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Abstract. Most people choose shoes mainly based on their foot sizes.
However, a foot size only reflects the foot length which does not consider
the foot width. Therefore, some people use both width and length of their
feet to select shoes, but those two parameters cannot fully characterize
the 3-D shape of a foot and are certainly not enough for selecting a
pair of comfortable shoes. In general, the ball-girth is also required for
shoe selection in addition to the width and the length of a foot. In this
paper, we propose a foot measurement system which consists of a low
cost Intel Creative Senz3D RGB-D camera, an A4-size reference pattern,
and a desktop computer. The reference pattern is used to provide video-
rate camera pose estimation. Therefore, the acquired 3-D data can be
converted into a common reference coordinate system to form a set of
complete foot surface data. Also, we proposed a markerless ball-girth
estimation method which uses the lengthes of two toes gaps to infer the
joint locations of the big/little toes and the metatarsals. Results from
real experiments show that the proposed method is accurate enough to
provide three major foot parameters for shoe selection.

1 Introduction

Shoes were invented to help people get to their goal by protecting and comfort-
ing their feet and joints. They have long been a necessity in human being life.
They keep evolving according to requirements from fashion, rehabilitation, and
sports activities. Nowadays, there are so many choices out there for shoes that
choosing a suitable one is usually not easy. In general, people will use their foot
sizes to screen out unfitted ones. However, the foot size only reflects the length
of one’s foot, which is not enough to determine a pair of suitable shoes without
repetitive try-on. Therefore, selecting a pair of well-fitted shoes can be very time
consuming. Also, the requirement of trying on shoes makes online shoe shop-
ping not convenient. The solution to make choosing a pair of well-fitted shoes
easier can be revealed by inspecting how shoe producers design their products.
They produce each product for prospects with a specific foot shape which is pa-
rameterized with a set of foot parameters. Techniques for measuring those foot
parameters can help people choose well-fitted shoes more conveniently and are
strongly demanded.

Foot measurement methods can be classified into two categories according
to their purposes. The first category includes methods for shoe last design [1]
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[2], which require accurate 3-D foot scanners and are out of the scope of this
paper. The second category includes methods for measuring foot parameters for
assisting shoes selection. Most of the methods in the second category use a 2-D
footprint to estimate the length and the width of a foot [3] [4] [5] [6] [7], which
are not good enough because a 2-D footprint only provide partial information of
a 3-D foot. In 2006, Witana et al. proposed a method to measure foot parameters
from 3-D foot scanning data [8]. However, their measurement method requires
to manually mark 10 anatomical landmarks on the foot surface which requires
a foot expert to identify the landmarks correctly.

To help consumers choosing comfortable sports shoes, Asics [9] developed a
foot measurement system which uses lasers and cameras to scan the foot surface.
To improve the system robustness, their foot measurement system also requires
to manually mark three anatomical landmarks on the foot surface. Ildiko Gal
Company also provides a 3-D foot scanner consists of a single RGB camera and
a turn table. Instead of projecting structure light patterns on the foot surface,
they ask users to wear a sock with mesh patterns. Detailed information about
their proprietary foot measurement method is unknown.

Shoefitr [10], on the other hand, developed an interesting method for rec-
ommending shoes to customers. Their method does not require any hardware
device but to ask a user to provide the brand name and the type of the shoes
that he/she is wearing. They use the size parameters of the old shoes to search
for suitable new shoes. However, when the input brand name of the old shoes is
not in their database, their method will fail to provide useful feedback.

Fig. 1. The ball-girth’s cross-section plane.

In this paper, we describe a system, which consists of a low cost Intel Cre-
ative Senz3D RGB-D camera, an A4-size printed reference pattern, and a desktop
computer, to estimate three foot parameters for shoe selection. The three foot
parameters include two basic and one advanced parameters. The two basic pa-
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rameters are the length and the width of a foot. The advanced parameter is the
ball-girth which is defined to be the circumference of the cross-section curve of
the foot whose cross-section plane is perpendicular to the ground plane and pass-
ing through the Metatarsale Tibiale and the Metatarsale Fibulare as shown in
Fig. 1. The two basic parameters can be used to screen out shoes which are either
too short or too narrow. However, those two 2-D parameters do not guarantee
that the selected shoes are comfortable. Therefore, the foot size is represented
with a 3-D vector which includes the length, the width, and the ball-girth.

Fig. 2. The reference pattern consists of a set of AR codes.

The reference pattern is an array of AR codes (see Fig. 2). Each AR code is a
square pattern encoding a number which can be easily recognized with ArToolKit
[11]. This reference pattern can facilitate real-time camera pose tracking. There-
fore, we can use a hand-held camera to scan user’s foot from different directions.
The depth data acquired with the RGB-D camera are transformed to the coor-
dinate system of the reference pattern for 3-D data integration. The proposed
method does not require manually marked anatomical landmarks. Therefore, it
is more flexible than existing methods and can be operated by users without
foot measurement knowledge.

The remainder of this paper is organized as follows. Section 2 introduces the
foot measurement system which includes the camera pose estimation, definition
of the foot coordinate system, estimation of the foot width/length, estimation
of the girth cutting points, and estimation of the ball-girth. Section 3 shows the
experimental results of the proposed system. Section 4 concludes this paper.

2 Hand-Held Foot Measurement System

Figure 3 shows the schematic diagram of using a hand-held RGB-D camera to
obtain 3-D surface data of the foot. Notably, since the AR codes captured in the
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RGB image can be easily identified as shown in Fig. 4, the 3-D coordinates of
the four corners of the AR codes can be used to estimate the camera pose with
the method described in Section 2.1. Thanks to the depth information provided
by the RGB-D camera, the pose estimation can be accomplished in video rate.
Therefore, one can transform the acquired 3-D data into a common reference
coordinate system so as to perform 3-D data fusion. However, since the RGB-
D camera generates about 300,000 3-D data points per 1/30 sec, fusing such
large amount of 3-D data will slow down the system reaction time considerably.
In fact, we only need a few key RGB-D frames acquired at a few specific lo-
cations/orientations to reconstruct the 3-D surface of the foot. Therefore, we
propose to use the video-rate camera pose estimation results to guide the user
moving the camera toward one of the m pre-specified locations. When the sys-
tem detects that the camera pose is close enough to the i-th pre-specified camera
pose, 1 ≤ i ≤ m, an RGB-D image is automatically captured. Then, the system
will guide the user to move the camera to the (i + 1)-th location. After all m
RGB-D images are captured. The system automatically perform foot parameter
estimation procedure described in Sections 2.2-2.5.

Fig. 3. The Schematic diagram of the proposed foot measurement system using a
hand-held camera.

2.1 Camera Pose Estimation

In this work, we adopt the camera model proposed by Tsai [11]. The relationship
between a 3-D point, denoted as pc = [x y z]>, in the camera coordinate system
(CCS) and its corresponding image point, denoted as qc = [u v]>, is given byuv

1

 ∼ A

xy
z

 (1)
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Fig. 4. The identified AR code fiducial marks.

where

A =

αu 0 uo
0 αv vo
0 0 1

 (2)

is the calibration matrix which contains the intrinsic parameters, i.e., αu, αv,
u0, and v0, of the Intel Creative Senz3D RGB-D camera all provided by the
manufacturer. Nonlinear lens distortion is not considered in this work.

The extrinsic parameters of the camera consist of a rotation matrix R and a
translation vector t transforming coordinates from the reference coordinate sys-
tem (RCS) to the CCS. Let E = [R t]. Then, the complete camera projection
matrix can be represented as follows.

C = A ·E (3)

Camera pose estimation is equivalent to calibrating the extrinsic parameters
which are the coordinate transformation matrix from the RCS to the CCS. The
RCS is defined with a calibration pattern placed on the foot standing area.
The calibration pattern is printed on a planar object and is composed of a set
of AR code patterns. For each recognized AR code, we can extract the image
coordinates of its four exterior corners of the square AR code pattern. Therefore,
we can obtain n image points which are denoted by qci’s, where 1 ≤ i ≤ n. By
using the image positions of the recognized AR codes, we can compute an ROI
which contains the whole calibration pattern. Then, for each image point inside
the ROI, its 3-D coordinates are computed using the depth map. If the 3-D
coordinates are valid (a valid depth value is greater than zero), then the 3-D
coordinates are recorded. We then use the RANSAC algorithm to find a reliable
plane equation in the CCS. For each qci, we back project the image point to
form a 3-D ray as follows

rci = A−1 · qci. (4)

The 3-D coordinates of the calibration points in the CCS can be computed
by finding the intersection points pri’s of the 3-D ray rci’s and the plane π.
Since the calibration pattern is designed and printed by ourselves, the coordi-
nates of the corners of every AR code pattern are known. Therefore, we have
the corresponding 3-D coordinates of the n image points which are denoted by
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ptis, where 1 ≤ i ≤ n. Therefore, for each 3-D point in the CCS, i.e., pri,
we can determine its corresponding point in the RCS, i.e., pti. The coordinate
transformation matrix from the RCS to the CCS can be estimated by using the
least-square fitting algorithm proposed by Arun et al. [12] which completes the
camera pose estimation process.

2.2 Foot Coordinate System

After capturing m RGB-D images around the m specified locations, the depth
maps are converted to point clouds. In the first step, we perform noise removal
to delete points belonging to the background. The remaining points are called
the foot point cloud Ptft. In order to measure the correct width and length of
the foot, we need to orthogonally project all points in Ptft onto the x-y plane of
the RCS which is the surface of the foot standing area. Then, we perform a 2-D
principal component analysis (PCA) to find the long-axis and the short-axis of
the 2-D foot print (see Fig. 5). The long-axis and the short-axis of the foot print
are used to define the y-axis and the x-axis of a new 3-D coordinate system,
called the foot coordinate system (FCS).

Fig. 5. The Foot axes computed with PCA of the 2-D foot print points.

2.3 Estimation of the Foot Width and the Foot Length

By transforming the 2-D points in the foot print area to the FCS, we have
Pt′ft. The width and the length of the foot is estimated by evaluating the width
and length of the bounding box of Pt′ft. Figure 6 shows a schematic diagram of
the foot width and the foot height estimation method. The x-axis and the y-axis
of the FCS shown in Fig. 6 are denoted by Xft and Yft, respectively. Also, the
leftmost, the rightmost, the topmost, and the bottommost points of the foot in
the FCS is marked with PtW0, PtW1, PtH0 and PtH1, respectively.
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Fig. 6. The evaluation of the width and the length of the footprint.

(a) (b) (c)

(d) (e)

Fig. 7. The process of finding the length of the toe gaps: (a) the original RGB image,
(b) the Canny edge detection result, (c) clear edge pixels outside ROI, (d) noise removal
result, and (e) estimated endpoints of toes gaps.
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2.4 Estimation of the Girth Cut Points

According to the definition of the ball-girth, before we can compute it, we
need to determine the girth cut points g0 and g1, which are the joints of the
metatarsals and the big/little toes, respectively. The main challenge to find those
two points is that the foot bone positions are not visible. Therefore, existing
methods require an operator to manually mark those two points. In this work, we
propose to infer the girth cut points by using the length of the toe gap next to the
big/little toe. Since the toe gap can be very narrow, it is unreliable to estimate
the toe gap length. Therefore, we determine the toe gap length solely with RGB
image. First, Canny edge detection algorithm is applied to the intensity of the
RGB image (see Fig. 7(b)). Then, all the edge pixels outside the ROI of the foot
stand area are cleared (see Fig. 7(c)). Perform connected component analysis
and remove those blobs smaller than an empirically determined threshold value
(see Fig. 7(d)). Finally, we can determine the end points of the toes gaps as
shown in Fig. 7(e). The end points of the big/little toe gaps are denoted as V0
and V1 (see Fig. 8), respectively.

Fig. 8. The estimation of the girth cutting points.

Let x0 and x1 denotes the length of the toe gaps next to the big toe and
the little toe, respectively. Points V0 and V1 are offseted toward the heel by
k0x0 and k1x1 where k0 and k1 are the self-defined constants. Finally, a straight
line connecting the two offset points is computed. The intersection points of the
footprint contour and the straight line are the girth cutting points (see Fig. 8).
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2.5 Estimation of the Ball-Girth

To compute the ball-girth value defined in Section 1, we transform Ptft into the
FCS. Assume that we have known the stable girth cut points g0 and g1, we need
to find a plane equation that includes those two cut points and is perpendicular
to the x-y plane of the FCS (see Fig. 9). The normal vector of the cutting plane
is given by

gpl =
[
gx gy gz

]
= g × z (5)

where g = g0 −g1 and z is the z-axis vector of the FCS. With the plane normal
vector, we have the following ball-girth’s plane equation parameterized by using
gpl and g0

G1 =
[
gpl c

]
·


x
y
z
1

 = gx x+ gy y + gz z + c (6)

where c = g0 · gT
pl . The point-to-plane distance between each point in Ptft and

the cutting plane is computed and if it is smaller than a specified threshold δ,
the point is projected to the Since the 3-D data projected onto the cutting plane
is still noisy, the contour points are smoothed and connected by using the snake
algorithm [13][14]. The length of the snake curve is computed as the ball-girth
value.

(a) (b)

Fig. 9. The Estimation of the ball-grith: (a) the cross-section plane computed with
girth cutting points, and (b) the extracted cross-section curve for determining the
ball-girth.

In summary, the point clouds from multiple cameras are transformed into the
RCS. Points which belong to the background objects are removed to yield an
integrated point cloud of the foot surface. Then, we find the rotation invariant
FCS using the PCA technique. After obtaining the FCS, we can compute the



10 Y.S. Chen, Y.C. Chen, P.Y. Kao, S.W. Shih, and Y.P. Hung

width and the length of the foot. For computing the girth value, we need to
process the image to find the toe position and use the toe position to infer the
girth cut points g0 and g1. Finally, we can calculate the ball-girth value using
the above-mentioned method.

3 Experiment

To test the proposed method, we invite five male adults to measure their left and
right foot parameters. Each subject was asked to repeat the measurement for 10
times. The following tables list the standard deviations of the estimations of all
foot parameters. The results show that the repeatabilities of the foot length and
the foot width estimations are good enough for selecting shoes. Their standard
deviations are less than 3.5 mm. Conversely, the girth estimations are slightly
noisier than the first two parameters. However, the variations of the estimated
values are still within the 6 mm which are good enough for shoe selection.

Table 1. The standard deviations of the estimated left foot parameters.

Subject Length(mm) Width(mm) Girth(mm)

Subject1 2.17 1.45 2.76
Subject2 2.10 2.42 3.10
Subject3 3.50 2.17 4.25
Subject4 2.85 3.11 3.09
Subject5 2.25 2.14 3.04

Table 2. The standard deviations of the estimated right foot parameters.

Subject Length(mm) Width(mm) Girth(mm)

Subject1 1.18 1.32 2.16
Subject2 2.51 2.15 3.57
Subject3 1.93 1.81 3.03
Subject4 2.59 2.04 5.69
Subject5 2.34 1.94 3.42

With the computed foot parameters, we can search for a suitable shoes from
a database provided by a shoe producer. The user can then choose a shoe to
perform further analysis. First, the 3-D model of the selected shoe is retrieved
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from the database. Second, the 3-D shoe model is projected to the x-y plane to
compute its long and short axes using the PCA method. Third, align the heels,
the long axes and the short axes of both the shoe and user’s footprint. Fourth,
adjust the foot orientation to maximize the overlapping area. Finally, signed
distances between the foot surface point cloud and the shoe surfaces are evalu-
ated and are converted to a subjective loose/tight index using a predetermined
lookup table. Fig. 10 shows the degree of fitness of three shoes using the pseudo
color technique. Fig. 10(a) shows that the shoe perfectly match user’s foot. If
we replace the shoe with a slightly larger one, then the computed pseudo colors
shift toward blue as shown in Fig. 10(b). Also, Fig. 10(c) shows that the shoe is
too large for the user.

(a) (b) (c)

Fig. 10. Estimation of shoe fitness: (a) A suitable shoe, (b) a slightly larger one, and
(c) an oversize shoe for the same foot.

Results of the two experiments show that the 3-D foot reconstruction results
using a hand-held RGB-D camera is accurate enough for providing satisfactory
foot measurements.

4 Conclusion

In this paper, we propose a method to reconstruct the 3-D foot surface using
a hand-held RGB-D camera. A reference pattern consists of an array of AR
codes is used to provide registration information so that real-time camera pose
estimation can be achieved. The estimated camera pose is used to guide the users
to move the camera to a sequence of predetermined poses. When the camera
pose is close enough to a predetermined one, the system will acquire an RGB-D
image automatically. Upon the completion of image acquisition, the system will
automatically evaluate three foot parameters for finding suitable shoes. Results
from real experiments show that the repeatability of the proposed method is
good enough and can be used to recommend well-fitted shoes.
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