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Abstract: Anthropometric measurements are essential in various fields, such as sports, the automotive
industry, clothing, health care, biomechanics, ergonomics, and gait analysis. However, the data
collection process for these measurements is costly and time-consuming, and the data collected are
not always precise and accurate. In this paper, some of the most widely reported machine vision
systems (MVSs) are evaluated to determine the anthropometric length of body segments (BSs) used in
gait analysis. The aim is to evaluate the performance of the MVSs and identify the most appropriate
vision approach, in terms of accuracy, cost, speed, and computing performance. For this purpose,
five BSs of the lower limb were selected and measured using both the MVS and the conventional
manual anthropometric measurement (MAM) techniques. The results show that the MVSs represent
an excellent alternative to measure the anthropometric parameters corresponding to the BSs, with
some advantages in terms of sampling process time, precision, and equipment requirements.

Keywords: anthropometric measurements; machine vision systems (MVS); body segment (BS);
human gait

1. Introduction

Nowadays, the use of smart sensors, the Internet of Things (IoT), and machine vi-
sion systems in the industry has arisen due to a need to increase organizational efficiency
and competitiveness [1]. In the fields of anthropometry and biomechanics, human an-
thropometric data are the basis for the construction of digital human models to carry out
human gait motion analyses [2]. The body segment (BS) parameters, including length,
centre of mass (CoM), mass, and radius of rotation of body parts, are useful in ergonomic
applications [3,4], such as tool design, protective clothing, specialized equipment, and
workstations [5]. They are also important for developing biomechanical tools and models
necessary to minimize the risk of musculoskeletal injuries when human beings perform
occupational activities [6]. In human gait analysis, the data sets related to kinematics and
kinetics are required to follow and understand every event in a gait cycle [7,8]. One of
the most relevant data sets contains the anthropometric lengths of the BSs, which vary
depending on body build, gender, and racial origin [9]. The anthropometric lengths of BSs
are often estimated and useful in the analysis and modelling of human gait. The estimation
of the parameters associated to the CoM of the BS is very important when analysing gait
balance disorders [9,10].

Conventional methods for collecting anthropometric data imply the use of standard-
ized human being posture [11]. Based on this standardized posture, the distance between
the body’s landmarks can be measured using different instruments and equipment, such as
the stadiometer, anthropometer, anthropometric compass, sitting-height table, and metric
tape. However, the precision and accuracy of the measurements depend on the experience
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and ability of the analyst, including the correct and periodic calibration of the required
equipment. On the other hand, modern techniques to measure anthropometric lengths
consider advanced acquisition data systems that do not require direct contact with the
person. In [12], a TC2® 3D body scanner was used to collect anthropometric data of old
and physically impaired persons, and these data were compared with the results of the
manual anthropometric measurements (MAM). Significant differences were found between
the measurement results obtained with both methods; however, the dimensions that are
based on the most easily identifiable body landmarks did not result in significant differ-
ences. In [13], a Microsoft Kinect NUI® sensor was used to calculate the parameters of
person-specific BSs. The results showed high reliability, suggesting that the system could
be well received by sports and health communities. A method to assess the accuracy of the
reconstructed non-rigid human body model based on anthropometric parameters using
multi-view binocular stereopsis was proposed in [14]. The results showed an average
reconstruction accuracy of 2.5 mm. A depth camera to obtain and measure the 3D human
body model was proposed in [15]. It was shown that the proposed algorithm had a better
detection effect and robustness than other existing methods. There are many other compu-
tational tools such as Kinovea, which can be used for various applications, such as marker
tracking in human gait studies and measuring of the anthropometric lengths of BSs [16].

Machine vision systems (MVSs) are being integrated into the philosophy of Industry
4.0. MVSs have been used for metrology and gaging, but the development of new tech-
nologies allows for higher accuracy and more precise measurements [17]. Cameras can
communicate with each other and with sensors that allow machine-to-machine communi-
cation. The measurement capabilities of computer vision allow for the obtaining of a large
amount of data from each inspection. These data can be fed into big data systems, and then
used in the decision-making process. Most of the MVSs are based on the homogeneous
(SVD) [18,19] and non-homogeneous [18,20] solutions of the calibration matrix by linear
estimation methods.

The above information reveals that there are a wide variety of devices, tools, and
MVSs that can be used to measure the anthropometric lengths. However, these measuring
alternatives can be complex to handle and costly. Currently, several modern devices are
available in the market, such as Fit3D Proscanner®, Texel Portal BX®, and Mantis Vision
3iosk®, with prices in the range from USD 10k to USD 250k [21]. On the other hand, manual
anthropometric measuring requires longer times, and the accuracy and repeatability depend
on the specialist’s skills and experience. In this paper, the performances of three different
MVS methods are evaluated and compared with the traditional manual anthropometric
measurements (MAM) approach. The aim is to identify the most appropriate MVS to
measure the BS lengths required in human gait analyses.

2. Materials and Methods
2.1. Methodology

The following methods to measure the main anthropometric lengths of the BSs used in
human gait analysis, were selected: (1) the linear vision method based on the homogeneous
solution of the calibration matrix using the singular value decomposition process (SVD);
(2) the linear vision method based on the non-homogeneous solution of the calibration
matrix; (3) the Kinovea program application [22]; and (4) the traditional MAM method
using simple instruments (anthropometers). The results of the first three MVS methods
were compared with the results obtained by the MAM method. To evaluate the performance
of the selected MVS and MAM methods, the methodology shown in Figure 1 was used.

2.2. Experimental Protocol Definition

Twelve subjects (six males and six females; M,ge = 20.2 years, SDage = 2.8 years) were
selected for this study. All participants were orthopedically healthy adults, and their height,
mass, and body mass index (BMI) were recorded (Mpeight = 1.645 m, SDpeight = 0.058 m;
Minass = 65.3 kg, SDpmass = 4.8 kg; Mpy = 24.13 kg/m?, SDpyy = 2.5 kg/m?). As part of
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the experimental protocol, all participants received a detailed explanation about the study
before signing an informed consent form.

Definition of the experimental protocol ‘

v
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Figure 1. General methodology used in the evaluation of different MVS methods.

The following considerations and requirements were defined as part of the exper-
imental protocol: (a) five BSs were considered; (b) a general physical examination was
carried out on individuals to identify some conditions that may introduce variation in the
measurements, such as edema (swelling), congenital malformation, etc.; (c) the measure-
ments were made at a place with privacy and comfortable environmental conditions of
light, ventilation, and temperature; (d) the analysts had theoretical and practical knowledge
about anthropometric measuring; (e) all measurements were made on the right side of
the body; and (f) the measurement and annotation techniques were homogeneous for all
the participants.

2.3. Definition of the Markers Protocol and BSs Lengths

To obtain the anthropometric measurements using the MVS methods, bone landmarks
for marker placement were defined as shown in Figure 2a and Table 1. The five BS lengths
to be calculated are defined in Figure 2b and Table 2. The markers placed on a participant
are shown in Figure 2c. It is important to mention that the correct identification of the
anatomical landmarks is very important to obtain precise results.

Table 1. Definition of the bone landmarks.

Abbreviation Meaning
RFT Right femur greater trochanter.
RFLE Right femur lateral epicondyle.
RFAX Proximal tip of the head of the right fibula.
RFAL Right fibula apex of lateral malleolus.
RLCA Right lateral calcaneus.
RFM Fifth right metatarsal.

2.4. Equipment Used

For the implementation of the MVS, the following equipment was used: two mobile
phone cameras (Motorola®, Moto G4, 13 MP, 1080 x 1920 pixels, and £/2.0), two camera
tripods, a 3D calibration pattern, a computer with the Kinovea and MatLab® programs, flat
circular markers, and a black light lamp. The use of phosphorescent yellow markers and



Machines 2023, 11, 369

40f13

black light has demonstrated outstanding performance for digital image processing (DIP),
in terms of accuracy and speed [23]. In the case of the MAM method, an anthropometer
was used.

Table 2. Definition of the anthropometric measurements of the body segments (BSs).

BS Distance Meaning

Distance between the greater trochanter of the right femur and the
lateral epicondyle of the right femur.

Distance between the proximal tip of the head of the right tibia and the
vertex of the fibula of the right lateral malleolus.

Distance between the vertex of the fibula of the right lateral malleolus
and the right lateral calcaneus.

Distance between the vertex of the fibula of the right lateral malleolus
and the fifth right metatarsal.

Distance between the right lateral calcaneus and the fifth right
metatarsal.

BS; RFT-RFLE

BS,  RFAX-RFAL
BS;  RFAL-RLCA
BSy  RFAL-RFM

BSs RLCA-RFM

(©)

Figure 2. Markers protocol: (a) definition of the bone landmarks, (b) definition of the body segments,
and (c) placing the markers on the participant.

2.5. Measurement Methods
2.5.1. Manual Anthropometric Measuring

In order to manually obtain the anthropometric measurements (MAM), a conventional
anthropometer was used. It is important to mention that the measurement process was
carried out by an analyst with high experience in the use of anthropometers. Moreover, in
order to guarantee the reliability of the measurements, three measurements were conducted
for each BS and participant. The mean and standard deviation (SD) values were calculated
and used as reference in the comparative study.

2.5.2. Homogeneous MVS Method

In the homogeneous MVS method, the calibration matrix is calculated using the
singular value decomposition (SVD) process, represented by the following equation:

xi =PX; 1)
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where x; = (x, y, 1)T the location of a point in the camera space, X; = (X, Y, Z, 1T is the
location of the corresponding point in the 3D world, and P is a camera matrix that relates
the 3D coordinates with the 2D coordinates. The P matrix can be obtained by a calibration
process. To accomplish this, a correspondence is generated between 3D-points (X;) and
their position in the image plane (x;); if there are sufficient X;<+x; correspondences, the
camera matrix P can be computed through an SVD procedure.

2.5.3. Non-Homogeneous MVS Method

The following linear system defines the non-homogeneous MVS method:

X.

X; P P P pul |y
olyi| = |pn P2 Pn Pal|, 2)

1 P31 P2 P33 P 11

where p is a scaling factor, which, in this case study, p = 1, and pij are the components of
the P matrix, i.e., P = [p;;]. Since the non-homogeneous solution is used, p34 = 1. Thus, the
method comprises the calculation of all the parameters of the matrix p;;, except ps4 = 1. To
do so, it is necessary to consider 5.5 correspondences (observation points) between the
2D coordinates in the image plane, and the 3D coordinates of the calibration pattern (see
Figure 3). Every correspondence generates two equations, as follows:

pu1Xi + p12Yi + p13Zi + p1a — xip31 Xi — xip32Y; — xip33Z; — xijp3s = 0 3)

p21Xi + p2Yi+ p23Zi + paa — Yipa1 Xi — Yip32Yi — Yip3sZi — Yipza =0 (4)

Figure 3. Three-plane calibration pattern.

It is important to note that using 5.5 correspondences is sufficient to calculate the
calibration matrix; however, a large number of correspondences must be used to reduce
the noise and error in the measurements.

2.5.4. Kinovea Method

The Kinovea software is an open-source program especially designed to study, analyse,
compare, and measure human joint movement in 2D by means of only one camera [22,24].
This program is used to improve the techniques in several sports and physical activities, as
well as to correct body movements that could cause injuries to the athletes. This program
allows measuring the range of passive and active movement of BSs by: (a) following
the trajectory of a target point, (b) measuring joint angles, (c) measuring distances, and
(d) measuring times, either manually or semi-automatically. The collected data by Kinovea
can be transferred to a spreadsheet for further processing and analysis.
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The implementation of the Kinovea program was conducted according to the algo-
rithm shown in Table 3. The calibration process of the Kinovea program is necessary to
establish the relationship between a physical length and the number of pixels in the image.
To carry out this calibration, a 0.5 m-long bar was used, as shown in Figure 4.

Table 3. Algorithm for obtaining anthropometric measurements using Kinovea.

1. Taking pictures.

2. Calibrate the Kinovea program.

3. Load each image separately in the Kinovea program for analysis.

4. With the Line tool, draw lines on the body segments of interest to obtain their lengths.

Figure 4. Placing one participant and the element with a known length in the test area.

2.6. Image Processing and 3D Reconstruction

The digital image processing (DIP) and 3D reconstruction procedure for the non-
homogeneous and homogeneous MVS methods is shown in Table 4, which is the same
for both methods, except for the approach used to calculate the camera calibration matrix.
In the homogeneous MVS, the calibration matrix is obtained using an SVD procedure,
while in the non-homogeneous MVS, the calibration matrix is calculated considering the
matrix’s element p34 = 1. The experimental set up shown in Figure 5a was used to obtain
the images required in the digital image processing (DIP) and 3D reconstruction. Two
cameras were installed equidistant from the principal axis. The working distance was
estimated to obtain a field of view necessary to capture the subject at the centre of the
image, reducing the camera lens error. The vertical location of the cameras with respect to
the ground was proposed based on the average height between the highest and the lowest
marker, which approximately matched with the average knee height of the participants, as
shown in Figure 5b.

Table 4. DIP and 3D reconstruction algorithm for the non-homogeneous and the homogeneous
MVS methods.

I. Digital image processing

1. Taking pictures.

2. Conversion of RGB images to grayscale.

3. Definition of the threshold value (histogram).

4. Binarization of the images.

5. Calculating the coordinates of the centroids of the markers in pixels.

I1. 3D reconstruction of centroid coordinates in millimeters

1. Camera calibration according to each MVS, the homogeneous one using an SVD procedure and
the non-homogeneous one considering the matrix element p34 = 1.
2. Calculation of the 3D coordinates of each centroid of the markers.
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Figure 5. Experimental set up: (a) scheme of distribution, and (b) camera location at knee height.

Once the cameras were calibrated and the 3D reconstruction process carried out, the
anthropometric lengths of the BSs were calculated using the following equations:

BS; = \/ (RFLE, — RFT,)? + (RFLE, — RFT,)” + (RFLE, — RFT,)? (5)

BS; = \/ (RFAL, — RFAX,)? + (RFAL, — RFAX,) + (RFAL, — RFAX,)? (6)

BS; = \/ (RLCA, — RFAL,)? + (RLCA, — RFAL,) + (RLCA, — RFAL,)*  (7)

BS, = \/ (RFM, — RFAL,)? + (RFM, — RFAL,)’ + (RFM, — RFAL,)’ (8)

BSs = \/ (REM, — RLCA,)? + (RFM,, — RLCA,)? 4 (RFM, — RLCA,)? )

where the subscripts x, y, and z, represent the x, y, and z coordinates of the 3D locations of
the markers.

3. Results and Discussion

Table 5 shows the results of the anthropometric measurements obtained from the
different methods. These results correspond to the average and standard deviation (SD)
values of a group of twelve participants. This table shows that the values obtained by the
homogeneous and non-homogeneous MVS methods are very alike to each other, and to the
results obtained by the MAM method. In contrast, the results of the Kinovea method exhibit
larger deviations than the previous ones. It is important to mention that the identification
of the RFT, RFLE, and RFAX landmarks was difficult in two subjects with a body mass
index (BMI) greater than 25 kg/ m?. This difficulty is consistent with [25,26], where it is
mentioned that the identification of anatomical landmarks may be more difficult in people
with high body fat.

To estimate the performance of each of the MVS with respect to the MAM method, a
deviation value was calculated according to the following equation:

Meanyrys — Meanpam «

1
Morm o 00 (10)

Deviation =

where Meanyys represents the length value obtained using one of the MVS approaches, and
Meanyap represents the corresponding length value obtained using the conventional MAM



Machines 2023, 11, 369

8of 13

approach. The resultant deviation values are shown in Table 6, where it can be observed
that the non-homogeneous and homogeneous MVS methods have smaller deviations than
the Kinovea method. The longest anthropometric lengths, BS; and BS,, calculated by
the linear vision methods, had the smallest mean deviation. The largest mean deviation
obtained by all the MVS corresponds to the shortest anthropometric length BS3. This large
deviation may be due to the fact that the anthropometric length BS3 requires the RLCA
landmark, which was one of the most difficult to be located, and therefore it may have
moved out-of-place during walking. In addition, this large deviation is also a result of the
small value of BS3 in the denominator of Equation (10).

Table 5. Results of the anthropometric measurements of length of the BSs (n = 12).

Body Segment =~ MAM (mm) H((Snglo)g)e(l;f;l;s Non-H(()EI(:geneous Kinovea (mm)
BS; 390.0 £ 16.0 389.0 £ 16.3 389.0 £ 16.3 403.6 +17.3
BS; 360.0 £21.0 360.1 £21.5 360.1 £21.5 350.9 £22.6
BS;3 58.5 £ 1.5 58.6 £1.3 58.6 £1.3 554 £1.6
BS, 122.0 £9.0 1219+ 9.1 1219 £9.1 1199 £95
BSs 1425+ 11.0 142.1 +10.7 142.1 +10.7 1379+ 11.8

Data are shown as Mean =+ SD values.

Table 6. Comparison of the deviation between MVS results and MAM'’s results for a sample of

12 participants.
Mean Deviation from the Conventional Method (%)
Body Segment :
Homogeneous (SVD) Non-Homogeneous Kinovea
BS; 0.2 0.2 3.6
BS; 0.2 0.2 2.5
BS3 1.1 1.1 5.3
BSy 0.3 0.3 1.9
BSs 0.5 0.5 3.2

3.1. Results of the 3D MV'S Methods

Figure 6 represents the results of the 3D reconstruction using the homogeneous MVS.
At the beginning, the volunteers were placed in the test area, Figure 6a. Next, an RGB
image was taken using a black light, Figure 6b, and converted to grayscale, Figure 6¢. The
histogram of the image was obtained by an image binarization process, Figure 6d. Next,
the coordinates of the markers’ centroids in pixels were calculated, Figure 6e. Finally, the
results of the 3D coordinate markers were computed, as shown in Figure 6f.

The precision of the camera calibration process was fundamental to have a good
accuracy in the homogeneous and non-homogeneous MVS. A good calibration pattern in
terms of perpendicularity and correspondence among the planes, and a correct setting of
the optical characteristics of the cameras, were also fundamental to have a good accuracy.
Although mathematically, 6 and 5.5 2D-3D correspondences were required on the calibra-
tion pattern to calculate the calibration matrix P, the results revealed that the use of nine
or more 2D-3D correspondences led to smaller errors in the 3D reconstruction. Therefore,
it is indistinct to use either method as long as at least nine 2D-3D correspondences in
the calibration pattern are used. It is important to mention that the calibration process
must be conducted only once for all the participants. Once the calibration is made, many
participants can be measured, and the process can be automated.

On the other hand, different image sizes were evaluated during the camera calibration
process. For this purpose, three test points on the calibration pattern were 3D reconstructed
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(b)

using different image sizes. To determine the 3D reconstruction error, the following
equation was used:

N
Errsp = (2 \/(Xl — Xi)z + (Yl — ?i)z + (Zl — Zi)2> /N (11)
i=1

where [X;,Y;, Zi]T are the 3D coordinates of a test point on the calibration pattern and

[Xi, Y;, Zi] T are the 3D coordinates estimated by the MVS, and N corresponds to the
number of test points. Since three test points (the farthest in each plane) were used for
every trial, the resulting error corresponds to the average error. It should be noted that for
comparative purposes, this absolute error in millimeters is normalized with respect to the
distance from one of the test points to the origin of the calibration pattern. The results are
shown in Figure 7, where it can be observed that the image size of 2816 x 2112 pixels led to
the best precision performance; however, the processing of these images requires a high
computational cost. Therefore, it was decided to use an image size of 1280 x 1024 pixels,
which ranks second in terms of precision.

1100—
1000
900—

800—

Z(mm)

700—

600—

500—

400—

400 600

500
Y (mm)

(c) (d) (e) ()

Figure 6. Results of the MVS: (a) image using standard light, (b) image using black light, (c) image
converted to greyscale, (d) binarized image, (e) location of centroids in pixels, (f) 3D reconstruction
of the centroids’ markers.

2.33%

0.94% 1.01%
0.68%

. 0.35% 0.25%
. e -

424 x 340 640 x 512 852 x 682 1024 x 818 1280 x 1024 2816 x 2112

Image size (Pixels)

Percentage error in the
3D reconstruction

Figure 7. 3D reconstruction error as a function of the image size.

In the case of the camera selection, the results also revealed that it is important to
identify the cameras with the least possible distortion in their perimeter fringe to reduce
errors in the 3D reconstruction at the extremes of the field of view. In addition, it is
important to avoid some sports cameras with wide-angle lenses, since the distortion is
quite considerable.
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3.2. Results of the Kinovea Program

Before conducting the measurements using the Kinovea program, several tests were
carried out to determine the optimal conditions to get good results. Three important
conditions were identified and applied: (a) blacklight illumination, (b) phosphorescent
yellow markers, and (c) the optical axis of the camera must be horizontal and perpendicular
to the sagittal plane. As in any other MVS, a good calibration process is also essential
to obtain satisfactory results in terms of precision. Figure 8a shows a participant in the
test area under standard light, whereas Figure 8b shows the participant under blacklight
conditions, which were used to improve the image processing and 3D reconstruction. These
images were loaded into the Kinovea program and processed to obtain the anthropometric
dimensions of the BSs, as shown in Figure 8c.

T 2212¢m

———— 2460cm

33lem _ 80lem

870cm~ 5000 cm

(b) (c)

Figure 8. Image to be analysed in the Kinovea program: (a) image captured based on the participant’s
test area, (b) image captured using a blacklight, (c) result of the analysis in Kinovea.

3.3. Performance Comparison

To assess and compare the performance of each MVS, a performance index was
proposed based on an Analytical Hierarchy Process (AHP) [27] and Quality Function
Development (QFD) [27,28] tools. AHP is a structured technique used to make complex
decisions, which helps to find the solution that best suits the needs and understanding
of the problem, whereas QFD is a method for calculating what features should be added
when designing a product or service. Both tools provide an objective view of what users
are looking for in a product and the requirements it should have, as well as a prioritization
of the most important features to consider. To determine the most important criteria to
consider, as well as their corresponding weightings, the AHP and QFD tools were applied
to a group of 30 potential customers of the proposed MVS approach for measuring BSs.
Based on the results, the most relevant criteria were selected, assigning a value of 1 to the
most important criterion. Thus, the criteria were: (1) precision; (2) speed of the MVS; and
(3) equipment requirements, with weights w; = 1.00, wp = 0.78, and w3 = 0.72, respectively.
Thus, the proposed performance index, pjygey, is:

Pindex = W1Cprecision + WaCtime + W3Cequipment (12)

where ¢pyecision 1S the precision criterion related to the deviation between the MVS results and
MAM results, ¢y is the criterion related to the total time required by each MVS to get the
anthropometric measurements of the twelve individual samples, and Cequipment cOrresponds
to the equipment requirements for each method. The cpyecision Value was obtained from the
mean deviation values shown in Table 6, and through a normalization process, giving a
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value of 1 to the method that exhibited the best precision. Table 7 presents the resultant
values of ¢yyecision for each MVS.

Table 7. Criterion ¢precision for each vision method.

MVS Mean Deviation (%) Cprecision
Homogeneous (SVD) 0.45 1.00
Non-homogeneous 0.45 1.00
Kinovea 3.30 0.14

The average total time required by each method to measure a subject and the criterion
Ctime, are shown in Table 8. Note that for the MVS methods, the time of the preparation and
calibration processes corresponds to the average time per individual, i.e., the total time
to prepare and calibrate the system is divided by the number of participants. The value
of cyime Was estimated similarly to the previous criterion, where a value of 1 was assigned
to the MVS with the shortest total time. The preparation time corresponds to mounting
the cameras and other devices, adjusting the cameras’ optical parameters, and placing
the markers on the participants. The preparation time in the MAM method includes the
verification and cleaning of the anthropometric instruments, and the measurement time
corresponds to the time to measure the body segments of each participant three times.

Table 8. Average time required by each method to measure a subject.

DIP and 2D/3D Measurement of the

Method Prepa-ratlon Cahb.ratlon Reconstruction Anthropometric _Total T.m.le Ctime
(min) (min) . A (min)/Individual
(min) Lengths (min)
MMA 2.10 - - 14.37 16.47 0.51
Homogeneous (SVD) 4.25 2.02 2.15 - 8.42 1.00
Non-homogeneous 4.36 2.01 2.16 - 8.53 0.99
Kinovea 3.34 3.82 3.88 - 11.04 0.76

The results show that the non-homogeneous and homogeneous MVS are faster than
the conventional and Kinovea methods. The homogeneous method led to a time reduction
of 48.9%, the non-homogeneous method led to a time reduction of 48.2%, and the Kinovea
program led to a time reduction of 33%, in comparison with the MAM method. The non-
homogeneous and homogeneous MVSs had almost the same time performance, with the
homogeneous MVS having the best ¢y, performance. In the case of the MVS methods,
the equipment preparation and camera calibration are only needed once, regardless of
the number of participants to be measured. Therefore, if only the DIP and 2D/3D recon-
struction processes and placement of the markers are considered, the non-homogeneous,
homogeneous, and Kinovea MVSs require an average time of 4.16 min, 4.15 min, and
5.88 min per participant, respectively. This represents an improvement in the efficiency of
the data collection process.

Table 9 shows the equipment required by each MVS, and the obtained values of the
equipment criterion, Coguipment- The values were computed using a normalization process,
assigning a value of 1 to the MVS that requires the minimum equipment. It is important
to mention that the material and equipment used in this study were inexpensive and not
sophisticated, in comparison with the devices and equipment reported in the literature. For
instance, Mantis Vision 3iosk® is priced at USD 250k [21]. The cost of the materials and the
equipment used in this investigation does not exceed USD 500, which represents a major
competitive advantage. The DIP and the 3D reconstruction algorithms were implemented
in MatLab® but they could also be implemented in an open source program.
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Table 9. Equipment required by each MVS.

Calibration  Blacklight

Method Computer Cameras Pattern Lamp Cequipment
Homogeneous (SVD) 1 2 1 1 0.80
Non-homogeneous 1 2 1 1 0.80
Kinovea 1 1 1 1 1.00

Finally, the performance index results are shown in Table 10, where it is observed that
the non-homogeneous and homogeneous MVS methods had the best performance index,
with the homogeneous method having the best performance value. The Kinovea MVS
approach had the worst performance value, despite the fact that it only uses one camera to
provide 2D information, which is a disadvantage compared to other MVSs that provide
3D results.

Table 10. Performance index.

Criteria

Method Performance Index
Cequipment Cprecision Ctime
Homogeneous (SVD) 0.80 1.00 1.00 2.36
Non-homogeneous 0.80 1.00 0.99 2.35
Kinovea 1.00 0.14 0.76 1.45

4. Conclusions

This paper presents an investigation to assess the performance of different machine
vision systems to measure the anthropometric lengths of body segments. The aim is
to promote and improve the digitalization of anthropometric measuring. The results
show that 3D stereo vision methods are an excellent technological alternative in terms of
precision, processing time, cost, and computing performance. Special attention must be
given to the correct camera calibration process, because the accuracy and precision of the
3D-reconstruction results depend on it. Although this study was focused on anthropometric
measurements of the BSs involved in human gait, the analysed methods can be tailored
to determine other types of anthropometric measurements, such as circumferences, areas,
volumes, and lengths, commonly used in anthropometric and ergonomic applications.
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