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ABSTRACT

For these years, CNC(Computer Numerical Control) machine has been developed
at an incredibly high speed. Because of its high stability and wide applicability, this kind
of machine is considered as the most powerful potential in the future development. In
the series of machining procedure, measurement is a core and certainly influential item.
For many industries which require extremely high precision of a workpiece,
measurement provides the insurance of quality and error decision for each workpiece.
Take aerospace industry for example, the airfoil is a large machined part which requires
extremely high precision, which is specially designed that considers a lot of factors such
as air flow, air mechanics, windage, and so on. Any small error may incredibly influence
the characteristics above and decrease the flying stability. Another great example is gear.
Stuck is happened while the precision cannot be promised, which may furthermore
destroy the whole equipment. This paper proposed a method for measuring a complex
surface by a precise probing system mounted on the end-effector of measurement
machine with high DoF.

For some measuring strategy, they use different sides of the end-effector to
measure the points because of the limitation of lower degree of freedom. The merit of
the strategy is effectively reflected on lower cost of hardware. However, the difficulty is
increased because extra computation is needed for points with inaccessible orientation
and position. What’s more, since the error of the end-effector is inevitably affects the
real position and command position, the accuracy of measuring value must be much
lower. This paper presents an algorithm to explain how to get the normal vector of each
point located on the surface of a workpiece and how to avoid the dangerous points

which may lead to collision during measuring is presented as well. Finally, the
iii
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algorithm is implemented on a 7-DoF measurement machine. Thanks to high reliability
and high degree of freedom, the machine has extremely wide workspace and a
redundant angle to make the end-effector can reach the target even an obstacle exists
that may disturb the path of the manipulator. In the measurement technique aspect, a
series of measurement procedure will be introduced and explained, including workpiece
localization, probe radius compensation, complex surface sampling, surface

reconstruction, error analysis and precision analysis of real workpiece.

Keywords: CNC machine, measurement system, surface validation, probe, Coordinate

measurement machine
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Chapter 1 Introduction

This thesis main topic is a measurement process for complex surface inspection
which works on a 7-DoF coordinate measurement machine with probing system. The
principal and method will be figured out in the subsections below. Actually, the ideal of
the main topic is gradually constructed by the experience of developing the robot
control system and useful functions during my master career. The overview of this
thesis and the simplified control scheme of the coordinate measurement system will be
shown in this chapter.

First, the era of CMM is in section 1.1 and then section 1.2 introduces the task we
would like to reach and some detail about the freeform surface measurement. Besides,
the reason why we choose freeform surface as measured object is explained. Second,
datatype and detail about the 3D CAD model are listed in section 1.3, including the
most common one in industry, IGES, and the one for 3D printer, STL. Then the

measurement procedure we purposed in this thesis is shown in section 1.4.
1.1 Era of Coordinate Measurement Machine

As the industry grows up rapidly in these years, accuracy of a workpiece is an
important issue that more and more researches pay attention on. For a real workpiece
fabricated from the computer numerical control (CNC) machines, there must exists error
compared with the computer aided design (CAD) model. However, for some special
industry such as aerospace industry, the accuracy of a workpiece is necessary to be
promised. Therefore, coordinate measurement machines (CMMs) are utilized to validate
the extent of difference between a real workpiece and its corresponding CAD model.

For a measurement task, the core technique is to trigger the probing system
mounted on the end-effector of CMMs, so that the rapid feedback is able to return

1
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present coordinate instantly. The typical 3D "bridge™ CMM is composed of three axes,
X, Y and Z. These axes are orthogonal to each other in a typical three-dimensional
coordinate system. Each axis has a scale system that indicates the location of that axis.
The machine reads the input from the touch probe, as directed by the operator or
programmer. The machine then uses the X, Y, Z coordinates of each of these points to
determine size and position with micrometer precision typically. By precisely recording
the X, Y, and Z coordinates of the target, the accuracy of a workpiece can be measured
and analyzed via regression algorithm for the construction of features.

In Fig. 1-1, three basic types of measurement machines are listed: (a) Bridge CMM
is well known for its stability. And it provides cost-effective solution for dimensional
quality control, (b) Gantry CMM is suited to inspection for large workpieces because
synchronous gantry control leads to high speed movement. It can achieve larger
workspace for measurement and efficient performance, (c) Horizontal Arm CMM is the
most flexible type. The advantage is particular apparent when inspecting sheet metal
parts in the car industry, or other large-volume components in the aerospace, ship,
defense industries. Its open structure permits direct access to the workpiece and
therefore significantly eases loading and unloading. (d) Shop floor conditions may
suggest that accurate measurement results on the factory floor would be impossible to
obtain. However, using specialized shop floor hardened CMM, measurement accuracy
is ensured even in the production environment.

Some researchers and companies tried to develop different sensors to reach
different goals. Mainly the probe is the most popular sensor and they can be mainly
divided into 2 classes, touch trigger type and non-contact type. As Fig. 1-2 shown, touch
trigger probes consist of a stylus attached to a bearing plate connected to pressure

sensors inside the probe housing. They generate an electrical signal each time they
2
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contact a point on the workpiece. On the other hand, Non-contact probes are best for
parts that are either more complex, smaller, high-precision or easily deformable. They

are either laser-based or vision-based.

(a) (b)

(b) (d)

Fig. 1-1 Common types of CMM

(@) NIKON ALTO Bridge CMM (b) Perceptron COORD3 MCT Gantry CMM (c)
Hexagon DEA MERCURY Horizontal Arm CMM (d) Hexagon TIGO shop floor
CMM
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Housing

Stylus

Fig. 1-2 Inner structure of a standard probe

Take some useful sensors or peripherals for example: (a) ultra-compact probe
features strain gauge technology. It delivers unrivalled submicron performance when
applied to complex 3D shapes and contours, (b) probe head provides extra degree of
freedom, which provides larger workspace and decrease time-cost furthermore. Besides,
with adaptive control, the touch trigger probe is able to acquire data quickly by using
“sliding” touch onto a surface. (c) laser sensor uses a concentrated beam of light instead
of a stylus. The beam acts as an optical switch so that when it is projected onto the part,
the position can then be read by triangulation through a lens in the probe receptor. (d)
For vision sensor, the 2D light sensitive CCD and the integral LED illumination allow
an area of the measured component to be illuminated and viewed. All the products

mentioned above are listed in Fig. 1-3.
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(©) (d)
Fig. 1-3 sensors or peripherals for CMM

(a) Renishaw OMP400 probe (b) Renishaw PH20 probe head (c) Nikon InSight
L100 laser scanner. (d) Hexagon HP-C-VE vision sensor

1.2 Freeform Surface Inspection and Validation

It’s undeniable that the freeform surface inspection technique is thought to be one
of the most valuable challenges in of measurement applications. Because of complex
structure and irregular shape, it’s very hard to decide measured points by human
intuitive. Therefore the geometrical characteristics of a surface should be analyzed to
sample out to be a point set which can fully describe the whole surface. However, from
geometrical data extraction, measured points sampling, trajectory planning, probing raw

data to workpiece validation, each step occupies significantly important standing and
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has its own consideration. This thesis tries to solve the problem above and build a
complete inspection system for complex surface inspection. The final target is to
evaluate a real workpiece with complex surface, and validate the precision by

comparing the measured data with CAD model.
1.3 CAD Model Representation

In this thesis, the CAD model of measured object is presented in IGES format. All
geometrical data is extracted from the file and do some geometrical characteristics
analysis. Besides, the mesh-type data format, STL format, is still used to describe other
geometrical properties in the measurement process. Both the data type is briefly

introduced below.
1.3.11GES File Specification

The Initial Graphics Exchange Specification (IGES) outlines a file format for the
transfer of geometry data and CAD models. It can be used to represent both
Boundary-Representation (B-Rep) and Constructive Solid Geometry (CSG) geometries,
as well as two dimensional CAD diagrams. The file is an ASCII text based format,
having each line be exactly 80 characters long. The file is split into five sections,
denoted by the specific upper case letter in the 73rd column. Those sections are Start (S),
Global (G), Data Entry (D), Parameter Data (P), and Terminate (T) sections. The Data
Entry and Parameter Data sections are commonly abbreviated Data Entity (DE) and
Parameter Data (PD), respectively. For DE, there are around 150 different defined
entities in IGES, and the corresponding PD gives the geometrical presenation for the
DE. Here gives a simple example of 2D geometry with its IGES file as shown in Fig.

1-4.
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s 1
1H,,1H; ,4HSLOT, 37H$1$DUA2 : [IGESLIB.BDRAFT.B2I]SLOT.IGS;, G 1
17HBravo3 BravoDRAFT,31HBravo3->IGES V3.002 (©2-Oct-87),32,38,6,38,15, G 2 Global & Start
4HSLOT,1.,1,4HINCH,8,0.08,13H871006.192927,1.E-06,6., G 3
31HD. A. Harrod, Tel. 313/995-6333,24HAPPLICON - Ann Arbor, MI,4,0; G 4

116 1 2 1 ] ] 0 ] 10 1™

116 1 5 1 e eD 2

116 2 ) 1 e [} ) ] 1D 3

116 1 5 1 e eD 4

100 3 ] 1 e o ] ) 1D 5

100 1 2 1 0 ) 6 p» DataEntry

100 4 ] 1 e [} ) [} 1D 7

100 1 2 1 e eD 8

110 5 9 1 e o 2] 0 1D 9

110 1 3 1 e eD 10

110 6 2 1 e 0 2] o 1D 11 o

110 1 3 1 [} eD 12
116,0.,0.,0.,0,0,0; 1P 1
116,5.,0.,0.,0,0,0; 3p 2
100,0.,0.,0.,0.,1.,0.,-1.,0,0; sp 3 Parameter Data
100,0.,5.,0.,5.,-1.,5.,1.,0,0; 7P 4
110,0.,-1.,0.,5.,-1.,0.,0,0; op 5
110,0.,1.,0.,5.,1.,0.,0,0; 11P 6
s 16 4p 12p 6 T | } Terminate

(a)

Fig. 1-4 IGES file example

(a) IGES content (b) geometry presented by (a)

1.3.21GES File Specification

An STL file is a triangular representation of a 3D surface geometry. The
surface is tessellated logically into a set of oriented triangles (facets). Each
facet is described by the unit outward normal and three points listed in
counterclockwise order representing the vertices of the triangle. While the
aspect ratio and orientation of individual facets is governed by the surface
curvature, the size of the facets is driven by the tolerance controlling the
quality of the surface representation in terms of the distance of the facets from

the surface. A STL file can be presented in ASCII or in binary form. A simple
7
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example of a STL object is shown in Fig. 1-5.

Fig. 1-5 STL object example

(@) CAD model (b) STL file of (a)

1.4 Proposed Measurement and Validation Procedure

Geometrical
Data
Extraction

Reference-based
Localization

ICP Algorithm
Localization

Coordinate

Measurement
Posture
Surface Setting
Reconstruction - — 3
Form Error
Model
— o —

Trajectory Joint Limit
Generator Consideration

Collision
Consideration

Working
Environment

Localization
Uncertainty

Reconstruction
Uncertainty

Validation
Result

Fig. 1-6 proposed freeform surface measurement and validation process
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Chapter 2 Scenario

2.1 Scenario Introduction

In this thesis, a measured workpiece with complex surface is placed onto the
backside of CMM platform, where there still exist other objects on the platform. These
objects are not measured target in this thesis so that we take them as obstacles in the
workspace. The CMM we use in this thesis is a CNC robot with 7 axes and 6 degree of
freedom (DoF). A touch trigger probe is mounted on the end-effector to probe the
measured points and obtain coordinate data feedback. Each part mentioned above will

be introduced in the following sections. The scenario is shown in Fig. 2-1.

Fig. 2-1 Scenario of measurement task
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2.2 Coordinate Measurement Machine in iCeiRA

We combine manipulator and gantry-type CNC machine tool to develop a new
page in the machining field. Robot with gantry-type machine tool has many advantages
like high stiffness, high accuracy and easy to calculate its coordinate system, for
example, Fig. 2-2(a). Robot arm is connected by joints that allowing either translational
(linear) or rotational motion as shown in Fig. 2-2(b). Combining the advantages of robot
arm and gantry-type CNC machine tool has extra joints to apply and has more
workspace than traditional type. The CNC robot is also designed and implemented in

iCeiRA laboratory.

(a) (b)

Fig. 2-2 Gantry-type machine and manipulator

(@) Gantry-type machine tool with linear motor. (b) Multi-axis robot arm.

2.2.1  Mechanism Design of Multi-axis CNC Robot

We build a multi-axis robot with gantry-type machine tool to implement the
inspection experiment and our algorithm. The outward appearance is shown in Fig. 2-3.

It totally has 7 motors and 6 degree of freedoms. It consists of three degrees of freedom
10

doi:10.6342/NTU201703313



at linear axis including X, Y and Z axis to control translation and three rotational axes
which orthogonal to each other at the manipulator to control orientation. The x and y
axes are using linear motor. The z axis and other three rotational axes are using AC
servo motor which is manufactured by Delta Electronics as figure, Inc. The CAD
diagram and specifications of AC servo motor and reduction ratio are shown in Fig. 2-4

and Fig. 2-5.

Fig. 2-3 The CAD diagram of the multi-axis machine tool with gantry-type and the

its axis definition.

11
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Fig. 2-4 Engineering drawing of AC servo motor
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Table 2-1 Specifications of raw, pitch and yaw.

Rated Rated | Maximum | Rated rotating
Reducer
Joint power torque Torque speed
ration

(kW) (N-m) (N-m) (r/min)
Raw
Pitch 10

0.1 0.64 1.92 3000
Yaw
Z X

The diagram of reducer is shown in Fig. 2-5. The other characteristic is that most

of crucial components like reducer, AC servo motor and screw are made in Taiwan. We

want to convey a concept that we can build up a series outstanding machine tool

industry by ourselves. We can obtain good effect by using planetary reduction gear and

cost lower price than using harmonic drive.

13
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Fig. 2-5 The Engineering drawing of the reducer which is manufactured by APEX
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2.2.2  Anti-collision sensor and Home sensor

In order to avoid the motors collision or exceed the workspace, CNC robot is
equipped with several sensors at every axis. Besides, home sensors are also mounted to
define zero point for each axis. All sensors are the same slot-type photomicrosensor,
which works as optical switches to control the signal output. The specification is shown
in Fig. 2-6(a). For X and Y axes, two sensors are equipped at the end of linear motor for
defining the boundary for each axis. Besides, a home sensor is mounted next to one
boundary sensor to set the zero point. The remained axes, Z, A, B and C, have home

sensors only. Fig. 2-6(b) shows the sensors located on Y axis.

EE-SX6T4/674P

EE-SX6T4A/6TAR

EE-SX474/474P Terminal Arrangement
M @ Vec
@] L C

@@ | our [ outeuT
@ = GND (D V)

* L Terminal needs no cannaction
for all EE-SX470] series sensors.

Twa, A1 Twa, 3.5 dia. holes
A

] 1 Indicator windaw

|
215 695 ED‘T/%

| =2

E=Y) 1

13—

iafl ‘zigh . ' ‘F_ Optical axis % —
{

21 03 185
X i i i [ l

4 ! ]

-

= R4

—

[k

(@ (b)

Fig. 2-6 slot-type photomicrosensor

(a) Specification of sensor (b) location of sensors on Y axis
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2.2.3  High accuracy probe

We integrate a high accuracy probe into CNC robot to be a second end-effector, so
that a coordinate measuring machine (CMM) that we will mention behind the
conclusion is born. The illustration is shown in Fig. 2-7. The probe has a precision ruby
tip for reduced wear and increased accuracy. The shank is 3/8 inch diameter, to

accommodate the capacities of the small desktop mills.

Fig. 2-7 Integration of a high accuracy probe into CNC robot to reach the
functionality of CMM

16
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2.3 Measured Workpiece

To build a complex surface to validate, we need to design a workpiece with some
properties. First, any evident characteristics that can be identified by human intuitive is
not appeared. Since an obvious feature can be easily utilized to infer measured points,
which is not fitting to our purpose in this thesis. Second, the surface should be smooth
enough, which means that every point onto the surface should be continuous. This
condition is applied to fit the definition of “curvatured” surface. The condition is
achieved by a continuous mathematic representation. Third, the surface should be
bounded into a finite range. The largest range should not exceed the workspace of CMM.
On the basis of the restriction above, we utilized the famous CAD software, SolidWork,
to design the measured workpiece. The complex surface onto the surface is randomly

tuned as the Fig. 2-8(a) and the real object is fabricate by 3DP as shown in Fig. 2-8(b).

(a) (b)

Fig. 2-8 measured workpiece

(a) CAD model of measured workpiece (b) real object

17
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2.4 Geometrical Data Extraction

Before inspection process is implemented on the measured surface, we need to
extract some geometrical data from CAD model, which is also the first step in the
proposed measurement procedure. The data is used to be material for inspection process.
The extraction method mainly depends on the characteristics and mathematical model
of the surface. For our workpiece, the surface is constructed by Non-uniform Rational
B-Splines (NURBS) which is a mathematical model commonly used in computer
graphics for generating curves or surfaces. The feature of this model is that it can be
efficiently handled by computer programs and yet allow for easy human inter action.
Moreover, for a surface composed of several NURBS patches, the geometric continuity
is promised perfectly with different levels including positional continuity (G°),

tangential continuity (G1), curvature continuity (G2).

2.4.1 NURBS Specification

A NURBS curve is defined by its order, a set of weighted control points, and a knot
vector. NURBS curves and surfaces are generalizations of both B-splines and Bézier
curves and surfaces, the primary difference being the weighting of the control points,
which makes NURBS curves “rational”. The Control points determine the shape of the
curve. Typically, each point of the curve is computed by taking a weighted sum of a
number of control points. For a curve of k degree, the weight of any control point is
only nonzero in k+1 intervals of the parameter space. The knot vector is a sequence of
parameter values that determines where and how the control points affect the NURBS

curve. The number of knots is always equal to the number of control points plus curve

18
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degree plus one. The values in the knot vector should be in nondecreasing order, so (0, 0,
1, 2, 3, 3) is valid while (0, 0, 2, 1, 3, 3) is not. The general form of a NURBS surface of

degree (p,q) is shown.

Ziriozl;:o Ni o (N (VW ;R
Zinlo Z?zo Niyp (U)N ia (V)Wi,j

where N;,, and N;, are the B-Spline basis function, P;; are control points, and the

S(u,v) = (2-1)

weighted w;; of P;; is the last ordinate of the homogeneous point P;. For a

B-Spline generalization, the basis function is

1 ift <t<t_, andt <t
N- t — ! i i+1 i i+1 2_2
o) {0, otherwise (22)
t-t, ti-¢—'+ —t
Ni,j(t) =t It Ni,j—l(t)+—t I i Ni+1,j—1(t) (2-3)
R i+j+1 T Nl

where T = {t,, t, ...t} IS the set of knot vector with t; € [0,1], and define the
control points Py, ..., B,. Define the degree as
p=m-n-1 (2-4)

The “knot” t,,4, ..., tm—p—1 are called internal knots.

2.4.2 Data Extraction from CAD model

In our case, the workpiece is designed by famous CAD software, SolidWorks. In
the beginning, we design a cube with 100mm x 100mm X 100mm then the top face
of the cube is deformed randomly by the built-in function in SolidWorks. The CAD
model is exported in IGES format and we use the MATLAB to analyze and extract the
data by IGES toolbox. The toolbox offers a lot of convenient functions to build a

complete database for MATLAB, including analysis, modification, deletion, and so on.
19
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At first, the IGES file is imported in the MATLAB by the function
“iges2matlab”, and then we try to extract the data onto the surface. By the
definition of NURBS, we set the size of knot vector set in both parametric directions to

be 200. Therefore the 200x200 points onto the surface can be obtained as the Fig. 2-9.

Fig. 2-9 NURBS surface onto the workpiece

The points set are denoted as Sp in our program, of which size is 200x200x3. The

points can also be defined as

x(u,v)
Su,v)=| yu,v) |, (u, fu<uy,v, <V<=y,,) (2-5)
z(u,v)

where N =M =200 and u, =v; =0, uy = vy, = 1. Moreover, we still get the
database in mesh-type as Fig. 2-10, which definition is same as STL specification we

mentioned in section 1.3. The triangular-form datatype features efficient
20
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programmability for computer graphic process.

Fig. 2-10 NURBS surface in mesh-type

2.4.3  Geometrical Characteristics Computation

To probe the measured points in normal direction and make some geometrical
analysis, we need to infer some geometrical values about the characteristics of the
surface, such as principal curvature, Gaussian curvature, mean curvature, principal
angle, and normal vector. The following steps are the description about the
mathematical inference about these values. All data is obtained from the mesh-type
surface.

The normal vector is the vector perpendicular to the surface at the given point,
which is commonly denoted N. For a plane specified by f(x,y,z) = ax + by + cz +

d = 0, the normal vector is given by

21
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=2
I

Vi =|b (2-6)

where Vf denotes the gradient. For the surface with parameterization x(u,v), the
normal vector is given by cross product of the partial derivatives.

N = XX 2-7)
ou ov

The result is shown as Fig. 2-11, all normal vector has two opposite directions. Here we
choose the outward-pointing normal vector for displaying, while the inward-pointing

normal vector is used as probing direction for implementing inspection.

. ////////,,’,/

Fig. 2-11 Normal vector of the designed surface

Besides normal vectors, curvature is also an important characteristic of the surface.
Intuitively, curvature is the amount by which a surface deviates from being a flat plane,
or a curve from being straight. The principal curvature is certainly useful for a surface.

It measures the maximum and minimum bending of a surface at each point, and it also
22

d0i:10.6342/NTU201703313



derives their principal directions respectively. Physically it means how the surface bends

by different amounts of different directions at the point.

o AT
=t nb

-1 :1 N
The principal comes from the eigenvalues of the matrix, I II, where Tis first

fundamental form and 1 is second fundamental form.

X, X, X,-X

I= u u u \ (2_7)
XV.XU XV.)(V
X, N X,-N

= (2-8)
X, N X,-N

where the subscript u,v means partial derivative and N is unit normal vector of the point.
Fig. 2-12 show the principal directions U,,,, Which represents the maximum curvature

Kk, and U,,, which represents the maximum curvature k.

Fig. 2-12 Principal direction of a point

Besides, we also can utilize the principal curvature to infer the Gaussian curvature and

Mean curvature. Gaussian curvature is an intrinsic measure of curvature, depending
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only on distances that are measured in the surface. The sign of the Gaussian curvature
can identify the characteristics of the surface. The result is shown in Fig. 2-13, where

the values are displayed in color form.

eg—f?

K=xx,=———
"2 EG-F? (2-9)

H =%(K‘1+K‘2)

where E,FG are first fundamental coefficients and e,f,g are coefficients of the

second fundamental form.

x10°

1
05
S 0
05
A

Fig. 2-13 Gaussian curvature for the surface

2.5 Simulation Workspace

In our case, there exists some other works we need to finish besides measurement
because the physical condition should be taken into consideration. The iCeiRA CNC
robot is a precise but fragile machine. Any collision may lead to enormous damage to
the machine which makes the accuracy lower. To prevent the accidents and avoid all

cases that causes such the tragedy. A simulation workspace should be done and
24
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visualized to let the user certainly know what motions or postures cause dangers. We try
to build a complete simulation workspace with physical parameters in reality. To save
computation time and cost, the simulation range is limited into the space around the
measured workpiece, which all postures of the CNC robot will be inside in. The

simulation is shown in Fig. 2-14.

(b) Simulation workspace

Fig. 2-14 Simulation workspace of real environment

We take the localized measured workpiece as the reference of the environment

distribution. The localization method will be discussed in Chapter 4.
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Chapter 3 CMM Kinematics

In this chapter, mathematic of 3D spatial descriptions and basic Kinematics are
described. The kinematics of the iCeiRA CNC robot is also introduced in the late part of

the section.
3.1 Spatial Descriptions and Transformation

We will use “V or “v to describe a point or a vector in this thesis, so we will not

always use — to represent a vector. The upper-title means the vector is in terms of

coordinates frame {A}. The subtitle can represent a specific point of a position;
represent a vector from point A to point B like Pag; or it can describe a position or a
vector as a specific point or other specific meaning.

We can represent the orientation of a coordinate frame {B} by its unit vectors
expressed in terms of the reference coordinate frame {A}. Each unit vector has three

elements and they form the columns of a 3x3 orthonormal matrix “Rg . The matrix is

also a rotation transformation matrix that can transform points from frame {B} to
reference frame {A}.
A 4x4 homogeneous transformation matrix has the structure like

AR AP
AT — B B,0 3-1
° {o 00 1 } G-

where “A” and “B” represent coordinate frames; “B,0” means it is an original point of
frame {B}. The matrix can easily represent the relation including rotation and
translation from frame {A} to {B} and it can transform points from frame {B} to frame
{A}. Often, we will use notation *Tg or Tag to represent the transformation matrix and
use T = (R,P) to represent the matrix T is composed by rotation matrix R and position

vector P. In order to represent a point in frame {B} in terms of {A}, the operation is
26
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A A A B
Pl_| "R P, |l °P (3:2)
1 000 1 1

It is seen that implements the equation

AP = AR, P+ P,
1=1

(3-3)

It is obviously mapping the point P from frame {B} to {A}. Also, the inverse of the
transformation matrix represents the inverse operation of this mapping, which is

BTa = (*Te) ™, BTA*Ts = I. The inverse of “Tg can be derived as

(3-4)

A-I-B—l _ BTA :{ AR; _ARg APB,0:|

0 00 1

3.1.1 Three-Angle Representation
Any 3x3 rotation matrix can be specified by just three parameters. A well-known
method is ZY X Euler Angle representation:
R=R, (2)R, (AR, (7) (3-5)

The inverse formula is:

b T T
if R=|r, 1, Iyl then

r-31 r-32 r33

B =atan2(—r,,\/r+r5)
a =atan2(r, /B, 1y /c ) (3-6)
V= atan2(r21/cﬁ, Gl/cﬂ)

A fundamental problem with the three-angle representation is singularity. This
occurs when the rotational axis of the middle term in the sequence becomes parallel to

the rotation axis of the first or third term. This is the same problem as gimbal lock.
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3.1.2 Angle-Axis Representation

Another method to describe Rotation is equivalent angle—axis representation: two
coordinate frames of arbitrary orientation are related by a single rotation about some
axis in space. Converting from angle and vector to a rotation matrix is achieved using
Rodrigues’ rotation formula

"Ry = Iy, +sin@S(u) + (L—cosG)(Puu —1,,) (3-7)
noting that, the outer product “u”u’ =[S(*u)J’ +1,,. So another equivalent expression
IS

*Ry =sin @] S(*u) |+cos 6’[8(’*u)]2 +AutuT (3-8)
The meaning of this equation is rotating {B} relative {A} about the unit vector u

by an angle # according to the right-hand rule. Where S(u) is a 3x3 skew-symmetric

matrix of the 3x1 vector u. A matrix S is defined as a skew-symmetric matrix if and only

if ST+S=0. It has zero diagonal and the property that v'S(v)=0, Wv. For the 3x3

case:
0 -v, v,

SV)=|v, 0 -v, (3-9)
-v, v, O

Finally, it can be shown that the rotation matrix is

uuyvé+cd uuveé-—u,sé uuve+uso
R(u,0)=|uuvé+u,sd uuvé+cd uuve-u,so (3-10)
uu,vé-useé uuvé+use uuyve+co

Where c6 = cosf, sf = sin6, v6 = 1 - cos, and “u=[u, u, uZ]T . The inverse

operation can be computed, if
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"Ry (U,0) =T, T, T, (3-11)

then
0= acos(%w) (3-12)
and
1 I =Ty
U= 2sing| B (313)
=0,

The 6 has a value between 0 and 180 degrees. For any solution (“u,#), there is another

pair solution (~"u,—@) which results in the same orientation in space. Also, another
problems of this method is that, when & near to O or 180 degrees, the axis becomes
ill-defined
3.1.3 Unit Quaternions

Quaternions have been controversial since they were discovered by W.R. Hamilton
over 150 years ago but they have great utility in robotics, computer vision, computer
graphic and aerospace navigation applications. The quaternion is an extension of the
complex number — a hyper-complex number — and is written as a scalar plus a vector

Q=w+v

3-14
=W+ Xi+Yj+2zK ( )

where WeR, veR?® and the orthogonal complex numbers, i, j and k are defined such

that
i=j*=k’=ijk=-1 (3-15)

We will denote a quaternion as
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Q=w<XYy,z> (3-16)
To represent rotations we use unit-quaternions. These are quaternions of unit

magnitude, that is, [Q[=1 or W*+X’+Yy”+2°=1. The unit-quaternion has the special

property that it can be considered as a rotation of 6 about the unit vector A which are

related to the quaternion components by
W= cosg, L= (sin Qjﬁ (3-17)
2 2

and is similar to the angle-axis representation of section 2.1.2. The transformation

operation of rotation matrix is left-multiplication of matrix. The same operation in
quaternion is known as Hamilton product, we denote itas Q, ®Q, and

Q, ®Q, =W,W, —v, -v, <W,u, + W, +V, XV, > (3-18)
It can be expressed as a matrix-vector product where

W, Xa Y2 Z, (| M

Q®Q=| (3-19)

=Y, Z, W, =X ||V
-z, =Y, X W, ||z

As we can see, computing the Hamilton product requires 16 multiplications and 12

additions. But computing two orthonormal rotation matrices requires 27 multiplications

and 18 additions. Quaternion is more efficiency.

According to Eq. (2-17), the quaternion can be algebraically manipulated into an

equivalent matrix to represent the same rotation, that is

1-2(y*+2%)  2(xy—zw)  2(Xz+ yw)
R=| 2(xy+zw) 1-2(2°+x*) 2(yz—xw) (3-20)
2(xz—yw)  2(yz+xw) 1-2(x*+y?)

and if the rotation matrix R is given, the matrix can be converted to a quaternion using
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this basic form:

W:Q/r11+r22 +r33+1/2
X=(I’32—r23)/W
y=(ns—ry)/w
Z:(r21_r12)/w

(3-21)

but it tend to be unstable and un-accuracy when trace(R)+1 of the rotation matrix is zero
or very small. a better algorithm to compute the quaternion from a rotation matrix is

shown in Fig. 3-1.

Algorithm of computing

a Quaternion converted from a Rotation Matrix

tr(0) = R(0,0)+R(1,1)+R(2,2)+1;
tr(l) = R(0,0)-R(1,1)-R(2,2)+1;
tr(2) = -R(0,0)+R(1,1)-R(2,2)+1;
tr(3) = -R(0,0)-R(1,1)+R(2,2)+1;
for i=0:3
{
if( tr(i) < 0 ) tr(i) =0
s(i)= 0.5*sqgrt(tr(i));
}
if(s(0)>=s(1l) && s(0)>=s(2) && s(0)>=s(3)){

= s(0);

= sign(R(2,1)-R(1,2))*s(1);
= sign(R(0,2)-R(2,0))*s(2);
= sign(R(1,0)-R(0,1))*s(3);

}else if(s(1)>=s(0) && s(l)>=s(2) && s(1l)>=s(3)){
sign(R(2,1)-R(1,2))*s(0);

s(1);

sign(R(1,0)+R(0,1))*s(2);
sign(R(0,2)+R(2,0))*s(3);

}else if (s (2)>=s(0) && s(2)>=s(l) && s(2)>=s(3)){
w = sign(R(0,2)-R(2,0))*s(0);
x = sign(R(1,0)+R(0,1))*s(1);
y = s(2);
z = sign(R(2,1)+R(1,2))*s(3);

}else if (s (3)>=s(0) && s(3)>=s(l) && s(3)>=s(2)){
sign(R(1,0)-R(0,1))*s(0);
sign(R(0,2)+R(2,0)) *s(1);
sign(R(2,1)+R(1,2))*s(2);

s(3);

Fig. 3-1 the algorithm pseudo code of computing a quaternion
convert from a rotation matrix

This approach avoids square looting very small number to reduce the floating point

error. But the computed result may not be exactly unit quaternion, so we still need to
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normalize the result. The normalization is achieved by ensuring that the quaternion

norm is unity, a straightforward division all elements by the quaternion norm

Q

Q=5 (3-22)
<l

It is easier to normalize a quaternion rather than a non-orthogonal matrix. To summary,

the advantages of using quaternion to represent rotation are list:

1. Quaternions doesn’t have gimbal lock problem but Euler angle representation does.

2. Quaternions composed from four numbers but rotation matrix need nine numbers.

3. Similar to rotation matrix, the product of two quaternions can represent twice
rotations but the computation is less.

4. Easier interpolation between quaternions.

5. Quaternion, matrix operations will accumulate rounding error or integration error,
so we need to do each of its normalization and orthogonalization. But "Restoring"

a rotation matrix is computationally more expensive than normalizing a quaternion.
3.2  Differential Motion

A body rotating in 3D space has an angular velocity which is a vector quantity =
[oox wy @, ]". The direction of this vector defines the instantaneous axis of rotation, that
is, the axis about which the coordinate frame is rotating at a particular instant of time. In
general, this axis changes with time. The magnitude of the vector is the rate of rotation
about the axis. There is a well-known expression for the derivative of a time-varying

rotation matrix
R(t) = S(@)R(t) (3-23)

where S(°) is a skew-symmetric matrix introduced before.
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0 -0, o,
S(w) =| o, 0 -o, (3-24)
-0, © 0

Consider the approximation of derivative

R(t + At) = RAt + R(t) (3.25)
=~ S(@)R(t)At+R(t) = (S(w)At + 1, 5)R(t)
which describes how the orthonormal rotation matrix changes as a function of angular
velocity.

Consider a coordinate frame that undergoes a small rotation from R, to R;. Let the

small rotation AQ = wAt, AG = [Abx Aby AG; 1", w = [wx wy @, ]". We can write (3-25) as

R = (S(0)At+1,5)R, = (S(A0) +1,5)R, (3-26)

and rearrange it as

S(A0)=RR; — 13, (3-27)

and then apply the inverse operation of S(-), defined as vex(-), to both sides

AO=Vex(RR; — 1) (3-28)

The detail of vex operator in 3x3 case is

s32 - 523
V,, =Vex(S,,;) = 5 S;3— Sy (3-29)

S, — Sy,
The Af = wAt is a vector that represents a small rotation about the world x-, y- and z-
axes.

If we give two homogeneous transformation matrices Ty, T; to represent two poses
(position and orientation) that has small deference, then we can represent the deference
between them as a 6x1 vector composed by deference of two position vectors and

deference of two rotation matrix
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Pl_Po

0= T)= [vex(&RJ 1)

} , 5 eR*™ (3-30)

Where Ty = (Ro,Po), T1 = (R1,P1), In practice, this equation can be used to compute the

deferential of motion in 3D space. Let To = T(t), T1 = T(t+At) and T= (R,P), than

g (3-31)
0] R At
where v and w is instantaneous linear velocity and angular velocity at pose T and time t.

The character “d” will mean “small deference” or deferential conveniently in this thesis.

The inverse of Eq. (2-30) is

4 S(dR) dP dP
T,=A (To’5)2|:|: 0 0 ]"Um}rm 5:|:dR} (3-32)

In practice, this equation can be used to compute the integration of motion in 3D space.

The example is trajectory generation. It will introduce in chapter 4.

3.3 CMM Kinematics

3.3.1 Forward Kinematics of CMM

A serial-link manipulator comprises a set of links in a chain and connected by
joints. Each joint has one degree of freedom. Motion of the revolute joint changes the
relative angle of its neighboring links while the prismatic one changes relative
translation. A systematic way of describing the geometry of a serial chain of links and
joints is Denavit-Hartenberg (D-H) notation. Once these D-H link coordinate frames are
assigned, transformation between adjacent coordinate frames can be represented by a

single standard 4x4 homogeneous transformation matrix.

Fig. 3-2 shows the definition of standard D-H parameters. The method of building
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a D-H representation is the following procedure:

P jeintj+1
anlntJ

Fig. 3-2 definition of standard D-H parameters

First, the coordinate frames are assigned to the links by the following rules:
1. 2., — j"joint axis

2. %X, L2, andpointaway from it

3. ¥, =1;xX

4. {0} 2,—1"joint, {N}: X, LZ,,, 2, alignwith Z ,

Then, we can determine the D-H parameter according to these frames by the following
rules:

e 0,:theangle from X, to X, measured about 7,
e d,:thedistance from X;, to X, measuredalong 7,

e  a;:theshortest distance from Z;, to Z; measuredalong X,

j

e «;:theoffsetangle from 7, , to Z,

J measured about >2j

The transformation from link coordinate frame {i-1} to frame {i} is defined in

terms of elementary rotation and translation as
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ACHIEWARS A CH ACHINCHIANECY (8-83)
which can be expanded as

cosg, —cose,sing,  sing,sing, @ coso,
sing,  cosg;cosd  —sing; cosd, & siné
0 sing; cos ¢, d,

0 0 0 1

T = (3-34)
For a revolute joint ¢; is the joint variable and d; is constant, while for prismatic joint d;
is variable and 6; is constant and «; = 0.

The forward kinematics (FK) is often expressed in functional form with the
end-effector pose as a function of joint coordinates (the coordinate frame of the
end-effector is usually same as the last N™ coordinate frame). Using the product of the

individual link transformation matrices for an N-axis manipulator is

OTE = OTl(ql)lTZ (qz) e i71Ti (qi) e NilTN (qN) (3'35)
where “q” represents the joint space variable q = [0 Oz ...q... on]" . The °Te include a

rotation matrix and a position vector just describes the pose of the end-effector.

3.3.2 \elocity Relationship: The Manipulator Jacobian

If we write the FK in functional form as

x=f(q) (3-36)
and taking the derivative we write
df (q) .
=——=1] 3-37
V=" (a)d (3-37)

which is the instantaneous FK where v =[v,,v,,v,,o,,®,,®,]" is spatial velocity and

comprises translational and rotational velocity components. The matrix J(q) eR*™ s

the manipulator Jacobian.
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Jacobian matrices are useful in robot arm inverse kinematics, trajectory planning
and control. We can compute Jacobian matrices numerically by using Eq. (3-32) to
approximate the derivative of transformation matrix with respect to joint coordinates.

We perturb i joint by a small but finite amount daj;, and let T; in Eq.(3-32) as T(qi+dq;)
and To = T(a), then, the vector J, e R®* which is i™ column of the Jacobian matrix can
be approximate as

3 AT(@). T (g +dg,))

i & (3-38)

In practice, we will prefer to compute Jacobian matrices in analytic form for
efficiency in programing. In fact, we can get the symbolic form forward kinematic °Te
and symbolic form of a Jacobian matrix by symbolic computation ability of the

powerful software MATLAB. The derivation of a Jacobian matrix has two parts. First
partis J, € R*" the translational part of the Jacobian matrix. Obviously, each column

of Jy is partial differential of translational FK function with respect to each joint variable.

After we compute the FK °Te = (°Rg, °Pg) in terms of symbolic joint coordinate
qeR™ | we can get the analytical J,(q) which is

0 0 0 0
o OR | OR 0 PE] (3-39)
aq 0, aa ady

3, (@)=l

by input jacobian (°Pg, q) in MATLAB. The jacobian () is a build-in function in
MATLAB. Second part is J_eR*", the rotational part of the Jacobian matrix. The
angular velocity of the end-effector is the sum of angular velocity of each rotation joints,
we can write as °@. =@, +°@, +---+ °@, (°@ =0, as it is prismatic joint). Because
the direction of angular velocity of i rotation joint is ORi_1 Hii_l = Ofi_l = Ongi_1 , it

equal to the third column of the (i-1)™ rotation matrix relative to base, we can derive the
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velocity relation in matrix form, which is

=1 for rotaional joint

J =% o,% - o - o N, o
»() [1 2 ' N ] " | =0 for prismatic joint

Then, we can write Eq. (2-37) as

(3-40)

(3-41)

3.4 Forward Kinematics Model of iCeiRA CNC robot

ICeiRA CNC robot is a gantry-typed 6 axis machine. The high degree of freedom

enables measurement task can be achieved with appropriate probe and control strategy.

Compared with common CMMs, the extra degree of freedom leads to more flexible

machine posture for a probing point. Fig. 3-3 shows the assigned DH link frames and

parameters of the CNC robot.

Probe tip

Fig. 3-3 the assigned DH link frames and
DH parameters of iCeiRA CNC robot
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Table 3-1 link parameter of iCeiRA CNC robot

i |di(rad) | di ai ai U L

1 - Lx 90° 0 1000mm | O mm
2 - 0 0° Ly |21000mm | Omm
3 - -Lz -90° 0 60mm | 45mm
4 (p4+0| O 90° 0 170° | 175°
5165+0| 0 90° 0 90° -10°
6 |06+0| doa | 180° | & 0° -135°

U: joint angle upper bound

L: joint angle lower bound

The detail geometry parameter and numerical value are list in chapter 5. Table 3-1 is the

DH table according to the DH frames in Fig. 3-1. The first three joints are prismatic

joints and the other three joints are rotational joint. Also, the joint limits are listed.

The joint 1, 2, 3 are prismatic joint which control the translation of gantry. The

joint 4, 5, 6 are rotational joint, and their axes intersect at a single point at the center of

joint 5. We can view this kind of structure as a single point at the intersection. In

geometry, this kind of mechanism is called “vertical spherical joint” which have three

DoF provide roll-pitch-yaw rotation work on the point of intersection. In industrial

design field, this geometrical structure is called spherical joint architecture. The feature

of this design is useful and convenient for computation of inverse kinematics which we

will discuss in the next section.
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3.5 Inverse Kinematics Model of iCeiRA CNC robot

Compared with the forward kinematics of which functionality is to obtain spatial
information (position and orientation) of the end-effector while joint angles are taken as
inputs, inverse kinematics (IK) is just contrary. To control the robot more intuitively, the
IK solution allows users to control the robot by defining state of end-effector. In other
words, the corresponding joint angles are determined by IK solution while the position

and orientation of the TCP is defined.
3.5.1 Numerical Solution - The Jacobian Transpose Method

In general case, there may be no analytic IK solution can be found for a joint
configuration of a robot with high DoFs. Thus, the numerical method has been
introduced to solve the problem for general robots. Certainly, the computing time is
longer than analytic solution due to the iterations.

Using the Jacobian linearization method, the joint velocity can be mapped to the
velocity in Cartesian space with Jacobian matrix, as shown in Eq. (2-37). The Jacobian
matrix J may not be a square matrix when the DoFs is not equal to 6. Thus,
pseudo-inverse is used to solve the joint velocity for the desired velocity in Cartesian
space. As shown in Eq. (3-1)

4g=J"x,3"=373)"J7 (3-42)

The procedure of an IK solver with dynamic gain is shown in Fig. 3-4. The

dynamic gain can increase converge speed of the iteration when the initial value and

changing rate are adjusted properly.
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end-effector
trajectories robot motion

l input target pose output joint anglest

|
[

if error < TOL
then

break the iteration process, output final state 1
xn-g; 4 €FTOr | if error reduce J-
then ] or
- Save current state and rack up the gain. B

x il error get worse J

then

Restore last state and reduce gain.

o
o
o
-
Forward B
kinematics i
H- Jtume

Fia. 3-4 The procedure of numerical method for solvina 1K

In the figure, the end tip target postures are taken as inputs to the IK solver. Firstly,
the robot’s pose is calculated with FK, and then the IK solver updates the joint angles
with Pseudo-inverse calculation. These two step are repeated till the end tip reach the
target error pose in a acceptable error. During the iteration procedure, if the new joint
angles lead a bigger error than the last step, the gain decreased dynamically. If it gets
smaller error, the gain increased vice versa. In this procedure, the motion is solved
one-by-one with the input trajectory.

When solving IK, singularity configurations may cause discontinuous trajectory or
a failure of the IK solver. The state of the solver may not converge. The damped least
squares method (DLS) and the weighted least-norm (WLN) method [12] solve this
problem. The WLN method can also avoiding joint limit during a movement in a path.
3.5.2 Analytic Solution — Closed-Form Solution

We have known that there is a closed-form solution of a 6-axis robot if the three
wrist axes intersect at a single point we called wrist center. This means that motion of
the wrist joints only changes the end-effector orientation but not translation of wrist
center, so we can decouple the inverse kinematics problem into two simpler problems as

inverse translation kinematics and inverse orientation kinematics. Such a mechanism is
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known as a spherical wrist and almost all industrial robots with high DoFs have such
wrists structure.

In our case, the IK solution is much simpler because of intuitional translation
controlled by prismatic joints (gantry-type structure). We define a rotation center of
which position is equivalent to translation of gantry. This step simplify IK problem
because it geometrically divides IK into translation part and orientation part. For FK, as
long as position of rotation center is defined, the orientation is controlled by remained
three rotational joints. Finally the tool offset is considered to obtain the pose of tool
center point (TCP) which is mounted on the end-effector. Inversely, the first step is to
solve 6,, 65, 6, to fit the orientation of the TCP. By solving the FK in symbolic form,

the rotation from the base frame to TCP frame can be calculated.

—CsS, C,Co—S,5S; —C,Ss —CsS,Ss

b

> Rtool =| CCs  CgS,+C,SsS;  —S,S; +C,CqSs (3-43)
S, —C:S; —C:S;

The TCP frame and position are respectively denoted as R;,,; and Ps,,;- The symbol

¢" and

present cosine and sine function respectively, and the numerical subscript
presents the 6;. With the analytic equation, the inverse orientation kinematics can be
solved.

base base
9 —atan2( tool 111 tool 23

‘9 =atan2('f§§,er31, base tt):g? P ) (3'43)

tool

base base
9 —atanZ( tool 321 tool 133

After solving 6,,60s5,60,, we can infer the translation kinematics solution by

inversely infer the position of rotation center. The equation is shown below.

base-l- _ base -|-

tool

baseT4—1 (3_ 4 4)

where the "*T,* is the function of 6,,6s,8s. And finally we can obtain the gantry
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translation, which are values of position part of the ***T,.

Lx =",
Ly = "1, (3-45)

Lz ="*r,,
Here shows the simulation results in Fig. 3-5. We use MATLAB to simulate the iCeiRA

CNC robot and the path is given with different frame and position.

Fig. 3-5 The IK result working on an irregular path
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3.6 Linear Blending Motion

Blending motion is a velocity-related control problem for The value of speed

Vo=V-
=21 where V,
Ty

change from the current segment to the next segment is calculated as

Is the next segment moving speed, V; is current segment moving speed and T4 is
acceleration time. The illustration is shown in. In this paper, the calculated acceleration
will check by algorithm, in other words, the acceleration is restricted by acceleration
limit. Acceleration limit is depended on the allowable acceleration value on robot with

Vo—V1

gantry-type machine tool. For example, if the acceleration is larger than

allowable value, the speed of the segment, V;, will be recalculated.

The blending motion will be used in some applications, such as five axis CNC
machine or milling machine. The end-effector of machine tool must move quickly and
smoothly in tasks, so the trajectory of end-effector couldn’t have any piecewise stop
between each segments. The piecewise stop phenomenon sometimes creates vibration

on machine tool. In brief, blending move is a significant technique to apply in this

paper.
\‘f s
(A)
VZ |
Vi
1 2
Time
Ta Ty
(B)
Vs |
Vi
g Time
o TA -

Fig. 3-6 Linear blending motion
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Chapter 4 Workpiece Registration

In this chapter, the workpiece registration is introduced in this section. Usually the
workpiece registration is also regarded as workpiece localization in machining process.

We will talk about some useful methods with different principals in this section.

4.1  Description

For a CMM, it must have a zero point in machine coordinate system (MCS) such
that the TCP can be commanded to reach any position in the workspace. However, for a
workpiece that we would like to inspect, we usually plan a posture for placing the
workpiece onto the CMM platform, which is in workpiece coordinate system (WCS).
With the ideal above, we can intuitively know that it’s impossible that the workpiece
locates on the given position without any error. Therefore, the workpiece localization is
in needed before starting any measurement process. It’s also why the workpiece
registration is called localization in the measurement process.

The localization method is trying to find the transformation matrix, T;, from
machine coordinate system (MCS) to workpiece coordinate system (WCS), so it is also

called workpiece localization as shown in Fig. 4-1.
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TCP M"'x Wcs

Fig. 4-1 Workpiece Registration

With the localization, the position of a measured point can be defined precisely in MCS,
which means the CMM is able to touch the target position and obtain accurate data
feedback. However, it also means that the accuracy of the localization heavily affects
the precision of the measurement raw data. If the localization error is too large, all raw
data will be untrusted as shown in Fig. 4-2. As the figure shown, if the localization error
is too large, it may lead to inaccurate coordinate transformation and get the wrong result
like WCS*. By observation, the positions of all points onto the surface are certainly

imprecise compared with the real WCS.
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Fig. 4-2 Effect of inaccurate localization

4.2 Reference-based Registration

For a workpiece with some referenced characteristics, such as flat surfaces or
protruding point, the localization method will be easy and intuitive. Take the model we
design for example, the four flat surfaces around the workpiece are great references for
localization. Because the original shape of the workpiece is a cube, so that we can
intuitively infer that the surfaces around the workpiece can be used as a great reference.

As long as three points are touched and obtain their corresponding TCP position,

it’s easy to use the normal vector to describe the surface.
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Moving
directio P

Ice

Fig. 4-3 Obtain normal vector of the surface

As the Fig. 4-3 shown, we moving the TCP along a horizontal direction and the TCP
position is recorded as the probe is triggered by touching the surface. Assume the TCP
positions are P;, P, and P;, we can obtain the normal vector N by the cross product of

two vectors.

Nx
N = (Pz_Pl)X(Ps_Pl) =N (4_1)
P-RIR-RI |/

By implementing the same strategy on the adjacent surface, we can obtain the normal
vector of the other surface. Here the normal vector of the first surface is denoted N,
and the one of adjacent surface is denoted N,. We assume the normal vectors are all in

outward form as shown in Fig. 4-4.
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Fig. 4-4 normal vectors of the referenced surface

To describe the surface in the parametric form, we need to find the real touch point onto
the surface by a translation with the amount of the probe radius in the direction of the

normal vector. Assume the probe radii is denoted r, the touched point is

P'=R-rN
1 1 1 (4_2)
P,'=P,—rN,
and the surface description are
S, =N, P-P)H)+N,(P—-P,)+N,(P,—-P,)=0
1 1 1 y\ly ly 1 1 (4_3)

SZ = NZX(PX_ PZX') + NZy(Py_ PZyI) + NZZ(PZ_ PZZ') =0
where Py, Py, P, express the coordinate of any point located onto the surface.
By finishing the works above, the WCS can be calculated. In our knowledge, the WCS is

represented by the transformation matrix "' T, , which is presented

WT — O 0] 4-4
0 { 0 1} (4-4)

First, we observe the geometric features of the cube and the orientation part of the
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WCS is
"Ry =[-N,,—N,,N,xN,] (4-5)
For the translation part, a probing-based strategy is implemented by touching the tip of
the workpiece to calculate the “P,. It’s trivial that the direction of the intersection
vector is equal to cross-product of the N; and N,. We pick an arbitrary point p,, and
plug into the equation to solve the unknown. Basically, we desire that the resulting
point p is as close to the chosen point p, as possible. Thus, we could write a distance
IIP=Po = (Px—Pox)* + (P, = Po,)” + (P~ Po,)” (4-6)
Incorporating the other points in the similar fashion, and writing this constraint using
Lagrange multipliers into an objective function results in:
3 = p=po I +4(p—py) " + (p—Pp,)’ (4-7)

Using the standard Lagrange framework, one establishes a nice matrix, in the form:

2 0 0 N, N,
0 2 0 N, N,
M=| O 0 2 N, N, (4-8)
N, N, N, O 0
N, N, Ny 0 0
This matrix can now be used in a system of linear equations
n | [ 2P ]
p, 2p,,
MIp, [=| 2P, (4-9)
A Py N1
LA 1 L P, - Nz_

With the linear equation, the vector v goes through the point p is obtained where v is

equal to the third column vector of the " R, . We move the probe along v and obtain the

triggered TCP position, ¥ P, , as Fig. 4-5 shown. And the Y P can be calculate by the

tp !
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equation.

YR, =" B, —(r+50)v (4-10)

W P.,,
Fig. 4-5 localize the translation of WCS by probing strategy

Finally, the WCS is obtained by the procedure above. And the measured points onto the

surface can be determined into the MCS by transformation.

4.3  Algorithm-based Registration

In the section 4.1, we describe an efficient and precise localization method based
on geometric characteristics of the workpiece. However, some workpieces do not have
such regular shape to do localization by human intuition. These kinds of workpieces
usually have its own locators to do localization. A suitable locator is able to fix the
position of the workpiece on the CMM platform. Nonetheless, a locator only fits a

corresponding workpiece. For the same type of workpieces with different size, shape,
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material, a different locator should be designed and manufacture again. Therefore, an
algorithm-based localization method is necessary for a CMM to find the WCS by itself.
We implement the Iterative Closet Point (ICP) algorithm to do localization. The
algorithm tries to search a transformation matrix which can minimize the difference
between two clouds of points as shown in Fig. 4-6. We use the points extracted from the
CAD model as the original point set, which is described in section 2.4. The other point
set is composed with the position data form probing system. As the number of probing
data set is larger than a threshold value, the ICP algorithm is implemented to determine
if the transformation error is small enough. If the result is satisfying, the matrix will be
recorded and stop the algorithm. If not, just continue probing and implement the

algorithm. Ideally, a perfect-matched case leads to zero errors

Fig. 4-6 schematic diagram of ICP algorithm

The objective function that describes the difference of two point set can be written

as

1 &
ERT)= N_le Xi— Rpi_T ”2 (4-11)

p i=l

where E means the error combined with original CAD and transformed probing data. x;

52

doi:10.6342/NTU201703313



and p; denote the i-th point of original CAD data set X and transformed probing data
set P respectively. Np is number of probing points. R and T are element that construct
the transformation, which denotes rotation part and translation part respectively. In the
aspect of optimization, the mathematical derivation is shown as following. The first step
is to find the mass center of both points set, then subtract the corresponding mass center
from every point in the two point sets.
1 . :
'uX:N_ZXi X ={x-p}r={x}
. (4-12)
1 & : .
=y 2P P={p-my={p}
p I
After the data preprocessing is finished, the singular value of the rotation matrix is

obtained by Singular Value Decomposition (SVD).

N, oo 0 O
W=>xp"=U/0 o, ON o,20,20 (4-13)
' 0 0 o

If the rank(W)=3, the R and T are solved

R=UVT
(4-14)
T=p Ry,
And the minimum error is calculated
NP
E(RT)= Z(II X; I +1y; IF)-2(c, + 0, +03) (4-15)

The procedure above is the solution of traditional ICP algorithm. To improve the
efficiency of localization, how to choose good pairs of corresponding points in the two
datasets is an important issue. We implement the point sampling method proposed in
[32]. This paper focuses on geometrical stability and efficient sampling for minimizing

the ICP error. The distribution of the points is analyzed to optimize the sampling result
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based on the numerical analysis. Here we show the result of the proposed method in Fig.

4-7.

Fig. 4-7 Result of geometrically stable sampling for ICP algorithm
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Chapter 5 Freeform Surface Measurement and

Validation

In this chapter, a complete procedure of freeform surface measurement and
validation is purposed, which is the core part in this thesis. Moreover, all geometric data
in this section are discussed in the machine coordinate system (MCS) because of

preprocessing done in the previous sections.
5.1 Concept of Proposed Measurement Process

For a traditional CMM with probing system, the application can be mainly divided
into two types. One is feature measurement and the other is validation measurement.
The former one tries to touch few measured points to observe the geometric
characteristic. This application is usually implemented during a machining or
fabrication process, and it can provide on-machine real-time inspection information
about the state of the machining workpiece. The latter one is used to validate the
precision of a workpiece fabricated from CNC machine. Usually more measured points
are required for this application because it need a lot of data to improve the credibility
of the validation.

In this thesis, we propose a novel freeform surface validation system. The
procedure is shown in Fig. 1-6. At first, the four points at the corner of the surface will
be probed to build the boundary and build the first reconstructed surface. According the
comparison result of the CAD model surface and reconstructed surface, the form-error
model is applied to sample the next measured point out. This model aims to search a
new single measured point to minimize the difference between the CAD model and the

next reconstructed surface. With the new measured point, the probing trajectory is
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implemented to plan the most efficient and safety path for the iCeiRA CNC robot to
touch the point and obtain real position data. However, some error values may affect the
position data feedback because of the physical problems. Therefore, all probed point
data should be determined by the error rule until the value is credible. With a new
position data feedback, a new reconstructed surface is generated and continue the steps
we mention above until the comparison error is lower than a valid threshold value.
Finally, the surface validation is implemented to challenge the measured position data
and give a final value about how similar the real workpiece is compared with the CAD

model.
5.2 Measured point generation

To improve the measurement efficiency, we develop the measured point generator
to choose a single point as the measured target from the designed surface S. In this part,
two inputs are in needed. The first one is designed surface from the CAD model, which
is denoted as S. It also can be taken as the large point set that digitize the designed
surface, which is denoted as S(u,v) mentioned in section 2.4. The other input is the
measured point set MP = {mp,, mp,, ..., mp,}, which is obtained from CMM and
probing system. As the number of measured points is more than or equal to 4 (n>4), a
surface can be reconstructed, which is denoted as S*(u, v). The number of the points
that construct S* will be the same as the one of S. Therefore both the surface can be
compared to earn an error map, which is used to determine the next measured point in

the generator. The error map is denoted as Eg(u, v).
E,(u,v) =9 S(u,v)-S"(u,v)| (5-1)
We intuitively choose the maximum of E; as the target, and the corresponding

parametric value (u¢, v;) is easily obtained.
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(u,,v,) = argmax E,(u,v) (5-2)

uef0,1],ve[0,1]

Therefore the point S(u;, v;) is chosen as the next measured point.

Measured Point Generator

Surface Reconstruction

Form-Error Model

=t>| Error Map
- Es(wv)

Find

max Eg(u, v) S(ue, ve)

S(u,v) ‘

S(u,v)

Fig. 5-1 Schematic diagram of the measured point generator

5.3 Working Consideration

To manipulate the CMM safely, a lot of factors should be taken into consideration.
Here we discuss the most important two factors for control, joint limit and obstacles in
the workspace. Usually the CAD model of the CMM is necessary, but the location of
some objects in the space cannot be defined because some parameters are lost, or even
cannot be obtained anymore. Therefore we estimate these parameters by rough
measurement. And some other parameters in this section is defined to know how to
safely control the CMM. We also build a series of error code to inform the user if a

motion is valid or not.
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5.3.1 Joint Limit Consideration

The joint limit of iCeiRA CNC robot is shown in Table 5-1. The value in this table
is deliberately modified into the safe range. For the translation axis, X, Y and Z, we give
a small value to prevent the robot trigger the limit sensor and stop the motion. For the
rotation axis, A, B, and C, we try to test the flexibility on each axis several times by

controlling the rotation. Finally we get the limit values below through observation.

Table 5-1 Joint Limit of iCeiRa CNC robot

Lower bound Upper bound
X 40 mm 900 mm
Y 0 mm 890 mm
Z -45 mm 60 mm
A -120° 120°
B -10° 90°
C -45° 90°

5.3.2 Collision Detection

To reach the functionality of the collision detection, we need to build the 3D model
of the CMM robot in advance. We roughly measure the size and physical parameters of
the CMM and the tool and observe the link relationship with joints. The model is mainly
divided into 6 parts. The parameters about these parts are all added into the simulation
environment and are visualized.

The original joints of iCeiIRA CNC robot are already built in the simulation and we
use it to construct the skeleton model for the fake joints, as shown in Fig. 5-2. These

fake joints are employed for presenting the CMM model, and they are visualized in 3D
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form. All these fake joints have their own transformation matrix just like a general joint,
but they don’t provide any degree of freedom anymore. Each fake joint has its own
master joint, which means its position and orientation are changed as the master joint
rotates.

The mesh-type cube model is implemented as a function to build the CMM 3D
model. However, it’s possible that a cube cannot fully describe a link of the robot.
Maybe some part of CMM is larger than the size we measure so the cube does not cover
it all. Therefore we add a small thickness to build the potential field that can ensure the

field completely cover the whole hardware.

Fig. 5-2 Skeleton of the iCeiRa CNC robot 3D model
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Fig. 5-3 Skeleton of the iCeiRa CNC robot

With the 3D model of CMM, the collision detection algorithm is implemented to
detect if collisions happen. As we know, both the obstacles and the 3D model of CMM
are all built in mesh format. Here we implement the algorithm proposed in [31]. This
algorithm is very popular for collision avoidance application because of its high
computation speed. Compared with computing the intersection of two primitive shape
which may cost a lot of time, it choose only check if two triangles intersect. This
method help us quickly help us to check if any obstacles intersect the CMM. Because
the obstacles and CMM model are all built by mesh, which are combined with many
triangles, we can detect if the collision is happened by checking if an intersection of two

triangles exists. Here the detection result is shown in Fig. 5-4.
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Fia. 5-4 example of collision detection where the collision happen on Link 2
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5.4 Measurement Trajectory Generation

In this section, we will introduce a probing path planning along normal vector of
the measured point. To generate a safe and efficient probing path, we need to consider a

lot of factors in reality.
5.4.1 Probing Posture Determination

For a measured point, infinite probing postures exist ideally because of high degree
of freedom the iCeiRA CNC robot provides. As the Fig. 5-5 shown, with the last three
motors that control the orientation of the TCP, any rotation angles along the probing
direction are permitted. However, we still need to consider the joint limit and collision

problem.

N\ N
N

fii

Fig. 5-5 Skeleton of the iCeiRa CNC robot
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All postures are determined by the normal vector of the measured point and
rotation angle along the normal vector. The only factor we can control is the rotation
angle because measurement along normal vector takes a core part in our project.
Furthermore, we tries to use the Euler angle to present the posture and determine the
posture of the next measured point. We try to find the posture which leads to minimum
value of the equation (5-3) and choose it as the final result.

E,=argmin|E,—R, ,E, | (5-3)

6€[0,27]
where E; means the Euler angle of the former measured point, and E, is the one
which we need to decide for the current measured point. Ry, is employed as the
rotational matrix that rotates counterclockwise 6 degrees along the vector N,. The
improved efficiency is shown in Fig. 5-6. As we observe, the path is much smoother

with the same measured points pair because the rotational difference is minimized.

(a) Original path (b) path with posture determination

Fig. 5-6 Path with optimized posture determination
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5.4.2 Initial Trajectory generation

How to plan a smooth and efficient trajectory from a measured point to another one
is a critical problem for coordinate measurement, especially for the machine with high
DoF. We develop a measurement trajectory planning strategy based on cooperation of
control points and measured points. As the Fig. 5-7 show, a control point should be
designed to avoid the collision during the measurement process. Usually the position of
a control point is located on the normal direction of the corresponding measured point.
Assume the first measured point is called Mp; whose orientation (frame) is presented

as Mf;. Similarly the Mp, and Mf, denote the second measured point and its frame.

Cpl Cp2
Mpl Mp
e
- /
N1 N2

Fig. 5-7 Trajectory planning with control points

Generally, the path is divided into three segments, Mp, to CP,, Cp, to CP,, and Cp,
to MP,. To generate a complete path for the CMM, the cubic hermite spline is
implemented to interpolate the points onto the trajectory. It has the property thait
provides the unique third-degree polynomial path beteween two points. The

mathematical expression is shown.
p(t) = 23— t? +1) p,+ (t°—2t° +t)y m,+ (-2 t*+ 3t°) p,+ (t*—t*)m, (5-4)
where p, is the starting point at t = 0 and an ending point p, at t = 1with starting

tangen m, at t =0 and ending tangent m; at t =1.This is the fundamental

expression of the cubic hermite spline, and the other type of expression is shown for the
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interpolation on an arbitrary interval.
p(X) = hoo (t) Pt h10 (t)(xk+l_ Xk) m,+ h01(t) Prat hll(t)(xk+l_ Xk) m, ., (5'5)
where t = (x — xi)/(xx+1 — xx) and h refers to the basis function, which is defined

as following. Any p(x) is the linear combination of these basis functions.

hp () =2t°—t* +1
h,(t) = t°—2t* +1
hy, (1) = =213+ 3t?
h,(t)=t-t

(5-6)

Fig. 5-8 The four Hermite basis functions

The number of interpolated points is related to the velocity curve, distance, time.
Therefore usually the less points are created onto the first and third segments compared
with the second segment. All segments are straight lines in the 3D space. However,
some problems are indicated as shown in Fig. 5-9. The first one is that joint A is out of
joint limit and second one is that collision is happened on the probe. We will solve these
problem in the next sub-section. We show the joint limit problem in Fig. 5-10, where the

limit of joint A'is [-120°, 120°].
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(@) TCPreaches Cp; (64,=-95.25) (b) joint A'is out of limit (6,=-124.47)

(c) joint A'is out of limit (8,=-124.47) (d) TCP reaches Cp, (6,=119.63)

Fig. 5-10 CMM motion on initial path
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5.4.3 Joint Limit Response

The joint limit problem is taken into consideration for the path planning. We divide
the reason that cause joint limit into two aspect, orientation and translation.

First we check orientation because the workspace of translation affects less in our
case, where the orientation part depends on A, B and C axes only. The concept is that
we believe it’s a truth that any posture is feasible for the CMM because of high DoF.
Therefore, the core problem is only related to the rotation direction of the joint in our
analysis. As the Fig. 5-11 shows, because the interpolation only outputs the interval

values from starting angle to target angle, it cannot consider the directionality.

Joint Limit

Target angle Start angle

00
Fig. 5-11 Interpolation problem of joints for orientation part

We implement a detector, which can know which joint has the problem mentioned
above in this path. A contrary orientation with the corresponding path will be generated
then replace the original path. That’s it, the joint limit of the orientation part is solved.

For translation part, X, Y, Z axes, the problem is simpler and more intuitive. The
reason is only the IK solution exceeds the joint limits, and can be solved by

S=5-min(6-58,,,0-3,) J={XY,Z} (5-7)
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Here we shows the result of modified path which is affected by joint Iir[l-it.i’-'é%i’ 7%*?

\

Fig. 5-12 Path modified by joint limit

(a) TCPreaches Cp, (64,=-95.25) (b) CMM motion is valid but unsafe(6,=-26.64)

(b) CMM motion is valid but unsafe (6,=41.97) (d) TCP reaches Cp, (6,=119.63)

Fig. 5-13 CMM motion on path with joint limit response

However, the collision is happened on the probe during the motion. The solution is

introduced in the next section.
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5.4.4 Collision Response

To avoid the collision during the CMM motion, we implement the Configuration
space (C-space) with the Depth-based Search (DFS) algorithm to search a safe
trajectory to replace the collision path.

A C-space is a physical system that can indicate the space occupied by the robot
and obstacles in the joint space. Let q denote a point in a configuration space Q, and
denote the workspace obstacles as W0;. Therefore configuration space obstacle QO; is

the set of configuration spaces g at which the robot intersects W0;, that is
QO, ={a Q| R(@) NWO, = #} (5-8)
Therefore the remained configuration space is that permits robot motion, which is called
free configuration space (free space) Qfree.
Qtee =Q\(LQO0;) (5-9)
Usually the polygonal representation is a great way discuss the C-space, here we take
the robot translating in 2D space as example, where the mobile robot also has a
rotational DoF. The Minkowski sum is used to describe the configuration space between

a robot and an obstacle. The Minkowski sum of two sets P and Q, denoted by P @ 0,

is defined as
P®Q={p+q[peP,qeQ} (5-10)
Similarly, the Minkowski difference is defined as

POQ={p—qlpEP,q€EQ} (5-11)
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Workspace Configuration space
O

QO;
n A
71 71
71 7 1
I I
1 L
(@) Workspace to C-space when robot’s 6 = 6,
Workspace Configuration space
¢ Q
Q0;

(b) Workspace to C-space when robot’s 6 = 6,

Fig. 5-14 Example of workspace to C-space for a 2D translating robot

By the concept above, we can also build a C-space for the iCeiRA CNC robor, where

the obstacles are shown in Fig. 2-14. All the objects in the simulation workspace are

taken as obstacles, including the ground and the measured object. To save the

computation cost, the measured surface is simplified as the shown in Fig. 5-15.

o5

Simplification

—>

Fia. 5-15 Simolified measured surface which is used for collision avoidance
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Here we introduce another simple case that uses a 2DoF robot arm to build the C-space
with a simple obstacle. The C-psace is equal to DoFs, so that the result can be shown as

Fig. 5-16. The joint limit for « is [0,180] and the one for g is [0,360].

4 360
B

o~ 5 2701

g @

p

90

180

(a) 2DoFs robot manipulator (b) configuration space

Fig. 5-16 C-space example for a simple 2DoFs robot manipulator

Finally the DFS algorithm is implemented to find the shortest path that can reach the
target point without collision. And we also show the result implemented on the iCeiRA

CNC robot in the simulation.

.

Fig. 5-17 Path modified with consideration of joint limit and collision

-
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(d) CMM motion is valid and safe (6,=33.51) (d) TCP reaches Cp, (6,=119.63)

Fig. 5-18 CMM motion on path with joint limit and collision response

5.5 Error Consideration

During the measurement operation, we need to consider some errors that may
happened physically. In fact, countless error exists in the real world. No matter how we
human try to eliminate the error, it’s also hard that the error can be lower than 0.01um
for a machine. Nonetheless, for a probe mounted on the end-effector, a lot of error are
brought because the sensor precision is still a big problem. In [15], it discuss a lot of
error types that may affect the data precision, as the Fig. 5-19 shows. Here we try to

solve two errors that make a great effect during the measurement.
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Fig. 5-19 Error in the measurement process

5.5.1 Pretraveling problem

Pretraveling is a physical error leads to inaccuracy of the probing data, which is
usually caused by the inaccurate localization or low stiffness of measured object. In our
probing strategy, we try to that the end point of the path is equal to measured point. This
means the velocity of the probe should be zero ideally while the measured point is
touched. Therefore we design a detector the acquire the velocity value during the third
of the measurement path, which only covers the path from Cp, to Mp,. If the velocity

IS not decreased to a satisfying value when the probe is triggered, we will try to run the

path again with lower velocity.
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Trigger Pretravel ’

Fig. 5-20 schematic diagram of pretraveling problem

5.5.2 Radius Compensation

Radius compensation aims to reduce the error of data by deducing the radius of the
probe from the TCP data to obtain real point position that the probe touches. It seems to
be a simple problem but not anymore. It’s almost an insoluble problem in the
measurement industry. The most important problem is that how to know the correct and
precise compensation vector, as the Fig. 5-21. Too many factors can affect the direction
of the vector, so that we cannot find the vector precisely. In our case, we simply use the
equation (5-12) to do the compensation.

p'=p+rv (5-12)
where p is the TCP points that obtain by triggering the probe, and p’ is the real point
that probe touches the surface. The probe radius is denoted as r. And the v is the

compensation vector, which is equal to the normal vector of the measured point.
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Fig. 5-21 schematic diagram of radius compensation

5.6 Surface Validation

Surface validation is the final step in the measurement process we propose. It aims
to quantify how different is between the real workpiece and designed CAD model. In
our proposed method, we can’t directly trust the correctness of probing data because a
lot of errors must exists to disturb the result. First we consider the uncertainty brought
from the localization. Compared with the reference-based localization method,
algorithm-based localization may leads to more error in the process. Moreover, because
we use the surface reconstruction method to achieve the validation, we should also take
the reconstruction error into consideration. We tries use the variance of them to decrease
the effect caused by the error. As the Fig. 5-22 shows, the variations is get larger and

larger during the process, which means more and more unknown appear.
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Fig. 5-22 schematic diagram Error caused by different reasons

Measurement

As we mentioned above, we try to explain the uncertainty that caused by the
localization and surface reconstruction. We briefly take them as the variation caused by
Gaussian noise and try to theoretically explain the relationship between the measured

data and real workpiece. The concept is shown in

M(,‘.s\.b DCs I{ T s
L]

.
o, *o° ¢ e .2 . Compare
. e e Y . . >
. LA s . ® .
® ge %e ® e g e *
. A
Measurement points Localized (transformed) Reconstructed Surface Designed Surface
and corresponding measurement points and corresponding )
variations and corresponding variations MCS : Measurement coordinate system
variations DCS : Design coordinate system

Fig. 5-23 Freeform surface inspection considering the uncertainties in

measurement, localization and surface reconstruction

Here we briefly use the equation (13) to represent the measurement error at i-th
measurement point by
EY =PY —P° (5-13)

where EM means a 3 x 1 vector with the measurement error in X,Y and Z direction,
PM isa 3 x 1 vector with measured X, Y and Z coordinates of the i-th measured point.
PP isa 3 x 1 vector with the true X, Y and Z coordinates of the i-th measured point

on the real surface. We will talk about the uncertainties that may affect the equation
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(5-13) which leads to more accurate validation result.
5.6.1 Localization Uncertainties
In our case, to transform the WCS to MCS, a transformation matrix called T; is used.

Assume there are m measured points are digitized on the manufactured surface, and

each of them can be described as a homogeneous coordinate in WCS.

X
M M y XM
S (5-14)
2 L XM,
11 1

And we can establish the relationship between the localized measured point and

measured points as following.
rt=r°+e=Tr" (5-15)
Usually we know a transformation matrix T, has six parameters, including translation

(D, Dy, D,) and rotation (6, 6y, 6,), and T, can be written as.

c,C, —C,S, S, D,

T —DRRR - C,SS,+CsS, —S,5,5,+CC, —CS, Dy (5-16)
L x' Yyt T D
—-CC,S,+5,S, (S5, +CS,  CC, ,
0 0 0 1

where Ry, Ry and R, are rotation matrices about the X, Y and Z axes, and D is the
translation matrix, c, and s, stand for cos(6,) and sin(6,) separately. Therefore
the coordinate of the localized measurement points x/, y/ and z* can be obtained.

L M M M
X; =C,C,X; —CS,Y; +S,Z; + D,
L _ M M M.iD
yi - (Czsxsy+ stz)xi + (_sxsysz + Cxcz)yi - Cysxzi + y (5_17)
L M M M
z; =(-c.C,5,+58,)% +(C,S,S,+C58,)y; +¢.c,z" +D,

i=01..,m-1
The sum of squared errors between localized measurement points and their

corresponding points on the design surface, L, can be calculated
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L= S xPY + 3 Y9 + (220 (5-18)

In another words, we also can obtain the variances of the localized coordinates of the

measurement points to express the uncertainties, which is calculated by (Meyer 1975).

var(x") = (8 ') var(¢9)+( ') var(9)+( ') var(0)+( al ) var(D,)

X

+( ) var(x" )+(ay' ) var(y;" )+( - ) var(z") (5-19)

I I
= (—czsyxi“" +5,8,y; +¢,z")? var(6,) +(-c,5, X" —c,c,y")? var(6,)

+var(D,) +(c,c,)* var(x") + (-c,s,)” var(y;") + s, var(z")
var(yr) = (%)2 var(6,) + (%)2 var(6,) + (?’7‘?)2 var(6,) + (%)2 var(D,)

+(%)2 var(x") + (%)2 var(y") + (%)2 var(z")

=((c,,5,—5,8,)X" +(—c,5,5,—¢,8,) Yy —c,c z'") var(6,)

+(c,c,8, X" —c,8,8,y" —s,8, 2" )? var(6,) (5-20)
+((-5,5,5,—C,C,)X" +(-C,8,5,—C,8,)y;" ) var(6,)

+var(D,) +(c,s,s,+C,s,)* var(x")

+(=s,8,5,+¢,c,)° var(y") +(—c.s,)* var(z")

var(z') = (8 ' ) var(0)+(—) var(9)+(—) var(9)+( al ) var(D,)

8y' —)” var(y;” )+

:((c S, Sy+CyS,)X" +(=5,5,8,+C, Z)yi - ysxzi“")zvar(ex)

" M2 (5-21)

+(-c,c,8, X" —c.cs, ¥ —c,s, z")* var(6,)
+((C,5,8,+C,8,)%" +(C,C,8,~5,8,)Y;")* var(6,)
+var(D,)+(c,s,s,+¢,s,)” var(x")
+(c,s,8,+C,s,)* var(y!") +(c, c,)? var(z")

i=01..m-1

Covariance terms are not considered since each X, Y, Z coordinates of a measurement

point is assume to be independent of other coordinate. Since all the m measurement
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points are used to calculate the six transformation parameters, the influence of only one
measurement point on the localization transformation parameters is insignificant.
5.6.2 Reconstruction Uncertainty

The reconstruction uncertainty is related to the reconstruction method. Here we
implement the classical B-Spline reconstruction. The uncertainties of reconstruction are
as following.

Assume the real position of a point on the manufactured surface is P/ and the
measured point is P;™. After localization, these two points are transformed into P;”

and P;“ respectively, as shown in Fig. 5-24.

PR The closet point to the PM
on the reconstructed surface

Reconstructed surface

- ,v{ Reconstruction error

~

Toarerr
\—__

PE:Localized point for the i-th
measured point PM

~
~ - .
‘{ localization error

PT:The Localized point for the point PP
on the true manufactured surface

Localized true
manufactured surface

Fig. 5-24 Reconstruction error and localization error

The Cartesian components of the localized measurement error at the i-th measurement

point can be defined as follows:
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Ex, = (P —Pi) ~ N(O,Vy)

E; =(R —R)~N(@OV,)

E; =(P; —P;)~N(O\V;)
i=01..,m-1

(5-22)

Where E)%i,E,%i and Eéi are components of localized measurement error, and N(0,V)
represents the normal distribution with zeros mean and variance V. The V)%i, V,ﬁ_ and
VZLi are variance w infer in equation (5-18,19,20).

5.6.3 Surface Validation

After defining the localization error, we then need to define the reconstruction error. The

error can be defined as following.

E% = (P —Pg) ~ N(O,Vy)
Ef =(R" =R ~N(O,V") (5-23)
E? = (PZR - PZL) - N(O’VZR)

where the definition is similar to the localization error. Although V¢, 13 and V7 are

unknown, It still can be estimated equation (5-24).
, m-1
Vi = (Z(PﬁR - PyiL)Z) / (m—n) (5-24)
i=0

where y means X,Y or Z direction. m and n are number of measured points and control
points respectively. Here that us denote the sum of resultant error as E;, and
localization error is Ey, and reconstruction error is Ej, as shown in Fig. 5-24. By

removing the effect caused by the uncertainties, we can obtain the validation error

finally, which represents the difference between real workpiece and designed surface.
E’=E +E+E, (5-25)
The resultant error vector given in equation (5-26) is also can be rewritten as bellowing
Ef = ((PyL— P; )+ (PyR— PyL)) +E,; ~ N(O, VyL) + N(O, Vf )+E. (5-26)
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The sum of two normal distribution is also a normal distribution, where the mean of the
resultant error is the mean of the contributing normal distributions, and the variance of
the resultant normal distribution is the sum of the variances of the contributing normal

distributions. Therefore the equation (5-2) can be changed to
Ef = (Pf— PyT )+E,; ~ N(, VyL+ VyR )+E. (5-27)
And finally, the validation error can be obtained by the equation below.
E..=E°~NOV-+V}) (5-28)

And we can determine the variance of the E,,; to express the extent of difference

between real workpiece and designed surface.
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Chapter 6 Experiment

In our experiment, we run the program on the iCeiRA CNC robot that goes through
the procedure in sectionl.4. In the geometric data extraction part, the number of
parametric values are denoted as n, and n, along both parametric direction.
Therefore  nux nv points are extracted by the different parametric (u,v) values.
Here we denote the points on the designed surface as pf‘j where W means the points
are in WCS, and i,j are point number along the parametric direction, (0 <i <n, —
1, 0<5j<n,—-1 ). And we also build the dataset
P = {080, DY 0s s Prty—1,00 DOAs -o0s Pijs s Prry—1m,—1} - After point extraction, the

normal vector of each point is calculated and is denoted as

W W w w w
N¢ = {ng0, N1 0 --» M Po 1 s T jy v nnu—l,n,,—l}-

6.1 Localization Experiment

Initially, the localization is implemented to obtain the precise transformation
matrix. We first use the reference-based method to obtain the transformation matrix,
denote T, . Because of using the geometric characteristics, we take the T, as a
precise localization solution to verify the precision of the algorithm-based
transformation matrix, T, , . The ICP algorithm is implemented with 50 points
distributed onto the surface, and the result is shown below.

The measured points used for localization is denoted as P}Y, and their

corresponding points onto the designed surface (CAD model) is denoted as PY.
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Table 6-1 Localization Result

Algorithm-based Reference-based
result result

a -0.0562 0.041 -0.0972

Rotation Angle(°) B 0.2839 0.033 0.0461
% 2.768 3.74 -0.672

Ax 2.486 2.172 0.314

Translation(mm) Ay 2.214 1.875 0.339
Az 1.015 0.841 0.174

As the Table 6-1 shows, we can know an algorithm-based solution is not precise enough

if we cost more time to probe more points to be the dataset. Here we shows the real

implementation of the reference-based picture in Fig. 6-1.

(c) third point

(a) first point (b) second point

Fig. 6-1 Implementation of reference-based localization
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6.2 Freeform Surface Measurement Experiment

As the proposed measurement procedure, we start the freeform surface
measurement after localization. We first extract four corner points as the measured

points, and the implementation picture is shown in Fig. 6-2.

(c) Probe third point (d) Probe fourth point

Fig. 6-2 Implementation of freeform surface measurement

After obtaining the for position data feedback, the surface reconstruction can be done
and the result is shown in Fig. 6-3. We compare it with original CAD surface to obtain

the next measured point by the form-error model.
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240

(a) The first reconstructed surface (b) surface from CAD model

Fig. 6-3 The first reconstructed surface compared with CAD model

We can use the proposed measurement trajectory generator to plan the next path and

execute the measurement, we show some reconstruction results with different measured

points in the
-140
180 -150
-160 160
860 860
840 %6 240 240
820 - 00
180
780 160
(a) Result with 5 measured points (b)Result with 6 measured points

240

840
820
800
780

-140
-150

.

> 860

240
220
180
160

780 160

(c) Result with 7 measured points (d) Result with 8 measured points

Fig. 6-4 Surface reconstruction result with different number of measured points
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We totally measure 50 points onto the surface, and the reconstruction result is shown

Fig. 6-5. We can see that it’s very hard to compare the difference between the

reconstructed surface and CAD model.

(a) Reconstruction result with 50 measured points (b) surface from CAD model

Fig. 6-5 The final reconstructed surface compared with CAD model

To validate the efficiency of the measurement method, we calculate the sum of error

values and obtain the error descent shown in Fig. 6-6.

Error

08

06

04

02

%108

Sum of reconstruction error

| — 4 L L L |

5 10 15 20 25 30 35
number of points

Fig. 6-6 Error descent of reconstruction error
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6.3 Data Analysis and Surface Validation

Before starting the validation, we repeat the points data we have now.
e 40000 points from CAD model, denoted as P,
e 50 points for localization P, , and there corresponding points in CAD, P,
e 50 points measured from real surface P, and there corresponding points in CAD,
Puc
If we only use the |P;y — Py| to determine the validation error, it seems to be
unreasonable because the unilater data cannot be on behalf of total state of the real
surface. Therefore we need to implement the roposed validation method in section 5.6.
And out target is to find the E,,; as the final result.
For our final reconstructed surface from 50 measured points P, The resultant
error Ef is 0.1972, which means the error at a random point onto the surface is

0.1972mm in average. The error distribution is shown in Fig. 6-7.

0.25
0.2
0.15
0.1

0.05

880

760 140

Fig. 6-7 The resultant error distribution

However, as we mention before, it’s not a reasonable values because we still not
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consider the uncertainties that interfere the result. The uncertainty of the localization is
calculated as N(0,0.0173) and the uncertainty of the reconstruction is N(0,0.0464).

Therefore the final validation error can be obtain by

E..=E°—N(O,V"+VF)
=0.1972 — N(0,0.0637)

(6-1)

We can physically describe the validation result is that the maximum error at a points is

0.1972mm while the minimum error at a points is 0.1972 — 0.0637 = 0.1335mm.
Finally, if we consider the accuracy of the TCP of the CMM, 0.02mm, we can

furthermore indicate that the variance should be added on the value. Therefore the result

should be

Eval = Eys - N(Oa V},L+V7RI)_ N (0, 002)
=0.1972—-N(0,0.0837)

The minimum error of a point on the real surface is 0.1972 — 0.0837 = 0.1135mm,

and the maximum is not changed.

The 3D printer we use is called UPBOX!, which localization accuracy is
0.01lmm~0.02mm, and its fabrication error is < 0.1mm. Considering the time and

some other reasons that may cause the accuracy lower, we think it result is reasonable.
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Fig. 6-8 3D printer used to manufacture the workpiece
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Chapter 7 Conclusion

Coordinate measurement is a key issue in the industrial machining process. More
and more researches try to improve their topics, including precision, efficiency, error
compensation. In this thesis, we propose a freeform surface inspection and validation
method to quantify the difference between reconstructed surface and CAD model. The
full procedure is introduced in the different chapter, and the content is complete enough
for the surface inspection and validation. However, we believe coordinate measurement
is a deep technique that many topics are still can be studied. Radius compensation,
measurement path planning, surface validation, and other many topics are still can be an
independent research thesis. In this thesis, we provide a complete and efficient
measurement process which is enough for validating a freeform surface. Although the
process is not perfect enough, we believe this thesis create a strong basis for the
measurement technique in iCeiRA, which is able to lead to more significant results in

the future.
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