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CALIBRATION OF A 5-AXIS CNC MACHINE FOR MAKING
ORTHOSES BY MEANS OF A VISION SYSTEM

Summary

Orthoses are aids that compensate for the loss of function of a particular part of the
locomotor system, while prostheses are devices that compensate for the loss of a part of the
body. Digital technologies have enabled the measurement and the production of such aids. The
production technology is a CNC or robotics arm-based system comprising several modules that
are relatively positioned with a submillimetre precision. In practice, the implementation and
calibration of such systems are challenging, especially in cases of adapting already used
hardware or when the control unit is undocumented or closed to outside interventions. Our
approach responds to several challenges, resulting in a unique visual solution for fast and
affordable calibration. This approach enables reading the machine positions from an external
computer without a physical connection to the control unit, tracking the movement of the
machine in near real-time, and finally calculating calibration parameters of the observed system.
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1. Introduction

Medical and technical professionals in orthotics and prosthetics (O&P) [1-3] deal with
the production of orthoses (Fig. 1).

Making orthoses is a complex procedure that involves many professional staff [4] and is
often uncomfortable for the patient. It takes a great deal of time and materials, and requires
special tools. These facts are particularly true in the standard (manual) procedure. Although
more or less specialised digital production solutions are available on the market, a manual
approach is still predominant in most orthotic laboratories for the production of moulds for
orthoses. In recent times, the use of digital acquisition, digital technologies, and digital
manufacturing methods has increased, but their inaccessibility and high level of complexity
mean that they are often unprofitable [5,6]. Making a custom-made orthosis involves defining
the surface area of the body part to which the orthosis will be applied, the function of which
will be modified by the orthosis. In the standard (manual) procedure, this volumetric
measurement involves shaping a softer material on the part of the body for which the orthosis
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is to be made. After the impression is formed by solidification, a shape (a negative mould) is
obtained. After subsequent procedures, a positive mould is obtained, on the basis of which an
orthosis is formed by the thermoforming of the material. A digital solution that describes the
shape of the surface of the body part of interest involves digitalisation using a 3D digitising
device [7,8].

Fig. 1 Orthoses

Today, we can find numerous commercial forms of 3D digitising devices. They are
primarily general-purpose and can be used, with or without modifications, to scan body parts.
In orthotics, there is a need for specific solutions because of the following specific problems:

e there is a need for rapid acquisition;

e the imaging area is often large;

e the object is not entirely static, and it must usually be in a forced position during
scanning; and

e the patient may be traumatised and often cannot speak.

By resolving these problems, it is possible to implement the scanning process quickly and
easily with reasonable accuracy. Also, the results of the process are in a form that can be easily
imported into any CAD program.

Once the result has been imported, the surface is modified to create a model, based on
which a mould (positive) (Fig. 2), or the orthosis itself, is made using an appropriate production
technology. High production costs are among the major obstacles to a wider practical use of
CAD/CAM technology [9]. Initial investments in production technology (e.g. CNC milling
machines and lathes, and robotic arms) are substantial, especially when it comes to new
equipment [10,11].

The calibration and implementation of orthoses can be accelerated by the application of
an appropriate computer vision system. With such a vision system, it is possible to define the
geometry of the machine, the work envelope, and the precision of tasks, and to calibrate tools
without the need to connect to the control system of the machine, which may be old or closed
to external control.

A question that is often asked is how a machine that has already been used can be adapted
for making orthoses. For the needs of orthotic practice, it is possible to modify the existing
designs of production machines and robots. Given that softer polymeric materials are mainly
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used in the production, and tolerances are tighter than those for metal machining, adaptation is
often carried out on machines and robots that have already been used (for example, in the
automotive industry). Despite showing signs of wear, such units still have satisfactory technical
characteristics for use in the manufacture of orthoses. Their price and reliable technical
capabilities make them a good choice, especially in small and medium-sized laboratories.

Fig. 2 Moulds for orthoses made using the CAD / CAM technology

In the practice of making orthoses, there is also a need for the machine to have a specific
design, sometimes accompanied with more complex kinematics, so the calibration procedure
for such a machine varies significantly from the usual procedures. There is a requirement to
adapt the technical characteristics to specifics that include changes in work envelope, unique
material clamping devices, and upgrades with additional axes. Such units often come from
industrial settings without accompanying documentation or a description of their technical
characteristics and with older operating systems and controls, which may be closed to external
access. This creates a need for solutions that are as inexpensive as possible and a requirement
for the calibration procedure and the commissioning to be simplified. The application of vision
systems allows us to find practical solutions that can meet most of these needs.

2. Materials and methods

In our example, a 5-axis numerical machine intended for making orthoses was created
(Fig. 3). The machine consists of two functional modules. The first is based on parallel
kinematics in a PSS (prismatic—spherical— spherical) three-stage design, which enables the
movement of a mobile platform with a spindle motor and a milling tool in the work envelope.
The second module is a configuration with A and C axes that make it possible to rotate and tilt
the work pieces. This type of numerical processing machine is not common in orthotic practice;
production units based on parallel kinematics are more commonly used in rapid prototyping
(RPT) versions. Nevertheless, the creation of the numerical machine and the construction of the
prototype enabled the concept testing and examination of the advantages and disadvantages of
this approach.

Given the requirement to simplify the use of such a machine in practice and the fact that
its design is unconventional, there was a need to determine the methodology for its calibration.
The use of a vision system for this purpose was considered to be a possible approach.
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Fig. 3 A 5-axis orthosis machine based on parallel kinematics

The main problems that need to be solved by applying a vision system are:

Reading the linear axis position values from an isolated control system;

Defining the coordinate system (CS) and the work envelope of the machine and
establishing a relationship with the CS of the vision system; and

Calibrating the zero point and the A and C rotary axes.

The initial state was accompanied by the conditions listed below that significantly
increased the complexity of the use of this procedure:

Prototype of a CNC machine with an unconventional design;
Tool movements realised on the principle of parallel kinematics; and

Closed control system from which it is not possible to read positions from the encoder
on the linear axes.

In addition to the problems listed above, the vision system for the calibration of the
machine required features that would include:

Spatial monitoring of the movement of the top of the calibration object in the form of
a tentacle with infrared (IR) reflective beads;

Tracking of fixed indexed markers in the machine work envelope;

Monitoring of the positions of calibration objects fixed to the A and C axes of the
machine;

Visual reading of positions from the control computer display;

Software module for communication and camera shooting, as well as for capturing
and monitoring of markers in near real-time; and

Vision software, including modules for capture management, -calibration,
reconstruction, optical capture recognition (OCR) [12-14], and a graphical interface.

In this research and research-related tasks, we used commercially available components
of hardware. The only major exception was the use of the Optitrack vision tracking system [15],
which was used for robustness and accuracy to confirm the principles, while the final project
will include the use of more affordable vision components. This approach to the problem
simplified the realisation of the system and its use in practice. Since the components used are
widely available, they can be easily acquired and quickly replaced when needed. It is possible
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to replace them with components that are different from those initially used because this is
permitted by the technical design and the practical and flexible calibration procedure.

The hardware used in the realisation of our vision solution includes:

e (Camera to record the screen of the control unit. This camera is connected by means
of Bluetooth or WLAN to the main processing PC;

e Vision system with two cameras (our set includes our own system defined by
ourselves and a commercial Optitrack system);

e Disc with IR light-emitting diodes (LEDs) on the rim, placed around the camera lens
to illuminate the scene;

e (Calibration objects, which can be a probe, handles, and plates with IR markers in the
form of circular labels and beads with IR reflective surface and augmented reality
markers, i.e. ArUco markers . Flat plates with a binary pattern in the form of a
chessboard are also used in this procedure; and

e Tripods, fixing plates, and cables.

2.1 Vision system calibration procedure

The calibration procedure is an indispensable condition for the application of any vision
system when used as a measuring system. This procedure must be carried out precisely because
the accuracy of all other measurements depends on the results obtained.

The primary calibration procedure for cameras includes finding intrinsic and extrinsic
parameters and their interrelationship.

Precisely made calibration objects (plates) with coded binary patterns and known
geometric characteristics are used for this procedure. In our approach, we used Zhang’s method
[16-18]. This involves capturing a planar calibration object (Fig. 4) with a chessboard pattern
from multiple views.

Fig. 4 Planar calibration object with a chessboard pattern

This method was chosen because it eliminates the need to create complex 3D calibration
objects, it is easy to use, and it achieves high quality results. In addition, it allows the captured
material to be used for the realisation of other steps s in the procedure, such as the calibration
of the relative position of the camera.

The procedure of extracting and indexing significant points makes it possible to determine
the homography between the model of the calibration of a planar object and its image from a
single view. Initially, the position of the separated and indexed corners in 3D space is not
known, but their position on the plate (the model, in its CS) is known. The points of the physical
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object (the chessboard) have the Z coordinate equal to 0, and the X and Y positions of the
separated indexed corners in relation to the physical dimensions of the board and its CS are
known. Zhang’s procedure involves obtaining intrinsic and extrinsic camera parameters.

2.1.1 Intrinsic parameters

The crucial segment in defining intrinsic parameters involves finding the calibration
matrix K [19].
a y ux
K= IO B uyl (1)
0 0 1
where a is the focal length for the x-axis, f is the focal length for the y axis, and vy is the skew

factor. In the optical centre of the camera, ux is the centre of the camera along the x-axis, while
vy is the centre of the camera along the y axis.

The values of ux and vy should be very close to the centre of the image (image width / 2,
image height / 2) for cameras used for measurement. The ratio of the focal lengths a and P
should ideally be 1.

The projection of the spatial point (M) on the camera screen (m) is achieved by the
transformation (2):

sm=K[R t|M (2)
where s is scalar

sfuv 1]™=K[rir2r3 t][ XY Z 17" 3)
Since for all views Z = 0 for a planar object, expression (4) holds:

sfuv 1]™=K[rir2 0 ¢][ XY 0 1]" 4)
We do not need the last column of the rotational matrix, so we get expression (5):

sfuv 1]™=K[r1 r2 t][X Y 1" (5)

H=K[r1r: t] (6)

where H represents the matrix of homography [20], a transformation that maps a 2D point from
one plane to another. Any two images of the same planar object from different perspectives are
connected by a homography. The homography matrix can be obtained from as many as four
points (although the N-point approach is also used) and their correspondent points in the second
image. For the calibration of our vision system, the homography was determined between the
corners on the calibration object (a planar object of known dimensions and positions, with a
chessboard pattern) and their images.

sm=HM (7)
H= [h1 hz hs] (8)
x'=Hx )
[h1 h2 h3]=AK[r1 r2 t] (10)

A 1s an arbitrary scalar
hT1 KT K1h,=0 (11)
hT1 KT Kthi= hT2KTK1h2 (12)
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KK is the image of an absolute conic (IAC (®)); the image of an absolute conic
(absolute conic Qo) (second-order curve) consists of points lying on a plane at infinity. The
absolute conic is of particular interest because of its connection to the calibration matrix K.

If we apply expression (2) to the point X (13) located on the absolute conic (Qo0)

_[d
x=| o] (13)
then it follows that
x=K[R t] < x=K[R t]d (14)
xK'=Rd < x'KK'x=d'd =0 (15)
and the projection of the point X is on the conic (16)
(KK")! = =1AC (16)
o =B=K'K' (17)

where B is the symmetric matrix.

The IAC dual is a dual image of absolute conic (DIAC (@*). If the conic is not degenerate,
its dual is a symmetric matrix, its inverse.

w*=KK' (18)
The following procedure yields the components of the matrix of intrinsic parameters:
By Bi; Bis
B = (By;1 Bjy Bp3 (19)
B31 B3z Bss
hTi Bhj=(vDib (20)
b= (B11 B12 B22 B13 B23 B33) (21)
=0 (22)
V is the 2n % 6 matrix
-y
[(Un —121722)T] b=0 23)
vij = [hithj1, hithjz + hi2hj1, hizhj2, hishji + hithjs, hishj2 + hi2hj3, hishj3]" (24)

If n >3 (where n is the number of homographies, which is related to the number of images
of the calibration object), then b (21) is the eigenvector of the lowest eigenvalue of VTV, from
which the symmetric matrix B can be created.

Using the Cholesky decomposition, any symmetric matrix can be decomposed into the
product of a lower triangular matrix and its transposition. Thus, the K matrix can be calculated
from the B matrix, knowing its relationship to the intrinsic parameters of the camera (17).

This procedure is also shown in expressions (25-30)
vy = (B12B13 — B11B23) /(B11B22 — B212) (25)

A = B33 — [B213 + vx(B12B13 — B11B23)]/B11 (26)

o =+/A/By; (27)

TRANSACTIONS OF FAMENA XLVI-3 (2022) 87



J. NiZeti¢, P. Raos, G. Simunovié, Calibration of a 5-Axis CNC Machine for

M. Klaié, A. Mutka Making Orthoses by Means of a Vision System
B= \/7\311/(]311322 — B?13) (28)
y = —B12a2B/A (29)
ux = yvy/B — B1za2 /A (30)

For the skew factor y, we can assume that its value is 0 or negligibly small for most
industrial cameras.

There is a particular procedure that includes the distortion coefficients of lenses [21]. In
our case, high quality lenses with low distortion (<0.1%) were used; therefore to preserve other
image features that may be changed by correcting the distortion, this procedure was not used.

2.1.2  Extrinsic parameters

The extrinsic parameters of the camera (relationship between the coordinate system of
the camera and that of the calibration object) are calculated by the following procedure:

ri =K 'h 31
r2 = AK thz (32)
r3=ri Xrz (33)
t= AK lhs (34)
A=1/[|K " hi|| = 1/]| K~ he|| (35)

If A satisfies the conditions of expression (35), then the vector t defines the actual
translation of the origin of the calibration plate in the camera CS for a given homography.

0= [rir2r3] (36)

The rotational matrix Q obtained due to noise is not a real rotational matrix because, if it
were, it would have to meet the condition RTR=I, that is, it would have to be orthonormal.

Q= USVT (37)

Therefore, the best approximation of the R matrix, for which the Frobenius norm of
(Q-R) is minimal (min || @-R ||), is required for the obtained matrix.

R=UVT (38)

This procedure determines the intrinsic and extrinsic parameters of the camera, thus
meeting the essential condition for the realisation of the monitoring assembly.

A further procedure involves finding the relationship between the cameras. To do this,
the results obtained in the previous procedure are used. As the main approach, we chose a
method based on the application of projection matrices. The projection matrix P [22,23] is a
singular 3 x 4 matrix that is defined as:

P=K[R t] (39)

This matrix is often applied in a range of computer vision algorithms. If there are no
hardware changes (e.g. focusing, lens change, and lens addition) on the camera, the matrix K is
defined and will not change. The matrix R and the vector t define the relationship between the
camera and the coordinate system of the calibration object; they change with each change in
the position of the camera with respect to that of the object.

Our approach of finding spatial positions of the corners on the calibration object is based
on the Perspective-3-Point method (P3P Grunert method [24]) and Direct Linear Transform
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(DLT) methods [25,26]. A prerequisite for our approach is that the camera is pre-calibrated to
intrinsic parameters as this allows the calculation of the angles between the lines on which the
observed points are located. Expression (40) defines the lines that connect a point in space and
its projection on the image of a calibrated camera. These lines pass through the principal point
of the camera.

v=K"p (40)

Here, v is the direction vector, which passes through the principal point and at which the
point p is in the image with normalised coordinates. By permuting the corners of the calibration
object (chessboard pattern), a field of triangles is realized. Their sides (physical distances on
the physical model) must be of different lengths. For further calculation, only those
combinations of triangles whose areas or angles are above a specified threshold were selected
in order to obtain more reliable results; triangles with areas below the specified threshold and
those with sharp angles give less reliable results because of lower angular resolution between
the points in the image. All the cameras that perform capturing have to be calibrated and the
capturing of the calibration objects (chessboards) has to be synchronised. After capturing, the
filtering process highlights only those triplets of points (three non-collinear points that are the
corners of each triangle) that are visible in all cameras and that meet the criteria stated above.
Ultimately, we have sets of pairs of 3D points obtained by the P3P process and their 2D
positions in the images of all cameras.

Our choice of method took us in the direction of defining a projection matrix for each
view. The projection matrix of an individual camera was obtained by the DLT method from
related 3D and 2D points. Since the capturing was synchronised for all cameras, 3D points
(spatial points) and their 2D correspondents (points in the image) in all views were obtained
from each position of the calibration object (chessboards) in space; this was done to calibrate
the intrinsic parameters of the camera. Three-dimensional points of an object that lie in the
same plane and that are seen from one view are not suitable for the DLT algorithm since it
requires a set of nonplanar 3D points. This was achieved by combining the results obtained
from several views, because there was no shift of the cameras in the given configuration. Thus,
a cloud of nonplanar 3D points was created; the correspondences between them were obtained
by the same procedure together with synchronised capturing on other cameras. Metric
projection matrices [P] were calculated from the results achieved (pairs of 3D and 2D points).
Since these matrices were found for each camera by simultaneously capturing the object in a
fixed position, they store information about the relationship between the cameras and the
calibration object in space.

The QR decomposition of the projection matrices yielded the rotation matrix R and the
translation vector t of each camera with respect to the calibration object. Subsequently,
transformations that describe the relationship between all the cameras were achieved from these
results. The aim here was to obtain the position of the camera centre in the CS of the calibration
object and to make it possible to reconstruct the spatial positions of the observed points. A
fundamental matrix F was created from pairs of correspondent points between individual
images that were captured from different views (other cameras in the setup) for the calibration
of intrinsic parameters. The fundamental matrix [27-30] is a 3x3 matrix that establishes
relationships between points in individual images from two views on which there are at least
eight correspondent points. If x and x' are the correspondent points on two images, then the
epipolar line is:

I'=Fx (41)

On this line, the correspondent point of the point x, x', must be found in another
(connected) image, for which the F matrix has been calculated.
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Also, for all correspondent pairs of points x and x', condition (42)
x'TFx=0 (42)

applies, which is extremely useful in verifying the applicability of the procedure.

In our study, this approach proved to be effective as the points we worked with were
extracted from the remaining content of the scene. These were the corners of the binary patterns
on the calibration object, or the position of the maximum (e.g., for markers in the form of IR
reflective balls).

In this way, it is possible to establish correspondences between two images with a high
level of reliability, regardless of the interrelationships between the cameras. For these reasons,
other methods are used that show an unambiguous relationship between points in the scene
captured from multiple views; examples are the use of invariants such as cross-ratio numbers
and the fact that, despite the projective transformation, points on the line remain on the line.

By knowing the correspondent points (x, x') in the images, the spatial positions of the
points are determined using the calculated projection matrices of the cameras (P, P').

X=f(x,x",P,P") [27] (43)

This example is used for two views, and a similar procedure is used for determining the
spatial positions of the points from three or more views.

By projecting the points (using projection matrices), it is possible to refine the extrinsic
parameters using iterative optimisation methods [31] and to improve the accuracy and stability
of the entire procedure significantly. A3D point transformed by the projection matrix should
ideally be projected exactly to the position of the correspondent point in the image for the pin-
hole model of the camera. From the calculated camera centres, the position of 3D points in the
CS of the calibration object (in our case, a cloud of 3D points) is known, as well as their
orientation and transformations between views.

2.2 Reading linear axis position values from an isolated control system

The literature lists several methods that can be used to supplement our approach, which is
one of our future goals. So far, we have described the basic methodology on which most of other
procedures in our approach are based. In our study, we used a set of industrial cameras with optics
and an Optitrack system. The Optitrack system was used because of its technical features that
allow for the implementation of 120 fps capture in the IR range. All the algorithms followed in
the calibration procedure were developed. By using these visual solutions, the application of the
vision system in solving the tasks related to machine calibration was made possible. To carry out
the planned calibration of the machine using our approach, it was first necessary to get the values
of positions from the three linear axes that form the driving part of the tripod module of the
machine. The driving part is based on parallel kinematics; it realizes the movements of a mobile
platform with a spindle motor and a tool. From the values of positions and from necessary
additional parameters, the XYZ positions of the tool tip are displayed through the program
module for direct kinematics. The version of the machine control unit used in our application
(model NCT 201, manufacturer NCT Kft. [32]) only allows commands to be entered via the
loaded file, while machine control via an external computer is not possible. It is also not possible
to read the values of the positions of the linear or rotational axes via an external computer. In our
version, the possibility of reading these values from the screen of the control computer was
considered (Fig. 5). Taking into account these facts, a particular vision system was adopted for
the calibration procedure as a solution to this problem. This vision system also entailed capturing
the screen of the control computer of the machine. Having obtained the result, the OCR software
on another computer extracted the content of an individual region in near real-time and converted
it into numerical values suitable for further processing.
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Fig. 5 Extraction of the values of the positions of machine linear axes using the OCR method. The textual
content is extracted from the image content of the blue frame, and numerical values (red rectangle) are formed
from it using the OCR method.

To increase the recognition success rate and reduce the error, we used a model optimised
only for numbers. In our case, we used tesseract-ocr [33]. This is especially important because
the screen contains content that cannot be accessed via the network and requires additional
processing if it is to be displayed in XYZ coordinates. For example, the screen of a machine
based on parallel kinematics shows the values of the positions of the linear axes, not the XYZ
tool tip coordinates. Using this method, there was no need for different hardware solutions to
connect to the control components of the machine.

This achievement solved the difficulties that had prevented the further implementation of
the method; they are:

e [t was not possible to connect to an external computer and read the values of the lever
lengths (linear axes). Since the machine is tripod-based, the machine control screen
displays the axis lengths L1, L2, and L3, without the XYZ tool tip position;

e [t was not possible to control the machine via an external computer; and

e [t was not possible to read other parameters of the machine such as the state of the
input.

In addition to these problems in this version of the machine, the rotary axes (A and C)
were not in the same plane, nor were they perpendicular to each other. After considering the
existing conditions and options, a machine-based calibration procedure was proposed.

Our proposal for this procedure is outlined in the following three subsections:

2.2.1 Carrying out the necessary measurements using a vision system and calibration
objects

A specially designed probe (tentacle) of known length and geometry was fixed in the tool
holder of the machine tool (Fig. 6). The tentacle was made of aluminium, while its pointed tip
was made of steel. When fixed, the tentacle axis and the motor spindle axis were collinear. The
shaft of the tentacle is the part that was inserted into the collet. The central part of the tentacle
was a flat surface, which was equidistantly shifted from the central axis by the radius of the
spherical markers. On this surface, vision markers were placed in such a way that their centres
were on the tentacle axis. There were four markers, with known mutual distances, which, in
addition to defining the orientation and position of the tentacle tip, allowed their undoubted
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indexing. In addition, the distances of each marker to the tip of the tool and to the opposite end
(shaft), which was fixed in the collet during the procedure, were known. Another set of IR vision
markers was placed on the mobile platform of the machine. The purpose of these markers was to
monitor the movement of the mobile platform, and to optimise the generation of paths for the
parallel kinematic module. There were six or more of these markers that were located in a plane
passing through the centres of the spherical joints through which the mobile platform was
connected by levers to the base platform. At the same time, three markers were placed on the
assumed locations of the joints (since it is a tripod version) between the levers and the mobile
platform. The machine is driven by three levers that are connected to linear axes (X, Y, and Z);

Fig. 6 Tentacle: calibration object with IR vision markers

each lever consists of two paired rods. The paired rods are continuously parallel during the
operation of the machine. Because of this, tilting was disabled, so the mobile platform always
moved in a plane parallel to the plane of the base platform. For simplicity, it can be assumed that
the base platform was connected to the mobile platform via three arms. With known distances,
the position of the tip of the tentacle was determined according to the CS of the mobile platform;
in our case, it was located in the centre of the triangle by which it was geometrically defined. It
is worth noting that, in the current design of the machine, the vectors from the centre to the
corresponding vertices of the triangle of the base and mobile platforms of the machine are parallel
during its operation, regardless of the position of the mobile platform. By monitoring the markers,
the positions of all other joints on the machine can also be calculated.

IR reflective vision markers in the form of circular labels were placed on the stationary
structural elements of the machine. After defining the zero point (the workpiece zero point) and
the CS of the machine for the specified markers, the coordinates were determined. These markers
were also used to find the transformation between the CS of the machine and that of the camera.

The procedure for finding the transformation between the 3D CS of the camera (within
the vision system) and the CS of the machine starts with defining the origin of the machine CS
[34-36].

The tip of the tentacle was placed on a given point whose coordinates were taken as the
starting point for determining the positions of all points (Fig. 7). The tip of the tentacle was then
brought to the remaining markers (their centres), and these positions were stored. Since the testing
was performed on a machine based on parallel kinematics, the OCR readings of the values of the
lever lengths were translated through the direct kinematics software module into the XYZ
coordinates of the probe tip. In theory, three points are enough for the process of finding this
transformation, but 25 points were used to get a more reliable result. These markers were also
captured by the vision system and indexed, and their spatial positions were stored. Ultimately,
there were two sets of paired 3D coordinates for the positions of one physical marker — those in
the camera CS and those in the machine CS [34,37]. These sets were interrelated; for each point
of the set in the camera CS, a correspondent point in the CS of the machine was known.
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Fig. 7 The vision system follows the markers on the calibration object (tentacle) inserted in the machine tool holder

2.2.2  Defining the CS of the machine and establishing a relationship with the CS of the
vision system

First, a relationship between the coordinate systems of the vision system and the machine
is established. The transformation between the coordinate systems of the vision system and the
machine and vice versa was calculated using numerical methods on the data that had been
obtained. Since the obtained results (two 3D sets of points) also contained noise, the principal
component analysis (PCA) was chosen to find the first solution of the transformation [38]. This
transformation was iteratively improved by applying the nonlinear iterative closest point (ICP)
algorithm [26]. The transformation that was obtained established the relationship between the
coordinate systems of the camera and the machine, enabling visual monitoring of the movement
of the mobile platform and a comparison of the position values with those read from the machine.

Based on the results from the previous steps, test programmes were formed. These
enabled the movement of the mobile platform of the machine along given paths in the Cartesian
coordinate system. These paths were translated by the software module for calculating inverse
kinematics into desired lengths of the arms. When these lengths are achieved, the machine is in
the wanted position. The movement of the mobile platform with a fixed tentacle was monitored
by the vision system. In addition to the tentacles, a professional Optitrack vision system with a
rated speed of 120 fps was used in the calibration procedure. This system enables the tracking
of movements at higher rates and also allows an accuracy of 0.1 mm at distances of up to 2 m.
A future project will include the construction of a professional vision kit based on commercially
available hardware components to be used for this purpose. A prototype version of the kit has
already been created. It is to be expected that the professional vision kit will produce similar
results in tracking speed and will ensure sufficient accuracy at a significantly lower price. This
approach enables the effective monitoring of important functions of the machine, the tracking
of positions in near real-time, the finding of deviations from the given model, and the definition
of the source of deviations. This creates the conditions in which shortcomings can be remedied
and stability, appropriate speed, and reliability of operation ensured with the highest possible
precision. The application of the vision system also enables continuous monitoring and the
finding of errors in the operation of the machine in specific conditions that were not considered
in the test phase of the evaluation of machine processes.
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2.2.3 Calibration of A and C rotary axes

The application of the vision system that we created opens up the possibility of a
simplified procedure for calibrating the machine and the rotary axes. If there are shortcomings,
it is necessary to reduce them to the lowest possible level since even slight deviations create
serious errors and unacceptable machining inaccuracies. This issue is primarily addressed in
the construction and assembly of the machine. There are certain limitations in some designs
due to imperfections in the design or the complex structure, which cause a significant problem
in the implementation of the calibration procedure. In our prototype machine design, both issues
were present; the application of the vision system is expected to be helpful and allow the
calibration process to be carried out quickly and reliably.

After the physical establishment of coplanarity and orthogonality between the axes,
additional calibration was performed using the vision system. The goal was to define the lines
of the A and C rotary axes. The procedure involved placing a calibration object perpendicular
to the A and C rotary axes. The calibration object was an aluminium or wooden bar with IR
vision markers in the form of spheres, the centres of which were on the same line. Orthogonality
between the line on which the markers were placed and the axis of rotation is not a requirement,
but it is beneficial; the vision system had to allow the indexation of each marker. Thus, for an
individual turn, each marker was tracked throughout the rotation. The procedure was performed
following the calibration in which the origin of the machine coordinate system was defined,
along with the transformation between the coordinate system of the machine and that of the
vision system. This allowed the registered spatial positions of the markers to be shown in the
machine CS. The capture was carried out in several turns.

The calibration object was then rotated and each angular step was recorded. As a result
of each step, the spatial positions of individual markers rotated around the axis of rotation were
obtained. This procedure was repeated for each turn and for a shift in the position of the
calibration object along the observed axis. Finally, a set of spatial points was obtained for each
turn; this set represents the circular path of each marker around the axis of rotation. Using
numerical methods for the path of each marker, the centre of rotation was found. As a result, a
set of points with small deviations in the distance from the axis of rotation was obtained (ideally,
without deviation). This set was obtained for each turn, that is, it was captured with a calibration
object placed at another location along the corresponding axis of rotation.

Using the least squares method [39], a spatially defined line was fitted through the centre
points obtained from several turns conducted, where deviations from the points described above
were minimised. If, according to the analysis, there were points that significantly deviated from
the given line (outliers), they were excluded from further calculations, and the procedure was
repeated without them. As a final result, the straight line that determines the axis of rotation in
the CS of the machine was obtained. The same procedure was followed for the second axis.
Thus, the A and C axes of rotation were defined.

3. Results and discussion

The aim of our study was to carry out the calibration of a 5-axis machine based on parallel
kinematics using a vision system. The application of computer vision permitted practical and
flexible implementation of the procedure. For this purpose, procedures were developed that enable:

e the calibration of the vision system to determine intrinsic and extrinsic parameters;
o the establishment of a relationship among the coordinate systems of the cameras;
e a 3D reconstruction of the positions of IR vision markers from multiple views;

e the use of an OCR module for character recognition on the computer display and the
translation of the captured text into the required values;

e the use of a software module for capturing vision markers on the tentacle and
determining the position of the tentacle tip;
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e the establishment of a relationship between the coordinate systems of the machine
and the vision system; and

e the calculation of the zero point of the machine and the definition of the A and C
rotary axes of the machine.

In order to do this, appropriate hardware support was defined, obtained, and assembled,
and the necessary software solutions were developed. To ensure adequate accuracy, each of
these procedures was planned and carefully adopted.

The achievements related to the steps listed above are presented below.

3.1 The calibration of the vision system to determine intrinsic and extrinsic parameters

Zhang’s procedure was used to calibrate the cameras and their relationship to the
calibration object. This procedure enabled the calibration using planar objects with a binary
(black and white) pattern in the form of a chessboard. For calibration purposes, the plate was
rotated and captured with all the cameras. The number of images used was 70. In nine images
(12.86%), the angles between the squares were not correctly detected, and these images were
excluded from further processing. This phenomenon occurred in the images of the plates
inclined towards the camera at 30 degrees or more. As a result, the calibration matrix K with
intrinsic parameters, distortion factors, used in correcting the radial distortion of images, the R
matrix, and the t vector (extrinsic factors) were obtained.

3.2 The establishment of a relationship among the coordinate systems of the cameras

A geometric relationship was established between the coordinate systems of all the cameras
that synchronously captured the scene with the planar calibration object (chessboard) with known
features. Using the P3P procedure, the spatial positions of the corners of the plate were found.
During imaging, the vision system was stationary, as the panel was manually rotated on the
platform. Ultimately, a cloud of points that were not in the same plane (coplanar) was obtained,
along with their 2D positions in the image of each camera. This enabled the establishment of the
relationship between each camera and the calibration object in the form of a cloud of 3D points.
Since the imaging was synchronised and the image of the object in a certain position was taken
from multiple views, this procedure allowed the relationships between the object and each camera
to be established. In our case, from the 2D-3D correspondence, a metric projection matrix P
(camera matrix) was calculated for each camera. This step, among other things, enabled the
establishment of relationships between the cameras, which is a condition for the reconstruction
of the spatial positions of points from their positions in the image.

3.3 3D reconstruction of the positions of IR vision markers from multiple views

The tracking of markers on the scene using multiple cameras and the reconstruction of their
spatial positions and trajectories in the coordinate systems of arbitrarily selected cameras was
carried out using intrinsic and extrinsic parameters from the calibration results and the image
processing software for extracting the markers from the scene and finding their centres; the
principles of epipolar geometry were used in the process. Professional Optitrack system cameras
set to a capturing speed of 120 fps were used in our study. This system comes with software that
allows the centres of markers to be tracked with an accuracy of +/— 0.1 mm at a distance of 2 m.
Our goal was to create an affordable system. Optitrack was primarily used as the hardware to
perform marker imaging, while the algorithms we developed were used to determine the position
of the markers in space. Finally, the 3D reconstruction of the marker positions was also done
using the Optitrack software, as a reference for comparing the results with those achieved by our
procedures. The total deviation of the marker positions found by our algorithm from those found
by the reference system was ~1.5%. This difference is expected to be reduced by further
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improving the optimisation procedures. In this step, we achieved a technical solution in which the
markers in the image were indexed, reconstructed, and tracked in their 3D positions.

3.4 The use of an OCR module for character recognition on the computer display and the
translation of the captured text into the required values

The present control unit of the machine does not allow connection to external computers
nor the reading of position values from the encoder on the linear axes of the machine. Since this
problem is encountered in practice, a software solution was developed, which, in an
unconventional way, allowed the required values to be read from the image of the captured
screen of the control computer. By capturing a rectangular screen of known width and length,
the relationship between its four corners on the physical model and those on the captured scene
was established. These positions were located in the image of the screen that is projectively
deformed. Since the screen is a planar object, it was possible to calculate the transformation by
four correspondent points, which corrected the screen image and mapped it to a plane that was
parallel to the one in which the screen model was located. This created an image of the screen,
which was displayed as if it were taken in such a way that the optical axis of the camera was
perpendicular to the plane in which it was located.

In this model, rectangular regions were selected according to the same pattern, and an
individual parameter was read from each region. Of the several parameters that were read in our
case, the most important for the current application were those concerning the current positions
(Iengths) of the three linear axes which, via levers, produce movements of the mobile platform
with spindle and milling tools, but also those that show the angle of rotation for the A and C axes.

A smartphone camera was used to capture the screen of the control computer. The device
was connected to the computer via Bluetooth protocol. The capturing was carried out at a speed
of 4 fps, while the movements of the machine were temporarily paused when taking each
individual image. The textual content and its numerical value were extracted from the defined
regions in the screen image by an OCR module. After optimising the capturing parameters,
adapting them to the conditions, and implementing several filters that improved thresholding
and segmentation at the specified speed, 100% efficiency in the recognition of the positions of
linear axes s and the angles of A and C axes was achieved. This result satisfied the conditions
of our procedure and was utilised in the subsequent steps.

3.5 The use of a software module for capturing vision markers on the tentacle and
determining the position of the tentacle tip

By using a unique design for the tentacle, a tool for the precise calibration of the machine
was obtained. The tentacle described above was inserted into the spindle collet and clamped.
There were four IR-reflective sphere-shaped markers on the tentacle in the known formation.
They were illuminated during imaging from a source with IR diodes located on a disc around
the camera lens. The centre of each marker was placed on the line that passes through the axis
of the motor spindle and through the tip of the tentacle. The mutual distances between the
centres of the markers, as well as from the markers to the tip of the tentacle, were known.

The procedure involved capturing the position of the tentacle, which moved in the work
envelope of the machine. By reconstructing the positions of the marker centres, their 3D position
in the CS of the selected camera was obtained. Also, using known 3D Euclidean distances
between the individual markers and the condition of collinearity, the indexing of markers was
obtained. It is sufficient to identify and index three markers to determine the direction in which
each marker is located relative to another. From the known distances for an individual marker, its
position was also defined. We tested the acceptability of the approach by placing a reflective IR
marker in the form of a 0.2 mm thick circular sticker on a flat surface (Fig. 8). The spatial position
of this marker in the camera CS was determined during recording. The tip of the tentacle was
positioned on the marker in such a way that they came in contact without pressing. The tentacle
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was then raised along the Z-axis by a known distance. The distance from the circular marker to
the tip of the tentacle was measured with a calliper, and the result was compared. The average
deviation calculated from 40 measurements was +/— 0.21 mm. Given that this was a prototype
version of the machine and given the components used and the fact that there are many
opportunities to improve the system, this result was adopted as adequate for use in the next steps.

Fig. 8 The IR reflection dot and precision spheres on marker bases

3.6  The establishment of the relationship between the coordinate systems of the machine and
the vision system

The procedure continued by establishing the relationship between the coordinate systems
of the machine and the vision system. For this purpose, circular IR reflective markers in the form
of stickers were placed in 25 positions on hard and fixed surfaces in the work envelope of the
machine. The markers were placed in such a way that they were not in the same plane but were
accessible to the tip of the tentacle. The centre of each marker had previously been discreetly
marked in a way that did not compromise its position in the image. This subtle mark was used
to bring the tip of the tentacle to that position. After positioning the tip of the tentacle at the
centre of each marker, its position was read from the screen coordinates. Using the software
solution for direct kinematics, we then calculated the XYZ position in the machine CS. In this
position, the tentacle was also captured by the vision system and the XYZ position in its CS was
obtained. As a result, two spatial point clouds were obtained. The procedure described above
involves the transformation between the coordinate systems of the machine and the vision
system. Testing showed that the results of this procedure were better when it was performed with
a larger number of points. Also, more accurate results were achieved when the markers were
placed at greater distances from each other. With the transformation and its inverse obtained, the
coordinates of the points in the CS of the machine were read by the vision system and vice versa.
This simplifies the calibration procedure of the machine, especially in the segment where it was
not possible to reach individual points with the tentacle due to technical circumstances. A test
programme was generated for testing purposes. The programme accomplished movements along
a given path, which included a deviation from the (centrally) set starting point in the work
envelope of the machine in the +/— X, Y, and Z directions. The movements were made in steps
ranging from 20 mm up to 300 mm in each direction. For each step, the movement was paused,
and the 3D position was read in the vision system CS and from the control computer screen, and
then translated into an XYZ coordinate in the machine CS. By testing the obtained results,
average position deviations of +/—0.35 mm were determined. This error was added to the error
determined in the previous steps. Considering the circumstances described, the sources of the
error, and the fact that there are numerous possibilities to upgrade the procedure, the result was
accepted and the outcomes achieved in this step were employed in the subsequent procedure.

3.7 The calculation of the zero point and the definition of the A and C rotary axes of the machine

In this step, the machine parameters were calibrated, which is necessary for the creation
of the software for generating paths. Based on the procedure described previously, the zero
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point and the A and C rotary axes of the machine were determined. An aluminium bar was fixed
in the A-axis clamping device. The second bar, with IR reflective spheres, was fixed
transversely to it. This cross-connected structure allowed rotation around the axis and
longitudinal movement of the transversely placed bar to an arbitrary position. The procedure
involved tracking 12 IR markers that were put on the transversely laid bar (arm) that rotated
around the axis for which the measurement was performed. Twenty rotations were performed,
in which the arm was placed in 20 different positions along the axis for which the direction was
calculated. In accordance with the technical characteristics of the machine and the design of the
calibration object the A axis rotated in the range from 0 to 140 degrees, while the C axis rotated
from -30 to +30 degrees in steps of 1 degree.

Every turn, in which the transverse axis was placed in a specific position, was captured,
and the position in space of each marker was found. Each rotating point and its position are
indexed. For this purpose the transverse bar with markers was linked to the bar that was fixed
axially on the axis under consideration during the capture; the index was equal to the number
of turns. The result obtained for each point in a set of points was the circular path of the point
during rotation and the index was related to the position of the transverse profile. Each circular
path consists of n spatial points that were part of a circle and were located in a plane
perpendicular to the axis of rotation. The centre of the circumscribed circle of each marker was
in the direction of the axis of rotation. The optimisation method provided the parameters of the
circle, its spatial centre and radius, and the plane in which it was located. This procedure was
performed for each tracked point (marker) and for all rotations. As a result, a cloud of points
(centres of each circle) distributed around the axis of rotation was obtained.

This result was obtained using the principal component analysis (PCA) with iterative
refining and the rejection of points with significant deviation. The procedure was performed
separately for each rotary axis, resulting in two lines representing the A and C rotary axes. The
point of intersection of the A and C axes was selected as the zero point. Given the imperfection
of the machine prototype design, the zero point was chosen from among the points on the segment
in which the distance between the two straight lines was smallest. The selection of this zero point
caused an update of the transformation of the coordinate systems of the machine and the camera.

The results obtained were tested: the tests included placing a spherical IR marker at an
arbitrary position on the bar transversely placed on the bar fixed to an axis of rotation. This
marker was monitored by a stationary vision system with a known relation (transformation) to
the machine CS. Since the axis of rotation (a line) was known in the CS of the machine, and so
was its transformation into the CS of the vision system, there was an orthogonal projection of
a given point (the centre of the marker) on it. In the subsequent step, the marker rotated around
the selected axis by a known angle, and the vision system tracked its spatial position, which
was also transformed into the machine CS. Ideally, the distance from the position of the marker
centre to its projection would be the same for each rotation position. Also, with the known axis
of rotation of the marker and the starting position, it was possible to calculate the position in
space for each angle. This position should correspond to the position captured for this case by
the vision system. Our results showed a mean deviation value of 0.81 mm, which is the
difference between the expected and the measured value. In this step, the zero point of the
machine was determined, and the A and C rotary axes were defined.

The calibration procedure for the machine was performed following the steps presented
above. This procedure enables the creation of tool paths and the part machining. Essential software
and algorithms were developed based on the available literature and the technical capabilities of
the hardware used for capturing. The vision system was used to calibrate the prototype model of
the machine based on parallel kinematics, and the whole vision system was based on consumer
hardware. The fact that no professional components were used, except for the professional
Optitrack system, mainly used as a reference system for testing algorithms, significantly raises the
level of complexity; in addition, the measurement results are not as accurate as they would be if
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professional components with better performance were used. Nevertheless, the achievements of
the whole process confirmed the assumption that, even if only available hardware components and
our own software are used, it is possible to achieve a sufficiently reliable vision system to calibrate
the basic parameters of such a complex machine design.

There is room for improvement and error correction in every step. This system can be
used for the calibration of most of numerical machining systems used in orthotics and
prosthetics, regardless of whether they are conventional CNC machines or industrial robots, or
whether they are used without technical documentation or are closed for external access. As a
result of its peculiarities, our approach allows affordable components to be used. It is portable,
scalable, and easy to calibrate and use. This solution, after upgrades, could be a helpful tool to
speed up the implementation of numerical machining systems in O&P practice, and make it
more economical. The results obtained are a good starting point. Calibration of the tool tip
position will be described in an upcoming publication.

4. Conclusions

The presented machine is designed for making moulds for orthoses and related products
in small orthotic and prosthetic practices. It is based on parallel kinematics and has five degrees
of freedom. For its calibration, a vision system was developed. Taking into account the specifics
of our problem, such as complex kinematics, a machine prototype, and the inability to connect
to the control computer because of closed access, the vision system is designed to have special
features for the quick and easy calibration of the machine and its adjustment, and, if necessary,
for addressing other issues present. A prototype version of the system has been developed using
the available hardware components, essential algorithms, and additional software support.

This system enables:
e Vision system calibration using precise, fast, simple, and cheap procedures;

e Monitoring of vision markers in the machine work envelope and reconstruction of
their 3D positions and trajectories;

e OCR reading of the values of the positions of the machine linear axes from the screen
of the machine control computer;

e Establishment of the relationship between the coordinate systems of the machine and
the vision system; and

e (Calibration of the zero point of the machine and the definition of the A and C axes of
rotation.

The system was tested on the machine prototype, and the results obtained using the
algorithms we had developed were compared with those obtained from the software of the
reference vision system in the step related to the capture and reconstruction of the marker
positions and paths. The results were also compared with the known values from calibration
objects and with the known positions of the centre of the mobile platform and the tip of the
tentacle perpendicular to the plane of the mobile platform; these were calculated from linear
axis lengths and other parameters by using direct kinematics modules. An essential point in the
consideration of the results is that the functionality and accuracy of each vision system depend
entirely on a well-performed calibration procedure. The quality of the optics and the capabilities
of the camera itself also have a significant influence. However, even if professional components
are used but without a precise calibration procedure, such a system will not give satisfactory
results in practice. Therefore, special attention is paid to this issue in our approach.

The results achieved indicate that the calibration of the vision system was carried out
correctly and that it enabled the machine to be used in the further procedure. Deviations from
the reference values were observed, but their size was acceptably small. In observing these
deviations, their causes were identified and will be avoided through further improvements.
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Following the calibration procedure, a vision system was created. It was used to record
the scene, to extract IR vision markers, to define their positions in the camera CS, and to
visualize their trajectories. A particular vision system also enabled a non-contact reading of the
values of linear axis positions by capturing the screen of the control computer and extracting
the values for each axis using the OCR method. Because of the previously mentioned technical
limitations, this approach, which uses the module for direct kinematics, enables the XYZ
positions of the centre of the mobile platform to be tracked in the CS of the machine.

When the probe is fixed in the collet on the spindle, the positions of the probe tip in the
camera CS are captured by the vision system; given their XYZ coordinates in the camera CS,
the coordinate systems of the machine and the vision system are related by a transformation.
This enables the conversion of positions from the machine CS to the camera CS and vice versa.
The advantage of this procedure is that it is possible to test algorithms, find positioning errors
regardless of the cause, and compare the results obtained with two different methods.

This achievement enabled us to set the zero point (origin) of the machine and determine
the directions of the A and C rotary axes. This enables the creation of settings on which the
process of generating tool paths for a given geometry depends; in addition this enables
constraints to be defined and a simulator to be achieved. The results of the tests done so far on
the presented machine and the parameters obtained from the measurements using the vision
system, meet the required accuracy condition (deviation of < 2 mm) for making ankle foot
orthosis moulds [40]. In the case of spinal orthoses, the tolerances are even less tight, so the
machine in the existing form meets these needs.

Errors have been identified in all the procedures stated above. It was noticed that the
errors accumulated through all the steps. A detailed analysis of errors is the subject of an
ongoing process in which the observed hardware and software deficiencies will be corrected.
After that, the process will be repeated, and all deviations should be significantly smaller. The
results obtained so far indicate that, using the present hardware and an inexpensive vision
system, it is possible to meet the needs of a calibration procedure of a machine with complex
geometry and to adjust it to the required accuracy quickly, easily, and efficiently.

The application of the vision system in our approach has proved to be a helpful method
to enable machine calibration, path generation, and simulation programme development, as
well as simpler performance of other necessary actions. This fact is of special importance in
practice when there is a requirement to adjust and parameterise a machine that has already been
used, or the one with a unique kinematic design, or when there are restrictions on external access
to settings. Such issues are common in the application of digital solutions in the manufacture
of orthopaedic aids since manufacturers often decide to buy less expensive production systems
that have these problems.
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ABBREVIATIONS

CNC Computer Numerical Control O&P Orthotics and Prosthetics

CAD Computer-Aided Design CAM Computer-Aided Manufacturing

OCR Optical Character Recognition | CS Coordinate System

HW Hardware fps frames per second

QR (also known as QR factorization) is decomposition of matrix into matrices [Q] (orthogonal

decomposition | matrix) and matrix [R] (upper triangular matrix)

PCA

Principal Component Analysis is the process of computing the principal components and using
them to perform a change of basis on the data. It is often used to reduce the dimensionality of
large data sets.

ICP

Iterative Closest Point is an algorithm employed to minimize the difference between two
clouds of points.
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