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Introduction

In the past few years, there has been 
a rise in the utilization of inertial sen-
sors for gait analysis. The most notable 
research in this field is summarized in 
Table 1. These studies demonstrate the 
effective implementation of inertial sen-
sor systems for measuring knee osteoar-
thritis in patients, which has sparked 
even greater interest in utilizing such 

systems for clinical research. Patient–
reported outcome measures (PROMs) 
and gait analysis are commonly emplo-
yed methods for assessing functionality.

PROMs, although practical and wi-
dely available, suffer from substantial 
limitations in terms of function measu-
rements (Renata et al., 2012).

Figure 1 
Complete gait cycle (Martínez et al., 2018). Standard analysis of gait (Calderón, 2016)
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There is ample evidence of diffe-
rences in spatiotemporal parameters 
between patients with severe knee os-
teoarthritis and healthy controls (for a 
review, see Straw et al. (2010) and Cal-
derón (2016)). However, the time requi-
rements and the need for specialized 
personnel and dedicated gait laborato-
ries with camera systems make labora-
tory–based gait analysis very expensive 
(Calderón, 2016).

According to the figure, it can be 
shown that the: (a) Subject with reflec-
tive markers walks in a gait laboratory 
equipped with a camera network, (b) 
camera signals are processed, (c) bio-
mechanical modeling is performed, (d) 
descriptive modeling is performed to 
quantify joint kinetics and kinematics 
(Calderon, 2016).

Gait analysis establishes movement 
patterns that identify pathologies and 
events that can predict falls. To esta-
blish a real–time measurement system, 
a FPGA (Field–Programmable Gate 
Array) and four inertial sensors were 
employed. Each lower limb was equi-
pped with an accelerometer positioned 
on the thigh to estimate the hip angle, 
while another accelerometer was placed 
on the leg to estimate the knee angle.

The firmware and software design 
allowed a maximum delay time, be-
tween readings, of 724 µs, achieving 
a sampling rate of 250 Hz. The com-
putational systems help us to improve 
the studies, which are pivotal when de-
fining behaviors since it is very helpful 
in the cause–effect relationships as in 

this study (Panebianco et al., 2020; Car-
menate Milián, 2014).

According to the figure, the most re-
levant inertial sensors are the gyrosco-
pe, accelerometer, and magnetometer, 
which are used to carry out a suitable 
study on the behavior and restrictions 
that may occur in the movement of the 
object of study. The lightweight por-
table nature makes inertial sensors an 
effective tool to be implemented for 
clinical fall risk assessment and conti-
nuous unsupervised home monitoring 
in addition to outdoor testing (Góngo-
ra García, 2003; Aranda Varela, 2018). 
The error distributions for various gait 
events and temporal parameters during 
water walking were influenced by the 
positioning of the sensor, the target va-
riable, and the computational approach 
employed. Wearable inertial sensors 
have been developed lately, based on a 
set of sensors that are housed in a small 
device in which a 3D gyroscope, a 3D 
accelerometer, and a 3D magnetometer 
are wireless (INEC, 2010).

The methods applied for measuring 
and evaluating body posture do not ma-
nipulate any tissue to be analyzed, so 
an analysis of body posture is perfor-
med in vivo, nuclear magnetic resonan-
ce (NMR), computed axial tomogra-
phy (CAT), dual X–ray absorptiometry 
(DXA) and plestimography methods 
because they are used in research and 
clinical settings (Moreta et al., 2023). 
Carmenate Milián et al. (2014) measu-
red the length of the knee of the indivi-
dual in a seated position taking distance 
from the vertical to the anterior part of 
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the knee using an anthropometer, where 
the person is in a forward–facing po-

sition with a right angle at the ankles 
and knees.

Table 1 
Relevant Research

Authors Analysis Type of Patients

Broche et al.  
(Aranda Varela, 2018)

Gait asymmetry in biomechanical 
behavior of hip joints. Handicapped Patients

Antwi–Afari and Li  
(Costa, 2015)

Fall risk assessment of construction 
workers based on biomechanical 
stability parameter.

Healthy patients.

Tse et al. (Carmenate  
Milián et al., 2014)

Biomechanics of gait in the influence 
of foot posture when designing  
lateral wedge insole with variable 
stiffness support.

Healthy patients aged 
23–34 years

Romero and Barrios  
(Góngora García et al., 2003) Gait biomechanics. Patients with motor 

disability

Method

Protocol and parameters 

Figure 2 
Inertial sensors´ location

(Calderón, 2018)
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The recruited individuals will per-
form the 10–meter walk test (10MWT), 
in a straight line at their own pace and 
barefoot, a test used by Cleland et al. 
(2019) and Nikaido et al. (2019). For 
the analysis, 7 inertial sensors will be 
used in the area of the pelvis, quadri-
ceps, anterior tibialis, and feet, as shown 
in Figure 2. Three tests per participant 
will be performed on a flat tile surface, 
to rule out possible errors at the time of 
averaging the characteristic curves obtai-
ned from the sensors. Data transfer from 
each sensor was done via wireless con-
nection to the Awinda station unit which 
includes a USB cable to be connected to 
a laptop to store all the collected data in 
the Xsens MT Manager software.

Data Analysis

The beginning of the measurement 
on the march is arranged in the first step 
performed by which there is a contact 
of the foot with the starting surface and 
culminates with the forced foot on the 
final line of the section. All tests were 
taken into account since they were ne-
cessary to have an optimal result.

The sensors have the incremental 
oriental programming to perform me-
asurements and storage in Euler an-
gles specifically in the rotation in the 
x, y, and z axis with the names of Roll 
f, Pitch θ, and Yaw Ψ, respectively 
(Jouybari et al., 2019). The erroneous 
data generated by the sensors before 
and after the tests were eliminated to 
avoid curve deviations, once the data 
of quadriceps, tibialis, pelvis, and feet 
were collated to obtain the kinematic 

angles of the knee in which we resort 
to Equation 1 implemented by Gar-
za-Ulloa (2018).

θknee = θshank + (180 – θthigh)	 (1)

Where θknee corresponds to the knee 
angle, θshank to the tibialis anterior angle, 
and θthigh to the quadriceps angle.

For the refinement of the data obtai-
ned, the method of polynomial linear 
regression by least squares was used, 
which provides a polynomial function 
of degree n, with a biomechanical se-
quence generated that is similar to each 
of the tests performed on the individuals 
in the study. To demonstrate how effec-
tive polynomial regression can be, it is 
performed using an analysis of the squa-
re root of the quadratic error as shown 
in equation 2.

	 (2)

To infer in the study, a comparative 
analysis of the graphs obtained by Cal-
derón–Ulloa (Costa et al., 2015; Armas 
et al., 2023; Moreta et al., 2023) and the 
graphs generated by the data obtained 
through Xsens MTw Awinda sensors 
was performed.

Participants

It is estimated that approximately 
25 % of people over 55 years of age 
manifest knee pain due to osteoarthri-
tis, so there is a population of 2,239,191 
inhabitants of which 25 % are 559,797 
people according to the 2010 census 
(Di, 2020).
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The tests were performed on 3 in-
dividuals (2 women and 1 man) li-
ving in the Metropolitan District of 
Quito, Pichincha, Ecuador who were 
previously diagnosed with osteoar-
thritis of the knee. The parameters es-

tablished for each subject were wei-
ght, height, age, and body mass index 
(BMI), data specified in Table 1. Due 
to the anthropometry of each partici-
pant, the characteristic curves obtai-
ned were different.

Table 2 
Participants

P Gender
M/F

Weight
[kg]

Height
[m]

Age
[years]

BMI
[kg/m²]

1 F 78 1.68 68 27.6

2 F 78.95 1.51 66 34.6

3 M 65.04 1.50 67 28.9

Results

The data obtained by the IMMUs 
in the measurement of the gait of the 
elderly, after the location in the pelvis 
in the L5 vertebra, tibial quadriceps, 
and feet, presented several curves which 
had specific patterns and could be su-
perimposed and compared, However, 
some of them presented alterations due 
to noises present at the beginning and 
end of the tests, so those values were 
eliminated and not taken into account, 
even so, when proceeding with the tests, 
two more tests were performed to each 
one of the study subjects to ensure that 
the data being obtained were adequate 
to solve the noises present at the begin-
ning and end of each test performed.

The people who underwent the study 
are older adults whose age ranges from 
65 years and older, which is the age 
with the highest rate of problems with 
osteoarthritis in knees which directly in-

fluences their gait cycle. There are con-
siderable differences in the rotation and 
pelvic obliquity in which can be seen 
the pattern of a person without osteoar-
thritis in knees compared to one that 
does, considering that there is a pattern 
of similarity with the same. Each per-
son in the study had from 9 to 18 sam-
ples, considering each limb in which the 
sensor is located, i.e., feet, quadriceps, 
tibial, pelvis, and knees, the latter have 
fewer samples due to the calculation for 
obtaining its angle, thus reducing the 
number of samples.

The patterns obtained are compa-
red with the study subject P3 for being 
the person who has a not–so–advan-
ced level of knee osteoarthritis and the 
subject P2 who has osteoarthritis in the 
advanced stage determined. The data 
of P2 vary more to P1 and P3. Using 
MATLAB software, the data obtained 
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during the tests performed on the study 
subjects are outlined, and each person 
was assigned a color for its distinction, 
thus generating average curves to per-
form the polynomial regression.

The number of similar samples ob-
tained are from 10 to 16 samples for the 
flexion–extension of the right quadriceps 
in the sagittal plane. The maximum va-
lue was established at 3.59º and 6.01º, 
respectively in P1 and P3 while P2 has 
a value of 20º as maximum and a mini-
mum of –103, 30º. The flexion and ex-
tension of the left quadriceps in the sagi-
ttal plane were determined from 15 to 18 
samples as well as the right quadriceps, 
the maximum angle obtained is 13º for 
P3 and the minimum –130, 6º for P2.

There are 10 to 12 samples in the pel-
vic obliquity for P1 and P3 which have a 
global pattern. P2 by not having enough 
samples due to the elimination of a test 
which had many erroneous data was not 
considered, even so, we can determine the 
maximum and minimum angle that P1 
has with 59.6º and –177.9º, respectively.

For the internal and external rotation 
that occurs in the pelvis during gait ac-
tivity, 4 to 10 samples were obtained. 
There were two different patterns in 
which we have P1, P3, and P2, which 
present positive and negative ranges P1, 
P2, and P3 establishing a wide variation 
between their maximum and minimum, 
considering P1 as the general range that 
includes P2 and P3 with a maximum 
angle of 34.24 º and a minimum angle 
of –67.37º. The flexion and extension 
angles of the right tibialis during gait 
were obtained between 12 to 13 similar 

samples in the sagittal plane, the maxi-
mum angle value is 31.85° for P1 and 
the minimum value is –168.3°, –176.3° 
for P1 and P2, respectively.

In left tibial flexion and extension, 
12 to 18 similar samples were obtained 
for each subject, and the maximum an-
gle value is 22.05° for P1 and the mini-
mum value is –179.6° for P2.

The number of samples obtained for 
quadriceps and tibialis determines the 
number of samples that can be obtained 
for knees. By using Equation 1, the sam-
ples for right knee flexion and extension 
are in the range of 10 for P1, P2, and 
P3, the maximum value of the angle is 
in 206.3° and the minimum value set is 
–41.41° for P1 and P2, P3 has a maxi-
mum angle of 91.46º and a minimum 
angle of –37.94º. As for left knee flexion 
and extension these were determined 
from 12 samples, the maximum angle 
value is 155.8° for P2 and the minimum 
value is –55.23°, for P1 and P2. P3 has a 
maximum angular value of 91, 46º and 
a minimum value of –37.94º.

For the angular displacement of the 
right foot, there are 12 to 14 samples, 
in which a maximum angle of 27.39º is 
obtained in P2 and a minimum angle of 
–69.59º for P1, establishing a clear pa-
ttern. For the angular displacement of 
the left foot, there are 9 to 18 samples, 
in which a maximum angle of 25.58º is 
obtained in P2 and a minimum angle of 
–64º for P1, P2, and P3, establishing a 
clear pattern.

The value “n” underwent a polyno-
mial regression using the least squares 
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method with the average values of the 
samples. The regression analysis was 
conducted in MATLAB software, utili-
zing polyfit (x, y, n) command to deter-
mine the coefficients of the regression 
polynomial. Additionally, polyval (p, x) 
command was utilized to evaluate the 
polynomial p(x) with a degree of n (de-
termined by polyfit) at each point of x.

Figure 4 shows the graphs resulting 
from the polynomial regression and the 
confidence interval established at 95 % 
for each of the regressions performed 
on the samples of pelvic rotation and 
obliquity, flexion, and extension of the 
quadriceps, tibialis, knees, and feet. The 
acronyms in the legends in each of the 
graphs are BC for confidence band and 
AP for least squares approximation.

The polynomial regressions perfor-
med have n ranges from the minimum 
value of 5 for Pelvic obliquity in the sa-
gittal plane for senior P2 and 8 for the an-
gular displacement of the right knee for 
senior P1, P2, and P3, to a maximum n 
equal to 16 for the angular displacement 
of the left ankle for senior P1. The re-
gressions carried out must have a higher 
n in the tibial and knee to be able to be 
coupled to the original values obtained 
using the Xsens MTw Awinda sensors. 
To evaluate the performance of the poly-
nomial regression, RMSE was performed 
between the data provided by the sensors 
and the data yielded by the command 
polyval(p, x) for the polynomial p(x) of 
the regression in MATLAB. Table 3 pre-
sents the values of the older adults.

Table 3 
Root value of root mean square error of polynomial curve fitting

P1 P2 P 3

Pelvic obliquity 1.58E–08 7.98E–09 2.59E–08

Pelvic rotation 5.99E–08 5.95E–10 2.27E–09

Flex/Ext right quadriceps 4.32E–08 1.59E–06 6.93E–07

Flex/Ext left quadriceps 1.80E–06 8.06E–08 8.04E–06

Flex/Ext right tibialis anterior right 6.60E–09 3.36E–09 7.73E–10

Flex/Ext tibialis anterior left 3.03E–10 7.68E–12 8.54E–10

Flex/Ext right knee 4.98E–10 7.21E–10 4.99E–10

Flex/Ext left knee 7.63E–11 5.87E–10 4.06E–10

Flex/Ext left foot 1.18E–05 1.67E–10 5.45E–10

Right foot 1.69E–08 6.36E–10 2.05E–09

When comparing the data adjusted 
by least squares provided by the sen-
sors with the data of Calderón and Ulloa 
(2016), the results are different from 

the expected, since people with diffe-
rent stages of the disease intervened in 
the study; however, what is sought is to 
denote the link that exists between the 
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studies. For this reason, an assessment 
is made, thus determining the relations-
hip that exists between the databases 
by applying the Pearson R. correlation 
coefficient, as seen in Table 3.

The values in Table 4 determine that 
there is a direct relationship with the 
group of data evaluated, which is not 
perfect considering that the people in 
the study have a disease that makes wal-
king difficult, even so, obtaining values 
different from zero makes it difficult 
to state that there is a correlation, with 
minimum values of 0.07 for pelvic obli-
quity and 0.09 for flexion and extension 
of the right anterior tibialis anterior be-

longing to the older adult P2, who has a 
more advanced pathology than the rest 
of the subjects. 0.07 for pelvic obliquity 
and 0.09 for flexion and extension of the 
right tibialis anterior belonging to the 
older adult P2 who has a more advan-
ced pathology than the rest of the study 
subjects, the maximum values are 0.55 
in pelvic obliquity of the older adult P3 
and 0.53 in flexion and extension of the 
left quadriceps of the older adult P1. 
To reaffirm the similarity granted by 
the Pearson’s relationship coefficient, 
a statistical distinction of the determi-
nation coefficient is performed, and the 
data are detailed in Table 4.

Figure 3 
Comparison of the patterns evaluated in the gait cycle: (a) pelvic obliquity, (b) pelvic rotation,  
(c) flexion and extension of right quadriceps, (d) flexion and extension of left quadriceps,  
(e) flexion and extension of right anterior tibialis, (f) flexion and extension of left anterior tibialis, 
(g) flexion and extension of the right knee and (h) flexion and extension of the left knee
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Table 3 
Coefficient

Pearson’s correlation 
coefficient, R

Coefficient of  
determination, R2 [%]

P1 P2 P3 P1 P2 P3

Pelvic obliquity –0.32 0.07 –0.55 10.52 0.49 30.55

Pelvic rotation 0.43 0.37 0.33 18.67 14.03 11.35

Flex/Ext right quadriceps –0.28 0.46 –0.25 7.91 21.53 6.51

Flex/Ext left quadriceps –0.53 0.20 –0.16 28.67 4.18 2.82

Flex/Ext right tibialis anterior right –0.32 0.09 0.16 10.81 0.84 2.78

Flex/Ext tibialis anterior left 0.05 –0.29 0.21 0.31 8.77 4.44

Flex/Ext right knee –0.25 –0.27 –0.26 6.66 7.57 7.01

Flex/Ext left knee –0.18 –0.30 0.11 3.45 9.32 1.25

The data obtained show that the 
percentage of 11.35 to 18.67 is the 
one that presents the greatest similarity 
found in the pelvic rotation, followed 
by the pelvic obliquity that has a litt-
le similar value of the older adult P2 
who has a more advanced stage of the 
disease, followed by the older adult P1 
who has a percentage of 0.31, showing 
that his left anterior tibial affects the 
gait in an important way as well as 
with a percentage of 0.84 of the older 

adult P2 in the right anterior tibial. The 
polynomial statistical analysis corro-
borates the similarity in different parts 
of the limbs and not in all since the 
study tends to have a pattern, but not to 
be equal since the study subjects have 
a disease which hinders their gait, so 
the measurements taken by using the 
Xsens MTw Awinda inertial sensors 
optimally validate the people involved, 
as seen in Table 4.
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Conclusions

The usefulness of inertial sensors 
allows recording data of human mo-
vements in real-time, thus helping re-
search to be carried out in a laboratory 
or in a large area outside the facilities.

People suffering from knee osteoar-
thritis may present different values at 
the time of being studied, since this is 
because the disease in each person is 
at a different stage, which was diag-
nosed by a health professional as mild 
for the older adult P3, severe for the ol-
der adult P2 and moderate for the older 
adult P1, obtaining error values ranging 
from 6.36E–10º to 1.18E–05º and corre-
lation coefficients ranging from –0.27 
to 0.11, in comparison with data per-
formed by Calderón and Ulloa (2016).

The values obtained in the evaluation 
determine that older adults comprise a 
similar pattern which can be distincti-
ve for knee osteoarthritis disease, whe-
reby the angular displacement of the ri-
ght quadriceps has a maximum angle of 
20º and a minimum angle of –103.30º. 
The angular displacement of the left qua-
driceps has a maximum angle of 13º and 
a minimum angle of –130.6º. In pelvic 
obliquity, there is a maximum angle of 
59.6º and a minimum angle of –177.9º. 
In pelvic rotation, there is a maximum 
angle of 34.24º and a minimum angle 
of –67.37º. In the angular displacement 
of the right tibial, there is a maximum 
angle of 31.85º and a minimum angle of 
–176.3º. The angular displacement of the 

left tibial has a maximum angle of 22.05º 
and a minimum angle of –179.6º. The 
angular displacement of the right knee 
has a maximum angle of 206.3º and a 
minimum angle of –41.41º. The angular 
displacement of the left knee has a maxi-
mum angle of 155.8° and a minimum 
angle of –55.23°. The angular displace-
ment of the right ankle has a maximum 
angle of 27.39º and a minimum angle 
of –69.59º. The angular displacement 
of the left ankle has a maximum angle 
of 25.58º and a minimum angle of –64º.

The gait pattern, in addition to being 
affected by knee osteoarthritis, can be 
altered by causes such as overweight, 
size, footwear, hormonal pathologies 
and fractures, and trauma, taking as a 
reference the older adult P2 who in ad-
dition to having severe knee osteoar-
thritis suffers from hormonal patholo-
gies such as hyperthyroidism involving 
overweight, resulting in a determination 
coefficient of 0.49 % in pelvic obliquity, 
0.84 % in knee flexion and extension for 
the older adult P1 who has a history of 
fractures and trauma, overweight having 
a value of 0.31 % in flexion and exten-
sion of the left anterior tibialis anterior.

The comparison made with the Cal-
derón and Ulloa (2016) database does 
not have the data for the determination 
of characteristic curves about the left 
and right foot, for which reason it is not 
possible to determine the values for the 
left and right foot.
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