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Abstract. An opto-mechanical system performing fast and accurate non-contact foot measurements
is proposed. By processing the measured data it is possible to get three-dimensional foot models and
to design custom-made shoes. This work is subdivided into two parts: in Part I, after introducing
the system operating method and describing the vision technology employed, a mathematical model
of the system is developed accounting for the main internal parameters of the camera. In order to
reduce scanning time and the time necessary to create the 3D foot model, the measured data have
been arranged in a particular structure and a suitable acquisition procedure has been developed.
A laboratory prototype has been built to test the performances of the system: a detailed analysis of
its geometry and of its components is provided as well as a concise description of the simple user
interface developed to run and control the system.

Key words: 3D scanning, non-contact orthopedic measurements, structured light vision, image ac-
quisition procedure.

1. Introduction

The possibility of reproducing the three-dimensional (3D) shape of an object has
always been considered of the utmost importance in such fields as rapid proto-
typing, reverse engineering, computer animation, and artwork preservation and
replication. Several technologies have been developed, tested and employed to
manufacture 3D scanners, ranging from completely mechanical solutions (e.g.,
touching machines) to complex stereo-vision optical systems.

An interesting example of 3D scanner is the system proposed by Gonzéles
et al. (1993) for digitizing wooden shoelasts in footwear industry. The machine
developed consists of two CCD cameras which acquire the images of the laser
lines projected onto a moving shoelast by a laser source. This system represents
a typical application of the approach based on structured lightning to computer
vision. A more ambitious and heterogeneous system for digitizing the shape and
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color of large fragile 3D artworks, and in particular of statues, has been presented
by Levoy et al. (2000). The principal 3D scanner of the system is a laser triangu-
lation scanner, built by Cyberware Inc., which can measure distances to within
a quarter millimeter, and is mounted on a motorized gantry. The scanner head
consists of a laser, a CCD sensor, a fiber-optic white light source, and a high-
resolution color camera: The laser and the CCD sensor permit capturing the shape,
while the light source and the color camera permit measuring the surface color of
the statues scanned.

As far as the performances of 3D scanners are concerned, the time required to
digitize an object, and the accuracy and resolution of the output (i.e. the 3D model
of the object) vary significantly according to the technology employed, the size of
the object and the desired resolution. Generally speaking, when mechanical sys-
tems are utilized, the shape and the size of the position transducer in contact with
the object surface, represent physical constraints on the maximum resolution in the
measurements. Moreover, mechanical systems are only suitable for reproducing
the shape of objects with hard surfaces, since the load applied by the position
transducer may cause a deformation of the surface which affects the accuracy of
the measurements. Vision systems, both structured-light vision systems and stereo-
vision systems, are usually faster than mechanical system, while their accuracy
and resolution chiefly depends on the physical characteristics of the optical sensor
employed and on its orientation with reference to the surface scanned.

Recently, academic and industrial researchers have been focusing on the possi-
bility of employing technologies similar to the ones mentioned above in medical
field, for applications such as manufacturing of orthoses, prostheses, and custom-
made shoes for patients with severe deformities. All these applications involve
measuring, and reproducing geometrically, human body parts, which can be safely,
and not-invasively performed only making use of vision systems.

Yet, an obstacle to the use of vision systems for measuring purposes is the
complexity of the mathematical models which are to be written for the cameras.
In the paper by Gonzdles et al. (1993), the obstacle has been overcome modeling
the CCD cameras employed like black boxes: the 3D real coordinates of the points
sensed by the cameras are computed from the computer coordinates of the point
images through empirical relations.

Several authors who have developed camera calibration techniques have also
proposed interesting camera models. A complete camera model should include
important internal parameters like the lens geometrical distortion, the effective
focal length of the camera, the coordinates of the image center, and the horizontal
scale factor. Anyway when the level of accuracy required by the application is not
high, simplified models can be adopted like the one introduced by Wang and Tsai
(1991), which is a pinhole camera model, neglecting both lens geometrical distor-
tion and the horizontal scale factor. Weng et al. (1992) proposed and compared
both a distortion-free camera model and a more complex model accounting for
nonlinear terms such as radial and tangential distortion. A complete modelization



AN OPTO-MECHANICAL APPLIANCE FOR 3D ORTHOPEDIC MEASUREMENTS 3

of the camera has been developed by Lenz and Tsai (1988): it accounts for the
horizontal scale factor, the effective focal length of the camera, the radial lens
distortion, and the coordinates of the image center. Batista et al. (1999) presented
a very elaborate camera model also including the skew angle which is an internal
parameter generally neglected by researchers. Finally, a very different approach
to camera modelization has been adopted by Beyer (1992) who re-proposed a
complete nonlinear mathematical model employed in photogrammetry.

In this work, which is subdivided into two parts, an opto-mechanical device is
introduced. The device is designed to execute rapid, accurate, reproducible, and
non-contact orthopedic measurements directly on human bodies and to create 3D
models of the limbs measured.

The system operates using the structured-light vision technology and has been
specifically conceived to simplify the design and manufacturing of custom-made
shoes. The measurements taken by the system are employed to create the 3D model
of a patient’s foot; the model is then compared to a standard shoelast model,
selected in a digital library, and the changes to be made to design a customized
shoelast are identified. Basically, the shape of the foot measured and the one of the
chosen shoelast are mixed to result in the shape of a new shoelast matching the
actual shape of the patient’s foot. Such a shoelast is therefore to be employed for
manufacturing a custom-made shoe.

The objectives of Part I of this paper are:

e to introduce the operating method of the device presented,
to determine an accurate kinematic and optical model of the system,
to describe the data structure and the data acquisition procedure developed to
speed up image acquisition and processing,

e to present the experimental prototype used to evaluate the system perfor-
mance.

On the other hand, this paper does not deal with:

e the numerical filtering performed on the 2-D images acquired, processed and
combined to get the 3D model of a foot,

e the algorithm which allows employing the measured data to modify a standard
shoelast so as to design a customized shoelast,

e the geometrical smoothing algorithms implemented to improve the 3D mixed
shape of a standard shoelast and a measured foot.

Part II of the paper introduces a calibration methodology for the system and
summarizes the experimental results obtained.

2. System Operating Method

A schematic representation of the system is reported in Figure 1. The foot to be
digitized is placed on the steady footboard while a CCD camera and two linear light
sources (‘lasers’), which are symmetrically positioned with respect to the camera,
rotate like a rigid body around the foot. To simplify the drawing, in Figure 1 only
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Figure 1. Schematic representation of the system showing the position and orientation of the
world, light plane, and camera coordinate systems.

Figure 2. Aggregated image of the lines of light captured by the camera.

the laser on the right of the camera is shown. The center of the circular trajectory
followed by the laser-camera system is the center of the machine steady footboard.

The camera is positioned and oriented so that it can sense the lines of light
projected by the lasers on the foot surface. To prevent shadowing the two lasers are
used alternately, one on the clockwise rotation of the laser-camera system about
the foot, and the other on the counterclockwise rotation. While rotating, the camera
observes the whole foot surface from different angles of view and, at each requested
rotary position, it records the curved line segments, belonging to the light plane
produced by the operating laser, and formed when the projected light strikes the
foot.
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As shown in Figure 2, the aggregation of all the 2-D images recorded by the
camera allows reconstructing the 3D shape of the foot surface.

Subsequently, a mathematical representation of the foot surface is created, from
which important geometrical information can be inferred, such as the overall length
of the foot, the area of any section of it, its width and height at accurately cho-
sen positions. Moreover, the 3D model of the foot can be employed to perform
the aforementioned comparisons with the standard shoelasts in order to design
customized shoelasts. Non-Uniform Rational B-Splines (NURBS) have been em-
ployed to get a representation of the foot surface making use of mathematical
equations. The use of the NURBS, which is not dealt with in this paper, also speeds
up the comparison between a foot and a shoelast and simplifies important opera-
tions, such as the numerical filtering of the 2-D images acquired by the camera and
the geometrical smoothing of the surface of the custom-made shoelast.

3. System model

The proposed vision system can be employed to perform precise 3D scans only
if an accurate mathematical model of the system is developed and employed to
extract information from the 2-D images of the camera. The model must take into
consideration the kinematic and optical propreties of the lasers and of the camera.
Figures 1 and 3, which only refers to the camera, show the position and orientation
of all the cartesian coordinate systems considered in the mathematical model of the
appliance. Henceforth only one of the two lasers employed is being considered:
because they both operate in the same way, all the relations written with reference
to one laser can be easyly modified to last also for the other one.

The world reference and light plane (laser beam) reference, marked respectively
W and L, are both centered at O, which is the center of the footboard and also the
center of rotation of the laser-camera system. The axis X lies on the footboard and
is aligned to the projection of the camera optical axis at the start-stop-idle (s-s-i)
position, which is the position where the laser-camera system starts from and stops

CAMERA A

!

Figure 3. Schematic representation of the camera and of its CCD sensor. The camera, image
plane and computer image coordinate systems are drawn.
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Figure 4. The three points considered lying on the same line (dashed) in the pinhole model.

at during the scans; the axis Zy lies on the light plane. As far as the light plane
reference is concerned, Z;, is perpendicular to the light plane, while X lies on both
the footboard and the light plane, finally, Y, coincides with Zy,. Because the light
plane is orthogonal to the footboard and passes through its center, the position
of the light plane in the world coordinate system can be directly determined by
measuring the angle between Xy and X . Figure 3 shows that the camera reference
and the image plane reference, which are respectively marked C and I, are both
centered at the optical principal point (i.e., the intersection of the optical axis and
the image plane). The axis X¢ coincides with the optical axis while Y¢ and Z¢ are
parallel respectively to the rows and columns of the sensor and coincide with Y;
and Z,;. Finally, the computer image reference, which is marked F, is centered at
the top-left sensor element. The position of any point in such reference corresponds
to the coordinate used to store its discrete image in the frame memory.

If a perfect pinhole camera model is adopted, initially neglecting optical distor-
tion, a generic point on the light plane, its image on the image plane, and the lens
optical center must lie on the same line. Figure 4 shows the three points aligned,
whose coordinates in the camera reference are respectively (xi, yi, z1), (x3, ¥3, 23),
and (x2, y2, 22). In order to respect the mentioned geometric constraint, the matrix

Xo—= X1 Y2—Y1 22— 21 (1)
X3 —X1 Y3s—Y1 23—21

must have rank 1, which can be expressed by the following system:

(2 —x1)(z3 —21) — (x3 — x1)(22 — 21) =0, ()

{ (2 —x)(y3 —y1) — (3 —x) (2 —y1) =0,
2 —y)(z3—z1) — (3 — y1)(z2 —z1) = 0.
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Introducing the notations:

2= ¥z X3 — X2 0
H*Z[Zz—z3 0 x3—xzi|, 3)
0 2—23 Y3— 0
X2Y3 — X3)2
K" = — [x2z3 - X322:| , 4)
Y2323 — Y322

the system in Equation (2) reduces to:
H* (x;, y1,21)" = K*. (5)

It can be readily verified that the determinant of the matrix H" is equal to zero,
therefore oo! solutions for (x;, y;, z1) can be obtained solving Equation (5). Only
if Equation (5) is solved considering the additional constraint that point 1 must also
belong to the light plane, can the coordinates (x, y;, z;) be found. Assuming that
the equation of the light plane in the camera coordinate system is

Ax1+By;+Cz1+ D =0 (6)

such equation can be added to two independent equations extracted from Equa-
tion (5) to form a new system, whose matrix is called H, and which only has one
solution. In matrix notation the new system takes the form:

(x1.y1. 2" =HT'K )
where:

=y —f O

H=|-z; 0 —f}, )
L A B C
=y f

K= —Zlf . (9)
| —D

In accordance with a perfect pinhole model of the camera, it has been assumed
that:

(x2, ¥2,22) = (£, 0,0), (10)

(x3, ¥3,23) = (0, y7, 21) (11)

where f is the distance between the image plane and the optical center (i.e., the
effective focal length), and (y,, z;) are the coordinates of point 3 in the image
plane reference. The values of A, B, C and D depend on the geometry of the
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Figure 5. Basic geometry of the system model.
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system model, which is schematically illustrated in Figures 5(a), (b) and (c). The
explicit expressions of A, B, C and D employed in the model and how they may
be obtained are reported in the Appendix.

Equation (7) allows obtaining the position, in the camera reference, of a point in
the light plane when the position of its image is known in the image plane reference.
The discretization of the image caused by the CCD sensor and by the frame buffer,
makes it necessary to compute the coordinates, in the 2-D image plane reference,
of the image of any point starting from its 2-D computer image coordinates. The
following transformation is employed to this purpose:

Y = Sydy(yF - Cy)’ 12
21 =d(—=zr +C;) (12)

where, with reference to Figure 3:

e (yy, z7) are the coordinates in the image plane reference of point 3,

e (yr, zF) are the computer image coordinates of the same point,

e d, is the center to center distance between adjacent sensor elements in Yp
direction corresponding to the scan line direction,

e d. is the center to center distance between adjacent sensor elements in Zp
direction,
(Cy, C;) are the computer image coordinate of the optical principal point,
sy is the horizontal scale factor, which is the conversion factor from the com-
puter image pixel unit to the sensor element unit. An approximate estimate of
the scale factor is obtained through Equation (13), having denoted with N, the
number of sensor elements in the scan line direction and with M, the number
of picture elements in a line as sampled by the computer:

5y = (13)

Lens distortion has not been considered yet. In this work only radial distortion
has been introduced in the mathematical model. Tangential distortion is in fact
negligible, as it usually is in most industrial machine vision applications. As a
consequence of radial distortion, the true image of point 1 on the image plane does
not coincide with point 3. The following transformation is employed to relate the
coordinates of the distorted image of point 1 in the image plane reference to the
coordinates of its undistorted image, computed in the same reference; it holds:

yu = yo(1 + Ki1p> + K2p*),

14
zuv = zp(1 + K1 p* + K2p%) 14

where:
e (yp, zp) are the distorted image coordinates in the image plane reference,
e (yy, zy) are the undistorted image coordinates in the image plane reference,
corresponding to the coordinates previously called (yy, z;),
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e p=./yh+z3 is the radial distance of the distorted image from the optical
principal point,
e K, and K, are the coefficients of radial distortion.

After using Equation (7) to compute the coordinates of a generic point on the
light plane in the camera reference, determining the position of the same point
in the 3D world reference is straightforward. In fact, as underlined above, the
light beam emitted by the laser is orthogonal to the machine steady footboard and
passes through the footboard center, which is the origin of the world reference,
of the light plane reference, and also the center of rotation of the laser-camera
system. The position of the light plane in the world coordinate system can therefore
be determined by measuring the angle between Xy and X; which expresses the
rotation of the laser-camera system about the footboard center. In the experimental
prototype such an angle is measured by means of an optical encoder. The following
equation expresses the rigid body transformation from the 3D camera coordinate
system (x¢, y¢, z¢) to the 3D world coordinate system (xyw, yw, Zw):

Xc Xw
|:yc:| :RWC|:ij| + Twc (15)

Zc iw
where:
e Ry is the 3 x 3 rotation matrix expressing the orientation of the world
reference in the camera reference,
e Ty is the 3 x 1 translation vector expressing the position of the world
reference origin in the camera reference.

In order to determine the value of the elements of Ry, the 3D rotation about
the origin necessary to match the orientation of the world reference with the one of
the camera reference is expressed as a sequence of rotations @, ¢ and o about the
axes Zy, Yw, and Xy . Figures 5(a), (b) and (c) shows the mentioned angles. It is
possible to write:

— cos ¢ cos U
Ryc = |:cososin15‘+sinasin(pcos15‘
sin o sin ¥ — cos o sin ¢ cos ¥
— Cos @ sin ¥ —sing
— cos o cos ¥ + sin o sin ¢ sin ¥ —sinacos<pi| (16)
—sino cos¥ —coso singsiny  cos o coS ¢

1, <a+g>—acosgo—CC
Tye = |:tyi| = | \cos¢ (17

and

asino sin @
—acoso sing

where:

a= <h+L> coty — g. (18)
cos @
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Figure 6. Transformation from 2-D computer image coordinate to 3D world coordinate.

Assembling the matrices Ry ¢ and Ty ¢ in the transformation matrix Q, it holds:

Q= - -i ------- . (19)

There follows that the homogeneous coordinates in the world reference of a generic
point on the light plane can be computed from its coordinates in the camera refer-
ence by means of the transformation:

(xw, yws zw, DT = Q7 (xe, ye, ze, D (20)

Similarly, it is possible to write:
w1
(xz,yr, 2z, DT = Q% (xc, ye, ze, DT, (21)
Gows ywazw, DT =W, v, 2, DT (22)

As it is reported in the Appendix, the elements of the matrices Q" and W are
computed through a procedure similar to the one described above. In the next
section the role of these two marices is explained: Q" becomes useful to speed
up data acquisition while W is employed to post-process images.

To sum up, the overall transformation from the two-dimensional computer im-
age coordinates (yg, zr) to the three-dimensional world coordinates (xw, yw, Zw)
is schematically illustrated in Figure 6. The parameters that are to be known or
computed at each step of the transformation are written near the arrows.

4. Data Acquisition Procedure

Two important aspects were taken into consideration when defining the data acqui-
sition procedure:
e the knowledge of the light plane rotary position is necessary only at the very
end of the overall transformation from the 2-D computer image coordinate
system to the 3D world coordinate system (see Equation (20) and Figure 6);
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e while scanning there are no changes in the relative position of the camera
and each laser, hence a R? to R? biunique correspondence exists between any
point of the light plane within the field of view of the camera and its projection
in the camera image plane.

The overall transformation of 2-D computer image coordinates into 3D world
coordinates can therefore be split into two independent transformations, the first
associating the light plane coordinates of a point on the light plane with the im-
age plane coordinates of its image, and the second associating the world refer-
ence coordinates with the light plane coordinates through the rotary position ¢
(Equation (22)).

The splitting of these two separate transformations leads to a considerable re-
duction in scanning time, in fact the real-time use of the formulas written in the
previous section for all the points of the line of light sensed by the camera at
each rotary position would imply handling trigonometric terms and computing the
inverse of the matrix Q, which slows down pixel transformation.

On the basis of the aforementioned considerations data have been arranged in
an appropriate structure which reduces the calculations to be carried out while
scanning. At the end of the calibration procedure (to be described in Part II of
this paper), the mathematical model of the system is employed to yield two tables,
called calibration tables, associating the computer image coordinates of all the
pixels with the light plane coordinates of the corresponding points on the two laser
light planes. While scanning, the acquisition program can therefore quickly convert
the computer image coordinates of each pixel of the image of the line of light, into
the light plane coordinates of the corresponding point in the light plane projected
by the laser used. This process is repeated at each chosen position of the circular
trajectory swept out by the laser-camera system. The data gathered, also including

Rotary

Position

Optical Encoder -i-y 9 -

Calibration E o
R x v .0 :
(v,oz,), Wy | Oy (x,.v,.0), ﬂi y |

Calibration
. - - X ;p.0
("L !—'?uf-'}n Table ( L7 %L ]n

(X, V,.2,) g e (X0 V22 ,) | Post-processing | QS

Figure 7. Scheme of the data acquisition procedure.
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the rotary position ¥, are stored in a matrix of appropriate dimensions. These data,
basically providing the position of the points in cylindrical coordinates, are then
post-processed using Equation (22) to compute the position, in the world reference
of all the points sensed. Post-processing is carried out after scanning and hence it
does not affect scanning time.

Figure 7 shows a schematic representation of the acquisition procedure. The
computer image of the line of light sensed at the ¢ rotary position is supposed to
be composed of n pixels. In the scheme only one rotary position is considered,
therefore not a matrix but a vector of coordinates is generated.

5. Laboratory prototype

The experimental prototype of the system has been manufactured in cooperation

with Label Elettronica S.r.l., an Italian company based in Padova. The prototype

consists of the following components:

e one PULNIX TM 500 CCD B/W video camera with 582, x 500, sensor
elements spaced between each other 12.7 um in the horizontal direction and
8.3 um in the vertical direction;
one FlashBus MV Pro frame grabber manufactured by Integral Technologies;
one Computar C-mount lens with a focal length of 8 mm;
two laser sources, manufactured by Lasertech S.r.1., each producing a vertical
and planar laser-beam characterized by a 0.7/0.3 mrad divergence. The wave-
length of the laser beam is 660 nm, corresponding to red light, and the power
of the emission is 4 mW. The optics of the laser is spot-adjustable and the spot
is set at 450 mm;
e one Angst & Pfister SWF 403957-W193 DC motor exerting a maximum

torque of 5 Nm;
one optical encoder with a resolution of 8000 steps/mech.rev.;
one Advantech PCL-833 three-axis quadrature encoder card;
one Advantech PCL-725 digital I/O card, employed to switch on and off the
lasers and to control the DC motor operation;
one Intel Pentium II 300 MHz processor PC with 64 MB RAM;
a metallic framework including:
e one rotating carriage,
e one central steady footboard where the foot to be scanned is placed,
e one elevated steady stand for the foot idle,
e one wide handhold which patients can cling to.

The DC motor, the optical encoder, and all the other mechanical and electrical
devices necessary to transmit motion and to carry electrical signals and power are
fit inside the central steady footboard; Figure 8 shows a picture of the prototype. As
mentioned above, two laser sources are used alternately in order to prevent shad-
owing, in fact it often happens that the camera cannot see the line of light projected
by the laser on the foot when the line is behind a protuberant part. The relative
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Figure 8. The experimental prototype.

position of the lasers and the camera cannot change during and after scanning, in
fact, the lasers and the camera are fixed to the same carriage rotating about the
center of the machine steady footboard. The two lasers forms a precise angle of
/2 rad, and they are located symmetrically with respect to the camera (they can
be seen in Figure 8, one on the left, and the other on the right of the camera) so that
each laser-beam forms an angle « of approximately /4 rad with the projection of
the camera optical axis on the footboard. The projection of the camera optical axis
and the laser-beams pass through the center of the footboard, which coincides with
the center of rotation of the laser-camera system.

So as to assure that both the projection of the camera optical axis and the light
planes emitted by the lasers pass through the center of rotation of the laser-camera
system, the lasers and the camera are mounted on precision guides, allowing a
manual adjustment of their positioning. The relative position among the lasers and
the camera can then be accurately established through the calibration procedure
described in Part II.

The prototype chief geometrical characteristics are synthetically reported in
Table I. The meaning of the symbol can be inferred observing Figures 5(b) and (c).

A user-friendly window interface (see Figure 9) has been developed to easily
control the system operation and to modify some relevant parameters affecting the
acquisition process, among which the most important is the binarization threshold.
The binarization threshold is a value set to properly convert the gray scale image
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Table 1. Chief geometrical characteristics of the prototype
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Figure 9. The user interface: a gray scale image of a shoelast and of the projected laser light
is shown overlapped with a 3D image of the same shoelast. The slider used to set the value of
the threshold is visible as well as the main window tool bar.

acquired by the camera into a binary image showing only the line of light pro-
jected by the laser on the foot surface. Before each scan, the choice of the most
appropriate value of the threshold should be made taking into consideration the
instantaneous illumination of the background. The desired value can be quickly
found moving the slider shown in Figure 9 and observing the effect on the binary
image on the PC display screen.

Through the same interface it is also possible to manage the patients’ data, to
access the shoelast database, to perform measurements on the foot model, to run
the procedure computing the shape of a customized shoelast, to execute image
processing, such as numerical filtering and geometrical smoothing, and to set-up
and call the machine calibration procedure.

Most of the aforementioned operations are not described and analyzed here, be-
ing of limited scientific interest. Nonetheless, in this conclusive part of the paper a
brief description of the operations made on the data acquired and stored is reported
to prove the effectiveness of the system.

Once the 3D shape of a patient’s foot is reconstructed through the aggregation
of the selected images of the lines of light captured by the camera (Figure 2), a 3D
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Figure 10. Reconstructed 3D image of a foot.

Figure 11. Examples of 2-D sections, and of geometrical features extracted by the 3D image
of a foot.

mathematical representation of the foot is built by the NURBS, and a 3D image of
the foot is reconstructed (Figure 10). Through the interface developed, the image
can be easily rotated, enlarged, and 2-D sections of the image may be drawn on the
user-defined plans. Moreover interesting geometrical features, like the area and the
perimeter of a 2-D section, or the width of the foot in a selected position, can be
extracted directly from the foot image (Figure 11).
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Figure 13. Customized shoelast.

Subsequently, as it has been mentioned above, the 3D model of the foot can be
compared to the standard shoelasts available in a library, in order to chose the best
fitting shoelast, and to modify the shoelast chosen so as to design a customized
shoelast matching the actual shape of the patient’s foot. Figure 12 shows the plan
view of a sample foot acquired through the system (pale gray) and of a standard
shoelast (dark gray). Figure 13 shows the customized shoelast: the pale-gray areas
represent the areas where the standard shape of the shoelast has been modified
to contain the entire volume of the foot. In the customized shoelast, geometrical
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smoothing algorithms have been adopted to obtain gradual transitions between the
modified and the unchanged surfaces.

6. Conclusions

The objective of executing accurate, reproducible, fast and not-invasive 3D non-
contact orthopedic measurements has been achieved developing an opto-mechanical
appliance which makes use of the structured-light vision technology. The system
chief components are a CCD camera and two linear laser sources which rotate
about the foot to be scanned. The 2-D images of the lines of light captured by the
camera are aggregated and processed to create a 3D model of the foot. This model
can be compared to a requested standard shoelast to design a customized shoelast.

A complete modelization of the system has been introduced in this work: it
allows transforming the two-dimensional computer image coordinates of a point
image into the three-dimensional world coordinates of the point. The real-time use
of such a transformation leads to high scanning time because the formulas include
trigonometric terms and the inverse of a matrix, which slows down the overall ac-
quisition process. A faster acquisition procedure has therefore been implemented,
which still employs the mathematical relations identified, but requires arranging
data in an appropriate structure.

A laboratory prototype of the system is described, and an example of the cus-
tomized shoelast obtained mixing the shape of a measured sample foot and that of
a standard shoelast is shown.

An accurate calibration of the system is necessary to ensure the accuracy and
reproducibility of the observations. The calibration methodology conceived and
implemented is described in detail in Part II of the this paper, where also the
experimental results obtained using the system prototype are summarized.

Appendix

An approach similar to the one described in Section 3 to determine the elements of
matrix Q, is employed to compute the elements of matrix Q"

1
Ric i Tre
* 1
Q= - e . (A.1)
o 1
where
COS ¢ COS —sing
R,c = | cososina —sino singcosa —sino cos ¢
sino sin® + cos o Sing cOS®  COS O COS @

—COS O cosa — sino sin @ sino (A.2)

CoS @ sin« i|
—sino cos® + cos o sin ¢ sin



AN OPTO-MECHANICAL APPLIANCE FOR 3D ORTHOPEDIC MEASUREMENTS 19

and

Ix
Tic=Twe = |:ty:| . (A.3)
tZ

The coordinates 7,, 7, and 7, express the position of the light plane origin in the
camera reference, they are the same as those in Equation (17) since the origin of
the light plane coordinate system coincides with the origin of the world coordinate
system.

The overall rotation necessary to match the orientation of the light plane refer-
ence with that of the camera reference, is expressed as a sequence of rotations ¢, @
and o about the axes Z;, Y;, and X;. The meaning of the angles «, ¢, and o can
be inferred from Figures 5(a), (b), and (c) where only one of the two lasers adopted
is shown. In this paper, all the formulas containing the symbol « refer to the laser
shown. Because the two lasers actually employed are symmetrically located with
respect to the camera, if it is necessary to refer to the laser which is not shown in
Figure 5, the symbol « needs to be replaced with —c.

The matrix W, expressing the transformation from the world coordinate system
to the light plane coordinate system takes the form:

—cos(+a) —sin(@+a) 0 O

0 0 1 0
W=1_ sin(d +a) cos(®4+a) O O (A4)
0 0 0 1

In fact, a rotation of —7 /2 about the axis X; followed by a rotation (¢ 4 «) about
the axis Z; make the two coordinate systems coincide.

In order to compute the values of the parameters A, B, C and D of the equation
of the light plane in the camera coordinate system (Equation (6)), the coordinates,
in the camera reference, of three points lying on the light plane may be considered.
The following three points with very simple homogeneous coordinate expressions
are employed:

(0,0,0,1); = (tx. 1y, 1z, D,
(1,0,0, 1){ = (cos @pCcosa + 1, —COSO Sina — sino sing cos o + 1,
—sino sina + coso sing cosa + ¢, l)z (A.5)
0, 1,0, 1){ = (— sing + t,, —sino cos ¢ + t,, COS O COS ¢ + 1, 1)2
The coordinates marked with the subscript L are expressed in the light plane co-

ordinate system. Those marked with the subscript C are expressed in the camera
coordinate system and are computed employing Equation (21). Because the three
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points lie on the same plane, whose equation is assumed to be Equation (6), it
holds:

Iy
A = |cososina —sino singcosa +1, ,
—sino cos ¢ + 1,
t, 1
sino sina + coso singcosao +¢, 1], (A.6)
COS O COs @ + 1, 1

te t, 1
B = —|cosgpcosa+1t, sinosina+cososingcosa+t, 1|, (A7)
—sing + t, coso cos +t, 1

I ty 1
C = |cospcosa +1, cososina —sinosingcosa +1t, 1], (A.8)
—sing + t, —sino cos ¢ + 1, 1

I ty
D = —|cosgcosa+1, cososina —sinosingcosa + 1,
—sing + ¢, —sino cos g + 1,

tZ
sino sino + coso singcoso + ¢, | . (A9)
COSo CosS ¢ + 1,

Computing the determinants of the matrices it follows:

A = cosgsing,

B = —cosocosa — sino sin g sin,

C = —sino cosa + coso sing sina, (A.10)
D = —t,cospsina +1,(coso cosa + sino sing sina)

+t,(sino cosa — cos o sing sina).
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