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Foot Shape Modeling

Ameersing Luximon and Ravindra S. Goonetilleke, Hong Kong University of Science
and Technology, Clear Water Bay, Kowloon, Hong Kong

This study is an attempt to show how a “standard” foot can be parameterized using
foot length, foot width, foot height, and a measure of foot curvature so that foot
shape can be predicted using these simple anthropometric measurcs. The predic-
tion model was generated using 40 Hong Kong Chinese men, and the model was
validated using a different group of 25 Hong Kong Chinese men. The results show
that cach individual foot shape may be predicted to a mean accuracy of 2.1 mm
for the left foot and 2.4 mm for the right foot. Application of this rescarch includes
the potential design and development of custom footwear without the necessity

ol expensive 3-1) scanning of feet.

INTRODUCTION

The foot is a flexible structure, as 26 bones
give its shape. Large deformations from its neu-
tral posture, however, can place excessive stress
and sometimes strain, giving risc to discomfort
and cven pain. Thus it becomes important to
capture the 3-D shape of the foot in order to be
able to design a suitable protective covering.
The aim of this paper is to develop a method to
predict the 3-D foot shape using anthropomet-
ric dimensions such that a last can be scientili-
cally designed by having a onc-to-one mapping
from 3-D foot shapc to 3-D last shape.

Because of rapid advancements in computer
processing capabilitics, there is a drive to replace
the expert last maker with a computer designer
(Lord, Foulston, & Smith, 1991). Studics such
as that by Tsutsumi and Kouchi (1992) repre-
sented the 3-D shape ol the foot using Bezier
curves. Unfortunately, they did not discuss the
accuracy of their foot modcel or the uscfulness
of the model for grading and sizing. Similarly,
Yavatkar (1993) has modeled one individual’s
foot using I-DEAS graphics programming lan-
suage. He generated a 3-D modcl of a foot by
fofting four scgments (forefoot to instep, instep
to medial-lateral malleolus level, malleolus to
lateral point of heel, and heel par) on the foot.
The accuracy of the model was determined by

comparing the volume “outside” the foot form
and “inside” the foot form. The volume outside
was around 50 000 mm®, whereas the amount
within the foot was approximately 27 000 mm’,
The generalizability of Yavatkar’s model is rel-
atively unknown, as only one foot was uscd for
the predicted model. In a manufacturing con-
text, Lord ct al. (1991) discussed a computer-
aided design system for the custom design of
orthopedic shoc uppers, and Houle, Beaulicu,
and Liu (1998) described a method to make
custom footwear.

The paper uses B-spline surface modeling
techniques, regression and recursive methods
to generate a 3-D foot model using basic an-
thropometric measures. The extensively studicd
B-splines arce used as a standard for sutface re-
presentation in computer-aided engincering
soltware (Choi, 1991; DcBoor, 1978), and B-
splines are considered the most efficient curve
or surface representation because of their uscful
properties, such as spatial uniqueness, boundced-
ness and continuity, and local shape controllabil-
ity (Bartcls, Beatty, & Barsky, 1987). Recursive
algorithms provide the flexibility to solve com-
plex problems using very simple and efficient
algorithms (Roberts, 1986), and regression meth-
ods are widcly used to generate a polynomial
cquation between two or more variables (John-
son & Wichern, 1992). Alter the foot shape is
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generated, the error between the predicted shape
and the actual foot surface is represented using
color coding, as shown in Luximon, Goonetil-
Icke, and Tsui (2001). The advantage of the pro-
posed method is that the same measurcs may
also be used for sizing [eet.

METHODOLOGY

Participants

All the participants in this experiment (65
Hong Kong Chinesc men) were staff and stu-
dents at the Hong Kong University of Science
and Technology. Of these, 40 were used to gen-
crate the prediction model and 25 were used to
validate the model. None of the participants
had any foot illness or foot abnormalities, and
cach was paid HK$75 (~$10 U.S.) for his parti-
cipation.

Procedure

Participant preparation and measurenent.
Each participant signed a consent form, alter
which his age, weight, and height were recorded.
Their feet were washed and disinfected using an
antiseptic germicide in a foot bubble roller mas-
sager. The water temperature was maintained
at 25+1°C using a DigiSense® thermistor. After
participants dricd their feet, their foot length,

arch length, and foot width were measured
using the Brannock device while they stood on
both fect.

Foot landmarking. There were Ll points
marked on the foot (Figure 1): 7 on the metatarsal-
phalangcal joint (MP]), 2 on the dorsal surface
of foot (Points 8 and 9), and 2 on the plantar
side of the foot (Points 10 and 11). The last 4
points were chosen so that cach scanned foot
could be aligned during processing (sce sections
titled Metatarsal-Phalangeal Joint Equations and
“Standard” Foot and Foot Shape Prediction Mod-
el). The MPJ points were used so that the MPJ
line could be modcled using polynomial regres-
sion (sce section titled Mctatarsal-Phalangeal
Joint Equations).

The MPJ landmarks (Figure 1) were identi-
ficd by palpating the bony projections at the
MP] joints: five points on top (Points 2-6) and
two points on the side of the first and (ifth MP)
(Points | and 7). The two points on the dorsal
side were marked using the foot-marking device
(Ho, 1998). The participant placed one foot on
the foot-marking device and the other foot on a
platform at the same height. The participant’s
foot was aligned at the heel using a foot tem-
plate positioned on the marking device. The
(oot length and width were measured on the foot-
marking device. Points 8 and 9 were then located

Figure 1. Landmark locations.
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at 50% foot length along the length of the foot
with angles of 30° (medial side) and =30° (later-
al side), respectively.

The plantar surface points (Points 10 and 11)
were located using a caliper and were marked
with the foot off the marking device. Point 11
was at the center of the heel at 20% of oot
length, and Point 10 was at the center of the
sccond toe at 10 mm from the toe tip so that
alignment with respect to the center of the sec-
ond toe could be performed. After all the points
were marked with a pen, 10-mm black stickers
were placed at the center of the 11 “ink points.”

Foot scanning and processing. The laser scan-
ner calibration is dependent on color, and hence
the participants worc a very thin white sock (0.2
mm). The sock was cut at the landmark loca-
tions so that the landmarks were directly visible.
The scanner software can locate the center of
the 10-mm black stickers, and thus the location
of the landmarks could be identified. Each par-
ticipant’s feet were scanned using a Yeti 3-D
laser scanner (Vorum Rescarch Corporation,
1998). The participant stood with onc foot on
the glass platform inside the scanner and the
other foot on a weighing scale (IFigure 2) so that
the weight was distributed cqually on both feet.
The scanned foot was (irst aligned using a “posi-
tioning ruler” and a foot template transparency.

Figure 2. Participant standing with one foot in scan-
ner and the other on a weighing scale.

Reproduced with permission of the copyright owner.

The alignment tools were used to increase re-
peatability because the scanned data may show
variations depending on the foot location cven
within the scanner. The foot was scanned and
the procedure was repeated with the other foot.

The coordinates of the foot surface points
and the 11 landmarks had the same coordinate
system but were placed on separate layers of
the data file. The total number of scanned points
depended on the length of each foot, as the scan
“scctions” were set to be 1 mm apart. Thus the
participants had differing numbers of sections
and hence differing numbers of points, depend-
ing on their foot length.,

The 3-D point cloud data were analyzed
using MATLAB Version 5 with the Spline Tool-
box. The shape of the MPJ curves was first deter-
mined, followed by a 3-D foot shape prediction
using a parametric transformation of a “stan-
dard” foot shape. The model was validated using
a dilferent group of participants. The prediction
model error was calculated using the dimen-
sional diffcrence between the predicted shape
and the actual foot shape.

MODELING

Metatarsal-Phalangeal Joint Equations

The MPJ curve of the foot in two dimensions
is very important, as the flex line of a shoce
should match this curve. Hence only dimen-
sions x and z (Figure 3) were used for the com-
putation of the MPJ curve. In order to find this
curve, we aligned the foot and landmarks (Fi-
gure 3) along the heel center (Point 11) to the
second toe (Point 10) line (Tsutsumi & Kouchi,
1992). Points 10 and 11 were used to reduce the
complexity and also to allow us to usc the re-
sulting equation without any additional manip-
ulations. In other words, a local coordinate
system was preferred to a global coordinate sys-
tem for comparing among individuals. Using a
coordinate axis transformation, the x and z co-
ordinates of the landmarks were determined
and normalized with respect to the length and
width of each foot. In other words, the land-
mark coordinates were transformed as X0 =
(X - xmin)/(/\’nm.\" xmin) and Znew = (Z - Zmin)/
(Zmas — Zmin). Polynomial regression was then
used on these normalized coordinates to deter-
mine the MP) curve.
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7-axis

(a) Left foot

7-axis

(b) Right foot

Figure 3. The MPJ curve of the foot after normalization with foot length along z axis and foot width along x axis.

“Standard” Foot and Foot Shape
Prediction Model

The “standard” foot was generated using the
3-1) foot shape data of the 40 participants. This
procedure is shown in Figure 4 and described in
detail in this section.

Alignment. In order to improve robustness,
we used an alignment process slightly different
from that of the two-point alignment used to de-
termine the MPJ cquation. As a first approxima-
tion, the line joining Points 8 and 9 was made
parallcl to a temporary x axis. Then the 2-D foot
shape (or foot outline) was determined by c¢x-
tracting the points located on the circumference.
Using this foot outline, we calculated the hecl
centerline (corresponding to 20% of foot length)
and madc this the z axis (*heel alignment™ in Fi-
gure 4). The serics of translations and rotations
nceded to transform the heel centerline to the z
axis was stored, and then the complete 3-D foot
shape was transformed with the same transla-
tions and rotations.

Section extraction. Alter alignment, cach oot
was divided into 99 scctions (the interval be-
tween seetions was equal (0 1% of foot length)
perpendicular to the heel centerline (i.c., z axis;
Figure 5).

Section parameter determination. Each such
section 7 had points p; = (xi;, v, Z), in which i =

Reproduced with permission of the copyright owner.

1,...,99,/ = 1,...,360. The lateral width («), me-
dial width (¢)) and height (/1) were computed for
cach scction (Figure 5). For the left foot, lateral
width (&) = max{y; forj = 1,...,360} and medi-
al width (¢) = Imin{x; forj = 1,...,360}I. Simi-
larly, for the right foot (note that the max for leflt
foot is now min and min for left foot is max),
latcral width () = Imin{x; for j = 1.....360} and
medial width (¢) = max{x; forj = 1,...,360}.

The width, w;, ol cach section is the sum ol
the lateral and medial width (v = a; + ¢). Foot
flare ratio is “a measurc of the deviation of the
forepart ol the foot with relerence to the heel.
and affords a uscful index of the basic shape of
the foot™ (Freedman et al., 1946, p. 83). Thus the
width ratio ey/w; provides information about the
deviation of the forefoot from the heel center-
line, or foot curvature or flare of the foot (Go-
onctillcke & Luximon, 1999). In other words,
the width ratio changes as one moves from heel
to toe, and this change can be used to quantily
the fool curvature.

Recursive regression for the prediction of an-
thropomeltric measures. Because there are 99
sections, there are 99 wy, 99 11, 99 «;, and 99 ¢;.
To reduce the number of measures, we developed
lincar regression cquations between the mea-
sures (¢, ei, w;, and 1) of section 1 and the
Measures (i, Cps wip . and 1, of scetion i+1.
Hence there were 98 lincar regression equations
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3D scans of feet
(x,Y,2) coordinates

Heel alignment

Orient x-axis along line
joining points 8 and 9)
(temporary axis)

[

{

y-axis represent
height

Extract 2D outline
(x,z) plane

Y

Heel alignment
algorithm
Yy

Aligned 3D foot

Standard foot Y Recursive model

Critical measures for sections
for each foot

Height, Width, Medial and
Lateral Width

Extract sections
Perpendicular to
heel center line

Y +
Generate average or

standard foot Recursive regression equation
to predict critical measures

Figure 4. Flow chart to generate standard foot and recursive method.

between consceutive sections for the 99 /i and
a total ol 98 x 4 lincar regression cquations for
the four variables. Because only four parame-
ters were used for the prediction, it is necessary
to know the optimum starting or “sced™ section
[or cach dimension. I a scction © on a foot
was sclected o be this seed. et the lateral width,
medial width, width, and height of the seed sec-
tion be a,., e, 1wy, and /iy, respectively,

The anthropometric values ol the other sce-
tions (excluding section at v on foot) can then
be predicted recursively using the aloremen-

Reproduced with permission of the copyright owner.

tioned regression cquations. et the predicted
anthropometric valucs be é,, dir, wi,, and I,
when ©% of foot length is sclected to be the
sced section. Let the correlation cocflicient be-
tween the predicted widths () and the actual
widths (1)) be R,%. When cach of the sections
i = 1,...,99 was uscd as the seed section, let the
correlation cocflicient between the predicted
width and actual width be (R The mean cor-
relation cocflicient of the 40 participants was
then determined as the mean (R of cach loot
(LR, Similar computations were performed
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Figure 5. Model parameters for left foot.

to determine the mean correlation cocefficient
for lateral width, medial width, and height. Let
these mean correlation cocfficients be (R, R,
and ,Ri?. The optimum (*seed™) section (/ = w)
that gave the maximum average corrclation
cocfficient was chosen as the sced. The pre-
dicted Tateral width, medial width, width, and
height were then given by dy,. &, i, and /‘;i“
when the optimum sced (1) was used. The opti-
mum sced section for the dilferent anthropo-
metric measures can be different.

Generating “standard” foot shape. The stan-
dard foot shape was generated using the mean
cross sections of the 40 participants. For each
section i, the center was given by (xi, i, ¢2i),
in which

360
50( yij

=2 360"

el
!
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and .z; = 1% of foot length from minimum point
along the z axis.

The center (oxi, ovis o2i) of cach section was
aligned to the mean center ol all the sections.
Then, for cach section, a smooth outline was
generated using spline interpolation. For cach
section, the “radius,” ryy, was calculated at 07
intervals (where 0 = 1°,...,360°). The mean
radius r;, ol all participants (N = 40) was then
calculated. Based on a cylindrical-to-Cartesian
coordinate transformation, the radius 7y at 0°,
together with the = values, were converted into
(X0, ¥ior 7)) coordinates. The standard (oot shape
then had 99 mean sections with points ﬁ“, (i =
1,...,99: 0 = 1°,...,560°). The lateral width, me-
dial width, width, and height of the standard
foot were @, e wi. and i, respectively.

Modifying Standard Foot Shape Using
Anthropometric Measures

The standard foot shape was scaled using the
predicted anthropometric dimensions (Figure 6).
If the predicted height of a section was /z;, and
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Standard foot

4 parameters
Length, Width, Height
Lateral width (or curvature)

{

Predict
Width, Height, Lateral width

{

secti

Modify standard foot based on predicted
width, Height and Lateral width of each

(

standard foot and length

Generate the whole foot based on modified

(

Predicted 3D foot
shape

Figure 6. Flow chart showing how the standard foot was used to generate foot shape of an individual.

the height of the standard foot was f;, then the
height scaling for the section was (ﬁiu/ﬁi).
Similarly, the width scaling was (lﬁ)i“/u_);). All the
y values (yj) of the standard foot were scaled
using height scaling and the x values (x;0) of the
standard foot were scaled using width scaling
(Figure 7). After height and width scaling, the
points (xio, yio) were transformed to [xio0i,/wy),
vio(hi /hy)]. The section was shifted based on the
predicted lateral width (d;,). The predicted points
were Piy = Ko, Yio, Zio). If the four “seed” anthro-
pometric measures are provided for one foot,
then anthropometric measures of other sections
can be predicted using the recursive regression
equations. The length measure was included in
the prediction model because the foot was sec-
tioned at regular intervals along its length. Using
the predicted anthropometric measures of each
section and the length of the foot, the “standard”
can be then be modified to give the (predicted)
foot shape.

Accuracy of Model
The model was validated using the foot scans
of 25 other participants. The error was comput-

ed based on the shortest distance from the pre-
dicted foot (X9, Yio, Zi), in which i = 1,...,99 and
9 = 1,...,360° to the actual foot (Zim, Yim,» Zim)»
in which [ =1,...,S and m = 1,...,360. So, for a
given point (X, Yio, Zip) on the predicted shape,
the shortest distance (e;y) to the actual foot
shape was given by

. ~ A N2 ~ A N2 A A
Cp= mln{‘/(xlm_xh‘)) + (ylm_ yit‘)) + (zlm" Zil‘)) }’

inwhich/=1,...Sand m = 1,...,360.
The mean error between predicted shape
and actual shape of foot was then given by

| 90 360
= e e
99 x 360 4« :
1 O
The maximum and minimum of the error were
also recorded, together with the mean error.

RESULTS

The tetter symbols of the Brannock width
unit were converted to numeric units (Table 1).
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Figure 7. Generation of predicted section from standard section.

The simple statistics ol the participants on
whom the prediction model was bascd are shown
in Table 2, and the simple statistics of the par-

TABLE 1: Number Assignment to Brannock Width

Brannock Assigned
Width Value
AAA 1
AA 2
A 3
B 4
G 5

D 6
E 7
EE 8
EEE 9

ticipants who were used to validate the predic-
tion model appear in Table 3. Figure 3 shows the
location of the MPJ curve, and the modeled poly-
nomial cquations arc given in Table 4. The MP)
curve was modcled using polynomial of Orders
2,3, and 4, and it was found that the polynomi-
al of Order 4 could explain more than 82% of
the variation in both feet (Table 4).

Figure 8a shows the plot of the mean corre-
lation cocflicient (R? between the predicted
width and actual width of the right and left foot
against the sced section . In Figure 8a, the max-
imum (R;? occurred at i = 9% for both the left
and right feet. Figures 8b, 8¢, and 8d show the
plots of the mean correlation coefficients R,
K2 and Ry related to the lateral width, medial
width, and height. The maximum of ,R;? occurred

TABLE 2: Simple Statistics of Participants Used to Develop the Model (n = 40)

Mean Max. Min. SD
Age (years) 22 36 19 3.4
Weight (kg) 63 90 47 8.5
Height (cm) 171.3 183.4 160.1 5.55
Right Foot Left Foot
Mean Max. Min. SD Mean Max. Min SD
Foot length (Brannock) 8.6 13.0 6.5 1.38 8.5 13.3 5.3 1.47
Foot length (cm) 24.6 27.3 22.5 111 24.0 27.3 1.5 3.81
Foot width (Brannock) 5.4 75 3.0 0.96 5.6 8.5 3.5 0.98
Foot width (cm) 9:9 112 9.0 0.50 10.0 11.6 9.0 0.51
Arch length (Brannock) 9.4 15.0 6.5 172 90 15.0 5.5 1.80
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TABLE 3: Simple Statistics of Participants Used to Validate the Model (n = 25)

Mean Max. Min. SD
Age (years) 21.6 41.0 19:0 4.3
Weight (kg) 65.2 88.3 47.4 8.6
Height (cm) 173.8 184.2 161.3 5.75
Right Foot Left Foot
Mean Max. Min. SD Mean Max. Min. SD
Foot length (Brannock) 8.9 115 6.5 1.23 8.8 11.0 6.0 1.24
Foot length (cm) 25.1 26.8 23.5 0.98 25.0 26.8 22.8 1.09
Foot width (Brannock) 5.2 6.5 3.5 0.83 5.6 7::5 4.0 0.83
Foot width (cm) 10.0 112 9.0 0.40 10.0 19,2 9.2 0.42
Arch length (Brannock) 9.9 12.5 7.0 1.39 9.4 12.0 6.5 1.47

at i = 8% for the left foot and 7% for the right
foot, as shown in Figure 8b. Similarly, it can be
seen from Figure 8¢ that the maximum of R
occurred at i = 9% for the left foot and 10%
for the right foot. From Figure 8d, it can be
seen that the maximum of \Ri? occurred at i =
52% for the right foot and 55% for the left foot,
and lor i > 60% the average ,R;” deteriorated
because the height at the lower leg was assigned
a fixed height, So the optimum seed to predict
the left foot is to use the height at w =55, width
at w =9, and lateral width at @ = 8. The opti-
mum sced to predict the right foot is to usc the
height at =52, width at =9, and lateral width
atw=7.

Using the optimum sced scctions, we pre-
dicted the anthropometric dimensions, which
were in turn used to modily the standard oot
in order to gencerate the 3-D foot shape. The
error between the predicted shape of the foot
and the actual foot was computed. The mean,
maximum, and minimum crrors for the 25 par-
ticipants’ left and right feet were caleulated

and are shown in Table 5. The average error
was 2.1 mm (S =0.79 mm) for the left foot and
2.4 mm (SD = 0.85 mm) for the right foot. The
crror plot for one participant is shown in Fi-
gure 9. In the plot, the different magnitudes of
the error have been “color” coded using gray
fevels,

DISCUSSION

The objective of this paper was to determine
whether a parametric approach to foot shape
prediction was possible. The results show that
the foot shape may be predicted to a mean accu-
racy of 2.1 mm for the left foot and 2.4 mm for
the right foot. The prediction model may be im-
proved by using more participants. Howcever,
different standard feet may be necessary 1o
account for differences in age, gender, race, and
so on. Assuming that the shape of the “stan-
dard” foot is known for diffcrent ages, genders,
and races, a few anthropometric dimensions can
help predict the 3-D foot shape for a specilic

TABLE 4: Polynomial Regression Equations to Determine the MPJ Curve

Left Foot:

z=0.267*x* + 0.103*x + 0.259*, R? = .816, p < .001
7 =-0.226%3 + 0.293*x* + 0.142*x + 0.256*, R? = .826, p <.001
z=—1.729*x* — 0.022)3 + 0.701*x? + 0.115*x + 0.245*, R? = .874, p < .001

Right Foot:

7= 0.272* x2 - 0.100*x + 0.256*, R* = .7512, p < .001
z=0.223*x + 0.303* x% — 0.138*x + 0.254*, R* = .7647, p < .001
7= -1.746*x* + 0.031x% + 0.709*x% — 0.106*x + 0.243*, R* = .8202, p < .001

*Values are coefficients that are statistically significant at p < .001.
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Figure 8. Mean correlation coefficient versus “seed” section 7 for left and right feet.

person. The predicted foot shape may be usclul
for the generation of a personalized last or in
the sclection of a suitable last to develop a cus-
tomized shoce with only a limited number of di-
mensions.

The predictive model resulied in higher nega-
tive errors around the medial and lateral malleo-
lus. These crrors are most probably attributable
to movement or change in a participant’s pos-
ture while standing during scanning. This crror
may be reduced if the participant’s posture dur-
ing measurcment can be controlled cffectively.

The predicted width at the heel region had
higher crrors attributable to error propagation
with the use of forward recursive regression be-

Reproduced with permission of the copyright owner.

cause the seed section for the width calculation
was bascd on the toce region. The crror may be
reduced if both forward (from toc) and back-
ward (from heel) calculations are performed
until the results converge within a specilic tol-
crance. The backward calculation can consider
a sced section around the heel and thus will
counteract the clfect of the forward prediction,
thereby reducing the error and eventually im-
proving the prediction accuracy. Around the
heel, there was a positive error when predicting
height. In the Tower leg region around the ankle,
the scanned height is a constant and is a func-
tion ol the scanner itsclf, which resulted in
poor prediction at the heel region. Using height
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TABLE 5: Mean, Minimum, and Maximum Error (mm) Between the Predicted and Actual Feet of 25

Participants
Left Right

Participant Mean Min. Max. Mean Min. Max.
1 2.3 -6.7 9.4 2.2 -7.8 8.2
2 1.5 -5.8 5.4 1.6 -4.9 6.6
3 2.8 -13.6 14.0 1.6 -8.1 5.8
4 1.4 -3.0 5.1 2.1 -4.8 8.6
5 3.2 -6.4 17.6 2.8 -8.7 17.7
6 1.4 -8.4 5.8 1.5 -7.3 6.5
7 1.5 -5.3 6.6 1.2 -4.0 5.9
8 1.8 -3.6 6.0 3.8 -9.1 13.4
9 3.7 -15.0 13.3 3.9 -12.9 15.3
10 1:6 =71 4.5 3.3 -8.9 24.5
11 3.2 -8.8 11.0 3.8 -12.9 13.2
12 1.6 -3.6 5.8 2.8 -8.6 10.8
13 2.6 -7.6 6.6 2.3 -8.3 6.9
14 3.1 -11.0 9.8 3.1 -9.5 9.3
15 2.4 7.7 8.8 3.2 -9.2 14.8
16 3.9 -17.2 12.9 3.3 -10.9 9.4
17 16 -7.2 6.9 3.2 -12.4 122
18 1.9 -4.4 5.6 1.6 4.6 11.3
19 1.8 -3.1 6.6 2.2 =51 9.3
20 1.3 -2.6 5.7 15 -3.7 6.3
21 22 -9.2 9.7 1.6 -8.9 75
22 1.4 -4.0 1.3.9 1.5 -3.5 11.8
23 2.7 -8.0 12.2 2.3 -5.5 10.7
24 1.4 -5.0 4.2 1.6 -5.5 5.8
25 1.5 -8.1 7+ 241 -12.1 9.9
Mean 2.1 -7.3 8.6 2.4 =7.9 10.5
Max. 3.9 -2.6 17.6 3.9 =35 24.5
Min. 1.3 -17.2 4.2 1.2 -12.9 5.8
SD 0.79 3.74 363 0.85 2.94 4.37

Figure 9. Predicted shape of foot with gray-scale-coded error. Scale values are in millimeters.
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information along the Toot length, a fictitious
continuous curve could be generated for the
lower leg region. This may improve the height
prediction in the heel region.

In this model, foot scctions were taken at a
fixed percentage of the foot length. Because of
differences in [oot shape, sections at a given per-
centage of foot length may not be similar among
feet. Therefore an improvement may have to be
made to account for these differences or to find
the best match of the scetions for different fect.
In the aforementioned method, the sections from
the standard foot were scaled proportionately.
Other types of scaling can be employed if differ-
ent feet can be clustered and categorized.

In the prediction model and error computa-
tion, we used a lixed number of sections and
points. If the optimum number of scctions
and points needed is determined, the accuracy
of the modcl may be further enhanced. In ad-
dition, highcr-order polynomial regression,
instcad ol lincar regression, may improve pre-
diction accuracy further.

CONCLUSIONS

In this study, four anthropometric measures
(length, width, height, and a measure of curva-
ture) and a standard foot shape were used to
predict the 3-D shape of a given loot. The four
anthropometric measures were used to predict
the anthropometric measures of 98 cross sec-
tions of a foot using recursive regression equa-
tions. A standard foot shapc was generated after
averaging the normalized oot shapes of 40
lHong Kong men. The method was validated
using 25 Hong Kong men. Mean accuracics of
2.1 mm for the left foot and 2.4 mm for the right
foot were obtained. Several methods to improve
the prediction model have been discussed, in-
cluding a differing standard foot shape for dif-
fering populations. This rescarch may be used
to develop custom lasts for the manufacture of
custom footwear without actually scanning a
person’s feet.
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