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ABSTRACT

A major challenge in constructing models of the human body or body parts stems from the
fact that they are actually composed of several solid bodies articulated together. Consequently,
3D models must be parameterised with reference to joint angles: scans of the foot taken at
different plantar/dorsal flexion angles were used in this study as a benchmark. The imple-
mented methodology was based on the regression fitting of landmark trajectories obtained
on a limited number of foot poses; these same landmarks were then used to guide 3D mesh
morphing to predict foot geometry at different plantar/dorsal flexion angles. A careful optimi-
sation of the methodology was performed to identify the optimal set of foot scans. The com-
parison between the actual foot shapes obtained by 3D laser scanning and the predicted
shapes showed that the average error is at most 6.57 £ 2.74 mm. The methodology indications
were finally drawn based on these error estimates. Further works will consider combined
motions including flexion/extension, internal/external rotation, and foot inversion/eversion.
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1  INTRODUCTION

Nowadays, the digital acquisition of patient-specific anatomy has become an estab-
lished methodology in the medical field and is considered a fundamental starting point
for the subsequent design of 3D models of customised devices, especially when addi-
tive manufacturing techniques are involved in their production [1]. Three-dimensional
printers, in fact, find application in many sectors such as automotive [2], soft robotics
[3], construction [4], food printing [5] and textile engineering [6, 7], as they allow tailor-
made products to be created and immediately placed on the market, exploring new
designs and offering more customisation possibilities [8]. Various technologies are
used to initiate this manufacturing process, each of which has specific indications
and accuracies [9], and the most common are based on scanning objects or parts of
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the human body by means of photogrammetry or scanners using lasers or structured
light. Whenever the object of analysis is not a single bone, the shape is not actually
unique, as it depends on the angles of the joints. In fact, any part of the body includes
not only solid bodies (bones) but also soft tissues that undergo extensive deformations
during relative movements. Therefore, differences in joint angles result in different
shapes that cannot be obtained trivially by applying a given motion to a single portion
of the total volume. In such cases, more than one 3D model is required if different poses
are planned. For example, shoe design must consider the entire gait cycle through a
4D model in order to provide comfortable support during walking and running [9]
or during lower limb rehabilitation [10]; similar considerations apply to the design of
exoskeletons, where it is necessary to ensure a correct fit during all work operations
[11]; recent technological developments of these wearable robotic devices have made
significant progress over the last decade in several sectors, including industry and
space [12, 13], as well as healthcare by offering a remarkable variety of solutions for
walking assistance and rehabilitation [14]. Their mechanical design involves the cre-
ation of compliant mechanisms and structures that can influence the efficiency and
effectiveness of the entire system, interacting with the user in terms of adaptability,
safety, efficiency and comfort [15]. Indeed, in the healthcare sector, this technology
can help reduce the clinical costs associated with caring for people with neurological
disorders and/or age-related diseases [16]. Similar problems are also reported with
regard to garment design, where sewing positions need to be optimised in relation
to skin movements and stresses [17]. In fact, with the rapidly increasing demands
for customisation of garments, the design of garments has attracted more and more
attention in the field of intelligent computer-aided systems. It is possible to improve
the quality and reliability of the product, facilitating the disassembly and regeneration
of the same [18, 19]; or the 3D scanned data is used to estimate the dynamic tension
lines of the skin on part of the leg and locally analyse the deformation of the epidermis
[20]. In all these cases, the evolution of shape and volume as a function of time must
be captured and properly considered. This can be achieved through stereophotogram-
metric techniques that enable the acquisition of the functional information needed
to address the clinical problems in rehabilitation medicine by quantitatively captur-
ing body poses and movements; the paths of different markers are then recorded
and used to transform the initial reference mesh [21, 22]. Alternatively, an articulated
internal skeleton methodology can be used to guide surface deformations [23].

It is important to outline that a different approach is explored here, adapting
the path of certain skin landmarks with analytical functions whose parameters are
established based on a limited set of scanned poses.

Foot flexion/extension was used as a benchmark to establish the accuracy of this
methodology in relation to the number and specific poses considered for curve fitting.

It is worth remarking that this approach could bring some important advantages,
as it does not require the approximation of joint movements and the a priori deter-
mination of the position of the joint axes; at the same time, the experimental effort
would be limited by the analysis of a low number of poses rather than an infinite
number as would, in theory, be necessary.

2 MATERIALS AND METHODS

The experimental setup has included three subjects without any prior foot
pathologies. All subjects were properly informed about the aim of the study and signed
an informed consent. The feet were scanned at five different flexion positions, moving
from a 90° foot orientation with respect to the tibia to the fully extended configuration.
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2.1 Equipment

The equipment used for the geometry acquisition comprised three Azure Kinect
devices attached to a hollow ring so that they shared a common base plane. The
devices were positioned 1.40 metres apart, forming a 120° angle in a daisy-chain con-
figuration with their respective visual axes intersecting at the centre of the ring (see
Figure 1). These, after an appropriate synchronisation to have one master device and
two subordinate devices, allowed real-time acquisition of the desired area at surface
level, avoiding errors and artefacts caused by the subject’s difficulty in remaining still
even for short periods of time. Each device had to be individually calibrated to a specific
grid, and this operation took 1-2 minutes. The Kinect DK device was equipped with
smaller and more powerful sensors, and the hardware included a 12-megapixel RGB
colour camera, an inertial measurement unit (IMU), a circular array of seven micro-
phones and a one-megapixel ToF depth camera. The latter can be set with a narrow
field of view (Depth NFOV — Wide Field Of View) or with a wide field of view (Depth
WFOV - Narrow Field Of View) and should ideally be positioned at the vertices of an
equilateral triangle with sides of about 5 m in NFOV mode and about 3 m in WFOV
mode to realise a capture area in order to obtain an adequate scan of the detected
object with a resolution of about 320 x 288 and of about 512 x 512, respectively. It
is well known that these devices are widely used for 3D pose and motion tracking
[24, 25], calculating a set of 3D points that represent the body as a skeletal structure.
The optimal configuration for foot scanning is that the ring base plane is perpendic-
ular to the plantar surface of the foot; in addition, the foot should be approximately
in the centre of the ring. Under these conditions, the accuracy of a shape scan should
be less than 2 mm [26]. The result of the acquisition is a point cloud that was given as
input to the RecFusion Pro software (ver. 2.3.0), producing an STL file with more than
150 000 elements, which is much more than required to maintain the 2 mm accuracy.

Master

Subordinate 2 Subordinate 1

Fig. 1. Acquisition system configuration

2.2 Preliminary geometric processing

The STL files obtained at the end of the previous step were subjected to pre-
liminary processing. This included merging all the toes without leaving any spaces
in between in order to achieve greater consistency between the meshes of the
same subject. Secondly, the meshes were imported into 3-Matic software (v. 20.0,
Materialise Inc., Leuven, Belgium), and the calf axis was aligned to the global
z-axis while the anteroposterior anatomical axis was aligned to the x-axis. The foot
flexion angle o can be defined as the angle between the z-axis and the line tangent
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to the two most prominent regions of the sole (see Figure 2) [27]. Finally, uniform
remeshing resulted in a coarser mesh made of 10 000 elements, which still provides
the required accuracy without incurring heavy computations.

Fig. 2. Flexion angle definition and anatomical foot landmarks

2.3 Creation of isotopological meshes

Thirteen anatomical skin landmarks were identified on each foot (see Figure 2),
based on the literature [28, 29] and taking into account the ISB (International Society
of Biomechanics) indications [30]; four additional landmarks were added to also
include the calf volume, reaching a total of 17 landmarks.

Mesh morphing from one foot, taken as a reference, to all the others was per-
formed based on these landmarks and using a procedure based on radial basic
morphing functions (RBF), implemented by a dedicated Matlab routine [31]: the new
node positions were calculated on the basis of these functions.

This mesh control method, developed by [32, 33], was based on the RBF function
interpolation to address the significant decrease in mesh quality and negative vol-
ume caused by mesh deformation. In the method, the volume mesh points with poor
grid quality were adaptively selected and added to the RBF control point set accord-
ing to the minimum distance criterion, and the displacements of the added points
were determined by the weighted sum of those of the boundary surface points. Mesh
deformation with the new control point set could effectively improve the local mesh.

In the next step, the nodes were projected onto the actual foot surface, and finally,
a mesh smoothing was performed. This procedure resulted in all iso-topological
meshes, consisting of 9636 nodes and 19268 elements, making possible one-to-one
nodal matches among all feet (for any subject and any pose).

2.4 Landmarks path fitting

The total number of 3D meshes was equal to 15: 3 feet (subjects) per five poses
(see Figure 3a). 10 meshes were used for landmark path fitting; the remaining five
were used as control.

A number of preliminary operations were performed, such as a Procrustean anal-
ysis to centre and align all meshes against a common reference frame and scaling to
eliminate distortions produced by feet of different sizes (see Figure 3b). The average
shape was obtained as a result of the iterative Procrustes process (see Figure 3c).

The ten feet which were retained covered ten different flexion angles: 80°,91°,97°,
102°, 109°, 118°, 124°, 133°, 140°, and 151°. The regression fitting of landmark posi-
tions with respect to the flexion angle was tested for both linear and quadratic laws.
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For each law, different sets of angles were included in the regression: the two
extreme angles and one (for fitting on three data), two (for fitting on four data), and
up to eight intermediate angles (for fitting over all ten input data).

In fact, the analysis was aimed not only at establishing the number of poses to
be considered for accurate fitting but also at determining which poses were most
significant and should be scanned to obtain the best regression law. Comparisons
among different regression laws were performed by analysing the sum of the
squared Euclidean distances between the ‘true’ and ‘predicted’ landmarks; this sum
was extended to all nodes, poses and feet belonging to the control set.

2.5 From predicted landmarks position to predicted foot shape

With reference to each foot and each pose belonging to the control data set (5 poses),
the average mesh was morphed according to the landmark position predicted by the
interpolation law identified at the end of the previous step. The resulting meshes were
scaled to recover the original foot size, and the root mean square error was computed
over all nodes for each pose; finally, the results were averaged over all five samples.

Fig. 3. (a) Original dataset; (b) dataset for fitting after Procrustes; (c) average shape

3  RESULTS
3.1 Regression fitting

Main results are reported in Table 1. For each fitting law, the combination of g
angles that minimised the root mean square error (URMS, g) is reported as a vector
C, g is the number of poses considered for landmark path fitting. As expected, the
best fitting was obtained when all ten angles were considered, and quadratic laws
generally provided a better fitting. According to the required accuracy, it was possi-
ble to identify the number of poses which must be considered as well as the best set
of poses to be acquired, C,. Quadratic laws should be preferred unless 11.19 mm is
considered as an acceptable accuracy.

3.2 Shape prediction on the control dataset

Shape prediction errors on the control dataset were assessed by performing the
landmark path interpolation followed by mesh morphing. For this set of feet, the
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interpolation of landmark displacements was performed referring to the quadratic
law based on the four angles interpolation (g = 4; the third column in Table 1). The
distance between the predicted position of landmarks and their actual position is
reported in Figure 4, for both the x and z components and for the distance in the
flexion plane (xz). The results are shown excluding the landmarks of the calf portion,
the foot being the region of interest for the deviation analysis. Error distribution shows
that the highest deviations are reported for landmarks 1, 9, 10 and 13, for which xz
errors between 10 mm and 15 mm were found. For the landmarks associated to the
toes (1, 9, 10), the highest deviation occurred in the x direction, while for the Achilles
tendon region (13), the vertical displacement was the most critical. For all the other
landmarks, the errors were kept below 10 mm, and the z deviations below 5 mm.

With reference to predicted shapes, Table 2 reports RMS errors computed over all
poses and all nodes, while Figure 5 allows one to appreciate which areas and which
poses are affected by the highest prediction errors.

Table 1. Mean errors obtained for the linear and quadratic fitting laws of landmark path versus foot
flexion angles, given a number of poses considered for fitting g, and the results obtained for the best angle
set are reported

g* 2 3 4 5 6 7 8 9 10
Linear
C ** 80° 80° 80° 80° 80° 80° 80° 80° 80°

91° 91° 91°
97° 97° 97°
102° 102° 102°

109° 109° 109° 109° 109°

118° 118° 118° 118°

124° 124° 124° 124° 124° 124°

133° 133° 133° 133° 133° 133° 133°

140° 140° 140° 140° 140°
151° 151° 151° 151° 151° 151° 151° 151° 151°

My [num] 11.19 9.37 8.75 8.60 8.46 8.37 8.35 8.32 8.29
Quadratic

C* - 80° 80° 80° 80° 80° 80° 80° 80°

91° 91° 91°

97° 97° 97°

102° 102° 102°

109° 109° 109° 109° 109° 109°

118° 118° 118° 118° 118°

124° 124° 124° 124° 124° 124°

133° 133° 133° 133°

140° 140° 140° 140° 140° 140°

151° 151° 151° 151° 151° 151° 151° 151°

Hyygse " [mm] 8.74 7.78 7.49 7.34 7.29 7.22 7.22 713

Notes: *g is the number of poses which was considered to set up the regression law (linear or quadratic)
fitting landmark trajectories, **C, is the vector of g poses which produces the best fitting, *** is the

HRMSg
root mean square error when considering g poses.
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Fig. 4. Landmarks prediction error for x and z components and for the displacement in the flexion plane

Table 2. Mean and 90th percentile RMSE shape prediction for the control set

Foot Ugys F Oy [Mm] q90 [mm]
1 435+1.76 6.56
2 3.16+1.40 5.17
3 6.57 +2.74 10.28
4 5.06+2.44 8.36
5 4.61+2.25 7.40

4  RESULTS AND DISCUSSION

The results reported in Table 1 clearly show that it is more convenient to adopt
a quadratic law for the regression of landmark path with respect to foot flexion. In
addition, a set of four poses (g =4) could be the most convenient one since the bene-
fit of considering up to ten poses stays below 1 mm. These four poses should not be
equally spaced between the two extreme positions (80° and 150°), since the range
110°-120° was found to be more critical. Following the procedure of quadratic land-
mark path fitting of four poses, errors on shape prediction keep, on average, below
5 mm, while 90% of nodes are affected by a distance error below 10.3 mm. These
results were obtained on the control dataset, which was not considered to set up
fitting laws; therefore, these results are representative of whatever foot at whatever
position. The obtained errors are in line with those reported by authors who used
other methodologies, such as the continuous scanning of landmarks (5.2 + 2.0 mm)
[34], while they are higher when compared to those of other authors who, instead,
focused on foot shape variations produced by loading rather than foot flexion.

The deviation colour maps shown in Figure 5 agree with the results shown in
Figure 4 on the prediction error of landmark positions in the flexion plane. Indeed,
the highest deviations are located at the toes landmarks 1, 9, and 10 in Figure 4) and
are due to the variation of flexion angles of the respective joints. Another significant
source of errors comes from ankle movements of internal/external rotation and/or
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inversion/eversion. More refined models should track all these movements instead
of just ankle flexion/extension; nonetheless, the methodology developed here rep-
resents a significant step forward compared to the production of a single 3D model,
and it illustrated the accuracy which can be reached with a limited experimental
effort. The results obtained on the control data set (refer to Table 2) were in agree-
ment with those obtained on the sample set used to set up the regression laws (refer
to Table 1, g = 4); this finding suggests that the sample set can be considered as rep-
resentative of the entire population. Future work will be focused on the analysis of
other movements: at this stage, the only flexion/extension was considered since this
was the widest movement during gait [35].

The procedure set up here can be used for the design of garments and orthoses
[36], and it has the advantage of covering a wide range of poses rather than a single
one. In this way, fitting considerations can be more accurate, preventing the wearing
of a particular foot/orthosis from resulting in a significant reduction in freedom of
movements, shingles or abrasions.

5 CONCLUSIONS

In this work a novel approach for the prediction of foot geometry at different
flexion angles was investigated. The main aim of the proposed methodology was to
assess the prediction ability of a combined fitting-morphing model, using a limited
number of poses as input. It was observed that, being able to reproduce the foot
shape at any angle, only four feet scanned poses represent a significant benefit, as the
burden resulting from continuous acquisition is significantly reduced. As expected,
this implies higher errors; therefore, it should be carefully discussed according to the
aim of the 3D reconstruction and the required accuracy.

A significant improvement might come from introducing further independent
variables such as metacarpal joint flexion angle and hallux flexion angle; in fact,
the landmarks which were affected by the highest errors were located on the meta-
carpus or at the hallux tip, and they got higher as the metacarpal joint angle grew,
especially with reference to the z-axis position. The methodology could be profitably
extended to the analysis of other movements such as foot inversion/eversion and
internal/external rotation.
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