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A Practical Review of the Biomechanical Parameters Commonly Used 
in the Assessment of Human Gait

Revisión Práctica de los Parámetros Biomecánicos Comúnmente Utilizados en la Evaluación 
de la Marcha Humana

J. C. Arellano-González1, H. I. Medellín-Castillo2, J. J. Cervantes-Sánchez1, A. Vidal-Lesso1

1División de Ingenierías Campus Irapuato Salamanca, Universidad de Guanajuato
2Facultad de Ingeniería, Universidad Autónoma de San Luis Potosí

ABSTRACT 
The analysis of human gait is a potential diagnostic instrument for the early and timely identi!cation of pathologies 
and disorders. It can also supply valuable data for the development of biomedical devices such as prostheses, ortho-
ses, and rehabilitation systems. Although various research papers in the literature have used human gait analyses, 
few studies have focused on the biomechanical parameters used. This paper presents an extensive review and analy-
sis of the main biomechanical parameters commonly used in the human gait study. The aim is to provide a practical 
guide to support and understand of the choices and selection of the most appropriate biomechanical parameters 
for gait analysis. A comprehensive search in scienti!c databases was conducted to identify, review and analyze the 
academic work related to human gait analysis. From this search, the main biomechanical parameters used in healthy 
and pathological gait studies were identi!ed and analyzed. The results have revealed that the spatiotemporal and 
angular gait parameters are the most used in the assessment of healthy and pathological human gait. 

KEYWORDS: Gait analysis, Healthy gait, Pathological gait, Gait parameters
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RESUMEN 
El análisis de la marcha humana es un instrumento potencial de diagnóstico para la identi!cación oportuna y tem-
prana de patologías y trastornos. También puede proporcionar información valiosa para el desarrollo de dispositi-
vos biomédicos tales como prótesis, órtesis y sistemas de rehabilitación. Aun cuando diversos trabajos de investi-
gación en la literatura han utilizado el análisis de la marcha humana, pocos estudios se han enfocado en analizar 
los parámetros biomecánicos utilizados. Este trabajo presenta una revisión completa y análisis de los parámetros 
biomecánicos comúnmente utilizados en el estudio de la marcha humana. El objetivo es proporcionar una guía 
práctica para apoyar y entender las opciones y selección de los parámetros biomecánicos más adecuados para el 
análisis de la marcha. Se llevó a cabo una búsqueda exhaustiva en bases de datos cientí!cas para identi!car, revisar, 
y analizar los trabajos de investigación relacionados con el análisis de la marcha humana. A partir de esta búsqueda 
se identi!caron y analizaron los principales parámetros biomecánicos utilizados en estudios de la marcha sana y 
patológica. Los resultados han revelado que los parámetros espaciotemporales y angulares son los más utilizados 
en la evaluación de la marcha humana tanto sana como patológica.
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INTRODUCTION
Human gait is a complex process that involves many 

systems such as bones, joints, muscles, peripheral 
nerves, spinal cord, and the brain. When one, or some, 
of these systems fail or present some limitations, the 
gait process is altered and becomes a pathological gait 
[1] [2] [3] [4]. Therefore, the analysis of the human gait rep-
resents an important instrument for the early and 
timely identification of pathologies, and a component 
of follow-up rehabilitation programs [5] [6] [7] [8] [9]. In 
addition, gait analysis is also important to the design 
of equipment, devices, rehabilitation systems, pros-
theses, orthoses, and humanoid robots [10] [11] [12] [13] [14]. 
Moreover, it can be used in sports science to improve 
the techniques and performance of athletes. However, 
such a diagnostic tool requires the use of biomechani-
cal parameters to characterize and evaluate the human 
gait performance. 

Several research works have undertaken the assess-
ment of human gait as a prevention, monitoring, and 
diagnostic tool. For example, it can be possible to 
avoid foot ulcers in diabetic patients by increasing foot 
motion during the intermedia stance phase of the gait 
cycle [15]. Patients with knee osteoarthritis (KOA) often 
adopt a type of antalgic gait as their disease progresses 
[16]. These patients generally try to protect the dam-
aged knee by biomechanical adaptations that may 
affect the movement of the joints of the lower extrem-
ities and the lower back [17] [18]. Gait and balance abnor-
malities have been described even at early stages in 
the diagnosis of Alzheimer's ailment [19]. Similarly, a 
fall during gait can be the result of specific character-
istics of gait disturbances related to neurological disor-
ders [20]. Additionally, it has been observed that robotic 
gait rehabilitation can improve the biomechanical 
parameters in chronic hemiplegic patients [21]. 

Numerous biomechanical parameters have been used 
in the analysis of the human gait. It was reported that 
gait patterns and parameters values often vary with 

the gait velocity [22], a parameter used to identify 
groups of elderly patients who are at increased risk of 
death and serious morbidity after cardiac surgery [23]. 
The spatiotemporal parameters have been related to 
the gait mechanics of the KOA progression [24] [25] [26]. 
Cadence, stride length, and gait velocity are the main 
gait parameters that provide a general idea of how well 
patients can walk [27]. In addition, the joint angles of 
the knee flexion and leg shortening effect parameters 
are very relevant when analyzing the kinematics of 
the knee and designing knee prostheses [28]. 

Over time, the interest in analyzing the performance 
and characteristics of human gait through biomechani-
cal parameters has increased because human gait alter-
ations can be associated with pathologies known to 
cause bad body postures and muscle imbalance [19] [29] [30] 

[31] [32]. However, in the clinical area the gait analysis still 
relies on the knowledge and experience of the specialist, 
which represents a certain degree of subjectivity. In 
addition, few studies have correlated the gait parameters 
and metrics with clinical problems such as musculoskel-
etal, neurological, and circulatory problems [33]. 
Furthermore, there is not a comprehensive baseline 
study to ease the understanding and selection of biome-
chanical parameters for normal and pathological gait 
analyses. Therefore, the objective of this research work is 
to identify and analyze the main biomechanical param-
eters commonly used in the assessment of human gait.

MATERIALS AND METHODS

Literature search 
A literature review was carried out to identify research 

papers dealing with biomechanical parameters used 
in the human gait analysis. Original articles published 
in scientific journals indexed in PubMed, Web of 
Science, Scopus, Science Direct, and Google Scholar, 
were considered. Although no date of publication lim-
its were used, papers published during the last ten 
years were mainly considered to identify the latest 
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advances. The keywords and mesh terms related to 
human gait (gait and walking), type of gait (normal, 
healthy, pathological, hemiplegic, parkinsonian, para-
paretic, dancer, apraxic, ataxic, vestibular, equinus, 
steppe, multisensory deficits, diabetic, prudent, 
senile, antalgic, dysmetric, Trendelenburg, and clau-
dic), and biomechanical parameters, (temporal, spa-
tial, spatiotemporal, angular, force, strength, kine-
matic, and kinetic), were used in the search. 

In the first search, 380 publications were selected. 
Next, the title, abstract, and conclusions of each paper 
were reviewed and the following selection criteria 
applied: 1) the study should be based on a quantitative 
analysis of pathological or healthy gait, 2) the study 
should report the analysis of pathological gaits caused 
by neurological, musculoskeletal and circulatory prob-
lems, 3) the study should use kinematic and kinetic 
parameters, and other particular parameters accord-
ing to the case study or pathology, 4) the study should 
indicate application areas, and 5) priority was given to 

papers that included the use of three-dimensional dig-
ital measurements in gait analysis. The first three cri-
teria were mandatory and the last two were desired. 
Two independent researchers (authors) conducted 
searches by applying the criteria and resolving dis-
crepancies. A total of 144 papers were finally selected. 

Analysis of the parameters
In order to identify the most important biomechanical 

parameters reported in the literature, the selected 
papers were analyzed in detail. Then a classification of 
the gait parameters was established according to the 
following application areas: clinical, sports, and 
research. Furthermore, the parameters used in the anal-
ysis of pathological gaits were identified and classified 
according to the cause of the pathology as: circulatory, 
musculoskeletal, and neurological. Finally, set theory 
was used to systematically analyze the biomechanical 
parameters, and to facilitate their selection according to 
the application area. The complete flow chart of the 
methodology used in this study is shown in Figure 1.

FIGURE 1. Methodology used in the review and analysis of the gait parameters.
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RESULTS AND DISCUSSION

Demographic and
anthropometric data 

The demographic and anthropometric information of 
the patient is essential when conducting a gait analy-
sis. Table 1 summarizes the demographic and anthro-
pometric parameters reported in the literature.

The demographic data comprises general information 
about the group of people such as age, gender, place of 
residence, as well as social or economic characteristics 
such as occupation, marital status, etc. The most com-
mon demographic data used for gait analysis are age 
and gender.

Table 1 also describes the anthropometric data used in 
gait analyses. Since computer vision systems, tracking 
systems, or force plates are commonly used in gait stud-
ies, it is important in the collection of anthropometric 
data to have a robust benchmark that can be used to 
calibrate the vision system, define the dimensions of the 
walkway, locate the force plates, etc. [34] [35] [36]. A tendency 
to decrease the amount of anthropometric information 
required in gait analyses was also observed [37] [38] [39].

Gait analysis applications
In general, six main application areas were identified 

and the percentage of each calculated, Table 2 [40] [41] [42] 

[43] [44] [45] [46] [47] [48] [49] (based on the number of uses in 
each application area relative to the total number of 
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uses). The six application areas were then rearranged 
into three generic types: clinical (56%), research (31%), 
and sports (13%) applications; similarly, as reported by 
Muro-de-la-Herran [33].
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TABLE 2. Main applications of gait analysis 
and proposed classification.

Gait parameters
In the literature, human gait biomechanical parame-

ters have been classified in several ways. However, all 
the classifications converge on the use of spatial, tem-
poral, angular, and strength biomechanical parame-
ters. Table 3 presents the biomechanical parameters 
most used in the literature for gait analysis.In this 
table, each parameter has been classified, defined, and 
identified according to the application area. 

In order to systematically analyze the biomechanical 
parameters, set theory is used. Three sets A, B and C 
are defined and correspond to the parameters used in 
clinical, research, and sports applications, respec-
tively. The common parameters among the three sets 
are given by the intersection of the three sets, as 
shown in Figure 2.

Figure 2 shows that the spatiotemporal parameters 
predominate in the three application areas. Notice that 
between the research and the sports sets, and between 
the research and the clinical sets, there are no com-
mon parameters besides those parameters described 

FIGURE 2. Gait parameters used in clinical, sports, 
and research applications.

by the intersection AŀBŀC. This suggests that clinical 
applications make use of most of the biomechanical 
parameters used in gait analysis. 

Clinical gait parameters 
The disability due to gait problems represents approxi-

mately 55% of the total disabilities worldwide [50]. These 
gait disorders may be a consequence of various patholo-
gies, which are known to disturb human motor func-
tions. The most common semiology of the pathological 
processes that affect human gait is pain, limitation of 
movement, muscular weakness, and deficit of neurolog-
ical control [29] [51]. Consequently, the study of the charac-
teristics of human gait by means of biomechanical 
parameters represents a potential tool for the diagnosis, 
treatment and monitoring of some pathologies. In the 
literature, many gait pathologies have been analyzed and 
classified according to the root cause of the functional 
impairment [27] [29] [33] [51]. Based on a preliminary study [52], 
three large groups of pathologic causes are proposed: 
neurological, musculoskeletal, and circulatory.

Table 4 synthesizes the clinical gait parameters 
according to the type of pathology, and presents the 
parameters used in healthy gait analysis, extending 
the work presented by Muro-de-la-Herran [33]. On the 
other hand, Table 5 presents the biomechanical param-
eters and the demographic and anthropometric data 
used in pathological gait analyses.
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TABLE 3. Description of the biomechanical gait parameters and their applications.������
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ANALYSIS AND DISCUSSION

 Pathological and healthy gaits
Figure 3 shows the biomechanical parameters used in 

the assessment and analysis of pathological and healthy 
(normal) gaits, referred to as set P and H, respectively. 
It is observed that in the study of pathological gaits 
most of the gait parameters reported in the literature 
are used. The spatiotemporal parameters predominate 
in the study of both pathological and healthy gaits. 

As shown in Table 5, most of the spatiotemporal and 
angular parameters are used in the analysis of patho-
logical gaits caused by neurological disorders. For 
instance, senile gait studies all the spatiotemporal and 
angular parameters except the distance traveled, step 
angle, and body posture are used. The literature also su- 
ggests that the step height parameter is mainly used in 
the study of prudent and senile pathological gaits, the 
traveled distance is used in the analysis of dancer gait, 
and the stop duration temporal parameter is used in the 

�
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TABLE 4. Synthesis of the gait parameters according to the type of pathology.��������
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study of Parkinsonian and senile gaits. Likewise, in the 
study of Parkinsonian and ataxic cerebellar pathological 
gaits, all angular parameters are used; in contrast, in 
the analysis of prudent pathological gaits these angular 
parameters are not used. The joint angles and body seg-
ment orientation parameters are commonly used in the 
analysis of hemiplegic, Parkinsonian, paraparetic, dan-
cer, cerebellar ataxic, equinus, and senile gaits. 

On the other hand, the analysis of pathologic gaits caused 
by musculoskeletal disorders makes use of many spatio-
temporal parameters, and all angular parameters. In the 
antalgic gait analysis, the ground reaction force and the mo- 
mentum parameters are used, whilst in the study of dys-
metric and Trendelenburg gaits the muscle force parameter 
is used. Regarding other parameters, the gait phases param-
eter is used in the analysis of musculoskeletal pathologies. 
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TABLE 5. Gait parameters and data for pathological and healthy gaits.������
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The main circulatory pathological gait reported in the 
literature is the claudic gait, which requires several 
spatiotemporal parameters, and the momentum and 
gait phases parameters. The gait phases parameter is 
important in order to identify the most critical phase 
or phases of this pathological gait. 

Figure 4 shows the gait parameters used to analyze 
Musculoskeletal, Neurological, and Circulatory pathol-
ogies, referred to as sets M, N, and R, respectively. In 
this figure, the common parameters used for these 
pathologies correspond to the intersection of the three 
sets. On the other hand, the common parameters bet-
ween the musculoskeletal and neurological patholo-
gies, besides those given by the intersection: MŀNŀR, 
are: muscle activation index, step angle, step time, body 
posture, muscle strength, joint angles, body segment ori-
entation, and ground reaction forces. It is observed that 
the analysis of neurological pathologies demands the 
use of all the parameters, whereas the analysis of circu-
latory pathologies makes use of the common parame-
ters of the three clinical applications.

Spatial parameters 
Figure 5(a) shows the spatial parameters used in the 

analysis of pathological and healthy gaits. It is 
observed that the common parameters used for both 
pathological and healthy gaits are the step length and 
stride length. On the other hand, the most common 

FIGURE 3. Parameters used in the study 
of pathological and healthy gaits.

spatial parameters used in pathological gait studies 
are the step length, step width, and stride length. The 
traveled distance and height of step are mainly used in 
the study of pathological gait because of neurological 
disorders. 

Temporal parameters 
Figure 5(b) shows that the gait velocity, cadence, gait 

phases, swing time, and stance time parameters are the 
most used temporal parameters, and they correspond 
to the intersection of the four sets HŀMŀNŀR. The step 
time is the most common parameter in the study of 
healthy gaits, and musculoskeletal, and neurological 
gaits. The stride velocity parameter is used in neuro-
logical and healthy gait analyses. The gait autonomy 
and stop duration parameters are only used in the 
analysis of pathological gait caused by neurological 
disorders. 

Angular parameters 
Figure 5(c) shows the common angular parameters 

used in the analysis of healthy, musculoskeletal, and 
neurological gaits. The literature also suggests that the 
analysis of pathological gaits due to circulatory prob-

FIGURE 4. Gait parameters used to 
analyze pathological gaits. 
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FIGURE 5. Gait parameters used in the analysis of pathological and healthy gaits: 
a) Spatial gait parameters, b) Temporal gait parameters, c) Angular gait parameters, and d) Force gait parameters.  

lems does not use angular parameters [31] [32] [33]. The 
angular parameters BP and SA are mainly used in the 
assessment of pathological gaits caused by musculo-
skeletal and neurological problems.

Force parameters 
Figure 5(d) shows that the EMG and GRF are fre-

quent force parameters used in the analysis of mus-
culoskeletal, neurological, and healthy gaits. The MF 
parameter is mainly used in the analysis of musculo-
skeletal and neurological pathologies, whilst the MO 
parameter has only been used in pathological gait 
studies.

Ranking of parameters
In order to rank the biomechanical parameters used 

in the analysis of pathological and healthy gaits, two 
criteria were defined: 1) the relevance of the parame-
ter in the research studies, and 2) the frequency, which 
was calculated using the following expression:

where f is the frequency percentage, n is the number of 
times the parameter was used in the selected papers. 
A normalization process was then considered, given a 
value of 1 to the most used parameter. Regarding the 

�������������� (1)
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relevance criterion, a value of 1 was given to those 
parameters with the largest reliability, the most com-
mon in different gait analysis (set theory), and the 
most cited. A relevance value of 0 was assigned to the 
rest of the parameters. Table 6 shows the results, 
where it is observed that gait velocity is the most fre-
quently used parameter in the study of human gait 
because it assesses the functional mobility of an indi-
vidual and affects his/her gait pattern. Moreover, most 
of the biomechanical parameters decrease at slower 
gait velocities and increase at faster gait velocities.

The next most used parameters are cadence, stance 
time, step length, and stride length. It is also observed 
that the spatiotemporal and angular biomechanical 
parameters are the most used in the study of both 
pathological and healthy gaits. The least popular bio-
mechanical parameters reported in the literature are 
traveled distance, long-term monitoring of gait, and 
route, which are specific for the evaluation of dancer, 
ataxia (taloneant), and vestibular pathologies, respec-
tively. Notice that although these parameters are not 
very popular parameters, they may be as important as 
the spatiotemporal parameters for some particular 
pathologies. The results also revealed that the tempo-
ral parameters are the most popular with 37% of use, 
followed by the spatial parameters with 24%, the 
angular parameters with 18%, the force parameters 
with 8%, and others with 13%.

According to Whittle MW [27], the cadence, gait veloc-
ity, and stride length parameters provide a general 
idea of how well a patient walks. However, the results 
of this research work suggest that the stance time is 
also important. For instance, in the study of musculo-
skeletal-related gait pathologies [57] [60] [140] [142], the 
stance time is an indicator of the improvement or dete-
rioration of the pathology. On the other hand, although 
the stride length of both limbs may be the same, the 
step length of each limb may be different, as reported 
by Kirtley C [148]; for this reason, many studies have 

considered it relevant. The step width is another rele-
vant parameter, [67] [68] [143] [148], which tends to increase 
with a balance disorder.

General discussion
The proposed analysis and classification of the gait 

parameters represent a general and practical guide to 
select the parameters for healthy or pathological gait 
studies. In general, the spatiotemporal and angular 
parameters are the most used because they allow a 
detailed and objective study of the human gait. 
However, other parameters are specific and important 
for particular pathologies, such as the cartilage thick-
ness [149], which is used in the study of antalgic gait due 
to knee or hip osteoarthritis. In this work, only the 
most general pathologies and parameters reported in 
the literature have been considered.

It was also observed that most of the pathological gait 
studies (90%) reported in the literature were conducted 
on a walkway instead of an electric treadmill. This is 
because in the analysis of pathological gaits, the gait 
velocity is a parameter that depends on the pathology, 
and the evolution and progress of the patient. In con-
trast, in the studies related to healthy gait, the gait 
velocity is usually an independent variable that is 
defined and varied using an electric treadmill.

The stance time parameter is indicative of the improve-
ment, or severity of pain, in the antalgic gait caused by 
knee osteoarthritis [131]. For example, an increment of 
the stance time is an indication that the pain experi-
enced by the patient is less and therefore the support 
of the loading has improved. The use of the step height 
parameter has not been reported in the literature; 
however, it can be used in the study of musculoskele-
tal pathological gaits since it is closely linked to the 
angular parameter of the knee articulation. The step 
height parameter may vary due to musculoskeletal 
pathologies or due to the use of certain footwear, such 
as the use of high heels, as reported by Arellano [28]. 
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TABLE 6. General ranking of gait parameters based on their relevance and frequency of use in the literature.��������
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The leg shortening effect parameter is also an import-
ant parameter that has been mentioned qualitatively 
in some works, but a complete quantitative study has 
not been reported yet. This leg shortening effect may be 
relevant when designing knee prostheses.

Finally, it can be said that most of the research works 
related to pathological gait have been conducted con-
sidering only intrinsic conditions such as age, gender, 
weight, etc., or the type of pathology. Few studies have 
considered both intrinsic and extrinsic conditions 

such as climbing slopes, walking with a front-load, 
using a certain type of footwear, walking whilst tex-
ting or calling by cell phone, etc. 

CONCLUSIONS
A review and analysis of the main biomechanical gait 

parameters used in the literature to study pathological 
and healthy gaits has been presented. The gait param-
eters have been identified and classified according to 
the type of physical quantity (spatial, temporal, angu-
lar, force and others) and according to the application 
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area (clinical, sports and research). The clinical appli-
cations were subdivided according to the pathological 
disorder into neurological, musculoskeletal, and cir-
culatory applications, being the neurological area the 
one that uses most of the gait parameters. The overall 
most common parameters are body posture, cadence, 
gait phases, gait velocity, step angle, step length, step 
width, stride length, and stride velocity. Finally, it can 
be said that the results presented in this investigation 
can be used as a practical guide to identify and select 
the main biomechanical parameters commonly used 
in the analysis and monitoring of human gaits under 
pathological or normal conditions. 
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ABSTRACT 
Glaucoma is an eye disease that gradually a!ects the optic nerve. Intravascular high pressure can be controlled to pre-
vent total vision loss, but early glaucoma detection is crucial. The optic disc has been a notable landmark for "nding 
abnormalities in the retina. The rapid development of computer vision techniques has made it possible to analyze 
eye conditions from images enabling to help a specialist to make a diagnosis using a technique that is non-invasive 
in its initial stage through fundus images. We propose a methodology glaucoma detection using deep learning. A 
convolutional neural network (CNN) is trained to extract multiple features, to classify fundus images. The accuracy, 
sensitivity, and the area under the curve obtained using the ORIGA database are 93.22%, 94.14%, and 93.98%. The 
use of the algorithm for the automatic region of interest detection in conjunction with our CNN structure considera-
bly increases the glaucoma detecting accuracy in the ORIGA database. 

KEYWORDS: Deep Learning, Glaucoma diagnosis, Image-based classi!cation, Convolutional Neural Network
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RESUMEN 
El glaucoma es una enfermedad que afecta gradualmente al nervio óptico. La presión intravascular se puede contro-
lar para prevenir la pérdida de visión, por lo que la detección temprana del glaucoma es crucial. El disco óptico ha 
sido un punto de referencia importante para encontrar anormalidades en la retina. El rápido desarrollo de técnicas 
de visión por computadora ha hecho posible el analizar las condiciones del ojo ayudando al especialista a realizar 
un diagnóstico utilizando una técnica no invasiva en su estadio inicial en imágenes de fondo de ojo. En este artículo, 
se propone una arquitectura para la detección de glaucoma utilizando aprendizaje profundo. Una red neuronal con-
volucional (RNC) es entrenada para extraer múltiples características, para clasi!car imágenes de fondo de ojo. La 
exactitud, sensibilidad, y el área bajo la curva obtenidos en la base de datos ORIGA son 93.22%, 94.14% y 93.98%. 
El uso del algoritmo para la detección automática de la región de interés, incrementa considerablemente la exacti-
tud de detección de glaucoma en la base de datos ORIGA.
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INTRODUCTION
The World Health Organization (WHO) states that 

glaucoma is the second leading cause of blindness in 
the world, only after cataracts [1]. Since there is no cure 
for glaucoma [2], it is necessary to diagnose this disease 
early to delay its development [3].

Glaucoma is characterized by optic nerve damage due 
to increased degeneration of nerve fibers [4]. Since 
symptoms appear until the disease is severe, glaucoma 
is called a silent thief of sight [5]. Typically, aqueous 
humor drains out of the eye through the trabecular 
meshwork, but when the passage is obstructed, aque-
ous humor accumulates. The increase in this fluid will 
cause pressure to grow and cause ganglion cell dam-
age [6]. However, it was found that the pressure mea-
surement was not specific or sensitive enough to be 
the only useful indicator for detecting glaucoma 
because visual impairment would occur without 
increasing pressure. Therefore, a comprehensive 
examination should also include the use of images and 
visual field tests to analyze the retina [7].

Fundus imaging is the process of obtaining a two-di-
mensional projection of the retinal tissue employing 
reflected light. Finally, the resulting 2D image contains 
the image intensity that indicates the reflected light 
amount. Color fundus imaging is used to detect disease, 
where the image has R, G, and B bands, and their inten-
sity changes highlight different parts of the retina [8]. 

Due to their non-invasiveness, fundoscopy and opti-
cal coherence tomography (OCT) has become the 
imaging methods of choice for the detection and eval-
uation of glaucoma [9]. Nevertheless, due to its cost, 
OCT is not readily available.

There are different types of glaucoma, such as 
open-angle, closed-angle, secondary, normal-tension, 
pigmentary, and congenital glaucoma [10]. Some types 
require surgical treatment [11]. The optic disc and cup, 

peripapillary atrophy, and retinal nerve fiber layer [12] 

are four structures that are considered essential for 
detecting glaucoma. Family history has also been 
shown to be genetically related to the onset of the 
disease [13].

In most cases, treatment in the early stage of the dis-
ease can prevent total vision loss in glaucoma patients 
[14], so a system that can help ophthalmologists make a 
diagnosis could increase the chances of saving peo-
ple's vision. However, designing a system that pro-
vides reliable tests for glaucoma diagnosis is a compli-
cated and stimulating task in clinical practice [15]. 

Figure 1 shows an image of the fundus in a healthy 
condition where the most important parts can be seen, 
such as the optic nerve, which is where the study of 
this work will be focused. The outer part of the optic 
nerve is called the optic disk (OD), and the smaller 
blurry inner circle is called the optic cup (OC). In the 
OD area, we can see the main arteries and veins, 
whereas the veins have a darker color than the arter-
ies. Veins usually are larger in caliber than arteries, 
having an average AVR ratio of 2:3 [17].

FIGURE 1. Image of the optic nerve [16].

The region of interest (ROI) usually is less than 11% of 
the retina's fundus image's total size. By decreasing 
the size of the image with the ROI's detection, a reduc-
tion in the computational resources used is possible 
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[18]. Both optic disc and cup segmentation are essential 
components of optic nerve segmentation and, together, 
form the basis of a glaucoma evaluation. In [19], a refer-
ence data set for evaluating the cup segmentation 
method was published. Nevertheless, it does not pro-
vide free access to the general public.

There are relatively few public data sets for glaucoma 
evaluation compared to available data sets for diabetic 
retinopathy [20] and vascular segmentation [21]. The 
ORIGA database contains 650 retinal images labeled 
by retina specialists from the Singapore Eye Research 
Institute. An extensive collection of image signs usu-
ally taken into account for the diagnosis of glaucoma 
are annotated. In the Drishti-GS dataset [22], all images 
were collected from the Madurai Aravind Eye Hospital 
of the hospital visitors with their consent. The selec-
tion of glaucoma patients is made based on the clinical 
findings during the study. The selected subjects are 
between 40 and 80 years old, and the number of males 
and females is roughly equal. Patients who choose to 
undergo routine optometry and who are not glaucoma 
represent the normal category.

Usually, the fundus image analysis with artificial 
intelligence is carried out from two approaches, 1) the 
classification at the image level and 2) the classifica-
tion at the pixel level. In image-level classification, the 
learning model is trained with images previously clas-
sified by an expert, in this case, a retina specialist. 
This classification generally contains the disease pro-
gression [23]. For example, the severity of DR is classi-
fied into five grades, and each of these grades is asso-
ciated with a number. The learning model begins to 
associate the patterns in the image to their labels. The 
second approach is the anatomical and lesion segmen-
tation, such as separating the blood vessels from the 
rest of the retina in order to measure their caliber. For 
example, in the case of Hypertensive Retinopathy, the 
vein/artery relationship plays an essential role in the 
diagnosis of the disease [24].

There are several works carried out for the detection 
of glaucoma. Both images based and pixel-based clas-
sification have been used. We will follow an image-
based classification approach in this research.

A six-layer CNN architecture was proposed by Chen et 
al. [5], where four layers are convolutional, and the final 
two are fully connected. ORIGA and SCES are used in 
this study. From the ORIGA database, 99 images were 
randomly selected for training and the remaining 551 
images for the testing, obtaining results of 0.831 for 
AUC. In a second experiment, 650 images from the 
ORIGA database are used for training, and 1676 images 
from the SCES database for the testing, the area under 
the curve obtained is 0.887.

Acharya et al. [6] proposed to use a Support Vector 
Machine for classification and the Gabor transform that 
will notice the subtle changes in the image's background. 
The database used was a private database of Kasturba 
Medical College, Manipal, India, with 510 images. 90% of 
the images were used for training, while the remaining 
10% for testing. The results obtained were 93.10% accu-
racy, 89.75% sensitivity, and a specificity of 96.20%.

Raghavendra et al. [1] proposes to perform the automatic 
recognition of glaucoma utilizing a convolutional neural 
network of 18 layers. This work consists of a standard 
CNN, with convolution layers and max-pooling, and a 
fully connected layer where classification is performed. 
Initially, 70% of the randomly selected samples are used 
for training and 30% for testing. 589 healthy images and 
837 with glaucoma of a private database were deployed. 
The process was repeated fifty times with random train-
ing and test partitions. The results obtained were 98.13% 
accuracy, 98% sensitivity, and 98.3% specificity.

Gour et al. [8] proposes an automatic glaucoma detec-
tion system using Support Vector Machine (SVM) for 
classification. Combine GIST and PHOG to extract fea-
tures in images. This technique eliminates the need for 
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image segmentation. Instead, it works with a diagnos-
tic system that makes use of characteristics such as 
texture and shape to detect the disease. This technique 
yielded an accuracy of 83.4% using the Drishti-GS1 and 
High-Resolution Fundus (HRF) databases.

Gheisari et al. [25] implement two architectures, the 
VGG16 and ResNet, concatenating LSTM blocks. To 
determine the best one, they carry out several experi-
ments varying the number of epochs and learning rate. 
The best results are achieved with the VGG16 network, 
achieving 95% sensitivity and 96% specificity.

Gómez-Valverde et al. [26] use architectures such as 
VGG19, ResNet, GoogleNet and Denet Disc. The best 
results obtained were obtained using VGG19 with 
transfer learning, obtaining 94.20 of AUC, 87.01 of 
sensitivity, and 89.01 of specificity.

Pinto et al. [27] use 5 databases adding a total of 1707 
images. They carry out the experimentation with each 
of the databases separately, but the best results were 
obtained by putting together all the available images. 
They achieve an AUC of 96.05, a specificity of 85.8 and 
a sensitivity of 93.46 using Xception architecture. 

We propose an image-based classification approach 
using a deep neural network for glaucoma diagnosis in 
fundus images in the present work. A preprocessing 
step will be carried out where the region of interest 
will be extracted, specifically the region where the 
optic disc is located. Once that region is obtained, a 
neural network is fed with the cropped images in order 
to classify if the image has or not glaucoma.

MATERIALS AND METHODS

Preprocessing
This section introduces a method to locate the retina 

optic disc, which contains the necessary features to 
diagnose glaucoma. These image areas will be the in- 

put to the neural network proposed in this work. Since 
the images' size is 3072 x 2048 pixels, it is reduced to 
four times its original size, leaving the images' dimen-
sions in 768 x 512. The input images are converted to 
grayscale. Therefore, it is reasonable to obtain a higher 
contrast of the optic disc than the original image. For 
this, the red and green channels are used, which are 
the ones that have the most significant impact on the 
optic disc. To do this, Equation 1 is applied.

����	�
 ( � 
 ��� & 
 
 ���� (1)

Where Imggray is the grayscale image, and R and G are 
the corresponding red and green channels. To deter-
mine which channels would be used, the histograms 
per channel of the image were obtained, in which it is 
determined which of them have the greatest impact on 
the contrast of the image. Conventional grayscale con-
version is obtained using the luminance coefficients in 
ITU-R BT. 601-7, which is a recommendation that spec-
ifies digital video signal encoding methods [28]. 

FIGURE 2. The histogram of the red channel is shown in a), 
the green channel in b), and the blue channel in c).

c)

a) b)
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The coefficients and channels used in our method 
were obtained by analyzing the histograms in each 
channel of the images. These histograms are shown in 
Figure 2.

The results obtained after the transformation are 
shown in Figure 3.

a) b)

FIGURE 3. The conventional transformation to grayscale 
is represented by a), and the one proposed by b).

The next step is to scroll a kernel through the image 
to divide it into different sub-images to determine 
where the optic disc is located as shown in Figure 4. 
The optic disc is the most brilliant part of the retina. 
Excess brightness can be eliminated in parts where 
the optic disc is not located.

FIGURE 4. Kernel scrolling through original image.

Because the optical disk represents approximately 
10% of the original image, the scrolling box's size, or 
kernel, was chosen to ensure that any sub-images 
would be selected. The selected size was 192 x 192 
pixels, four times smaller than the image width after 
size reduction.

Equation 2 is applied to calculate the sub-images, 
depending on the size of the scrolling box and the step 
used

"����)$� %* ( ���)$ & $��� % & %��*��
�)$� %* 	 �� (2)

Where SubImg is the image inside the kernel, Img is 
the image after resizing, x is the kernel's horizontal 
starting point, y the vertical starting point, x0 the hor-
izontal endpoint, that is, x + 192 and y0 the vertical 
endpoint, that is, y + 192.

To reduce the processing time, the kernel step will be 
165 pixels in the horizontal direction and 150 in the 
vertical direction. With this step, we guarantee that 
the optical disc is in one of the sub-images at least 
once. Each time a new sub-image is selected, the aver-
age of all the pixels is calculated by applying Equation 
3. This average is stored, and once all the sub-images 
have been analyzed, it is located where the highest 
average is. In this way, the sub-image where the optic 
disk is predicted is chosen.

������$ ( � ���
���
� � (3)

Where promPix is the average of the pixel values, pi is 
the current pixel value, and n is the total number of pix-
els. With this new sub-image selected, the pixels' aver-
age value is taken, but now of each column and row.

FIGURE 5. A red dot represents the center 
of the image to be cropped.
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This average will give us x and y coordinates. These 
coordinates represent the new image center that will 
be cropped to obtain the ROI. An example of this can 
be found in Figure 5.

The result after cropping an image can be found in 
Figure 6.

FIGURE 6. Result after cropping the image 
and obtaining the region of interest.

The entire process explained above for the ROI detec-
tion is shown in the pseudo-code in Algorithm 1.

The preprocessing described in Algorithm 1 is applied 
to the 650 images of the ORIGA database [16] to obtain 
the ROI.  With the region of interest located, we pro-

ceed to perform normalization to the images. What is 
sought is that the values are within a smaller range, 
since the CNN’s do not perform well when the input 
numerical attributes have a very large range. The nor-
malization used (Equation 4) was the min-max [23].

#������ ( #�� '������
��$��� '������

� (4)

 Where valNorm is the normalized value, val is the 
current value, minimg and maximg are the minimum and 
maximum image values. The values before normaliza-
tion range from 0 to 255. After normalization, they will 
be in a range from 0 to 1.

Architecture
The images fed to the network have a size of 128 x 128 

pixels. Convolution layers, ReLU, max-pooling, and 
fully connected layers comprise the proposed neural 
network. The output of each layer is the input of 
another, thus allowing the extraction of features. Since 
it is sought to differentiate between small and local 
image characteristics, which may differentiate a per-
son's distinctive features with glaucoma, small 3x3 and 
5x5 filters are used in the network. The final two layers 
will unite these characteristics to make a classification.

The order of the layers; convolution, ReLu and 
max-pooling is used in several well-known architec-
tures, such as VGG16 [29]. The idea of using two fully 
connected layers came from the AlexNet [30] network, 
which uses 3 fully connected layers. Based on these 
two articles, an architecture is proposed.

As activation function at the output of the network, 
the sigmoidal function was used. This function was 
chosen because we are interested in a binary classifi-
cation, so it will give us a probability of which class it 
can belong to. This activation function should not be 
confused with the one used between each convolu-
tional layer. ReLU is used to add non-linearity to the 
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FIGURE 7. Overview of the proposed convolutional neural network architecture.

network and sigmoidal is used to regularize the out-
put. The first fully connected layer has 128 neurons 
and the second has 2 neurons for classification.

As a loss function, we use Binary Cross Entropy. This 
was chosen due to the fact that binary classification is 
sought. This function will give us the prediction error, 
which will indicate to the network how correct its clas-
sification, which will help the network to improve as 
they pass the epochs. To avoid overfitting, dropout 
was used, which randomly turns off neurons in each 
training period, in order to distribute the power of 
selection of characteristics to all neurons equally, in 
this way, the model to learn independent characteris-
tics. Adam was used as an optimizer, which combines 
the advantages of some others, such as the Momentum, 
maintaining the exponential moving average of the 
gradients, and the RMSprop, which maintains the 
exponential moving average, but of squared gradients.

The proposed neural network consists of fifteen lay-
ers. This number of layers was determined by experi-
mentation. We have to take into account that with a 
shallower network, the extraction of features could be 
poor and therefore increase the difficulty to identify 
the desired features. However, with a deeper architec-
ture, there is a risk of overfitting.

Convolutional layers represent high-level data fea-
tures, and combining with a fully connected layer is 
one way to learn non-linear combinations of those 
features. In the network, two completely connected 
layers are used, seeking more significant learning of 
these combinations. To choose the best learning rate, 
we carried out tests with different values, and the one 
that had a better relationship between learning rate 
and performance is the selected one. The two images 
where the optic disc was not correctly detected are 
shown in Figure 8.
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FIGURE 8. Unidentified optic disc.

In images that were not appropriately cropped, 
excess brightness may be noticed on the circumfer-
ence of the fundus image. For this reason, the algo-
rithm places the optic disc in that position and does 
not cut the image correctly. Of the 650 used images, 
482 are from healthy patients and 168 from glaucoma 
patients.

Training and testing
455 images were used for training and 195 for valida-

tion, that is, 70% for training and 30% for validation. 
The images were chosen at random. The algorithm 
was developed in Python and ran on a computer with 
an Intel Core i7-3160QM 2.3 GHz CPU and 8 GB of RAM. 
The training execution time was 18.5 hours. Python 3 
and TensorFlow were used. To implement the algo-
rithm, it was necessary to use the Keras, Pandas, 
Numpy and Matplotlib libraries.

To ensure the obtained results were correct, we 
implemented cross-validation. For this validation, the 
algorithm was executed ten times for a k-fold with a 
value of k = 10. Each of the executions had 50 epochs. 
The advantage that it gives our model the opportunity 
to perform multiple training-test partitions. This can 
better show how our model performs on unseen data.

RESULTS AND DISCUSSION
For evaluation of the obtained results, some metrics 

such as accuracy, sensitivity, and area under the curve 
were used:

• True-Positives (TP): The predicted value was 
positive and agreed with the true value.

• True-Negatives (TN): The predicted value was 
negative and agrees with the true value.

• False-Positives (FP): The model is classified as a 
positive class, and the true value is negative.

• False-Negatives (FN): The model is classified as a 
negative class, and the actual value is positive.

Accuracy tells us the percentage of predictions that 
were made correctly.

���"���% ( �� & ��
�� & �� & �� & ��� (5)

The sensitivity tells us how many of the positive 
cases the model was able to predict correctly.

��� �!�#�!% ( ��
�� & ��� (6)

The ROC-AUC is the metric that shows us a probabil-
ity curve, which is shown by sketching the range of 
true positives against the range of false positives at 
various threshold values. The results obtained with 
different learning rates without ROI are shown in 
Table 1.

TABLE 1. Performance without ROI.
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The results obtained with different learning rates and 
ROI are shown in Table 2.

TABLE 2. Performance with ROI.
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Figure 10 shows the graph obtained for ROC-AUC, 
threshold values are in intervals of 0.01.

FIGURE 9. Performance with different learning rate.

FIGURE 10. ROC-AUC.

In order to check on which part of the image the net-
work was more focused to perform the classification, it 
was decided to obtain a method of visualization of neu-
ron activations. There are several options to perform 
this task. Erhan et al. [31] propose a method that seeks to 

produce an image that shows the activation of the spe-
cific neuron we are trying to visualize. Zeiler et al. [32] 
propose a method to find the patterns of the input 
image that activate a specific neuron in a layer of a CNN. 
Dosovitskiy et al. [33] propose a method that consists of 
training a neural network that performs the steps in the 
opposite direction to the original one so that the output 
of this new network is the reconstructed image.

The method used in this work is the one proposed by 
Selvaraju et al. [34] that adopts a CAM architecture, 
which generates a class activation map that indicates 
the most used image regions. Retraining is required 
for this purpose. In Figure 11 we can visualize the 
regions in the image that have the most weight while 
making the classification in some of the images.����������
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� FIGURE 11. Class activation map display.

For the color map, the Jet configuration was used, 
which returns a color map in a three-column matrix, 
with the same number of rows as the color map of the 
original image.
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Each row will have different intensities between the 
color red, green, and blue.

Table 3 compares the performance of our method 
against other methods found in the literature. It out-
performs all other results in any of the displayed 
metrics.

TABLE 3. Comparison of our method 
against other methods of state-of-the-art.

CONCLUSIONS
As we stated, glaucoma is one of the principal causes 

of blindness globally. It could be vitally important to 
have a tool capable of supporting ophthalmologists to 
diagnose this condition more quickly.

The proposed method achieves excellent metrics 
with a not-so-deep neural network, achieving an accu-
racy, sensitivity, and area under the curve of 93.22, 
94.14, and 93.98, respectively. To corroborate the per-
formance of our approach, we did our analysis on the 
ORIGA database, which is public, and it is one of the 
most used databases for glaucoma analysis.

The preprocessing of the images to obtain the ROI 
also helps the algorithm be more effective. It obtains 
the region where the optical disc is located in almost 
all the images of the database used, being a method to 
use in future work.

We will further examine different alternatives to 
increase the classification performance, either by pre-
processing or modifying the network structure.

The purpose of this investigation is to get a high clas-
sification method that could be implemented for auto-
matic glaucoma detection; this would save specialists 
time and speed up the diagnostic process.

By obtaining the characteristics map, we were able 
to visualize in which part of the image the decision 
of the network has more weight. Therefore, we con-
clude that the decision is made depending on the 
disc and optical cup characteristics, as shown in the 
results.

For any reader that would like to see the implementa-
tion code, it can be provided by requesting it to the 
corresponding author.
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Identi!cation of 7 Movements of the Human Hand Using sEMG - 360° 
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Identi!cación de 7 Movimientos de la Mano Humana Utilizando sEMG – 360° en el Antebrazo 

A. Ibarra-Fuentes, E. Morales-Sánchez
Instituto Politécnico Nacional. CICATA-IPN Unidad Querétaro. México. 

ABSTRACT 
This document shows the identi!cation of 7 gestures (movements) of the human hand from sEMG – 360° signals 
on the forearm. sEMG – 360° is the sEMG measurement through 8 channels every 45° making a total of 360°. When 
making a hand gesture, there will be 8 independent sEMG signals that will be used to identify the gesture. The 7 ges-
tures to identify are: relaxed hand (closed), open hand (!ngers extended), "exion and extension of the little !nger, 
the ring !nger, the middle !nger, the index !nger, and the thumb separately. One hundred samples for each gesture 
were captured and 3 feature extraction methods were applied in the time domain: mean absolute value (MAV), root 
mean square value (RMS) and area under the curve (AUC). A vector support machine (SVM) classi!er was applied to 
each extractor. The gestures were identi!ed and the percentage of accuracy in the identi!cation was calculated for 
each extractor + SVM classi!er using the confusion matrix method and including the 8 channels for each gesture. An 
accuracy of 99.52% was achieved for the identi!cation of the 7 gestures applying sEMG – 360°.

KEYWORDS: Electromyography; gesture; classi!er
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RESUMEN 
Este documento muestra la identi!cación de 7 gestos (movimientos) de la mano humana a partir de sEMG – 360° 
en el antebrazo. sEMG-360 es la medición de sEMG por medio de 8 canales cada 45° haciendo un total de 360°. Al 
realizar un gesto de la mano se tendrán 8 señales sEMG independientes que se utilizarán para hacer la identi!cación 
del movimiento. Los 7 gestos a identi!car fueron: mano relajada (cerrada), mano abierta (dedos extendidos), "exión 
y extensión del dedo meñique, del dedo anular, del dedo medio, del dedo índice y del dedo pulgar por separado. 
Se capturaron 100 muestras de cada gesto y se aplicaron 3 métodos de extracción de características en el dominio 
del tiempo: el valor medio absoluto (MAV), valor de la raíz cuadrática media (RMS) y el valor del área bajo la curva 
(AUC), después se aplicó un clasi!cador de máquina de soporte vectorial (SVM) a cada método de extracción. Se 
identi!caron los movimientos y se calculó el porcentaje de exactitud en la identi!cación para cada extractor + clasi-
!cador SVM utilizando el método de la matriz de confusión e incluyendo los 8 canales para cada gesto. Se logró un 
99.52% de exactitud en la identi!cación de los gestos de la mano humana aplicando sEMG – 360°.
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INTRODUCTION
Electromyography is a technique that measures the 

bioelectrical signals that muscles generate when the 
body performs an action; these signals have been used 
for the performance analysis of athletes, for the remote 
control of highly complex mechanical and electronic 
systems in movement, to measure development in 
rehabilitation, among other applications. sEMG signals 
are acquired by means of surface electrodes.

The literature reports the use of 1, 2 and up to 3 elec-
trode arrays using the RLD (Right Leg Driven) config-
uration. The commercial device called Myo Armband, 
Thalmic labs [1], is a wireless electronic bracelet con-
sisting of 8 channels (8 arrays of 3 mini dry-surface 
electrodes). When this bracelet of 8 arrangements of 3 
superficial electrodes is positioned on the forearm, 
you have a complete overview of the sEMG signals of 
the forearm muscles when the hand performs any 
movement. This way of measuring EMG around a 
human extremity is called sEMG-360°.

In recent years, different researches have considered 
sEMG signals to identify the intention of movement of 
the human hand and to be able to reproduce them in a 
robotic hand. These signals are acquired when differ-
ent gestures (movements) are made and then they are 
processed to acquire the most important information 
of the signal and once processed they can be entered 
into a classifier in order to identify the movements 
made by the user. 

 Tavakoli et al. [2] reports the sEMG signals of the fore-
arm when certain movements are performed: open 
hand, closed hand, hand at rest and wrist flexion, 
these are acquired with the use of 3 superficial elec-
trodes, then an extraction of characteristics is made in 
the time domain to the signals, where the mean value 
(MV) of each of them is obtained, then an SVM classi-
fier is used to predict the movements, where they 
obtained an accuracy of 90%.

Another study presented by Shi et al. [3], where superfi-
cial electrodes are used to acquire the sEMG signals from 
the forearm when performing 4 gestures such as: closed 
hand, extended index finger, extended thumb, and the 4 
extended fingers together. An extraction of characteris-
tics in the time domain was applied, where the main 
descriptors were: the MAV, the zero crossing (ZC), the 
slope sign change (SSC) and the waveform length (WL), 
these characteristics were used in the nearest neighbor 
classifier (KNN) where they obtained an accuracy of 94%.

In the study presented by Krishnan et al. [4], the Myo 
Armband device is used to acquire EMG signals by per-
forming 5 movements of the human hand. The author 
used some feature extraction methods in the time 
domain as the simple square integral (SSI), the maxi-
mum value and the minimum value, the average fre-
quency and the average potential; these methods were 
used in an SVM classifier where they obtained an iden-
tification accuracy percentage of 92.4% for one user 
and 84.27% for another user.

In Mukhopadhyay et al. [5], 8 arrays of 3 electrodes are 
used to predict 8 classes of hand movement: wrist flex-
ion, wrist extension, wrist pronation, wrist supination, 
force grip, pinch grip, open hand, and rest. Power-
spectral descriptors were used to extract the character-
istics of the sEMG signals. Subsequently, they used a 
deep neural network (DNN) as a classifier, obtaining 
98.88% accuracy.

In the study presented by Sanchez et al. [6], the author 
obtained sEMG signals by using the Myo Armband 
bracelet to predict 8 hand gestures to reproduce on a 
robotic hand. They used an extraction of characteristics 
in the time domain as MAV, the RMS, the WL, the mean 
amplitude change (AAC), the integrated EMG value 
(IEMG) and the absolute standard deviation (DASDV); 
these data were used in an extended associative mem-
ory (EAM) classifier and obtained an accuracy of 94.83% 
when using the MAV and RMS extractors.
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Table 1 shows a summary of the previous literature 
that includes different characteristics such as the 
number of electrodes, their position, number of ges-
tures, type of feature extraction method, and the iden-
tification accuracy.

TABLE 1. Summary of the previous works in the state 
of the art about EMG and classification of gestures.��������
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From the previous review it can be seen that there are 
different articles on the identification of some hand 
gestures using different extractors and classifiers [7] 

with 1, 2, 4, and 8 array electrodes but with different 
identification accuracy percentage. Due to the random 
nature of sEMG signals, it is of the researchers’ interest 
to improve the identification accuracy of human hand 
gestures using EMG signals.

The present work proposes to improve the gesture 
accuracy identification using only sEMG-360 array and 
keeping the same feature extraction methods (MAV, 
RMS and AUC) in the time domain and the SVM classi-
fier to identify 7 gestures of the human hand.

MATERIALS AND METHODS
This section shows the methodology used to extract 

the characteristics of the sEMG-360 signals acquired 
(in the 8 channels at 45° around the forearm) corre-

sponding to 7 movements of the human hand: open 
hand (5 fingers extended), closed hand (5 fingers 
flexed), and 5 flexion-extension movements for each 
finger individually, as well as to explain the method 
used to evaluate the performance of the identification.

Myo Armband bracelet 
It is an electronic device developed by the Thalmic 

Lab company as illustrated in Figure 1 [1]. It is a bracelet 
that can be placed on the forearm to record the sEMG 
activity that is generated by the movement of the mus-
cles. This device has 8 arrays of 3 dry-surface electro- 
des to monitor sEMG, it combines an accelerometer, a 
gyroscope, a magnetometer, an ARM Cortex M4 pro-
cessor, indicator LEDs, motor vibrators, Bluetooth 
communication and a rechargeable power supply.

FIGURE 1. Characteristics of the Myo Armband.
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The sampling frequency of the Myo Armband bracelet is 
200 Hz. The total sample rate of the Myo Armband is 200 
Hz, which gives us a sample time as shown in Equation 1:

��������������������������� (1)

Where Tsampling is the sampling time, Hz is the sample 
rate and ms equals milliseconds.

This indicates that every 5 ms, the EMG signals of the 
8 channels are acquired in 360º configuration of the 
Myo Armband bracelet. 

Acquisition of EMG signals
The Myo Armband device was used to acquire the 8 

sEMG signals (8 channels) for each flexion-extension 
movement of the fingers of the human hand, the 
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extended hand position (open) and the relaxed hand 
(closed). By means of Bluetooth (integrated in the 
device) and using the Python software, each of the 8 
channels of each of the established movements were 
captured and saved on a PC for later analysis. 

A window of 400 data was generated as shown in 
Figure 2, where the sEMG signals of the 8 channels are 
graphed. The movement developed in Figure 2 corre-
sponds to the flexion-extension movement of the mid-
dle finger. A segment of 400 samples represents 2 
seconds of the signal, though the gesture took 1 sec-
ond, the rest is the time interval before and after the 
gesture.

FIGURE 2. sEMG signals of the 8 channels, 
corresponding to the flexion-extension 

movement of the middle finger.
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Once the sEMG signals were acquired for the preset 
gestures, feature extraction methods of the 8 channels 
were performed for the 7 motions. These feature 
extractions were performed in the time domain. It was 
proposed to implement 3 types of extractors, which 
are the most reported in the literature: the mean abso-
lute value method (MAV) [8], the root mean square 
(RMS) method [9] and the area method under the curve 
(AUC) [6].

In the MAV method, the mean value of the sEMG sig-
nal is calculated. The formula to calculate it is shown 
in Equation 2.

	������� �� �����
��� � (2)

Where N represents the number of data contained in 
the sample and Xi the data contained in said sample.

The RMS method obtains the root mean square value 
of the sEMG signal. The mathematical expression is 
shown in Equation 3.


	������
� �� ����

��� � (3)

Where N represents the number of data contained in 
the sample and Xi the data contained in said sample.

The area method consists of applying the trapezoid 
rule as an approximation of the definite integral by 
adding the areas of the trapezoids that make up the 
sEMG signal. The formula for calculating the area 
under the curve is shown in Equation 4.

���	� 
 � ��� � �	�
�� � 	�
� � ����
��� �� (4)

Where ǻx = (b-a) / N is the length of the subintervals 
and Xi = a + i ǻx. The values of a and b belong to the 
interval where the integral will be evaluated.

Classi!er
Once the feature extraction has been carried out 

using each of the proposed extraction methods, a clas-
sifier is required to be applied to separate the informa-
tion and identify each movement. For this study, the 
support vector machine classifier (SVM) is used, where 
100 data of each of the predefined gestures will be 
used. The data used for SVM can be more or less than 
one hundred, according to literature, one hundred is a 
representative number when statistics is applied [10] [11] 

[12]; the SVM classifier is an algorithm that can deter-
mine a plane that separates the acquired data set into 
several sets (vectors). For a new set, the similarity of 
the vector is determined, and it is classified within the 
set associated with that vector.
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SVM algorithms use a set of mathematical functions 
called kernels. There are different types of kernel 
functions, such as: linear, polynomial, radial basis 
function (RBF) among others. Depending on the type 
of kernel, an accurate or inaccurate classification of 
the data is achieved.

The kernel functions are represented as:

• Linear: z = y * x + b
• Polynomial: z = (y * x + b)n

• RBF: z = exp(-Ȗ||x - y||2)

Where x and y are the data that is entered into the 
classifier, b is a parameter to improve performance 
and n is the degree of the polynomial, Ȗ defines how 
much influence a single training example has.

In this work, the 3 types of kernels were applied for 
the SVM in order to determine which kernel maxi-
mizes the percentage of accuracy in the identification 
of movements.

Confusion matrix 
In order to calculate the percentage of accuracy that 

exists during an identification process, the confusion 
matrix is used.

In the confusion matrix, each column represents the 
number of predictions for each class, and the rows rep-
resent the instances of the real class, so it is possible to 
observe the successes and errors of the model during 
the identification of the movement [13]. Figure 2 shows 
a confusion matrix for 4 classes: A, B, C and D. 

To calculate the accuracy value (AC), Equation 5 [14] is 
used.

�� 
 


�������	���
����������
	��	
�� (5)

Where T = VA + VB + VC + VD; VA, VB, VC and VD are 
the numbers where the classes are identified as true. 
FAB….FCD is the number in which a class is classified 
in another class. With100% accuracy, all the values for 
FAB… FCD are 0.

TABLE 2. Confusion matrix for 4 classes.
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RESULTS AND DISCUSSION
Since each gesture has 8 associated sEMG channels, it 

is ideal to find the relationship of the 8 channels with 
the gesture. One technique used is to graph the data in 
an eight-dimensional space (number of channels). To 
simplify and show graphically this relationship, Figure 
3 shows the corresponding three-dimensional space 
data for channels 1, 2 and 6 of each of the 7 move-
ments using the MAV extractor (different colors). It is 
observed that the classes are separated since they are 
in different ranges within the three-dimensional 
space. It is observed that the open hand and closed 
hand gestures are naturally separated from the ges-
tures of moving a single finger. It is also observed that 
the little finger, middle finger and ring finger are the 
gestures that least allow classification because they 
overlap each other.

FIGURE 3. MAV characteristics of channels 1, 2 and 6.
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The behavior was calculated for the CUA and RMS 
extractors. There were no significant differences 
between them. 

Once the MAV, AUC and RMS feature extractors were 
applied to the sEMG signals, the SVM classifier was 
applied. Figure 4 shows the classification carried out 
by the SVM with a linear kernel of the data obtained 
from the MAV for channels 1 and 6. It is observed that 
there are some data that were misclassified since they 
are in the region of a different class.

FIGURE 4. Classification of data obtained from 
the MAV when using a linear kernel in the SVM.
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Considering the classification obtained from the 
classes with 100 samples for each gesture, the corre-
sponding confusion matrix was obtained (Table 3). 
70% of the data was used for training and the remain-
ing 30% for testing. Table 2 was obtained for a linear 
kernel SVM.

TABLE 3. Confusion matrix for the identification 
of the 7 movements. Shown for SVM with 

RMS as feature extraction method. 
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In Table 3, number (1) refers to the gesture of the 
closed hand, number (2) the open hand, number (3) is 
the flexion-extension (FE) of the little finger, number 
(4) is for FE of the thumb, number (5) for FE of the 
middle finger, number (6) for FE of the ring finger and 
finally number (7) refers to FE of the index finger. In 
the same way, the black-colored diagonal values show 
the successes that a class has in respect to itself, and 
the other values that are outside the diagonal, refer to 
how many times the classifier predicted a value of a 
class that does not belong to the assigned one.

Table 4 shows the percentage of accuracy in the iden-
tification of the 7 gestures. It is shown that the RMS + 
SVM with the linear kernel, RMS + SVM with rbf kernel 
and AUC + SVM with rbf kernel obtained the highest 
percentage of accuracy in the identification with 
99.52%.

TABLE 4. Percentage of accuracy in the identification 
of gesture under different extractors and kernels.
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The RBF hyperparameters used were C = 10000.0 and 
Gamma = 1e-05 for MAV feature, for RMS were used C 
= 10000000 and Gamma = 1e-09, and for the AUC the 
value of C = 100.0 and Gamma = 1e-09. The Polynomial 
parameter degrees used for MAV, RMS and AUC were 
the value of 2.
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As shown in Table 4, the best combination of extractor 
+ classifier was that of RMS + SVM with linear kernel 
also the RMS +SVM and AUC + SVM with the RBF ker-
nel. In a general analysis, it can be observed that there 
was no significant difference between the feature 
extraction methods.

According to Table 4, in all the cases we have a high-per-
centage of identification accuracy, this means that realis-
tically, the sEMG-360 could improve the accuracy. This 
result was expected because having 8 channels for each 
gesture to identify is a real advantage comparing with 
literature (Table 1). In the introduction, Mukhopadhyay 
et al. [5] using 8 arrays of 3 electrodes to predict 8 gestures 
and using a deep neural network (DNN) as a classifier, 
98.98% accuracy was obtained. This high accuracy may 
be because the author used 8 electrodes, as we did, as 
well as a DNN classifier. In our case, identification accu-
racy is in the range of 98.5-99.5% in all the cases. In a 
different way, it is observed that a second parameter for 
increased identification accuracy is the classifier SVM. 
And a third parameter is the feature extraction method. 
According with our results, RMS is the better extraction 
method compared to MAV and AUC. At last, from a com-
putational point of view, RMS + SVM implementation is 
very easy if compared to the DNN classifier. 

Therefore, this research shows that s-EMG-360 
improves the accuracy of identification though it is 
used with the common feature extraction method 
(RMS, MAV, AUC) and SVM classifier.

CONCLUSIONS
The results show that the RMS extractor in conjunc-

tion with the SVM classifier is the combination with 
the best percentage of accuracy (99.52%) in the identi-
fication of the 7 proposed movements of the fingers of 
the human hand.

It is shown that using a Myo Armband device is a 
good option for the implementation of the sEMG-360 
method. 

The sEMG-360 method improves the identification 
accuracy of human hand gestures. The SVM classifier 
was the second principal parameter to improve identi-
fication accuracy. 

It is concluded that the feature extraction methods in 
the time domain (MAV, AUC and RMS) give the same 
result for identification accuracy, with RMS having a 
slight advantage. 

At last, we concluded that sEMG-360 around the fore-
arm is a powerful technique because it adds 8 sEMG to 
the processing data for gesture identification.
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Shielding Volume Reduction in a High Dose Rate Brachytherapy Room 

Reducción de Volumen de Blindaje en una Sala de Braquiterapia de Alta Tasa de Dosis 
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ABSTRACT 
This paper describes a method to reduce the shielding thickness in a high dose brachytherapy treatment room, with 
an Iridium-192 source, using the protocols established by the International Atomic Energy Agency in its Safety Re-
port No. 47; calculating the volume of shielding material, without failing to comply with the radiation safety para-
meters established by the General Radiation Safety Regulations and regulations in force by the Comisión Nacional de 
Seguridad Nuclear y Salvaguardias, which acts as the regulatory body for the use of radioactive sources in Mexico. 
The shielding of the walls was determined as a function of room design, source activity, workload, use factor, num-
ber of weekly treatments, treatment time, and shielding material properties. The results show that the shielding 
volume can be reduced by 19.592% and 20.727% for !ve-point and eleven-point fractionation, respectively, for a 
Brachytherapy room with a maze.

KEYWORDS: Shielding, Brachytherapy, Radiation Protection
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RESUMEN 
El presente trabajo describe un método para reducir el grosor de blindaje en una sala de tratamiento de Braquite-
rapia de alta dosis con fuente de Iridio-192, utilizando los protocolos establecidos por el Organismo Internacional 
de Energía Atómica en su Informe de Seguridad No. 47; calculando el volumen de material de blindaje, sin incum-
plir con los parámetros de seguridad radiológica que establece el Reglamento General de Seguridad Radiológica y 
normatividad vigente por la Comisión Nacional de Seguridad Nuclear y Salvaguardias, quien funge como órgano 
regulador para el uso de fuentes radiactivas en México. Por lo que se determinó el grosor de las paredes en función 
al diseño de la sala, ubicación y actividad total de la fuente, así como, factor de ocupación en áreas adyacentes car-
ga de trabajo, factor de uso, número de tratamientos semanales, tiempo promedio de tratamiento y propiedades 
del material de blindaje. Mediante estos cálculos, se determinó que el volumen de blindaje se puede reducir un 
19.592% y 20.727% para el fraccionamiento en cinco y once puntos, respectivamente, para una sala de Braquitera-
pia con laberinto.
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INTRODUCTION
Radiation protection (RP) focuses on the prevention 

of stochastic and deterministic damage caused by ion-
izing radiation to workers, the public, and the environ-
ment, without interfering with the exposure processes 
associated with a benefit, ranging from electric power 
generation to applications in medicine, industry, and 
agriculture [1] [2] [3]. 

RP is the responsibility of each country; however, 
there are international organizations such as the 
International Atomic Energy Agency (IAEA) and the 
International Commission on Radiological Protection 
(ICRP), which issue recommendations on radioprotec-
tion to reduce risks and prevent accidents, respond to 
emergencies associated with radioactive sources and 
seek to mitigate harmful effects associated with radio-
logical exposure practices; environmental, occupa-
tional, or public [3] [4]. 

It is important to mention that the RP is based on the 
principles of: 

• Justification: Any practice involving exposure to 
ionizing radiation should produce more benefit 
than harm [1].

• Optimization: All radiation exposure should be 
kept As Low As Reasonably Achievable (ALARA 
Principle) [1].

• Dose limits: applicable for planned and justified 
radiation exposure [1].

The first two are aimed at the use of the radioactive 
source, and the third one, for exposed personnel and 
the public [5], regulating the dose limits in force. In 
Mexico, the Comisión Nacional de Seguridad Nuclear y 
Salvaguardias (CNSNS –National Commission for 
Nuclear Safety and Safeguards-) is the regulatory body 
for the use of radioactive sources, and the effective 

dose equivalent were published in the Reglamento 
General de Seguridad Radiológica (General Regulation 
of Radiological Safety). These values and the recom-
mended values by the ICRP are measured in mil-
lisievert (mSv) and shown in Table 1. 

Also, there are RP factors or practical RP methods [6], 
which are: 

• Time: The less time an individual is exposed to a 
radiation source, the lowest dose absorbed [7].

• Distance: Every individual should be as far away 
as possible from the radiation source, according 
to the inverse square law of distance, which 
indicates that it is inversely proportional to the 
square of the distance from the source [4] [ 7]. 

• Shielding: Barrier between the source and the 
individual that reduces the intensity of ionizing 
radiation [7].

These factors should be considered to optimize the 
RP design [6]. Regarding shielding, it depends on activ-
ity, type of radiation and energy emitted by the source, 

TABLE 1. Summary of effective exposure 
limits in planned situations [8] [9].��������
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which is directly related to the type of particles 
released by the radionuclide (emissions Į, ȕ+, ȕ-, Ȗ, etc.) 
[7], as well as the density and thickness of the material. 
Nowadays, the most used materials are concrete, lead, 
and steel [7] [10], whose description and density are 
shown in Table 2.

TABLE 2. Examples of radiological 
shielding materials [11].

��������
�

�����������
�

������������
��������
����������

��	��
�

�"$(�)"*/+�
�"*"-�(�!"�
�"$0-&!�!�
��!&+(6$& ��

���)�1�4"�-�
#+-�./+ %�./& �

"##" /.�

��)�1�4"�-�#+-�
./+ %�./& �"##" /.�

����)�1�4"�-�
#+-�!"/"-)&*&./& �

"##" /.�

���)�1�4"�-�#+-�
!"/"-)&*&./& �

"##" /.�

�����

����)�1���4"�-.�
 +*!&/&+*�(�+*�*+/�
"3 ""!&*$����)�1�

,"-�4"�-�

��)�1�4"�-�

�-4./�((&*"� ����)�1� ��)�1�

�'&*� ����)�1� ���)�1�

��*!.��*!�#""/� ����)�1� ��

�
��������

�
��������� ���������
�+* -"/"� �/.�!"*.&/4�1�-&".�2&/%�)&*"-�(� +*/"*/��

�/""(���"�!� �/�&.�*+-)�((4�0."!��.�.0,,(")"*/�-4�
.%&"(!&*$��

�
��������

�
������
������ ��

�##& ".��(��+-�/+-&".��.%+,.�� %&(!-"*�.�
,(�4��-"�.��*0-."�.�./�/&+*.��./�##�-++).��
�+*/-+(�-++)��,�/&"*/�-++).��

��

�+--&!+-.�� ���
�

��&/&*$�-++).��/+&("/.��./�&-2�4.��
0*�//"*!"!�"("1�/+-.��1"%& 0(�-�/-�##& ��� �����

�
������	�

�
�����	�� �����	
��

��	�� �� ���	�
�
���	�� ��

�	�����������

� ��-!"*� ����� �* +*/-+(("!� ��
�� ��-!"*� ����� �* +*/-+(("!� ��
�� �" +1"-4�

-++)� ����� �* +*/-+(("!� ��

�� �+*/-+(�
-++)� �� �+*/-+(("!� �	��

�� ��5"� ����� �* +*/-+(("!� ��
�++#� �+*"� ����� �* +*/-+(("!� ��

�
�

Regarding medical use, radioactive sources are used 
in diagnosis, treatment [1], and theragnostic [12]. 
Particularly in treatments, there are teletherapy and 
brachytherapy. 

Brachytherapy is a treatment in which radioactive 
sources are placed at a short distance from the tumor. 
It is classified according to dose rate or how quickly 
the dose is delivered to the patient: low, medium, and 
high [13]. In the case of High Dose Rate Brachytherapy 
(HDR-B), the most radioactive isotopes used are 
Cobalt-60 (60Co) and Iridium-192 (192Ir) [11]. Particularly, 
192Ir has a half-life of 73,829 days and decays 95.35% by 
particle emission ȕ and 4.65% by Electronic Capture 
(EC) to excited states of Platinum-192 (192Pt) and 
Osmium-192 (192Os) respectively. Afterwards, they 
decay by emission Ȗ until they reach stability (Figure 
1) [14] [15]. Exposure to high levels of Ȗ-rays cause harm-
ful effects (for example cancer), which is why a barrier 
is used to attenuate them (mainly by photoelectric 
effect and Compton effect) [16]. 

Shielding depends on the design of the HDR-B treat-
ment room. Therefore, the IAEA suggests a room 
design with a doorless maze for 60Co radioactive source, 
includes a control area, preparation/procedure room, 

recovery area, sluice room, and image processing area 
(Figure 2) [17]. The dimensions for the width of the 
maze should be 1.8 meters (m), the internal ones 4 m 
long by 4 m wide (Figure 2), and a height of 3 to 3.6 m. 
The above, assuming the use of fluoroscopy equip-
ment for applicator placement [11], although Computed 
Tomography (CT) and Magnetic Resonance Imaging 
(MRI) simulation is also used [17].

FIGURE 1. 192Ir decay diagram by particle 
emission and EC [15].

FIGURE 2. Brachytherapy treatment
room for 60Co source suggested by IAEA: 

dimensions and adjoining areas [17].
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Calculation of primary barriers
IAEA Safety Report Series No. 47 (SRS-47) describes a 

method for calculating shielding thicknesses in walls, 
floor, and roof and considerations as primary barriers 
(shielding where useful radiation beam hits directly). 
This method starts from the calculation of the attenua-
tion required by the barrier (B) given a dosimetry shiel-
ding point that is at a certain distance from the source 
(d) [4] [11] [18]. Thus, B is determined from Equation (1):

� 9� �����������
�

* 9 ' %' �  � 1 � 0

(1)

Where P is the design limit measured in µSv week-1, W 
is the workload in micro grays per square meter week-1 
(µGy m2 week-1), U is the use factor, and T is the occu-
pancy factor of adjacent areas [11].

Concerning P, it must ensure compliance with the 
permissible exposure dose limits for adjacent areas. 
The classification of the adjacent areas is:

• Controlled: areas with specific protective mea-
sures to control potential exposures under nor-
mal working conditions. The limit is P equal to 
120 microsievert per week (µSv week-1) [11] [16].

• Uncontrolled (public): areas that are not desig-
nated as controlled but are under review. The 
design limit is 6 µSv week-1 [11] [16].

About W, it refers to the dose administered per treat-
ment each time (usually in one week) [4] [11]. It is calcu-
lated by the Equation (2) [11]:

Where RAKR is the Reference Air Kerma Rate for a 
source of unit activity at one-meter distance modified 
by attenuation and scattering in the air [16]; A is the 

� 9������
�
�

* 9 ' %' �  � 1 � 0�
�
�

	 9 �� � � � 


(2)

total source activity measured in becquerels (Bq); t is 
the average treatment duration in hours, and n is the 
number of treatments per week [11].

According to the American Association of Medical 
Physicists Publication No. 21 (AAPM-21), W is deter-
mined by the Equation (3) [19]:* 9 ' %' �  � 1 � 0

�
	 9 �� � � � 
��

�
(3)

Where Sk is the air kerma strength of the source in 
units of U o (µGy m2)/h and it is equivalent to the prod-
uct of RAKR times A [19]. 

For the T factor, it indicates the average fraction of time 
that a person is mostly exposed to adjacent area where 
the source is in use. Table 3 shows the value for each 
area according to NCRP Report No. 49 (NCRP-49) [4] [10] [11].

TABLE 3. Occupancy factor T recommended 
by the NCRP-49 [10] [11].
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It is important to mention that for HDR-B, the sources 
are isotropic, i.e., they are not collimated, and their 
emissions are in all directions. In this sense, the U fac-
tor will always be equal to 1 [4] [11]. 

It is also recommended the use of the Tenth Value 
Layer (TVL) and Half Value Layer (HVL), which reduce 
the radiation intensity by a factor of one tenth and one 
half of the initial intensity, respectively, whose thick-
ness is specific for each material and radionuclide [11]. 
The number of TVL that produces a transmission fac-
tor B is calculated from the Equation (4) [11]:
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(4)

So, the barrier thickness (Et) is obtained by multiply-
ing the TVL times the TVL value of the material 
(TVLm) [11], as shown in the Equation (5):

�
�� 9 ���� 8 �������

�
(5)

Calculation of secondary barriers
In addition, secondary radiation must be considered, 

especially that transmitted into the maze. For which, 
the factor B for the secondary barriers (barriers not in 
direct contact with the radiation beam from the 
source), is calculated from Equation (6) [11]:�� 9 ���� 8 ������

�
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(6)

Where dsca is the distance from the radiation source to the 
patient in meters (m); dsec is the distance from the patient 
to the point of interest in m; Į is the beam energy scatter-
ing fraction and scattering angle in dsca; F is the incident 
field area over the patient in square centimeters (cm2).

MATERIALS AND METHODS
The method consists of three stages: the first is to 

identify the room design data, source characteristics, 
design limits and shielding material. The second stage 
is to determine the number of dosimetric point per 
wall and roof, calculating the shielding using the IAEA 
SRS-47 method (described previously) for each point, 
and obtain the area and volume of each barrier. The 
last stage involves calculating and analyzing the 
shielding reduction percentages (Figure 3).

First, the data of the HDR-B room are identified, con-
sidering the design, dimensions, and adjacent areas 
shown in Figure 4, having as primary barriers wall A, 
B, D, and E, and a distinction of primary and second-
ary barriers, on wall C and the roof.

FIGURE 3. Method for fractional calculation 
of the shielding of an HDR-B room.

FIGURE 4. Representation of the dimensions 
and adjoining areas of the HDR-B room, in x-y view.

For this case, we consider the use of an 192Ir source 
with a nominal activity of 370 Gigabecquerel (GBq), 
RAKR of 0.111 µGy · MBq–1 ·m2·h–1 [11], total activity (A) 
of 555 GBq [20], a workload (n) of 30 treatments per 
week, with an average treatment duration (t) of 10 
minutes (0.167 hours) to deliver an absorbed dose of 
7.5 Gy, to the prescription point per treatment and con-
crete as shielding material, whose TVL value for this 
source is 0.152 m [11].

Also, the value for the factor T and the design limit P 
is established according to the adjacent area and NCRP 
49 (values shown in Table 3) [10]. The assignment of 
these values is shown in Table 4.
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TABLE 4. Summary of values 
used according to the NCRP.
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For the second stage, the barriers A, B, D and E are 
divided into 4 (5 points) and 10 (11 points) equal parts 
(see example in Figure 5, for 5 points), where for each 
division point (dosimetric points) and distances closer 
to the source (dA, dB, dD and dE) the following calcu-
lations are performed:

FIGURE 5. Location of 5 dosimetric points on 
barrier A, as well as the closest distances from the 
source to the walls of the HDR-B treatment room.

First, the distances of the points to the source (dis-
tance between two points) are calculated, using the 
Equation (7) [21].

�
," 9 <=3 7 3�>� 6 =4 7 4�>� �6 =5 7 5�>���

�

=������2--. >=, >

(7)

For this purpose, the positions (x, y, z) of the dosim-
etric points on the cartesian plane, represented by the 
HDR-B room, are considered. Which has origin (0, 0) at 
the lower left and the source position at (x0= 3, y0= 2.5, 
z0= 1.1) (Figure 4).

Then, the W factor is calculated by substituting the 
values of RAKR, A, t, and n, in the Equation (2), which 
results: 

, 9 <=3 7 3 > 6 =4 7 4 > �6 =5 7 5 >

�
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The shielding thickness is then calculated for each of 
the points of each barrier, substituting the values of P, 
W, U, T, and d the in Equation (1), obtaining:

=�����������������/ � 8 2--. >=��>=(>�
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The obtained value of B is then substituted into the 
Equation (4) to calculate the number of TVL:

!
�

"1 9 =���>�=�������>�
�

The result and the TVL value of the concrete for 192Ir 
are substituted in the Equation (5), resulting:
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Once all the points of barriers A, B, D, and E have 
been obtained, the area of each barrier is calculated by 
obtaining the areas of the rectangular trapezoids (atr) 
formed by the thicknesses of each dosimetric, as 
shown in Figure 6. This calculation is performed with 
the Equation (8) [22]:"1 9 =���>�=�������>

�
������+%# 9� )����*� � ��

�

, 9 <=��� 7 �> 6 =� 7 ���> 9 ������/
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Where Bt is the major base (lower thickness), and b is 
the minor base (upper thickness), and h is the height 
(dosimetric point spacing).

The sum of the areas of the rectangular trapezoids 
provides the area of each barrier. Subsequently, it is 
multiplied by the height of the room, which is 3.5 
meters, to obtain the volume.

FIGURE 6. Rectangular trapezoid formed by the point 
A9 and A10 of the 11-point fractionation of the barrier A. 

In the case of the wall C, it is divided into two sec-
tions (Figure 4). For the first section, the distance dc1 
is considered and the shielding thickness is calculated 
using the calculations described for barriers A, B, D, 
and E. For the second section, the distance from the 
source to the middle of the maze on wall B (dsec) hav-
ing coordinates (6.8, 8) (Figure 4) is calculated using 
the Equation (7), resulting:

�
���,$�� 9 <=��� 7 �>� 6 =� 7 ���>� 9 ������/��������
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��*�For this case, we considered the dsca value of 1.5 m 
and a maximum F of 400 cm2 and a reflection angle of 
45° for 60Co (Į) of 0.0037 [11]; these values and the val-
ues of T, P, and W (calculated previously) are substi-
tuted in Equation (6) to obtain the factor B, resulting:
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 Then, the value of B is substituted in the Equation (4) 

and subsequently, Equation (5) are used to obtain the 
final thickness. The area is calculated by multiplying 
the width of the barrier (2.4 m for the first section and 
5.6 m times the second section) and the sum of these 
are multiplied times the height (3.5 m) to obtain the 
volume.

For the roof shield calculation, it is divided into two 
sections (Figure 7).

FIGURE 7. Dosimetric points calculated
on the roof of the HDR-B room.

In the case of the first section, the fractionation into 
5 and 11 divisions is performed on the position of the 
source on the x-axis (indicated with a black line in 
Figure 7). The calculations of the distances are carried 
out in the dimensions (x, y, z) with the Equation (7), 
the shortest distance to the source (3, 2.5, 3.5), and the 
position (3, 5.6, 3.5) are also considered.

Then, for each of the distances obtained, the thick-
ness is calculated using the Equations (1), (4), and (5). 
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To obtain the area, Equation (8) is used in the same 
way with barriers A, B, D, and E. These areas are mul-
tiplied by the width of each section and the result is 
multiplied by the length of the room (5.6 m or 8 m) to 
obtain the volume.

The second section is analyzed as a secondary bar-
rier, so the distance from the point d (6.8, 8, 3.5) 
(Figure 7) is calculated using the Equation (7). Subse-
quently, B is calculated with the Equation (6), consid-
ering the same values of d, F, and Į. The shielding 
thickness is calculated using the Equations (4) and (5). 

The area is obtained by multiplying the thickness 
times the length of the section (5.6 m). The result is 
multiplied by the width of the section (2.4 m) to obtain 
the volume.

As for the reference volume values, they are calcu-
lated by multiplying the thickness of the points dA, 
dB, dD, dC, dE and dT, times the length of each barrier 
(area), the result is multiplied by the height.

For the third stage, the percentage of reduction is cal-
culated by comparing the volume calculated at one 
point in each of the barriers against this obtained for 5 
and 11 points.

Also, the geometric mean (G) is calculated at the 
reduction percentages per barrier, which is defined as 
the root- nth (N) of the product of all the elements (n), 
represented by the Equation (9) [23] [24]:

�
# 9� <3� � 3��� 3"� ���

�

$=3> 9 $=�> � -

(9)

As for the total percentage of the reduced shielding of 
the HDR-B room, it is calculated by adding the vol-
umes of all barriers at one, 5, and 11 points. Subse-
quently, a comparison is made of the required shield-
ing volume at one point vs. 5 points and one point vs. 
11 points.

RESULTS AND DISCUSSION
From the previous study, Tables 5 and 6 were obtained 

as a result of the fractionation of barriers A, B, D, and E 
for 5 and 11 points, where x and y indicate the posi-
tions of each dosimetric point, d is the calculated dis-
tance from the point to the source measured in meters, 
Et is the required shielding thickness in meters, a is 
the area obtained from each rectangular trapezoid, ac 
is the sum of the areas of the rectangular trapezoids 
comprising the barrier.

TABLE 5. Shielding for barriers A, B, D and E, for 5 points.
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According to Figure 8, we can observe that in barrier 
A, there is a decreasing trend in the thickness of the 
shielding thickness from 10.724 m3 of concrete calcu-
lated for one point to 9.909 m3 for 5 points and 9.916 m3 
for 11 points. This behavior represents a percentage 
decrease of 7.600% and 7.535% (Table 7), respectively.

Also, in barrier there is B a decrease from 8.708 m3 at 
one point to 8.292 m3 at 5 points and 8.295 m3 at 11 
points (Figure 8). The percentage decrease is 4.777% 
and 4.743%, respectively (Table 7). 
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TABLE 6. Shielding for barriers A, B, D and E, for 11 points.

A similar case is barrier D, the volume decreased from 
8.036 m3 for one point to 7.459 m3 for 5 points and 
7.396 m3 for 11 points (Figure 8), representing a 
decrease of 7.180% and 7.964% (Table 7), respectively.

For barrier E, the volume calculated for one point is 
8.036 m3, while for 5 points it is 7.644 m3 and for 11 
points it is 7.630 m3 (Figure 8), representing a percentage 
decrease of 4.878% and 5.052% (Table 7) respectively.
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FIGURE 8 Comparison of the volume required per barrier.

TABLE 7. Percentage of volume reduced by barrier.
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In the case of barrier C, it represents the best reduction 
in shielding, since a single point requires 8.932 m3 of 
concrete, while with the proposed method the volume 
required is 3.084 m3 (Table 8). This difference represents 
a 65.472% of reduction in the shielding volume (Table 7).

TABLE 8. Shielding for barrier C.
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 For roof shielding, the volume required for one point 
is 26.240 m3 (Figure 8), meanwhile for 5 and 11 points, 
they were 20.441 m3 and 19.706 m3 respectively (Table 
9), representing a reduction percentage of 22.100% 
and 24.901% respectively.
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The calculation of the geometric mean of the reduc-
tion percentages per wall at 5 points yielded a reduc-
tion percentage of 11.070%, while for 11 points it was 
11.526%. 

In addition, the shielding volume required for the 
HDR-B room at one point is 70.676 m3, while for frac-
tionation at 5 points requires 56.829 m3 and at 11 
points 56.027 m3, representing a percentage decrease 
of 19.592% and 20.727%, respectively (Table 10).

TABLE 9. Armoring for the roof.
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TABLE 10. Percentage of total volume 
reduced by 5 and 11 points.������	��
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It is important to mention that, currently the design 

methods for shielding a HDR-B room are determined 
in accordance with the reports of the NCRP (No. 49, 

151, and 155) and IAEA SRS-47, which establish the 
calculation of shielding thickness starting from the 
closest points to the source [4] [10] [11] [25]. However, know-
ing that gamma-ray attenuation is related to the inter-
action with matter, represented by the Equation (10):# 9� <3 � 3 �� 3

�
$=3> 9 $=�> � -�('��

�
(10)

 Where I(x) is the intensity of gamma-rays as a func-
tion of distance x in the material and µ is the linear 
attenuation coefficient which depends on the energy 
of the gamma rays and the material which they inter-
act with [26] [27], it is possible to compare an analysis 
based on fractionation of the barriers (proposed in 
Figure 3), derived from the fact that it is known that 
increasing the distance between the focal point 
(source) and the interaction point (dosimetric point) 
the amount of radiation is decreased by the inverse 
square law of the distance [7] [18] [26] [28] [29].

In this sense, a reduction in the volume of shielding 
was obtained in all barriers calculated with the pro-
posed method (Figure 8), the most significant reduc-
tion percentage is 65.472% in the C barrier (Table 7). In 
the other barriers, the reduction was lower because 
the distances from the points to the source do not 
present much difference between them. One example 
is barrier B, divided into 11 points (Table 6), most of 
the calculated distances (column d[m]) are within the 
range from 5.500 to 7.433 m.

It is important to point out, according to Table 10, the 
volume calculated at 5 points (56.829 m3) is higher 
than at 11 points (56.027 m3); it can be inferred that 
the smaller the separation distance between the 
points, the higher the accuracy of the shielding calcu-
lation, since more intermediate points are considered. 
The most significant example is the roof, whose dif-
ference between the shielding volume calculated at 5 
(is 20.441 m3) and 11 points (19.706 m3) is 0.735 m3 
(Table 9).
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Also, IAEA document SRS-47 recommends that for 
HDR-B room the shielding barriers should be primary 
because when the source is in use, it is isotropic and 
without collimation [11] [17] [31] [33]. However, it was ana-
lyzed that both in the second section of the C barrier 
(Figure 5) and in the second section of the roof (Figure 
7) there is no primary radiation, but the radiation trans-
mitted through by the E barrier and the scattered radia-
tion, product of the reflection on barrier B. Therefore, 
and considering the cost-benefit, it is possible to con-
sider these sections as secondary barriers, otherwise; it 
implies calculating an excessively and unnecessary 
thickness, which implies the requirement of more 
material, space, and economic resources [30] [34] [35].

It should be noted that there is no specific recommen-
dation or method for the analysis of secondary radia-
tion. Even estimating the absorbed dose at the entrance 
of the maze is difficult, so in practice, various methods 
have been adopted, ranging from considering only 
direct radiation or scattered radiation [4] [11].

In the case of the secondary radiation analysis, the 
value used for Į corresponds to 60Co, because in the 
IAEA SRS-47 report, it is not available for 192Ir. In addi-
tion, 60Co has a gamma-ray energy value (of 1.25 MeV) 
higher than that of 192Ir (0.375 MeV), thus ensuring 
that the calculation is effective [11] [26] [36].

It is important to mention that this study does not 
contemplate the affectation of rear shielding derived 
from the elimination of part of it to install ducts and 
boxes embedded in walls, roofs and floors, hardware 
in lead-lined doors or concrete block joints, since these 
adaptations are specific to each HDR-B room [30] [37]. 

Similarly, it does not include the shielding analysis 
for the floor, because it is assumed that the HDR-B 
room is on the ground level does not affect any piping 
or drainage [32]. However, if necessary, it can be per-
formed in the same way as for the roof. 

Although the design of the HDR-B room is related to 
space and available resources, this method is intended 
as a strategy to reduce construction costs without fail-
ing to comply with national and international regula-
tions regarding exposure dose limits for exposed per-
sonnel and the public, and also, to optimize resources 
to be allocated to other expenses such as the cost of 
equipment, radioactive sources, auxiliary equipment, 
service and maintenance costs, training and salaries 
of personnel [26] [31] [34] [37] [38].

In this sense, a cost-benefit analysis of the fractional 
shielding calculation could be expected to be effective 
in RP and cheaper in shielding material cost with 
respect to the IAEA SRS-47 methodology. However, 
the option of having an RP surveillance program is not 
ruled out [32] [34] [39].

As for the geometric mean calculated for the percent-
ages reduced in each barrier (Table 7), it was obtained 
that, for the fractionation in 5 points, it was 11.070%, 
meanwhile for 11 points it was 11.526%. This indicates 
that the shielding reduction in the DHR-B room barri-
ers is reduced by at least 11%.

Thus, the proposed method for the calculation of 
shielding for HDR-B rooms, which starts from the RP 
and optimizes space and economic resources allo-
cated, a concrete reduction of 19.592% and 20.727% 
was obtained for the fractionation in 5 and 11 points 
respectively (Table 10), which makes it more benefi-
cial compared to conventionally method using the 
IAEA 47.

CONCLUSIONS
According to the results obtained and basing this 

model on the IAEA SRS-47 methodology, it is con-
cluded that through the fractional calculation of 
shielding and the distinction of primary and second-
ary barriers, it is possible to reduce 19.592% and 
20.727% of construction material for the fractionation 
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in 5 and 11 points respectively, in a brachytherapy 
room with maze; optimizing costs without affecting 
the PR guidelines for exposed workers and public in 
adjacent areas.

This difference of percentage is related to the frac-
tionation of the barriers, where the higher the frac-
tionation, the higher the accuracy of the shielding 
calculation. This possible error is mitigated by includ-
ing an HVL layer; however, an RP monitoring program 
is not rejected. 

Finally, this study opens the way to be used in the 
design of shielding with other methodologies and in 
other areas with the use of ionizing radiation sources.
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