surgery (Al-Mawaldi &Khadour, 2022) 627 

For the patient Cp10: as Figure 16 shows, the patient did 628 

not experience improvement and return to the normal 629 

range or approach it, and this result is consistent with 630 

what reference (Al-Mawaldi &Khadour, 2022) indi-631 

cated, and this explains the increase in the index value 632 

after surgery.   633 

In the end, the research reached the possibility of using 634 

fuzzy logic type-2 to provide a digital indicator that gives 635 

a good visualization of the extent of deviation in gait 636 

from normal values, according to areas of deviation that 637 

were adjusted in proportion to the characteristics of the 638 

cases studied, healthy and cerebral palsy 639 

                            640 

 641 

Figure 16. Angles diagrams of the ankle, knee and 642 

hip joints for the patient (Cp10) before and after 643 

surgery (Al-Mawaldi &Khadour, 2022) 644 

7- Conclusion 645 

In this study, a smart index (FL2-AKHDI) was designed 646 

to numerically evaluate the amount of gait deviation. The 647 

(FL2-AKHDI)  was validated and was consistent with 648 

the Gait Profile Score (GPS). Its importance lies in eval-649 

uating gait deviation before and after surgery and the 650 

possibility of using it to determine the effectiveness of a 651 

specific surgical procedure at the level of a specific joint 652 

in improving gait. It is also worth its effectiveness in 653 

monitoring gait improvement during physical therapy 654 

activities and at intermittent time intervals 655 

8- Future work 656 

In future work, it is possible to integrate multiple fuzzy 657 

systems that take into account forces and moments with 658 

a user interface to enhance the effectiveness of using the 659 

system in medical work.660 

661 

 662 

 663 

 664 

 665 
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