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Abstract: Background: Our objective was to conduct a comprehensive analysis of the reproducibility
of foot and ankle anthropometric measurements with a three-dimensional (3D) optical scanner.
Methods: We evaluated thirty-nine different anthropometric parameters obtained with a 3D Laser
UPOD-S Full-Foot Scanner in a healthy population of twenty subjects. We determined the variance of
the measurements for each foot/ankle, and the average variance among different subjects. Results:
For 40 feet and ankles (15 women and 5 men; mean age 35.62 +/ — 9.54 years, range 9-75 years), the
average variance was 1.4 & 2 (range 0.1 to 8). Overall, the mean absolute measurement error was
<1 mm, with a maximum variance percentage of 8.3%. Forefoot and midfoot circumferences had a
low variance <2.5, with variance percentages <1%. Hindfoot circumferences, malleolar heights, and
the length of the first and fifth metatarsal to the ground contact points showed the highest variance
(range 1 to 7). Conclusions: The UPOD-S Full-Foot optical Scanner achieved a good reproducibility
in a large set of foot and ankle anthropometric measurements. It is a valuable tool for clinical and
research purposes.

Keywords: foot and ankle measurements; laser scanner; anthropometric data; reproducibility

1. Introduction

As technology continues to advance, three-dimensional (3D) scanners have increasingly
replaced conventional methods such as ink prints and tape measure for evaluating foot
and ankle anthropometrics [1,2]. They offer fast acquisition speed, user-friendly features,
and improved accuracy compared to conventional methods [3-7]. Moreover, 3D scanners
provide the possibility to measure several anthropometric parameters, which would be
highly time consuming with standard methods [4,8-11].

The clinical application of anthropometric measures of the foot extends to various
fields, including orthopedics, podiatry, sports medicine, and footwear design [9,12-15].
Anthropometric measures of the foot and ankle have demonstrated clinical utility across
various domains of healthcare [16,17]. They offer valuable insights into foot morphology,
aiding in the diagnosis, treatment, and prevention of foot-related conditions. In the last few
years, there has been an increasing body of scientific literature disseminating research on foot
anthropometry and contributing to advancements in the field, with potentially important
clinical implications [16,18-20]. The precision and accessibility of foot anthropometry are
expected to further improve, enhancing its clinical utility in the years to come [17].
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In orthopedics, these measures assist in the diagnosis and management of foot defor-
mities like flatfoot or cavus foot deformity, as well as in the planning and evaluation of
surgical interventions. For instance, it has been demonstrated that specific foot dimensions,
such as arch height or foot width, are associated with the development of foot conditions
like plantar fasciitis [21-23]. In sports medicine, foot anthropometry has contributed to
the understanding of biomechanical factors associated with foot and lower limb injuries in
athletes [21]. It has assisted in injury prevention strategies and in identifying potential risk
factors for lower limb injuries, facilitating the implementation of preventive measures [22].
Furthermore, podiatrists and manufacturers of footwear and orthotic devices can utilize
foot anthropometry data to optimize product design tailored to individual patient needs,
enhancing comfort and performance [9,10]. Additionally, the use of anthropometric mea-
sures in the design of orthotic devices has been shown to improve gait patterns and alleviate
foot pain in patients with conditions like knee osteoarthritis [24].

In this view, obtaining reliable foot and ankle measurements is crucial for clinicians,
shoe manufacturers, or even anthropologists [5-7]. The conventional tape measure can be
unreliable [1,2] because the experience of clinicians significantly impacts the accuracy and
the reproducibility of this method [3]. Another widely used conventional technique, the ink
print of the foot arch, does not allow vertical foot measurements such as the navicular height,
which are important factors for both clinical decision-making and shoe manufacturers [4].
Considering the increasing need for more accurate and reproducible measures of a large
number of different anthropometric parameters, several foot and ankle scanners have
become available since the 1990s for the clothing and shoe industries. The aim of these
devices has been to update the anthropometric foot and ankle data of the general population
and to adapt the design of the products as necessary [8-10]. This new technology has been
associated with more reliable anthropometric measurements than conventional methods [4].
Key features of this new technology included swift acquisition, high accuracy, user-friendly
interfaces, and relatively low costs [11]. Scanner analysis has allowed the characterization
of the shape and size of large series of feet, whether in adults [12] or in children [13], and
played an important role in confirming gender differences in foot sizes [14]. In addition to
the accurate mapping of the skin surface, when used in combination with specific weight-
bearing surfaces, they have allowed the characterization of the plantar support of the foot.
For the first time, a large-scale, low-cost, computerized production of plantar orthoses was
possible [15,24]. Nowadays, these scanners are routinely used for manufacturing custom-
made orthopedic shoes and orthoses that adapt to patient-specific foot deformities [25].

Among available scanners, laser-based technologies remain the gold standard, while
optical scanners represent a lower-cost alternative [24]. Powerful imaging software is capa-
ble of processing a large number of anthropometric points acquired by the scanner, without
the need for external markers manually positioned on the foot and ankle. This feature
allows the acquisition of anthropometric data in a semi- or fully automated fashion [26-28].
The standardization of an anthropometric model of skin markers was issued in 2018 (ISO
20685-1:2018), replacing the use of geometric points created by computerized systems of or-
thonormal coordinates. Therefore, most modern scanners use relatively uniform cutaneous
landmarks, with a reported average accuracy of one millimeter or less [29].

To date, no study has comprehensively investigated the reproducibility of a large set
of anthropometric measurements obtained with a 3D scanner.

The objective of this study was to validate an optical scanner for the reproducibility
of length, width, and circumference measurements for thirty-nine comprehensive, key
anthropometric points of the foot and ankle. Our initial hypothesis was that our laser
scanner had high reproducibility levels, allowing its use in the clinical follow-up of patients.

2. Materials and Methods

We evaluated the reproducibility of ankle and foot anthropometric measurements per-
formed using a laser scanner with an automated interface. Measurements were carried out in
a series of 20 healthy subjects who volunteered to participate, for a total of 40 feet and ankles.
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Written informed consent was obtained from all participants. This non-interventional study
was approved by the institutional review board for Paris East hospitals on 29 September
2021 (decisions Si-RIPH2G: 21.01741.000023 and N°RCB 2021-A01802.39).

The device tested was the optical/laser UPOD-S 3D Laser Full-Foot Scanner (manufac-
tured in East Lake, Wuhan City, Hubei Province, China 430075), which is non-irradiating
and transportable (13 kg, 27 x 52 x 22 c¢m). It is currently used for orthoses and orthopedic
shoes manufacturing and allows the generation of a 3D model of the foot and ankle, up to
a maximum height of 11.5 cm from the plantar support. The manufacturer claims 0.5 mm
accuracy and a full scan time ranging between 5 and 15 s. The scanner comes with a soft-
ware suite (UPOD 3D Full Foot Scan) allowing the identification of several anthropometric
measurements in a fully automated way (Table 1 and Figure 1). After scanning, the software
exports a PDF document with thirty-nine measurements: length (Table 2a and Figure 2a),
width (Table 2b and Figure 2b), height (Table 2c), and ankle/foot circumferences (Table 2d
and Figure 2c). Subjects were positioned upright, in bipedal support (one foot inside the
scanner, the other on a footrest at the same height) with each foot bearing 50% support
(Figure 3). Each foot was scanned individually. In this study, both feet were scanned three
times during a 15 min session for each patient. An evaluation of the performance of this
scanner in comparison to conventional methods has been previously conducted by Lee
et al. [4], which concluded that 3D scanner analysis of foot anthropometrics is recommended,
given its excellent precision and accuracy. The anthropometric data that we measured were
similar to those evaluated in a study by Witana et al. [30].

Table 1. The identification of twenty different anatomical points on the surface of the foot and ankle
allowed the evaluation of thirty-nine anthropometric measurements.

Number Name of Point
1 Pternion
2 Landing points
3 The most medial point of medial malleolus
4 Sphyrion
5 The most lateral point of lateral malleolus
6 Sphyrion fibulare
7 Navicular (the most medial point of navicular landmark)
8 Tuberosity of 5th metatarsal
9 Metatarsal tibiale
10 Metatarsal fibulare
11 Highest point of 1st metatarsal head
12 Toe 1 joint
13 Tip of 1 toe
14 Tip of 2 toe
15 Tip of 3 toe
16 Tip of 4 toe
17 Tip of 5 toe
18 Highest point of medial arch
9 Ground support of M1
10/ Ground support of M5
19 Junction point

20 Highest point of Instep without the case of 50% of foot length
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Table 2. (a) Definitions of foot dimensions—lengths. « Axis » is defined as the axis between the pternion point and the axis of the second toe (point 14). (b) Definitions

of foot dimensions—width. « Axis » is the axis between pternion point and the axis of the second toe (point 14). (c) Definitions of foot dimensions—heights.

(d) Definitions of foot dimensions—circumferences.

(@)

Length in mm

Foot length

Distance along the axis from pternion to the tip of the longest toe

Arch length

Distance along the axis from pternion to the most medially prominent point on the first metatarsal head

Medial malleolus

Distance along the axis of the most medial point of medial malleolus

Lateral malleolus

Distance along the axis of the most lateral point of lateral malleolus

Fibulare instep

Distance along the axis of the most lateral point of instep

1met to pternion

Distance from contact point of M1 to pternion

5met to pternion

Distance from contact point of M5 to pternion

HC to pternion

(Horizontal) distance between center point of lateral and medial malleolus to pternion

Lat arch to pternion

Distance along the axis of the most lateral point of the arch

Med arch to pternion

Distance perpendicular to axis of the most lateral point of the arch

Toe 1 med to pternion

Distance from the most medial point of M1 to pternion

Toe 5 lat to pternion

Distance from the most lateral point of M5 to pternion

Waist point to pternion

Distance along the axis of the highest point mid foot, at 50% of foot length from pternion

(b)
Forefoot width Distance between horizontal breadth, across the foot axis in the region in front of the most laterally prominent point on the fifth metatarsal head
Heel width Breath of the heel, 40 mm forward of the pternion
Bimalleolar Distance' between the most medially protruding point on the medial malleolus and the most laterally protruding point on the lateral malleolus, measured
perpendicular to axis
Width mid-foot Maximum horizontal breath, across the foot perpendicular to axis, at 50% of foot length from the pternion
Width in mm 1-5 toe met Maximum horizontal breath across the foot, perpendicular to axis, passing by toe 1 inside and toe 5 outside

Toe 1 inside

Toe 1 (big toe) contact point

Toe 5 outside

Toe 5 (little toe) contact point

Metatarsale tibiale

Width of the most medial point of M1 to axis

Metatarsale fibulare

Width of the most lateral point of M5 to axis

Waist point outside

The most lateral point relief, across the foot perpendicular to axis, at 50% of foot length from the pternion




Bioengineering 2023, 10, 968

50f13

Table 2. Cont.

(0

Height * in mm

Ball girth Height of the highest point of ball girth circumference
Instep Height of the highest point at the level of 50% of foot length
Toe 1 Height of the highest point of M1

Toe 5 Height of the highest point of M5

Navicular Height of navicular point

Sphyrion Height of sphyrion point

Lateral malleolus

Vertical distance from the floor to the most prominent point on the lateral malleolus

Medial malleolus

Vertical distance from the floor to the most prominent point on the medial malleolus

Mid-foot Maximum height of the vertical cross-section at 50% of foot length from the pternion
(d)
Metatarsal girth Circumference of foot, measured with a tape touching the medial margin of the head of the first metatarsal bone, top of the first metatarsal bone and the lateral
margin of the head of the fifth metatarsal bone
Instep girth Circumference at the level of midfoot, at 50% of foot length
Girth in mm Long heel girth Girth from instep point around back heel point
Short heel girth Maximum girth around back heel point and dorsal foot surface
Ankle girth Horizontal girth at the foot and leg intersection
Waist Smallest girth over middle cuneiform prominence

* These measurements correspond to the height of anthropometric points from the ground.
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Figure 1. Representation of the surface anatomy of the foot and ankle with the identification of
different anthropometric points which are described in Table 1.

(b)

(©)

Figure 2. (a) Lengths were measured from the pternion along the axis of the foot (red line between

pternion and toe 2). These measurements are distances projected on the ground and measured from the
longitudinal axis of the foot (axis between heel support and O2 indicated in red on the figure). Instep is
located at 50% of foot length from pternion. (b) Widths were measured from the point perpendicular to
the foot axis (red line between pternion and toe 2). (c) Measurement of circumferences.
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Figure 3. Subjects were positioned standing on both feet: one foot in the scanner, and the other
foot on a footrest at the same height (courtesy of Beldame J et al., Assessment of the Efficiency of
Measuring Foot and Ankle Edema with a 3D Portable Scanner. Bioengineering, 2023).

All statistical analyses were carried out by an independent statistician. The centimetric
measurements (lengths, widths, and circumferences) for each foot were performed three
times per subject. First, the measurement variance for each foot was calculated, allowing
us to obtain intra-subject variability that is only related to the specific measuring instru-
ment. Then, average variance of measurements was calculated as follows: “average of the
variances” = (variance for foot 1 + variance for foot 2 + variance for foot 3 +... + variance
for foot 40)/40.

For each anthropometric measurement, the mean differences between measurements
1and 2, 1 and 3, and 2 and 3 were then calculated to provide the “mean difference” of
overall measurements (average difference measurements 1 and 2) + (average difference
measurements 1 and 3) + (mean difference measure 2 and 3)/3. This measurement was an
indicator of the magnitude, in millimeters, of the error made by the scanner while perform-
ing the three measurements and for similar anthropometric parameters. We also correlated
the mean of the variances to the millimetric mean for each anthropometric parameter [31].
The millimetric mean of each item was defined as the mean of all measurements made
[(mean of the 3 foot 1 measurements) + (mean of the 3 foot 2 measurements) + ... + (mean
of the 3 foot 40 measurements)]/40. The “variance percentage” formula was = mean/mean
variance of measurements. This variance percentage was an indicator of measurement
dispersion related to the absolute value of the measurement itself.

The reproducibility of measures was considered excellent for a variance <1, good for a
variance >1 and <5, and low for a variance >5.

Two datasets were analyzed. The first dataset included anthropometric parameters
measured between two points, grouping the measurements of length, width, and height.
The second dataset included circumferences, resulting from the measurement of perimeters
drawn between different anthropometric points. For the measurement of anthropometric
parameters (in mm), data on length, width, and height were considered together when
their value was below 200 mm. Similarly, data on circumferences were considered together
when their value was between 240 and 330 mm.
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3. Results

Patient characteristics are shown in Table 3. Fifteen patients were female and five were
male. Mean age was 35.62 +/ — 9.54 years, range 9-75. Patient-reported shoe size ranged
from 32 to 45.

Table 3. Demographic characteristics of the population.

Population n=20

Gender (Male/female) 5/15

Age (years) average +/— standard deviation 35.62 +/—9.54
Minimum age (years) 9

Maximum age (years) 75

European shoe size (average +/— standard deviation) 38.17 +/—3.23
Range 32-45

Opverall, the mean variance was 1.4 & 2 (range 0.1 to 8), and the mean variance percentage
was 1.3 £ 1.7 (range 0.1 to 8.3). The mean difference of measurements in millimeters was
0.3 £ 0.4 (range 0.04 to 1.9), with a mean absolute measurement error <1 mm.

Data obtained on length and width allowed us to identify measurements with very high
reproducibility, notably “Foot”, “Arch”, “Medial Malleolus”, “Lateral Malleolus”, “ Fibular
instep”, “1 Met to Pternion”, “5 Met to Pternion”, “HC to Pternion”, “Lat Arch to Pternion”,
“Med Arch to Pternion”, “Waist Point to Pternion”, “Fore foot”, “Heel”, “Bimalleolar”,
“Mid-Foot”, “1-5 Met”, “Toe 5 Outside”, “Metatarsale Tibiale”, “Metatarsale Fibulare”, and
“Waist Point Outside”. Only three height parameters showed high reproducibility: “Ball
girth”, “Instep”, “medial malleolus”, and “Mid-foot”. For all these measurements, the mean
variance was <1, and the mean measurement difference was below 1 mm. The maximal
variance percentage was 1.3%. Table 4 (green boxes).

For eight length, width and height measurements, the reproducibility was slightly
lower: “Toe 1 Med to Pternion” (length), “Toe 1 inside” (width), and “Toe 1”7, “Toe 5,
“Navicular”, “Sphyrion, “Medial malleolus”, and “Lateral malleolus” (height). These
measurements had a variance ranging from 1 to 5, with a mean difference lower than 1 mm
and a variance percentage <6%. Table 4 (yellow boxes for length and height).

Lower reproducibility was found for two length and height measurements: “Toe5 lat
to pternion” and “Sphyrion fibulare”, respectively. These measurements had a variance
>5, mean difference lower than 1 mm, and a maximum variance percentage reaching 8.3%.
Table 4 (red boxes for length and height).

Measurements of forefoot and midfoot circumferences “Ball”, “Instep”, “Short heel”,
and “Waist” had a variance <2.5, with variance percentages <1%. The mean difference
between the three sets of measurements did not exceed 1 mm. Table 4 (yellow boxes for
circumference measurements). However, the hindfoot circumferences “Long heel” and
“Ankle” had the highest variances in our series (7 and 5.9, respectively), with variance
percentages >2%. The mean difference between the two measurements was between 1 and
2 mm. Table 4 (red boxes for circumference measurements).
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Table 4. Overview of the measurements of foot and ankle anthropometrics. The color of boxes refers

to higher reproducibility of the measurements (green), or to lower reproducibility (yellow and red).

Mean Mean Mean Mean % of
. o

. " Difference Measurement . -

Variance (in mm) ** (in mm) *** Variance

Foot

Arch

Medial Malleolus

Lateral Malleolus

Fibulare instep

Length
measurements

1 Met to Pternion

5 Met to Pternion

HC to Pternion

Lat Arch to Pternion

Med Arch to Pternion

Toe 1 Med to Pternion

3.538 0.791 222.61 1.59

Toe 5 Lat to Pternion

Waist Point to Pternion

Fore foot

Heel

Bimalleolar

Width

Mid-Foot

measurements

1-5 Met

Toe 1 inside

1.012 0.127 45.77 2.13

Toe 5 Outside

Metatarsale Tibiale

Metatarsale Fibulare

Waist Point Outside

Ball girth

Instep

Toe 1

0.535 0.141 25.90 2.07

Height

Toe 5

0.52 0.14 21.21 2.45

measurements

Navicular

0.668 0.194 41.56 1.62

Sphyrion Fibulare

Sphyrion

1.727 0.562 71.29 242

Lateral Malleolus

4.225 0.619 72.29 5.89

Medial Malleolus

1.156 0.416 87.29 1.33

Mid-foot

Ball

1.514 0.256 243.10 0.62

Instep

1.592 0.612 245.42 0.65

Girth

Short Heel

2.445 1.013 342.38 0.71

Measurements

Long Heel

Ankle

Waist

1.485 0.223 245.41 0.6

* For each foot and ankle, measurement variance was calculated, allowing us to obtain intra-subject variability
(solely due to the measuring device). Then, the mean variance of measurements was calculated as follows: “mean
variance” = (variance for foot 1 + variance for foot 2 + variance for foot 3 +... + variance for foot 40)/40. ** The
mean differences between measurements 1 and 2, 1 and 3 and 2 and 3 were then calculated, allowing us to obtain
the “mean difference” of measurements = [(mean difference between measurement 1 and 2) + (mean difference
between measurement 1 and 3) + (mean difference between measurement 2 and 3)]/3. *** The mean measurement
for each item was the mean of all measurements = (mean of the three measurements for foot 1 + mean of the three
measurements for foot 2 + mean of the three measurements for foot 3)/40. **** The mean percentage of variance =
(mean variance/mean of measurements) x 100.
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4. Discussion

We comprehensively evaluated thirty-nine different foot and ankle anthropometrics,
which represents a significant improvement in comparison to previous research [4,28,32,33].
This study, based on measurements of length, width, height, and circumference, confirms
the high reproducibility of most of the foot and ankle anthropometrics obtained with the
UPOD-S 3D Laser Full-Foot Scanner. Lee et al. [4], evaluating the same device, found superior
performance in contrast to conventional methods such as digital caliper, digital footprint,
and ink footprint, with excellent intra-class correlation coefficients (ICCs). However, their
study was small and included only six anthropometric measurements. In the present study,
the variance was low for every measurement, the mean difference was negligible, and
the differences between three sets of measurements for each foot and ankle was <1 mm.
Therefore, our findings validate this scanner as it allows a comprehensive and reproducible
evaluation of foot and ankle anthropometrics.

It important to notice that the reproducibility of certain anthropometric data was
slightly lower for a set of measurements:

- The first metatarsal and fifth metatarsal ground support points (“toe 1 inside”, “toe 5
outside”, “Toe 1 Med to Pternion”, and “Toe 5 Lat to Pternion”) had, overall, the highest
variances for length and width measurements, with a variance percentage ranging from
2% to 4%. During the data acquisition, the load appeared to be evenly distributed on the
two feet, thanks to a platform that supported the contralateral foot at the same height as
the foot undergoing the examination. The slightly higher variance could have resulted
from asymmetric weight distribution applied by the subject on both feet.

- The set of malleolar height points (“sphyrion”, “sphyrion fibulare”, “medial malleolus”,
and “lateral malleolus”) also showed higher variance percentages, ranging from 1% to
8%. A possible explanation for a higher variance percentage is that the bony promi-
nences of the malleolar points mentioned above appear more salient when scanned
from the back. On the other hand, when they are scanned from the front, the transition
between the proximal and distal areas of the anterior aspect of the foot shows a more
arcuate shape, with a gentle slope, causing detection issues for the scanner, related to a
mismatch of the measurements from the front and the back.

- The measurements of the circumference had the highest variances compared to length,
width, and height, but they also had the highest absolute values. The variance percent-
age reached 2.3% for those measurements with absolute values greater than 250 mm.
The less reproducible circumference measurement was “long heel”; we suppose that
the rotation of the leg in the scanner could have slightly affected the angle measure-
ments at points of anatomical continuity between the foot and ankle, the so-called
“junction points”. On the other hand, the reproducibility of circumferences outside the
junction points was excellent, with a mean absolute error of around 1 mm.

Overall, the UPOD-S 3D Laser Full-Foot Scanner showed an excellent reproducibility
for the vast majority of foot and ankle anthropometrics, with a mean absolute error lower
than 1 mm. Malleolar height measurements were less repetitive, due to anatomical differ-
ences between the front and the back of the ankle, as explained above. The first and fifth
metatarsal ground support points similarly showed a lower reproducibility in comparison
to the other highly reproducible measures. Lastovicka et al. [32] also evaluated this scanner.
They compared scanner measurements with manual tape measure but did not analyze the
reproducibility of anthropometric data. They found excellent reliability (ICC > 0.98) when
measuring lengths and widths (foot length and width, width of the median isthmus), but
lower reliability when measuring heights, notably the height of the medial arch (CC = 0.62).
They found excellent correlation with data obtained with manual tape measure (correlation
ratio > 0.92), but also established that the correlation was lower when measuring the height
of the medial arch. They further highlighted that measurement overestimation or underesti-
mation could have been caused by clinicians, with the level of experience influencing the
accuracy and the reproducibility of the manual methods. Variability could indeed result
from the compression of soft tissues, from the positioning of the tape on salient skin features
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of the medial arch, or from changes in the ground support distribution among subjects [24].
Several previous studies have shown that 3D foot/ankle scanners have many advantages in
comparison to conventional manual methods [4,23,28,34]. However, most of these studies
have compared scanner measurements with data obtained via manual tape measure. To
the best of our knowledge, the reproducibility of scanner measurements has rarely been
investigated. As for height measurements, notably medial arch height, previous surveys
have consistently found lower reliability and reproducibility. Using a Kinect sensor-optical
system, Rogati et al. [28] found reproducibility scores of 0.99 and 0.93 when measuring foot
length and forefoot width, while it was only 0.80 for height and 0.82 for internal arch width.
Lee et al. [4] compared data obtained with various measurement methods (3D foot scan,
manual tape measure, ink footprints, and baropodometric sensors) and found that the most
reliable results were obtained with the scanner, with ICCs ranging from 0.95 to 0.98, and an
overall accuracy around 1 mm.

To date, consistent with our results, the measurements of malleolar anthropometrics
have been associated with challenges of reproducibility. De Mits et al. [34], using the IFOOT
3D digitizer, compared manual tape measures and data obtained with computerized
landmarks and found that, for both methods, malleolar anthropometric points had the
lowest correlation ratios (ICC, 0.80 to 0.86).

Surveys on circumference measurements are scarce, because they are known to be
much less accurate in comparison to width and heights. De Mits et al. [34] obtained excellent
ICCs with the INFOOT 3D digitizer, even for circumferences (>0.92), but with a standard
deviation that increased significantly when measuring lengths (0.31 and 3.51 mm), heights
(0.74 and 5.58 mm), and circumferences (0.75 and 5.9 mm). Zhao et al. [9] found errors
<5 mm, provided salient skin features were mapped with high accuracy. They also found
a systematic 4 mm underestimation of data obtained via manual tape measure. Witana
et al. [30] found an excellent correlation rate for 10 of 18 measurement points, but differences
were noted for the remaining 8 points. They thus identified “common-core” measurements
(with high accuracy in both computerized and manual techniques) in contrast with “other”
measurements, in which the mapping of salient skin features was different in computerized
and manual techniques (heel-to-fifth toe length, heel width, bimalleolar width, mid-foot
width, height at 50% of the foot length, long heel girth, ankle girth, and waist girth). Seven
of these eight “other” measurements included height circumference measurements.

Although the ISO 20685 standard issued in 2018 has allowed the standardization of
scanner specifications, there remain several differences in how certain foot measurements
are defined by authors [30], notably when it comes to the ground reference axis for projected
lengths. It is likely that, in the future, progress in image processing software suites will
increase the reproducibility and reliability of data. Finally, as all available scanners operate
with an optical system, artifacts induced by natural light can also cause measurement
inaccuracy. The scanner used in our study is an improved version of a previous device,
and includes a unique feature (i.e., panels protecting the foot up to the instep), thereby
shielding it from natural light and probably allowing more reliable acquisition. All round,
our scanner’s specifications make it extremely reliable, with only a handful of less accurate
anthropometric measurements. The precision and accessibility of foot anthropometry are
expected to further improve, enhancing its clinical utility in the years to come. Given
the growing interest in the fields of imaging and predictive outcomes, and the increasing
affordability of artificial intelligence and computational power, this technology will be used
in the future to establish machine learning models.

There are some limitations to this study, concerning in general the accuracy and
reproducibility of anthropometric measurements carried out with optical scanners. First,
our results refer to a series of healthy subjects, while severe foot and ankle deformity is
associated with alteration of the normal surface anatomy and could confound scanner
measurements based on automated computerized interfaces. This limitation is shared with
previous studies that have validated data obtained in a healthy population with minimal
deformation of salient cutaneous points. To the best of our knowledge, no study involving
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foot/ankle scanner anthropometric measurements has yet reported reproducibility scores
for severe deformity. Second, foot and ankle edema and obesity could also lower the
reproducibility of the anthropometric measurement by altering the surface anatomy. The
amount of subcutaneous fat or edema was not measured in this study and is thought to
influence circumferences and heights more than lengths, for reasons of volume distribution
in the foot and ankle. On the other hand, we evaluated a large set of anthropometrics, and
measurements were repeated three times for each subject. Given the fast acquisition time of
the scanner, foot and ankle volume fluctuations during the examination would have hardly
played a role in lowering the reproducibility of the measurements.

Third, a comparison of patients in the supine and sitting position would have allowed
us to evaluate whether the plantar pressure caused by the standing position is associated
with modifications of the anthropometric measurements. However, weight-bearing CT
scan is considered the gold standard for preoperative planning in the field of foot and ankle
surgery. Fourth, we did not evaluate the influence of gender with respect to anthropometric
measurements; nevertheless, a subgroup analysis was not possible given the small number
of male patients included in the present study.

5. Conclusions

The UPOD-S 3D Laser Full-Foot Scanner achieved good reproducibility scores when
measuring a large set of foot and ankle anthropometrics, with an overall mean measurement
error <1 mm. Lower reproducibility was observed for few anthropometric measurements:
height of malleolar points, first and fifth metatarsal plantar supports, and hindfoot circum-
ference. Considering its speed of execution, user-friendly features, and high automation,
this device is an excellent tool for the manufacturing industry, and for clinical and re-
search purposes. A patent derived from the present study might promote the application
of this technology in clinical practice and improve preoperative decision-making and
patient follow-up.

Author Contributions: Conceptualization, methodology, validation, and software, J.B., EB., M.L.
and R.S.; formal analysis, ].B.; investigation, M.-A.M., EB. and R.S.; data curation, writing—original
draft preparation, ].B., EB., M.L. and R.S.; writing—review and editing, R.S., EB., M.-A.M. and M.L.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Approval for this study has been obtained beforehand from
the institutional review board for Paris East hospitals on 29 September 2021 (decisions Si-RIPH2G:
21.01741.000023 and N°RCB 2021-A01802.39).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Research data is not publicly archived and is available on request from
the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

1. Kouchi, M.; Mochimaru, M.; Tsuzuki, K.; Yokoi, T. Interobserver errors in anthropometry. J. Hum. Ergol. 1999, 28, 15-24.

2. Kouchi, M.; Mochimaru, M. Errors in landmarking and the evaluation of the accuracy of traditional and 3D anthropometry. Appl.
Ergon. 2011, 42, 518-527. [CrossRef]

3.  Sharkey, A.R,; King, SSW.; Kuo, R.Y.; Bickerton, S5.B.; Ramsden, A.J.; Furniss, D. Measuring Limb Volume: Accuracy and Reliability
of Tape Measurement Versus Perimeter Measurement. Lymphat. Res. Biol. 2018, 16, 182-186. [CrossRef] [PubMed]

4. Lee, Y.C,; Lin, G.; Wang, M.].]. Comparing 3D foot scanning with conventional measurement methods. J. Foot Ankle Res. 2014, 7,

44. [CrossRef]

5. Razeghi, M,; Batt, M.E. Foot type classification: A critical review of current methods. Gait Posture 2002, 15, 282-291. [CrossRef]

[PubMed]

6. Hsieh, M.C.; Zhu, A.; Lee, Y.C. Stature estimation from various three-dimensional anthropometric foot measurements of
Taiwanese female population. Leg. Med. Tokyo Jpn. 2022, 54, 102000. [CrossRef]


https://doi.org/10.1016/j.apergo.2010.09.011
https://doi.org/10.1089/lrb.2017.0039
https://www.ncbi.nlm.nih.gov/pubmed/28956715
https://doi.org/10.1186/s13047-014-0044-7
https://doi.org/10.1016/S0966-6362(01)00151-5
https://www.ncbi.nlm.nih.gov/pubmed/11983503
https://doi.org/10.1016/j.legalmed.2021.102000

Bioengineering 2023, 10, 968 13 0f 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Jurca, A.; Zabkar, J.; DZeroski, S. Analysis of 1.2 million foot scans from North America, Europe and Asia. Sci. Rep. 2019, 9, 19155.
[CrossRef] [PubMed]

Istook, C. 3D scanning systems with application to the apparel industry. ]. Fash. Market. Manag. 2000, 5, 120-132. [CrossRef]
Zhao, J.; Xiong, S.; Bu, Y.; Goonetilleke, R. Computerized girth determination for custom footwear manufacture. Comput. Ind.
Eng. 2008, 54, 359-373. [CrossRef]

Cheng, F.T.; Perng, D.B. A systematic approach for developing a foot size information system for shoe last design. Int. J. Ind.
Ergon. 2000, 25, 171-185. [CrossRef]

Dickerson, L.C.; Queen, R.M. The Design and Validation of a Low-Cost Foot Measurement System. J. Biomech. Eng. 2021, 143,
084502. [CrossRef] [PubMed]

Krauss, I.; Grau, S.; Mauch, M.; Maiwald, C.; Horstmann, T. Sex-related differences in foot shape. Ergonomics 2008, 51, 1693-1709.
[CrossRef] [PubMed]

Mauch, M.; Grau, S.; Krauss, I.; Maiwald, C.; Horstmann, T. A new approach to children’s footwear based on foot type
classification. Ergonomics 2009, 52, 999-1008. [CrossRef] [PubMed]

Luo, G.; Houston, V.L.; Mussman, M.; Garbarini, M.; Beattie, A.C.; Thongpop, C. Comparison of male and female foot shape. J.
Am. Podiatr. Med. Assoc. 2009, 99, 383-390. [CrossRef] [PubMed]

Guldemond, N.A ; Leffers, P.; Sanders, A.P.; Emmen, H.; Schaper, N.C.; Walenkamp, G.H.I.M. Casting methods and plantar
pressure: Effects of custom-made foot orthoses on dynamic plantar pressure distribution. J. Am. Podiatr. Med. Assoc. 2006, 96,
9-18. [CrossRef]

Bamber, Z.A.; Wheeler, P.C.; He, X,; Ling, SK.K.; Yung, PS.H.; Fong, D.T.P. Screening for laterally deviated plantar pressure during
stance using the Cumberland ankle instability tool and anthropometric measures. Res. Sports Med. 2021, 29, 323-335. [CrossRef]
Beldame, J.; Sacco, R.; Munoz, M.A.; Masse, M.; Lalevée, M. Assessment of the Efficiency of Measuring Foot and Ankle Edema
with a 3D Portable Scanner. Bioengineering 2023, 10, 549. [CrossRef]

Agudelo-Varela, 0,; Vargas-Riafio, ].; Valera, A. Turmell-Meter: A Device for Estimating the Subtalar and Talocrural Axes of the
Human Ankle Joint by Applying the Product of Exponentials Formula. Bioengineering 2022, 9, 199. [CrossRef]

Ma, R;; Lam, WK.; Ding, R; Yang, F.; Qu, F. Effects of Shoe Midfoot Bending Stiffness on Multi-Segment Foot Kinematics and
Ground Reaction Force during Heel-Toe Running. Bioengineering 2022, 9, 520. [CrossRef]

Peng, H.T,; Liu, LW.; Chen, CJ.; Chen, Z.R. The Soft Prefabricated Orthopedic Insole Decreases Plantar Pressure during Uphill
Walking with Heavy Load Carriage. Bioengineering 2023, 10, 353. [CrossRef]

Williams, D.S., 3rd; McClay, 1.S.; Hamill, J. Arch structure and injury patterns in runners. Clin. Biomech. 2001, 16, 341-347. [CrossRef]
[PubMed]

Isman, R.E.; Inman, V.T.; Poor, PM. Anthropometric studies of the human foot and ankle. Bull. Prosthet. Res. 1969, 11, 97-129.
Mootanah, R.; Song, J.; Lenhoff, M.W.; Hafer, ].E; Backus, S.I; Gagnon, D.; Deland, ].T., 3rd; Hillstrom, H.J. Foot Type Biomechanics
Part 2: Are structure and anthropometrics related to function? Gait Posture 2013, 37, 452-456. [CrossRef] [PubMed]

Rogati, G.; Leardini, A.; Ortolani, M.; Caravaggi, P. Validation of a novel Kinect-based device for 3D scanning of the foot plantar
surface in weight-bearing. J. Foot Ankle Res. 2019, 12, 46. [CrossRef]

Bao, H.P; Soundar, P; Yang, T. Integrated approach to design and manufacture of shoe lasts for orthopaedic use. Comput. Ind.
Eng. 1994, 26, 411-421. [CrossRef]

Bogdab, S.; Costea, M.; Liute, D. Anthropometric study of the foot using 3D scanning method and statistical analysis. In
Proceedings of the International symposium in Knitting an Apparel-ISKA 2013, Iasi, Romania, 21-22 June 2013.

Hu, C.W,; Baca, A.; Groeber, M.; Dabnichki, P. Geometrical Model for Characterization of foot deformity using 3D imaging.
IFAC-PapersOnLine 2018, 51, 373-378. [CrossRef]

Rogati, G.; Leardini, A.; Ortolani, M.; Caravaggi, P. Semi-automatic measurements of foot morphological parameters from 3D
plantar foot scans. . Foot Ankle Res. 2021, 14, 18. [CrossRef]

Telfer, S.; Woodburn, J. The use of 3D surface scanning for the measurement and assessment of the human foot. J. Foot Ankle Res.
2010, 3, 19. [CrossRef]

Witana, C.P; Xiong, S.; Zhao, J.; Goonetilleke, R.S. Foot measurements from three-dimensional scans: A comparison and evaluation of
different methods. Int. J. Ind. Ergon. 2006, 36, 789-807. [CrossRef]

Flannelly, K.J.; Jankowski, K.R.; Flannelly, L.T. Measures of variability in chaplaincy, health care, and related research. J. Health
Care Chaplain. 2015, 21, 122-130. [CrossRef]

Lastovicka, O.; Cuberek, R.; Janura, M.; Klein, T. Evaluation of the Usability of the Tiger Full-Foot Three-Dimensional Scanner for the
Measurements of Basic Foot Dimensions in Clinical Practice. J. Am. Podiatr. Med. Assoc. 2022, 112, 20-019. [CrossRef] [PubMed]
Saltzman, C.L.; Nawoczenski, D.A ; Talbot, K.D. Measurement of the medial longitudinal arch. Arch. Phys. Med. Rehabil. 1995, 76,
45-49. [CrossRef] [PubMed]

De Mits, S.; Coorevits, P,; De Clercq, D.; Elewaut, D.; Woodburn, J.; Roosen, P. Reliability and validity of the INFOOT three-dimensional
foot digitizer for patients with rheumatoid arthritis. J. Am. Podiatr. Med. Assoc. 2011, 101, 198-207. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s41598-019-55432-z
https://www.ncbi.nlm.nih.gov/pubmed/31844106
https://doi.org/10.1108/EUM0000000007283
https://doi.org/10.1016/j.cie.2007.07.015
https://doi.org/10.1016/S0169-8141(98)00098-5
https://doi.org/10.1115/1.4050751
https://www.ncbi.nlm.nih.gov/pubmed/33817745
https://doi.org/10.1080/00140130802376026
https://www.ncbi.nlm.nih.gov/pubmed/18941975
https://doi.org/10.1080/00140130902803549
https://www.ncbi.nlm.nih.gov/pubmed/19629814
https://doi.org/10.7547/0990383
https://www.ncbi.nlm.nih.gov/pubmed/19767544
https://doi.org/10.7547/0960009
https://doi.org/10.1080/15438627.2020.1857250
https://doi.org/10.3390/bioengineering10050549
https://doi.org/10.3390/bioengineering9050199
https://doi.org/10.3390/bioengineering9100520
https://doi.org/10.3390/bioengineering10030353
https://doi.org/10.1016/S0268-0033(01)00005-5
https://www.ncbi.nlm.nih.gov/pubmed/11358622
https://doi.org/10.1016/j.gaitpost.2012.09.008
https://www.ncbi.nlm.nih.gov/pubmed/23107624
https://doi.org/10.1186/s13047-019-0357-7
https://doi.org/10.1016/0360-8352(94)90074-4
https://doi.org/10.1016/j.ifacol.2018.03.064
https://doi.org/10.1186/s13047-021-00461-z
https://doi.org/10.1186/1757-1146-3-19
https://doi.org/10.1016/j.ergon.2006.06.004
https://doi.org/10.1080/08854726.2015.1054671
https://doi.org/10.7547/20-019
https://www.ncbi.nlm.nih.gov/pubmed/34698860
https://doi.org/10.1016/S0003-9993(95)80041-7
https://www.ncbi.nlm.nih.gov/pubmed/7811174
https://doi.org/10.7547/1010198
https://www.ncbi.nlm.nih.gov/pubmed/21622631

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

