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Abstract 
The growth and development of the paediatric foot throughout childhood is poorly understood. To inform 
theory that underpins clinical practice, there is a clear need to revisit our understanding of how the foot 
develops. Hand-held 3-D scanners provide portability and allow researchers to collect data about foot 
development in the children’s natural environment. However, there are methodological challenges to 
consider: scanning the plantar surface in a static weight-bearing position, the children’s ability to remain 
static for the duration of the scanning and software capabilities. The aim of this study was to determine 
the reliability of using a hand-held scanner to capture children’s foot shape and size. 
For this study, 15 children aged two years (Group 1: n=5), five years (Group 2: n=5) and seven years 
(Group 3: n=5) were recruited. Children stood barefoot in a comfortable bipedal stance, on a Perspex 
platform of 550mm height. Their feet were scanned three times, including the plantar surface through 
the platform, using the Artec Eva (Artec Group, Luxembourg, Luxembourg) hand held scanner. Post-
processing of the scans was performed in Artec Studio 12 (Artec Group, Luxembourg, Luxembourg). 
Data processing and statistical analysis of 3D data were performed in Matlab R2018a (The Mathworks, 
Natuck, USA), while linear measures were calculated in Foot3D (INESCOP, Elda, Spain). To assess 
reliability, root mean square error (RMSE) of 11 linear measurements, mesh deviations (Euclidean 
distances) of the 3D coordinates of corresponding vertices (after rigid registration of the meshes) [5] 
and RMSE for shape-index (SI) and curvedness (CU) [6] were calculated. 
Results showed good reliability for eight linear measures with an average RMSE of 1.14mm across 
groups and all measures (RMSE range: 0.19mm - 3.73mm). Three measures exceeded a RMSE of 
2mm, two of which were from Group 1. Mesh deviation results showed good reliability in the older 
children (Group 2: deviations under 0.5mm: 73.03%, under 1mm: 94.12%, Group 3: deviations under 
0.5mm: 68.82%, under 1mm: 96.20%), but not in the youngest group (deviations under 0.5mm: 53.19%, 
under 1mm: 85.83%). The heat maps of mesh deviations across the foot surface, indicate increasing 
mesh deviations in the toe and ankle area from Group 3 to Group 2, while Group 1 also had higher than 
1mm deviations on the lateral and dorsal surface of the foot. Root mean square error for curvedness 
and shape-index for the 3 scans of the same foot decreased with increasing age, but in general 
indicated good reliability. 
The results of this study demonstrated that the hand-held scanner was reliable for capturing children’s 
3D foot shape, however there were methodological issues in the youngest group. In Group 1, the mesh 
deviation results demonstrated lower reliability in four distinct areas (toes, lateral and dorsal surface 
and ankle). The higher mesh deviations were a result of these children being unable to stand still for 
the duration of the scan and having a more variable stance on the platform between scans. The fact 
that the RMSE of two linear measures exceeded 2mm in the youngest group also supported this 
proposal. Future studies employing hand held 3D scanners should consider these results and handle 
3D scanning data of two years old children with caution. 
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1. Introduction
Understanding the trajectory of foot shape across childhood is important for informing footwear design, 
orthotic research and advancing approaches to clinical practice. This data can provide reference values 
which characterise the development of the foot shape [1-4], diagnosis of foot pathologies [5-8], 
evaluation of post-surgical outcomes [9] and information on foot shape and variation which could aid 
shoe design [10-13]. A variety of methods are used to acquire foot measurements, with manual and 
foot print measurements being the most commonly used in clinical practice, while step-in 3D foot 
scanning is more commonly used in modern approaches to orthotics design, customized foot wear 
fitting and research [4, 6, 9, 14-21]. As hand-held scanners have also become commercially available, 
they provided a portable and less expensive methodological alternative to step-in scanners to quantify 
3D foot shape.  
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Approaches to measure the foot can include 2D linear measures (e.g. foot length, navicular height) and 
3D shape descriptors (e.g. shape-index, curvedness [31, 32]) Shape descriptors may complement 
linear measures and help to describe subtle changes in 3D shape where linear measures cannot 
capture the multi-planar motion and complexity of the foot [8, 22]. These measures can provide a map 
of convex, concave and hyperbolic areas [23], and define the magnitude of surface curvature at each 
point on the foot. Shape index is independent of scale whereas curvedness is not which provides two 
different types of 3D measurement, both of which could be useful to characterise developmental 
changes in foot shape. 
When using hand held or step-in 3D foot scanning for capturing 2D linear or 3D shape data of children’s 
feet, reliability is key for high standard research. Children’s feet are highly varied in size: foot length: 
130.7mm at the age of one (Muller et al., 2012a), 184.4mm at the age of 6 and 254.9 at the age of 18 
(Waseda et al., 2014) and shape. In addition to size and shape differences, the fatty tissue typically 
present in the younger age groups, makes palpating or detecting anatomical landmarks more difficult 
and these age groups are also more prone to movement during scanning than adults. Studies that 
examined the reliability of 3D scanning for 2D foot measurement in children [10, 20] used the Pedus 
3D step-in scanner (Pedus, Human Solutions Inc., Germany). The authors reported root mean square 
error (RMSE) [24] for 5 [10] and 12 [20] 2D measures in children aged two to 14 years of age. This 
ranged between 0.5 mm and 2 mm [20] and between 0.5 and 1 mm [10] which suggests high reliability 
comparable to manual clinical methods. Hand-held scanners, including the Artec Eva, have been used 
in different research fields [25-28] but their reliability has not been addressed in children’s foot 
measurement [26, 28-32]. As a consequence, further work is needed to understand the reliability of the 
measurement of children’s feet. The aim of this study was therefore to test the reliability of capturing 
linear anthropometric and 3D shape measures of the foot in children using the Artec Eva hand held 
scanner. 
 

2. Methods 
2.1. Ethical approval 
Ethical approval was obtained from the School of Health Sciences Research Ethics Committee at the 
University of Brighton.  Informed consent was obtained from the parents of all participants.  

2.2. Participants 
Fifteen children aged two, five and seven years of age were recruited. The children were put into three 
age groups: Group 1: two (3 males and 2 females), Group 2: five (3 females and 2 males) and Group 
3: seven (3 females and 2 males) years old. The exclusion criteria were: skin disorders affecting the 
foot such as eczema, psoriasis or any skin abrasions; and suffering from epilepsy or light sensitive 
conditions. 

2.3. Data Capture 
Scanning of the feet was undertaken within the community, using the Artec Eva scanner. 
Participants stood barefoot in a bipedal stance and although both feet were scanned, only their right 
feet were considered for analysis to ensure statistical independence within the samples [33]. To allow 
the scanning of the plantar surface a transparent Perspex platform (certified up to 150kg bodyweight) 
and a custom built stand of 550mm height were used (Figure 1.).  
 

 
Figure 1: The Perspex platform on the custom built stand and the Artec Eva hand held scanner. 

Proceedings of 3DBODY.TECH 2019 
10th Int. Conference and Exhibition on 3D Body Scanning and Processing Technologies, Lugano, Switzerland, 22-23 Oct. 2019

- 237 -



2.4. Post-processing 
Artec Studio software (Artec Studio 12, Artec 3D) was utilized for post-processing of the scans to create 
a full 3D model of each foot. Once all models were created, the three scans of the same foot were 
simplified (number of vertices reduced) to the lowest number of vertices of the three models, to allow 
vertex-to-vertex comparison and the calculation of mesh deviations. All models also underwent isotropic 
remeshing which aids further vertex-to-vertex comparisons between models. The three models of the 
same foot were automatically aligned and then globally registered in Artec Studio 12. The three models 
were then cut above the medial malleolus while being overlaid, to ensure they were cut at the same 
level, so both the medial and lateral ankle were still part of the model. This was needed for the 
calculation of linear measurements in the Foot3D software. The models were then exported as 
stereolithography (stl) files into Matlab and Foot 3D. 
 
2.4.1. Linear anthropometric measures 
The measurement of linear anthropometric parameters (Table 1.) was performed automatically in 
Foot3D software (INESCOP, Spain). The automated marker recognition and placement were checked 
and manually adjusted when needed. 
 

Table 1: The description and definition of the linear measures calculated by Foot3D. 
 

Linear measure Description 

Foot length Distance between most posterior point of the heel and the end of the 
longest toe, projected onto the longitudinal axes 

Forefoot Width Distance across the widest points of the forefoot. 
Metatarsal head 

1 length 
Distance between the rearmost point of the foot and the first 
Metatarsal head. 

Metatarsal head 
5 length 

Distance between the rearmost point of the foot and the fifth 
Metatarsal head. 

Ball width Distance between points metatarsal head one and five. 
Ball height Height of ball point.  

Heel width Distance obtained between the outermost points to intersect a plane 
perpendicular to the foot axis away 15 % of foot length and 1 cm high. 

Instep height Distance between the point of the instep and the ground plane. 
Medial 

malleolus height 
The distance between the supporting surface and the most medial point 
of the medial malleolus. 

Lateral 
malleolus height 

The distance between the supporting surface and the most lateral point 
of the lateral malleolus. 

Ankle width The distance between the most medial point of the medial malleolus and 
the most lateral point of the lateral malleolus. 

 
2.4.2. 3D shape descriptors 
Once stl files of foot models were imported, X, Y and Z axes and the origin were defined, as the corner 
representing the most posterior, lateral and inferior point of the foot. Once in the same coordinate 
system, the three models of the same foot were registered using a rigid, iterative closest point algorithm 
based registration function of point clouds in Matlab [34, 35]. After registering the three models, a 
triangulation was performed to achieve higher accuracy in identifying nearest neighbours and to be able 
to calculate curvature. To avoid high inconsistency in the data, only the points under the medial 
malleolus were considered for 3D shape analysis. These were extracted using a custom written 
algorithm. Principal (minimum and maximum) and Gaussian-curvature were calculated using a custom 
written script by Gabriel Peyre [36], based on Cohen-Steiner and Morvan [37] and Alliez, Cohen-Steiner 
[38]. Using the above measures shape-index and curvedness were calculated based on the equation 
used in Koenderink and van Doorn [39] in a custom written code.  

2.5. Statistical analysis 
2.5.1. Linear Measures 
Absolute root mean squared error (RMSE) [40] was calculated to provide information on the absolute 
difference between the repeated measures. 
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2.5.2. 3D shape descriptors 
To evaluate the reliability of the scanning method, mesh deviations (or surface-to-surface distances) 
were calculated between the three measurements of the same foot for all participants, using Euclidean-
distances between corresponding vertices. Cumulative statistics were calculated to identify the 
percentage of deviations under 0.5mm and 1mm, which quantifies agreement between meshes [41]. 
To quantify the absolute reliability of measuring 3D shape the RMSE for shape-index and curvedness 
at the corresponding vertices of the foot scans, was calculated for the three scans of the same foot [40].  

3. Results 
3.1. The reliability of the linear measures 
Data for all linear measures are presented in Table 2. The average absolute RMSE for all measures 
across groups did not exceed 2 mm (mean=1.14 mm), and the maximum RMSE was found in 
metatarsal head one (MTH1) length measurement – 3.73 mm in Group 1. Across groups the average 
RMSE of MTH1 and metatarsal head five (MTH5) exceeded 2 mm. When investigating the RMSEs in 
the groups, two measures (MTH1 and MTH5) RMSE exceeded 2 mm in Group 1, and MTH1 RMSE 
also exceeded 2 mm in Group 3. For eight out of the 11 linear measures the highest RMSE was found 
in Group 1. Ball width and heel width RMSE was the highest in Group 3; and medial malleolus height 
RMSE was the highest in Group 2.  

Table 2: Mean and root mean square error (RMSE) for each linear measure by group. Abbreviations: MTH1: 
metatarsal head 1, MTH5: metatarsal head 5, M. mall.: medial malleolus, L. mall.: lateral malleolus 

 Group 1 Group 2 Group 3 Across 
groups  

  
Mean 
(SD) 
(mm) 

RMSE 
(mm) 

Mean 
(SD) 
(mm) 

RMSE 
(mm) 

Mean 
(SD) 
(mm) 

RMSE 
(mm) 

Mean RMSE 
(SD) (mm) 

Foot length 154.63 
(4.82) 0.9 173.48 

(5.05) 0.64 203.9 
(17.03) 0.58 0.71 (0.17) 

Foot Width 63.97 
(3.43) 0.5 70.13 

(5.18) 0.47 74.21 
(8.86) 0.49 0.49 (0.02) 

MTH1 length 111.72 
(5.85) 3.73 126.93 

(3.52) 1.13 145.88 
(16.32) 3.29 2.72 (1.39) 

MTH5 length 98.36 
(7.61) 2.47 110.51 

(2.42) 1.91 130.34 
(15.49) 1.84 2.07 (0.35) 

Ball width 65.66 
(3.74) 0.69 72.12 

(5.22) 0.59 78.17 
(8.67) 1.4 0.89 (0.44) 

Ball height 28.89 
(1.31) 1.15 29.92 

(1.66) 0.78 32.91 
(4.85) 0.71 0.88 (0.24) 

Heel width 42.16 
(1.46) 0.48 44.99 

(3.12) 0.46 49.84 
(3.77) 0.53 0.49 (0.04) 

Instep height 52.17 
(1.02) 1.39 58.29 

(1.62) 0.68 61.4 
(3.73) 0.76 0.94 (0.39) 

M. mall. height 51.02 
(1.16) 0.72 57.95 

(2.29) 1.88 60.73 
(6.05) 1.59 1.40 (0.60) 

L. mall. height 43.99 
(2.29) 1.79 46.34 

(2.30) 0.95 57.34 
(7.86) 0.98 1.24 (0.48) 

Ankle width 50.84 
(1.16) 0.72 56.46 

(1.88) 0.7 63.33 
(8.66) 0.69 0.70 (0.02) 

MEAN (SD)   1.32 
(1.00)   0.93 

(0.52)   1.17 
(0.84) 1.14 (0.2) 
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3.2. Reliability of 3D shape descriptors 
The results of the mesh deviation calculations can be seen in Table 3. The mean percentage of mesh 
deviations across participants under 0.5 mm was 63.42% (SD=8.65) and under 1 mm was 91.22%. 
(STD=5.60). The lowest reliability values were found in Group 1 both for under 0.5 and 1 mm and there 
was an increase in reliability with increasing age except for the deviations under 0.5 mm where Group 
2 had a higher result (73.03%) compared to Group 1 (68.82%). 
 

Table 3: Percentage of mesh deviation under 0.5 and 1mm for each participant within each group. 
 

Group 1 

 Participant 
1 

Participant  
2 

Participant 
3 

Participant 
4 

Participant 
5 

MEAN 
(STD) 

% of mesh 
deviations 
under 0.5mm 

54.72% 71.56% 35.33% 38.28% 66.09% 53.19% 
(16.18) 

% of mesh 
deviations 
under 1mm 

93.15% 96.16% 69.61% 67.92% 97.34% 85.83% 
(14.76) 

Group 2 
Participants Participant 

1 
Participant  

2 
Participant 

3 
Participant 

4 
Participant 

5 
MEAN 
(STD) 

% of mesh 
deviations 
under 0.5mm 

93.81% 37.94% 77.84% 72.37% 83.20% 73.03% 
(21.16) 

% of mesh 
deviations 
under 1mm 

99.49% 80.13% 95.71% 96.48% 98.77% 94.12% 
(7.97) 

Group 3 

 Participant 
1 

Participant  
2 

Participant 
3 

Participant 
4 

Participant 
5 

MEAN 
(STD) 

% of mesh 
deviations 
under 0.5mm 

61.10% 60.98% 68.09% 88.03% 76.24% 68.82% 
(11.47) 

% of mesh 
deviations 
under 1mm 

94.04% 93.95% 98.83% 99.98% 96.49% 96.20% 
(3.49) 

 
Figure 5 demonstrates the mesh deviations for one participant from each age group and are included 
for illustrative purposes. The percentage of deviations between 0.5 and 1mm and above 1mm were 
higher in Groups 1 and 2, in distinct areas marked by lighter blue, green and red colours on one 
participant’s foot from each group. These are: the toes, the ankle, the dorsal surface, the lateral edge 
of the foot, under the ball of the foot and the lateral part of the plantar surface.  

 
Figure 5: Mesh deviation heat maps for one participant’s foot from each group (left: Group 1: Participant 1, 

middle: Group 2: Participant 1, right: Group 3: Participant 3), deviations increasing from blue to red,  
dark blue:0.5mm or less deviation, light blue through green and yellow deviations between 0.5 and 1mm  

and red meaning deviations 1mm or above, lateral view. 
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Figure 6: Curvedness (left) and shape-index (right) RMSE boxplot for each group. 

 
Curvedness and shape-index RMSE for each group are shown in Figure 6. The figures show that both 
the curvedness and shape-index RMSE decreases with age. Figures 8 and 9 show the RMSE heat 
maps of curvedness and shape-index respectively for one participant from each group. The curvedness 
and shape-index root mean square errors show a similar tendency to the mesh deviations, but with less 
differences between the groups. Most differences in reliability were found around the toes, the lateral 
and dorsal surface and the heel.  

 

Figure 8: Curvedness RMSE heat maps for an example foot from each age group (top: Group 1: Participant 1, 
middle: Group 2: Participant 1, bottom: Group 3: Participant 3), RMSE increasing from blue to red, plantar view. 

 

  
Figure 9: Shape-index RMSE heat maps for an example foot from each group (top: Group 1: Participant 1, 

middle: Group 2: Participant 1, bottom: Group 3: Participant 3), RMSE increasing from blue to red, lateral view. 
 

4. Discussion  
The reliability of using a hand held 3D scanner to measure children’s foot shape and size between the 
ages of two and seven years was investigated in 15 children. The results showed good reliability in the 
older children (Groups 2 and 3). Group 1 had higher RMSE values in two linear measures compared to 
the literature. The higher 3D measure RMSEs compared to the other two groups also suggest poorer 
reliability of the methods used in this group.  

4.1. Reliability of linear measurements 
Linear measurements showed excellent reliability in Groups 2 and 3, but not in Group 1. In comparison 
to existing data from Mauch, Grau [42], the results from Group 1 have demonstrated greater values of 
RMSE in two linear measures: MTH1 and MTH5 length. Although these two anatomical landmarks 
(MTH1 and MTH5) are relatively easy to locate, it seems that the location of these, relative to the most 
posterior aspect of the calcaneus changed between scans more than it did in the other groups. This 
could suggest variation in angle of stance between scans resulting in changing foot shape for this group. 
The higher absolute RMSE in most of the other linear measures in this group supports this argument. 
Another possible reason for this finding is the software that was used to calculate the measures 
(Foot3D) as the algorithms were developed from adult feet, and hence there were discrepancies with 
the location of the anatomical landmarks. Due to these findings on-going work will utilise bespoke 
Matlab code using markers attached to the anatomical landmarks. 
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4.2. Reliability of 3D shape measurement 
The reliability of 3D foot shape measurement was evaluated using mesh deviations; and calculating 
absolute RMSE of 3D shape descriptors. Group 1 had considerably lower percentage of vertex 
deviations under 0.5 and 1mm. The heat maps (Figures 5) showing the deviations on the foot surface 
help to locate the areas with higher variation and can suggest possible causes for these findings. The 
higher deviations in the toes area in Group 1 and 2 indicate that there was greater movement between 
the scans for the younger children. Group 1 also demonstrated larger areas of mesh deviations over 
1mm (red) around the ankle, on the lateral surface of the sole and under the metatarsals, and on the 
dorsal surface. This is also consistent with the difficulties that were encountered during data collection: 
movement during scanning; and differences in stance between scans witnessed by the researcher. 
The reliability of the 3D shape descriptors represented by the absolute RMSE increased with age and 
was the highest in Group 3. The differences in reliability were clear around the toes, the ankle and the 
dorsal surface of the foot. 

5. Conclusion 
Based on the results, it can be concluded, that hand-held 3D scanning was reliable for capturing linear 
and three dimensional shape measures in children aged five and seven years. Future studies employing 
hand held 3D scanners should consider these results and consider the use of this technology in younger 
children with caution. The 3D shape descriptor RMSE values in Group 2 and 3 suggest that these 
measures can be used to complement 2D linear measures to quantify changes in foot shape during 
development. Shape-index and curvedness can help to describe 3D shape changes, where 2D 
measures cannot fully account for development occurring in the paediatric foot.  
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