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ABSTRACT Sensors in new smartphones can be an excellent tool to measure different physical quantities
and these can be useful to develop real experiments with application in human health. Therefore, in this
research work, the design and construction of a gait analyser was carried out using the toolbox physics app
for data acquisition and MATLAB was used for its analysis. This system analyses the behaviour of walking
in people and its purpose is to diagnose any health problem caused by the human being’s way of walking.
For this, the g-force meter was used in x, y, and z components. This application uses inputs from the device’s
sensors to save and export the data in comma-separated values (CSV) format through a.csv extension. The
results are very interesting because they can be used in medical diagnoses such as reduced gait speed and loss
of regularity, symmetry, or synchronization of body movements. Since many organs are involved in gait, there
are several types of gait disturbances that cause gait to be abnormal. With this system, it is possible to identify
the hemiplegic gait, festinating gait, paraparhetic gait, waddling gait, among others. This analysis was carried
out using the Pearson, Spearman, and Kendall correlation coefficients, which indicate the possible diagnoses

in the patients.

INDEX TERMS Gait analyzer, accelerometers, non-invasive measurements, physics toolbox app.

I. INTRODUCTION

The continuous increase in technology dedicated to increas-
ing life expectancy has gained attention in the two last
decades. Therefore, new diagnostic and monitoring systems
are needed, but with the characteristics of being non-invasive,
low-cost, reliable and accurate to provide affordable health
care services to humans. The most recent advances in the
different areas of engineering have provided increasingly
smaller sensors in order to propose smart, fast and cost-
effective solutions for various health-related problems. A sys-
tem that can be useful for this kind is a device that allows
analyzing the way of walking to monitor and predict the
health status of people. Since an individual’s gait patterns are
linked to their health conditions, that is, people with diseases
tend to walk differently and their walking patterns differ from
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those of healthy people. Until now, walking patterns were
analyzed for the purpose of predicting falls. For example
in ref. [1], they made the proposal to continuously monitor
the walking patterns of the elderly to identify the quality of
their joints or diseases related to them in order to predict
falls. However, there are few studies on the analysis of the
general walking patterns of people that may be related to
joint instability and musculoskeletal disorders. In ref. [2], [8],
the authors relate the walking patterns to the ages of the
individuals, this is due to the fact that the shape of the human
body and the muscular strengths change according to age.
Thus, a group of people with similar ages have similar gait
patterns [3]. Therefore, a person can be classified by their
way of walking, that is, there is a correlation of the way
they walk with age. For example, for older adults the way of
walking indicates the existence of some health problems such
as limb imbalance, weak joints or asymmetric acceleration of
the limbs [4]. So, analyzing the patterns in an individual’s
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FIGURE 1. System on the foot.

gait could be a good indicator to visualize the state of health
that they present. In the ref. [5], [6], it is precisely indicated
the need to develop new alternatives for the analysis of
walking using low-cost resources, in such a way to build
systems with the integration of high-performance devices to
provide these services. In ref. [7], the authors also analized the
caw’s walking using accelerometers and gyroscopes installed
on ear tags and collar-tags. However, the physics toolbox
application to acquire the signals through cell phone’s sensors
has been used in different situations like in refs. [10], [11].
In general, the biometric gait recognition can be categorized
into three approaches: machine vision based, floor sensor
based and wearable sensor based [12]-[29]. In this research
work, we used the wearable sensor based method. In our
work, the design and construction of a gait analysis using the
physics toolbox application to acquire the signals through cell
phone sensors and then store them in a .csv file is carried
out. The aim of this article is to use the movil phone to
evaluate the gait and to predict problems in the future. We use
smartphones every day and one can see that they can be
used to analyze the gait in humans. The advantage of our
system 1is that it has no data storage limit, since the cell
phone is being used and even more so, data can be saved
in the cloud. Also, the sensors used by cell phones are very
well calibrated and therefore the error rate is minimal. One
of the important objectives in the development of embedded
systems is precisely to reduce the high costs and their high
integration, this system fully fulfills it. The physics toolbox
application is widely used and highly reliable, therefore the
system here developed.

Il. MATERIALS AND METHODS

The design of this embedded system consists, primarily, of the
physics toolbox application. The coordinate system in this
application is: the total vector represents the relative total
gravitational force aligned with the plane of the device screen.
Vector components are displayed in red along the x-axis and
in green along the y-axis and in blue along the z-axis. While
the device screen is vertical with respect to the ground and if
it is not accelerated, the vector will read a value of unit down.
The system is set as shown in Figure 1.
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The graphical user interface of the physics toolboox
application is shown in Figure 2. Here the Fg is measured
as a function of time. As well as the components in x, y and
z. The + symbol is to start saving data to a.cvs file. This
application is useful for education, academia and industry,
since it contains practically everything that can be measured
and generated with a smartphone. This application uses inputs
from the device’s sensors to record and export data in Comma
Separated Value (CSV) format via a .csv file. The data can
be recorded in elapsed time on a graph or displayed digitally.
Users can export the data for further analysis in a spreadsheet.
The g-force meter measures the relationship between normal
force and gravitational force (Fn/Fg) in three dimensions.
The g-force changes when the mobile device: accelerates,
decelerates or changes direction. When the mobile device is
not accelerating and is face up relative to the earth’s surface,
it reads g-force values of 0, 0, 1. This means that a normal
force is only experienced in the upward direction, and that
it has the same force as the force of gravity. An object
experiencing a vertical g-force of 2 feels a force twice as
strong as gravity in the upward direction (which is interpreted
as “feeling twice as heavy”). An object that experiences a
g-force of 0 is in free fall (which is interpreted as ““feeling
weightless”). The g-force data is extracted directly from
the accelerometer. Accelerometers often come like sensors
that contain at least two components: piezoresistive and
capacitive cantilevers. As the mobile device accelerates, the
cantilever bends, changing the resistance of the silicon, which
is interpreted as acceleration. Alternatively, a capacitive
accelerometer contains three comb-shaped inertial masses
attached to springs, with one in each dimension. When the
mobile device is not accelerating and is lying down, a total
g-force of 1 is measured due to the gravitational force pulling
downward (and the resulting upward reaction force of equal
force). The linear accelerometer measures acceleration in a
straight line in three different dimensions. Linear acceleration
changes when the mobile device accelerates, decelerates,
or changes direction. When the mobile device is at rest
relative to the earth’s surface, it reads acceleration values of O,
0, 0. Linear acceleration differs from general acceleration.
This is because engineers often interpret the displacement
of inertial mass in the z direction as the relativistic
acceleration of an object on the surface of a rotating
earth.

This is accurate when considering the entire Earth as a
frame of reference, but not accurate when considering a local
frame of reference. Linear acceleration is derived from the g-
force meter, but it also uses the gyroscope and magnetometer
to cancel out the effects of the earth’s gravitational field
on the sensor. All these sensors are integrated in your cell
phone and here they were used to make this gait analyzer
system.

IIl. RESULTS
For the acquisition of signals, a 30-year-old healthy person
was taken as a model. Here the mobile device was placed
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FIGURE 2. Physics toolbox screenshot.

on the left foot, although it can be placed on the right foot,
however it is best to place it on the left foot, which provides
more information. Figure 3a shows the g-Force data in the x
direction. Figure 3b shows the g-Force data in the y direction,
and Figure 3c shows the measured g-Force data in the z
direction. The data of the total g-force is shown in Figure 4.
The sample only takes 10 steps for its analysis, however the
data we have is up to 1000 steps, but for simplicity in
the analysis we will only take this sample. As can be seen,
the total g-force has positive values and even more they start
at 1, which is correct because if the device were at rest it
would give us a constant line with a value of 1. To compare
our results, we used a comercial device called runscribe [30]
and it can be seen in Figure 5. Also, in this case the patient
background: he is 30 years old male, no history of mayor
injuries and healthy with minor knee and hip complaints.
In the results, there are three primary pivots in gait: the heel
pivot, the ankle pivot, and the forefoot pivot. Their approach
allows you to segment the foot for a more detailed analysis
of these three primary pivots of gait. The gait gurve shows
total vertical ground reaction force from heel strike to toe-
off. The Force vs. Time graphs for the forefoot and heel
provide for specific loading patterns during heel contact and
forefoot contact, independent of and in conjunction with the
gait curve. Their gait curves and ours are pretty similars, it can
be seen in Figure 5a, where x, y and z directions have the same
forms.

To analysis of the data, there are some methods, for
example in refs. [31]-[37]. In refs. [38]-[42], there is an
nalysis of the performance of differents algorithms from a
systematic review. They presented the influence of sensor
position, analysed variable and computational approach in
gait timing estimation from IMU measurements. In ref. [43],
the authors investigated the validity and reliability of a
smartphone-based application to measure postural stability.
In this research work, we used the stadisctics and we
calculated the coefficient for Pearson’s correlation, the
coefficients for Kendall’s correlation and coefficients for
spearman’s correlation. These results are for a patient who
is healthy in his gait. This dependence of variables is even
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TABLE 1. Coefficients for pearson’s correlation.

gFx gFy gFz TgF
gFx 1 0.2192 0.12041 0.18031
gFy 0.2192 1 -0.33237 0.76057
gFz 0.12041 -0.33237 1 -0.22585
TgF 0.18031 0.76057 -0.22585 1

more noticeable when the dispersion matrix is calculated,
which is shown in Figure 6. The dispersion matrix graphically
shows us the relationship that exists between the analyzed
variables.

Pearson’s correlation coefficient is a measure of linear
dependence between two quantitative random variables and
it is defined as equation (1).

_ oxy _ COV(X, Y)
pXY = oxoy Var(X)Var(Y)

where cov(X)Y) is the covariance and oy is the standard
deviation of X oy is the standard deviation of Y. As we know,
unlike covariance, Pearson’s correlation is independent of the
measurement scale of the variables. In a less formal way,
we can define Pearson’s correlation coefficient as an index
that can be used to measure the degree of relationship of two
variables as long as they are both quantitative and continuous.
Table 1 shows the Pearson’s correlation coefficients. For the
value of 1, it indicates that there is a perfect correlation and
for the value 0, it indicates that there is no linear relationship,
but this does not necessarily imply that the variables are
independent. If the value goes 0 < r < 1 then there is a
positive correlation and if —1 < r < 0, there is a negative
correlation. In our case, where there is the greatest correlation
is between the variable gF’y and TgF.

On the other hand, a statistical analysis was also carried
out and the coefficient for Spearman’s correlation was
found, which is a measure of the correlation between two
random variables. To calculate the coefficients of Spearman’s
correlation, the data are ordered and replaced by their
respective order. As shown in equation 2.
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where D is the difference between the corresponding statistics
of order of X - Y. N is the number of data pairs. The
coefficients for Spearman’s c correlation is shown in Table 2 .
Spearman’s correlation coefficient is less sensitive than Pear-
son’s for values that are far from expected. The interpretation
of Spearman’s coefficient is the same as that of Pearson’s
correlation coefficient. It oscillates between —1 and +1,
indicating negative or positive associations respectively,
0 zero, means no correlation but no independence. In our
case, the greatest correlation is between the variable gFy
and TgF, and this coincides with Pearson’s correlation
coefficient. For both cases, they are close to the value of 0.77.
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FIGURE 3. g-force in (a) direction x, (b) direction y and (c) direction z.

This indicates that indeed the greatest correlation is between
these two variables.
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FIGURE 5. g-force in x, y, and z directions in runscribe system [30].

TABLE 2. Coefficients for spearman’s correlation.

gFx gFy gFz TgF
gFx 1 0.22004 0.02924 0.18031
gFy 0.22004 1 -0.30411 0.77811
gFz 0.02924 -0.30411 1 -0.22585
TgF 0.18031 0.77811 -0.22585 1

Similarly, another statistical analysis was performed, and
Kendall’s rank correlation coefficient was found, commonly
known as Kendall’s t coefficient, this measures the ordinal
association between two measured quantities. A T test is
a nonparametric hypothesis test for statistical dependence
based on the coefficient 7. It is a measure of rank correlation:
the similarity in the ordering of the data when they are
classified into ranks for each of the quantities.

T = n(n - ngn sgn (y yj)

j<i
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TABLE 3. Coefficients for kendall’s correlation.

gFx gFy gFz TgF
gFx 1 0.17128 0.01603 -0.05776
gFy 0.17128 1 -0.19892 0.63422
gFz 0.01603 -0.19892 1 -0.23358
TgF -0.05776 0.63422 -0.23358 1

TABLE 4. Correlation gFy and TgF.

Age

range Pearson Spearman Kendall
(Years)
10-20 0.79116 0.79728 0.66603
21-30 0.77128 0.78656 0.64678
31-40 0.76057 0.77811 0.63422
41-50 0.74989 0.75422 0.62358

The denominator is the total number of pair combinations,
so the coefficient must be in the range —1 < 7 < 1.
If the agreement between the two classifications is perfect
(that is, they are equal), the coefficient has the value 1.
If the disagreement between the two classifications is perfect
(that is, one classification is the inverse of the other), the
coefficient has a value —1. If X and Y are independent, then
we would expect the coefficient to be approximately zero.
The coefficients for Kendall’s correlation is showed in Table 3
. In our case, it was simulating the results obtained in the
Pearson and Kendall correlation coefficients. Well, where
there is the greatest correlation is between the variable gFy
and TgF.

From the results obtained, we observed that the coefficient
of correlations found is high between gFy and TgF, since
it has a similar range. These results are for a patient who
is healthy in his gait. This dependence of variables is even
more noticeable when the dispersion matrix is calculated,
which is shown in Figure 6. The dispersion matrix graphically
shows us the relationship that exists between the analyzed
variables. In this case, there is a strong correlation between
the variable gFy and TgF. For the analysis of the walk of the
users, about 100 people of different ages have been taken.
Results for 100 people with different age range are presented
in Table 4 .

IV. DISCUSSIONS

The gait is a complex motor function that requires the
interrelation of the mechanisms of locomotion, balance,
motor control and an adequate muscular-skeletal function.
Gait disturbances are frequent and sometimes with functional
and important consequences for patients, which is why an
adequate assessment is essential. Within the classic sections
of the evaluation of gait or locomotion we find the dependent
or independent ability to walk, the use or the predominant
pattern that the patient presents, the identification of the
main deficits, the attitude of the trunk during walking and
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limbs during the cycle, as well as the need to use support
products. Finally, the description of the type or pattern of
gait can help in the diagnosis of the problems that patients
present during locomotion. In this line, the most common
gait patterns in the patient with neurological pathology would
be the following: Reaper gait is a gait disorder characterized
by the flexion posture of the upper limb and extension of
the lower limb, so when giving one step, the leg describes
a circumduction movement with activation of the quadratus
lumbar, this type of gait pattern is observed in patients
with cerebrovascular accidents. Festive gait is typical in
advanced parkinsonian syndromes, the trunk is in flexion
with an internalization of the center of gravity with bent hips
and knees and the arms in semi-flexion at the elbow, the
steps are very short and also fast as if they were chasing
the center of gravity of the patients, it is common the
presence of frostbite when passing through doors or when
making turns. Toe gait Children with idiopathic toe gait do
so bilaterally but are able to perform a plantar gait when
expressly requested, when the child is walking only leans on
the toes, but upon physical examination It can be found that
mobility in the ankle, dorsal flexion is decreased, which is
a consequence of a shortening in the Achilles tendon, the
neurological examination of the child with toe walking is
normal without evidence or muscle weakness, it is usually
associated with to a syndrome of minimal brain dysfunction.
Scissor gait or paraparetic is a gait disorder characterized
by the crossing of the lower extremities in each of the
steps as a result of increased tone or hypertonia in the leg
muscles, it is observed in spastic paraparesis observed in
children with cerebral palsy, ataxic gait also called hesitant
or wobbly due to cerebellar involvement and is characterized
by the presence of hypotonia, incoordination, alterations
in balance, increased base of support, short steps, should
not be confused with a tabetic or talone gait due to a
proprioceptive affectation, which presents very loud steps
since the patient does not know how their lower limbs are
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located and should not be confused with the compass or star
gait that is typical of a vestibular affectation, which presents
long steps. Duck or mallard gait characterized by exaggerated
lateral displacement of the trunk and the elevation of the
hips when walking, is a typical gait with people with
muscular dystrophy, these patients present hyperlordosis,
falls, difficulty running, jumping or getting up. Steppage gait
is the characteristic gait in those patients who have difficulty
dorsiflexing the ankle, the foot is therefore dropped, so in
order not to drag it in the gait cycle, the patient raises the
hip and knee exaggeratedly and when supporting the foot
it does so first by touching with the tip of the foot, it is
produced by an affectation of the muscular group innervated
by the external popliteal sciatic nerve, therefore the tibialis
anterior. Trendelenburg gait is the typical gait that appears
when the hip abductors are altered, in which the patient’s
pelvis tends to fall to the opposite side during the stance
phase, the opposite hip falls down to avoid falling, the patient
moves his center gravity to the opposite side, moving the
trunk and head in that direction, the result is a gait with
a lateral jerk towards the affected side, if the patient has
a dysfunction both hip abductors, therefore bilaterally the
lateral shaking of the trunk will be to both sides, which
has often been called the duck gait, which is the typical
one that patients with muscular dystrophy usually present.
Choreoathetosic gait is characterized by rapid, irregular,
abrupt movements, movements worsen with gait, associated
with abrupt movements of anterior and lateral propulsion of
the pelvis that can simulate dance steps, however it is not
usual for falls to occur, no matter how aberrant they may be
look like this gait pattern.

On the other hand, measurements were made for people
with diagnoses of abnormalities in their walks. For patients
with festive or parkinsonian gait, a Pearson correlation
coefficient of 0.56783 was obtained, which is correct, since
the classic appearance is of “‘shuffling”” and is caused by a
decrease in both the length and the height of the foot. For
patients with a gait of the reaper, the Pearson correlation
coefficient was 0.45567, however there we do notice that
there is a change in the g-force in the z direction, since the
movement is like a scythe and of course there is a change in
the z direction. On the other hand, patients diagnosed with
duck gait were also characterized, which is characterized by
a rocking gait due to disorders in the pelvic area. For this
case, the Pearson correlation coefficient was obtained with
a value of 0.49923, which makes sense, since the steps are
short.

V. CONCLUSION

The design and construction of a single gait analyzer using
the physics toolboox application for data acquisition was
successfully carried out in this research work. MATLAB was
used for data analysis. The objective of this system was to
analyze the walking behavior of people and thus be able to
diagnose any health problem caused by the human’s way of
walking, as well as to help diagnose any anomaly in the way
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of walking. For this, the cell phone was placed on the patient’s
left foot and the physics toolbox application was activated
with the g-Force meter, a ratio of Fn/Fg in the x, y, and z
directions. Once the data file was obtained, it was preceded
by MATLAB. The results are very interesting, because
they can be used in medical diagnoses such as reduced
gait speed and loss of regularity, symmetry, or synchrony
of body movements and therefore with this system gait
can be identified of the reaper, festive march, scissor or
paraparhetic march, duck or mallard march, among others.
This analysis was carried out using the Pearson, Spearman
and Kendall correlation coefficients, which indicate the
possible diagnoses in the patients.

REFERENCES

[1] C.M. Caliand D. P. Kiel, ““An epidemiologic study of fall-related fractures
among institutionalized older people,” J. Amer. Geriatrics Soc., vol. 43,
no. 12, pp. 1336-1340, Dec. 1995.

S. Handri, K. Nakamura, and S. Nomura, “Gender and age classification

based on pattern of human motion using choquet integral agent networks,”

J. Adv. Comput. Intell. Intell. Informat., vol. 13, no. 4, pp. 481-488,

Jul. 2009.

[3] S. Ko, S. Stenholm, and L. Ferrucci, “Characteristic gait patterns in older
adults with obesity—Results from the Baltimore longitudinal study of
aging,” J. Biomech., vol. 43, pp. 1104-1110, 2010.

[4] B. Jin, T. H. Thu, E. Baek, S. H. Sakong, J. Xiao, T. Mondal, and
M. J. Deen, “Walking-age analyzer for healthcare applications,” IEEE
J. Biomed. Health Inform., vol. 18, no. 3, pp. 1034-1042, May 2014.

[5]1 S. Majumder, T. Mondal, and M. Deen, “Wearable sensors for remote

health monitoring,” Sensors, vol. 17, no. 12, p. 130, Jan. 2017.

S. Majumder, T. Mondal, and M. J. Deen, ““A simple, low-cost and efficient

gait analyzer for wearable healthcare applications,” IEEE Sensors J.,

vol. 19, no. 6, pp. 2320-2329, Mar. 2019.

C. M. Poblete, N. R. Munoz, and J. I. H. Quilaqueo, “Caw’s walking state

recognition based on accelerometers and gyroscopes installed on ear-tags

and collar-tags,” IEEE Latin Amer. Trans., vol. 16, no. 9, pp. 2490-2495,

Sep. 2018.

[8] Y. Makihara, H. Mannami, and Y. Yagi, ““Gait analysis of gender and age
using a large-scale multi-view gait database,” in Proc. Asian Conf. Comput.
Vis., vol. 6493, 2010, pp. 440-451.
[9] S. Mulroy, J. Gronley, W. Weiss, C. Newsam, and J. Perry, “Use of

cluster analysis for gait pattern classification of patients in the early
and late recovery phases following stroke,” Gait Posture, vol. 18, no. 1,
pp. 114-125, Aug. 2003.

[10] S. Staacks, S. Hiitz, H. Heinke, and C. Stampfer, “Advanced tools for
smartphone-based experiments: Phyphox,” Phys. Educ., vol. 53, no. 4,
Jul. 2018, Art. no. 045009.

[11] A.-M. Pendrill, “Smartphones and Newton’s first law in escalators and
roller coasters,” Phys. Educ., vol. 55, no. 3, May 2020, Art. no. 035016.

[12] D. Mariana Haro, “Laboratorio de andlisis de marcha y movimiento,”
Revista Médica Clinica Las Condes, vol. 25, no. 2, pp.237-247,
Mar. 2014.

[13] M. S.Nixon,J.N. Carter, J. D. Shutler, and M. G. Grant, ‘““New advances in
automatic gait recognition,” Inf. Secur. Tech. Rep., vol. 7, no. 4, pp. 23-35,
Dec. 2002.

[14] S. A. Niyogi and E. H. Adelson, “Analyzing and recognizing walking
figures in XYT,” in Proc. IEEE Conf. Comput. Vis. Pattern Recognit.,
Jun. 1994, pp. 469-474.

[15] L. Wang, T. Tan, W. Hu, and H. Ning, “Automatic gait recognition based
on statistical shape analysis,” IEEE Trans. Image Process., vol. 12, no. 9,
pp. 1120-1131, Sep. 2003.

[16] P. K. Larsen, E. B. Simonsen, and N. Lynnerup, “Gait analysis in forensic
medicine,” J. Forensic Sci., vol. 53, no. 5, pp. 1149-1153, 2008.

[17] M. Henriksen, H. Lund, R. Moe-Nilssen, H. Bliddal, and
B. Danneskiod-Samsge, “Test-retest reliability of trunk accelerometric
gait analysis,” Gait Posture, vol. 19, no. 3, pp. 288-297, 2004.

[18] L. Rong, Z. Jianzhong, L. Ming, and H. Xiangfeng, “A wearable
acceleration sensor system for gait recognition,” in Proc. 2nd IEEE Conf.
Ind. Electron. Appl., May 2007, pp. 2654-2659.

2

[6

—

17

—

31737



IEEE Access

A. Garcia-Barrientos et al.: Gait Analysis Using Physics Toolbox App

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

L. Rong, D. Zhiguo, Z. Jianzhong, and L. Ming, ‘“Identification of
individual walking patterns using gait acceleration,” in Proc. 1st Int. Conf.
Bioinf. Biomed. Eng., 2007, pp. 543-546.

M. Hynes, H. Wang, and L. Kilmartin, “Off-the-shelf mobile handset
environments for deploying accelerometer based gait and activity analysis
algorithms,” in Proc. Annu. Int. Conf. IEEE Eng. Med. Biol. Soc.,
Sep. 2009, pp. 5187-5190.

T. Iso and K. Yamazaki, ““Gait analyzer based on a cell phone with a single
three-axis accelerometer,” in Proc. 8th Conf. Hum.-Comput. Interact.
Mobile Devices Services, 2006, pp. 141-144.

A. Mostayed, S. Kim, M. M. G. Mazumder, and S. J. Park, “Foot
step based person identification using histogram similarity and wavelet
decomposition,” in Proc. Int. Conf. Inf. Secur. Assurance, Apr. 2008,
pp. 307-311.

C.-Y.Lee and J.-J. Lee, “Estimation of walking behavior using accelerom-
eters in gait rehabilitation,” Int. J. Hum.-Friendly Welfare Robotic Syst.,
vol. 3, pp. 32-36, 2002.

H. J. Ailisto, M. Lindholm, J. Mantyjarvi, E. Vildjiounaite, and
S.-M. Makela, “Identifying people from gait pattern with accelerometers,”
Proc. SPIE, vol. 5779, pp. 7-14, Apr. 2005.

M. O. Derawi, P. Bours, and K. Holien, “Improved cycle detection for
accelerometer based gait authentication,” in Proc. 6th Int. Conf. Intell. Inf.
Hiding Multimedia Signal Process., Oct. 2010, pp. 312-317.

R. K. Ibrahim, E. Ambikairajah, B. Celler, N. H. Lovell, and L. Kilmartin,
“Gait patterns classification using spectral features,” in Proc. IET Irish
Signals Syst. Conf. (ISSC), 2008, pp. 98-102.

P. Bours and R. Shrestha, “Eigensteps: A giant leap for gait recognition,”
in Proc. 2nd Int. Workshop Secur. Commun. Netw. (IWSCN), May 2010,
pp. 1-6.

E. Vildjiounaite, S.-M. Makela, M. Lindholm, R. Riihimaki, V. Kyllonen,
J. Mantyjarvi, and H. Ailisto, “Unobtrusive multimodal biometrics for
ensuring privacy and information security with personal devices,” in Proc.
4th Int. Conf., Pervasive Comput., 2006, pp187-201.

B. Huang, M. Chen, P. Huang, and Y. Xu, “Gait modeling for human
identification,” in Proc. IEEE Int. Conf. Robot. Autom., Apr. 2007,
pp. 4833-4838.

[Online]. Available: https://www.tekscan.com/products-solutions/human-
gait-analysis

I. Akhter and M. J. Black, *“Pose-conditioned joint angle limits for 3D
human pose reconstruction,” in Proc. IEEE Conf. Comput. Vis. Pattern
Recognit. (CVPR), Jun. 2015, pp. 1446-1455.

'W. Blajer, K. Dziewiecki, and Z. Mazur, ‘““Multibody modeling of human
body for the inverse dynamics analysis of sagittal plane movements,”
Multibody Syst. Dyn., vol. 18, no. 2, pp. 217-232, Aug. 2007.

M. A. Brubaker and D. J. Fleet, “The kneed walker for human pose
tracking,” in Proc. IEEE Conf. Comput. Vis. Pattern Recognit., Jun. 2008,
pp. 1-8.

A. C. Fang and N. S. Pollard, “Efficient synthesis of physically valid
human motion,” ACM Trans. Graph., vol. 22, no. 3, pp.417-426,
Jul. 2003.

B. J. Fregly, J. A. Reinbolt, K. L. Rooney, K.H.Mitchell, and
T. L. Chmielewski, “Design of patient-specific gait modifications for knee
osteoarthritis rehabilitation,” IEEE Trans. Biomed. Eng., vol. 54, no. 9,
pp. 1687-1695, Sep. 2007.

T. Schmalz, S. Blumentritt, and R. Jarasch, “Energy expenditure and
biomechanical characteristics of lower limb amputee gait: The influence of
prosthetic alignment and different prosthetic components,” Gait Posture,
vol. 16, no. 3, pp. 255-263, 2002.

N. F. Troje, “Decomposing biological motion: A framework for analysis
and synthesis of human gait patterns,” J. Vis., vol. 2, no. 5, pp. 371-387,
Sep. 2002.

N. E Troje, The Little Difference: Fourier Based Synthesis of Gender-
Specific Biological Motion. Berlin, Germany: AKA Press, 2002,
pp. 115-120.

X. Wei, J. Min, and J. Chai, “Physically valid statistical models for human
motion generation,” ACM Trans. Graph., vol. 30, no. 3, pp. 1-19, 2011.
G. P. Panebianco, M. C. Bisi, R. Stagni, and S. Fantozzi, “Analysis of
the performance of 17 algorithms from a systematic review: Influence
of sensor position, analysed variable and computational approach in
gait timing estimation from IMU measurements,” Gait Posture, vol. 66,
pp. 76-82, Oct. 2018.

31738

(41]

[42]

[43]

I

M. Zhou, S. An, M. Feng, Z. Li, H. Shen, K. Zhang, J. Sun, and G. Cao,
“Gait analysis of patients with continuous proximal sciatic nerve blockade
in flexion contractures after primary total knee arthroplasty,” Gait Posture,
vol. 66, pp. 166-171, Oct. 2018.

D. Flores, C. P. Connolly, N. Campbell, and R. D. Catena, ‘“Walking
balance on a treadmill changes during pregnancy,” Gait Posture, vol. 66,
pp. 146-150, Oct. 2018.

U. Rashid, D. Barbado, S. Olsen, G. Alder, J. L. L. Elvira, S. Lord,
I. K. Niazi, and D. Taylor, “Validity and reliability of a smartphone
app for gait and balance assessment,” Sensors, vol. 22, no. 1, p. 124,
Dec. 2021.

ABEL GARCIA-BARRIENTOS was born in Ten-
ancingo, Tlaxcala, Mexico, in 1979. He received
the Licenciatura degree in electronics from
the Autonomous University of Puebla, Mexico,
in 2000, and the M.Sc. and Ph.D. degrees
in electronics from the National Institute for
Astrophysics, Optics, and Electronics (INAOE),
Tonantzintla, Puebla, in 2003 and 2006, respec-
tively. Since 2007, he has been joining as a
Researcher with the Mechatronics Department,

y/

Polytechnic University of Pachuca, Mexico. In 2009, he was a Postdoctoral
Fellow with the Micro- and Nano-Systems Laboratory, McMaster University,
Ontario, Canada. In 2010, he was a Postdoctoral Fellow with the Advanced
Materials and Device Analysis Group, Institute for Microelectronics,
Technische Universitat Wien. Since 2016, he has been a full-time Professor
level VI with the Faculty of Science, Universidad Autonoma de San Luis
Potosi. He is the author and coauthor of four books, 44 JCR journal articles,
44 conferences papers, and six chapters’ books. His research interests
include device simulation, instrumentation, high-frequency electronics, and
nanoelectronics. He has been a member of SNI-Mexico, since 2008, level
II. He is a member of the IEEE Communications Society. He is a fellow
of the Mexican Academy of Science and the IEEE Hidalgo Subsection
(Mexico). He has been the General Chair of the IEEE Hidalgo Subsection,
from 2014 to 2018.

RAUL BALDERAS-NAVARRO received the bach-
elor‘s degree in electronics engineering and the
master’s and Ph.D. degrees in physics from
the Universidad Auténoma de San Luis Potost,
Mexico, in 1989, 1992, and 1998, respectively.
His research interest includes the development of
scientific instruments for surface science spec-
troscopies based on polarized contrast of light.
Also, educational activities on digital holography
microscopy with the single pixel approach.

SHARON MACIAS-VELASQUEZ received the
bachelor’s degree in industrial engineering
from the University of the Istmo, Mexico,
in 2012, the M.S. degree in industrial engineering
from the Technological Institute of Saltillo,
Mexico, in 2015, and the Ph.D. degree from the
Faculty of Engineering, Architecture and Design,
Autonomous University of Baja California,
Mexico, in 2020. Her research interests include
human factors, stress in the workplace, and
ergonomics.

VOLUME 10, 2022



A. Garcia-Barrientos et al.: Gait Analysis Using Physics Toolbox App

IEEE Access

JOSE ANTONIO HOYO-MONTANO was born
in Mexicali, Baja California, Mexico, in 1964.
He received the bachelor’s degree in industrial
engineering and electronics from the Instituto
Tecnologico de Hermosillo, in 1989, and the M.Sc.
and Ph.D. degrees in power electronics from the
National Center of Research and Technological
Development (CENIDET), in 2000 and 2005,
respectively. Since 2005, he has been a full-time
Professor with the Graduate Studies and Research
Division, Instituto Tecnologico de Hermosillo. His research interests include
digital control of power electronics systems, building automation, and solid-
state lighting.

MARIO ALBERTO GARCIA-RAMIREZ received
the bachelor’s degree in electronic engineer-
ing from the National Institute of Technology
Campus Morelia (ITM), in 2001, the master’s
degree from the National Institute for Astro-
physics, Optics and Electronics (INAOE), in 2006,
and the Ph.D. degree from the Nano Research
Group, University of Southampton, U.K., in 2011.
From 2010 to 2013, he was a part of two
postdoctoral positions with the NEMSIC Project
and Echerkon Technologies. He has published over 25 journal articles,
coauthored four book chapters, over 50 international and domestic confer-
ences, and has advised undergraduate and graduate students. His research
interests include numerical analysis, material synthesis, emerging materials,
such as MoS2, graphene, BN-h among others for the development of novel
nanodevices in several research areas, such as bio & gas-based sensors, non-
volatile memories, and high-speed transistors.

VOLUME 10, 2022

DANIEL ESPEJEL-BLANCO was born in Her-
mosillo, Sonora, Mexico, in 1974. He received the
degree in industrial electronics engineering and the
Master of Science degree in industrial engineering
from the Technological Institute of Hermosillo,
Mexico, in 1996 and 2001, respectively, and the
Ph.D. degree in engineering science from the Tech-
nological Institute of Tuxtla Gutiérrez, in 2022.
Since 1997, he has been a full-time Professor
with the Technological Institute of Hermosillo.
His research interests include energy efficiency systems, buildings energy
management systems, energy saving, and renewal of energy systems.

JAIRO PLAZA-CASTILLO was born in Cali,
Colombia, in 1962. He received the Pregrado
and M.Sc. degrees in physics from Universidad
del Valle, Colombia, in 1986 and 1990, respec-
tively, and the Ph.D. degree in electronics from
the National Institute for Astrophysics, Optics,
and Electronics (INAOE), Tonantzintla, Puebla,
in 2007. He has been joining as a Researcher
with the Physics Department, Universidad del
Atlantico, Colombia, since 1999. He is currently
the Leader of the Research Group Instrumentation and Metrology, which is
a group categorized by COLCIENCIAS.

31739



