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ABSTRACT

A GENERAL FRAMEWORK FOR AUTOMATED CAD-GUIDED OPTIMAL
TOOL PLANNING IN SURFACE MANUFACTURING

By

Heping Chen

This dissertation develops a general framework for automated CAD-guided opti-
mal tool planning in surface manufacturing. Surface manufacturing is a process to
add material to or remove material from the surface of parts. Spray painting, spray
forming, indirect rapid tooling, spray coating and polishing are typical applications
of surface manufacturing. Industrial robots are used to implement these processes.
Tool planning of these processes, which builds a bridge between product design and
manufacturing, is crucial for the product quality. Typical teaching methods are not
feasible any more because products are subject to a shorter product life, frequent
design changes, small lot sizes, small in-process inventory restrictions and quality is-
sues. An automated tool planning process (ATPP) is desirable for the tool planning
of industrial robots.

In surface manufacturing, automated tool planning develops a tool trajectory for
a free-form surface based on a tool model such that the given constraints are sat-
isfied. According to the material distribution constraints, the processes in surface
manufacturing can be categorized into two groups: material uniformity and cover-
age. Based on a tool model and material distribution constraints, a free-form surface
is divided into patches. The parameters (the spray width and tool velocity) used
for automated tool planning are determined by optimizing the material distribution
on a plane. Since different material deposition patterns are used in automated tool
planning, comparison between the raster and spiral material deposition patterns are

performed. The raster material deposition pattern is better than the spiral one for
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continuous material deposition. After the spray width is determined, an improved
bounding box method is developed to generate a path for a patch using the raster
pattern. The tool orientation is determined using the local geometry of a free-form
surface. Since the material deposited on the free-form surface is less than the de-
sired material thickness, a suboptimal velocity algorithm is developed to optimize
the material thickness deviation. For a free-form surface with multiple patches, an
integration algorithm is developed to integrate the trajectories of the patches. To
verify if a trajectory satisfies the given constraints, a verification model is developed.
The implementation and simulation results show that the developed automated tool
planning algorithm can be applied to generate trajectories for different processes in
surface manufacturing such that the given constraints are satisfied.

To increase productivity and the quality of manufactured products, it is desirable
for industrial robots to run in their optimal conditions subject to some optimization
criteria. Optimal tool planning generates a tool trajectory in surface manufactur-
ing using given optimization criteria. Optimal tool planning for industrial robots
is challenging. Based on the CAD model of a free-form surface, along with a tool
model, constraints and optimization criteria, a general framework for optimal tool
planning with constant and non-uniform material distribution has been developed for
surface manufacturing. Multi-objective constrained optimization problems are for-
mulated. The implementation and simulation results are consistent with theoretical
analysis. The developed optimal tool planning algorithm can be applied to generate
tool trajectories in surface manufacturing.

The general framework can also be extended to other applications such as di-
mensional inspection and nanomanufacturing. A general framework for automated
tool planning for nanoassembly in nanomanufacturing is developed to manufacture
nanodevices and nanostructures. The algorithm is implemented successfully to man-

ufacture nanostructures using an atomic force microscope (AFM).
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CHAPTER 1
INTRODUCTION

Surface manufacturing is a process which adds material to or removes material from
the surface of parts. Spray painting, spray forming, indirect rapid tooling, spray
cleaning and polishing are typical examples of surface manufacturing. Industrial
robots are used to implement these processes. The tool planning of these processes
is crucial to satisfy some given constraints. Typical teaching methods are complex,
time-consuming and the material distribution is dependent on the operator’s skill.
Automated optimal tool planning process (AOTPP) is desirable for planning tra-
jectories for industrial robots. However, AOTPP for industrial robots in surface
manufacturing is a challenging research topic.

This dissertation develops a general framework for automated optimal tool plan-
ning based on the CAD model of a free-form surface, a tool model, given constraints
and optimization criteria in surface manufacturing. The following section gives the
background that related to the research. The remaining sections of this chapter de-
scribe the previous work, motivation, objectives, contributions and organization of

this dissertation.

1.1 Background

Recent trends have seen new constraints in product manufacturing. Examples of
these constrains are a shorter product life, frequent design changes, small lot sizes,
and reduced in-process inventory. Automation in manufacturing can satisfy these
requirements, while providing flexibility and good quality products at a low cost.
Automation has been studied and implemented successfully in many areas. Some
examples are machining processes, material handling. inspection, welding, packaging,

and surface manufacturing. With a pressing need to upgrade productivity, manufac-
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turing industries are turning more and more toward robots. Compared to humans,
robots yield more consistent quality, more predictable output and are more reliable.
Industrial robots are one of the examples of automation equipment. Recent years
have seen rapid developments in the areas of surface manufacturing using industrial

robots. A typical production flow [1] is shown in Figure 1.1.

Product design and manufacturing tools

|

Process planning

[}

Manufacturing Processes

|

Products

Figure 1.1: A typical production flow.

Product design provides a description of the product in low level simple geometric
entities (faces, edges and vertices), while high level description of entities are de-
sired to plan manufacturing processes in the manufacturing environments. Process
planning builds a bridge between product design and manufacturing and translates
design information into the process instructions to efficiently and effectively manu-
facture products. Tool planning for industrial robots for surface manufacturing, an
example of a process planning, remains a challenging research topic (2, 3]. Since tool
planning translates design information into the tool instructions to manufacture parts,
it greatly affects the quality of the products and the efficiency of the surface manu-
facturing processes [4, 5]. Currently, there are two tool planning methods: manual
and automated.

Manual tool planning (typical teaching methods) is based on manufacturing engi-
neers’ experience and knowledge of production facilities, equipment, their capabilities,
processes, and tools. A manufacturing engineer has to carry out extensive tests on

a work cell to improve a tool trajectory. This process is complex and very time-






consuming. The results vary based on the manufacturing engineers’ skill. It usually
requires the engineers to use a trial-and-error approach to find a good path or tra-
jectory for a surface manufacturing tool. The generated path or trajectory is usually
operator-dependent and error-prone. It is even harder for engineers to figure out a
better path or trajectory when some performance criteria have to be considered. For
example, in the Ford Motor Company’s Aston Martin plant, it takes an experienced
engineer a few weeks to design a trajectory for a car door panel.

Computer aided tool planning (CATP), an automated tool planning process (ATPP),
is desirable for surface manufacturing. CATP, which automatically establishes com-
munications between the CAD model of a part and the product manufacturing pro-
cesses, reduces human labor dramatically and keeps human operators from being
exposed to harmful working environments. Currently automated tool planning re-
ceives little attention and has always caused a bottleneck for surface manufacturing.
Therefore it is essential to develop automated tool planning to replace manual tool
planning. This challenging research topic has been receiving more and more attention

from academia and industry.

1.2 Previous Work

According to the material distribution constraints, the processes in surface manufac-
turing can be categorized into two groups: material uniformity and coverage. Material
uniformity requires that a surface be covered with material to achieve certain amount
of material deposition. Examples are spray painting, spray forming and rapid tooling.
Spray forming and rapid tooling can also be categorized as net shape manufacturing
processes since no machining process is needed for the manufactured parts. Coverage
requires that a surface be covered by material or touched by a tool, such as spray
coating, spray cleaning [6] and polishing. There are only a few reports on automated

tool planning for surface manufacturing.



Spra
a av

robo

dep,e



1.2.1 Spray Painting

Spray painting is an important process in the manufacturing of many products, such
as automobiles, furniture and appliances. Figure 1.2 shows an industrial robot (ABB

robot) used for spray painting.

(a) (b)

Figure 1.2: The spray painting process using an industrial robot: (a) an ABB robot
and a part; (b) the painting process for a portion of a car hood.

The uniformity of paint thickness on a product can strongly influence its quality.
Tool planning for spray painting is critical to achieve uniformity of paint thickness
and has been widely studied (7, 8, 9]. Suk et al. [9] developed an Automatic Trajec-
tory Planning System(ATPS) for spray painting robots. Their method is based on
approximating a free-form surface using a number of individual small planes. Their
simulations showed over and under-painted areas on a painted surface. Asakawa et
al. (7] developed a teachingless path generation method based on the parametric sur-
face to paint a car bumper. The paint thickness was 13 to 28 um while the average
thickness was 17.7 um. The method to find the spray width and gun velocity was not
reported. Antonio et al. [10] developed a framework for optimal trajectory planning
to deal with the paint thickness problem. However, the paint gun path and paint

deposition rate must be specified. In practice, it is very difficult to obtain the paint
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deposition rate for a free-form surface. Alternatively, some commercial software, such
as CimStation [11], IGRIP [12] and ROBCAD™ /Paint [13], can generate paint gun
trajectories and simulate the painting processes. However, the gun paths are obtained
in an interactive way between the users and the software. This tool planning process

is inefficient and error-prone.

1.2.2  Spray Forming

Spray forming is used for the glass fiber preforming processes [14]. Figure 1.3 shows

an industrial robot (ABB robot) used for spray forming.

el 4

achine

(a) (b)

Figure 1.3: The spray forming process using industrial robots: (a) ABB robots and
a part; (b) the forming process for a pickup truck box.

Glass fiber is chopped and applied along with thermoplastic powdered binder to
the preform screen using industrial robots. Positive airflow through the screen holds
the chopped fiber on the screen surface during the entire spray-up routine. When
spray-up is complete, the tool is closed and the preform is compressed to the desired
thickness. Ambient temperature airflow through the screen is then stopped, and hot
air is drawn through the screen in order to melt the binder. After the binder has been

melted, hot airflow is stopped and ambient air is again drawn through the preform,



freezing the binder and setting the preform. The tool is opened and the finished

preform de-molded. The advantages of the technology are:

e light weight of parts because glass fiber is lighter compared to other materials,

such as steel and cement;
e low cost because there are no dies as contrasted to the stamping methods;

e flexibility because robots can be re-programmed to manufacture other parts.

Chavka [14] developed a spray forming system. However, no path planning method
was presented. Based on the CAD model of a building facade, Penin et al. [15]
developed an automatic path planning method to spray glass fiber on a panel with
cement. The fabricated panels can achieve better flex-traction strength and are lighter
weight than conventional concrete panels. The spray width and tool velocity are
determined using some spray rules. The paths are generated by approximating a
curved surface with several planes. No material constraints are specified. The tool
planning for spray forming must satisfy area density (material weight in a unit area)

constraints [14].

1.2.83 Rapid Tooling

Rapid tooling is a type of rapid prototyping, which is a technology to quickly deliver
a part by an additive, layer-by-layer process based on the CAD model of a mold.
This is a new technology developed to reduce both time and cost. There are different
technologies used for rapid prototyping [16], such as stereolithography (SLA), selec-
tive laser sintering (SLS), room temperature vulcanized (RTV) molding , and rapid
tooling.

Rapid tooling is a process to produce components in a layer-by-layer (additive)
process in end-use materials. The rapid tooling process has been attracting more

attention lately because it can manufacture tools rapidly at low cost. There are



two technologies for rapid tooling: direct and indirect. Direct rapid tooling directly
makes hard tooling or metallic molds by depositing material on a surface layer-by-
layer (also called layered manufacturing). Indirect rapid tooling makes hard tools or
metallic molds using rapid prototyping parts as patterns. In indirect rapid tooling
[17), molten metal is sprayed on a ceramic mold layer-by-layer until the desired metal
thickness is achieved. Typically indirect rapid tooling is used to make dies or punches
to produce parts. Since there is no machining process needed for the manufactured
parts using the indirect rapid tooling process, it is a net shape manufacturing process.
Figure 1.4 shows an industrial robot (ABB Robot) used for indirect rapid tooling

process.

(a) (b)

Figure 1.4: The indirect rapid tooling process using an industrial robot: (a) an ABB
robot and a part; (b) the indirect rapid tooling process.

Some work has been done on path planning for the direct rapid tooling process
[4, 18, 19]. Luo et al. developed software and hardware for a rapid tooling system
[18]. The software includes a slicing algorithm which generates 2D flat contours from
a faceted 3D model and a tool path generation algorithm. Yang et al.[4] studied dif-
ferent scanning strategies for the tool path planning in rapid tooling. An equidistant

scanning algorithm was proposed and implemented. Their methods improved manu-



facturing efficiency and product quality. However, both Luo and Yang's approaches
only deal with 2D flat contours and are not sufficient to handle free-form surfaces.
There is little research work in the indirect rapid tooling process. Chalmers [17]
demonstrated an indirect rapid tooling process used by the Ford Motor Company. No
tool planning algorithm is reported. For indirect rapid tooling, the material sprayed
on a mold must satisfy material thickness and temperature constraints. Because
the path planning for direct rapid tooling can only deal with 2D contours, it is not
suitable for the tool path planning of indirect rapid tooling since most parts are

free-form surfaces.

1.2.4 Coverage

Coverage is to cover every point on a surface using a specific tool. Spray coating, spray
cleaning, polishing are typical applications for coverage. There are different methods
to generate paths for coverage. Sheng et al. [20] developed a method to automatically
generate a path such that every point on a surface can be covered. Huang [21]
presented an optimal path planning method to cover a surface by minimizing the
turns. Polishing is necessary to obtain a good surface smoothness as well as to meet
the required dimensional tolerances. Mizugaki [22] developed a path planning method
for a polish robot. Takeuchi et al. [23] discussed polishing path generation using the
CAD model of a surface. Even though these path planning methods can guarantee

the coverage of a surface, the material distribution constraints are not considered.

1.2.5 Optimal Trajectory Planning

To increase productivity and the quality of manufactured products, it is desirable
for industrial robots to run in their optimal conditions subject to given optimization
criteria. In industry, minimal time of a manufacturing process means high produc-

tivity and low cost. To improve the product quality, the material distribution on a




free-form surface has to be optimized. Hyotyniemi {24, 25] developed a locally con-
trolled optimal trajectory planning system for spray painting robots. Paint thickness,
surface quality and trajectory smoothness are considered to form a multi-objective
optimization problem. However, the method is time-consuming and needs extremely
high computing capacity even for simple surfaces. This makes the method infeasi-
ble. Moreover, the paint gun velocity is not considered as an optimization parameter.
Antonio et al. [8, 10] presented an optimal trajectory planning method for spray coat-
ing. The variation of paint thickness is minimized. Because the optimization process
needs high computing capacity, they developed fast solution techniques [26] to solve
the problem. However, the spray gun path has to be given using teaching methods
by experienced operators. The parametric representation of a surface and a path
is needed for optimization. Although parametric representation is mathematically
accurate, its local nature causes difficulties for path planning [20, 27]. Furthermore,

these optimal tool planning methods are developed for individual process.

1.3 Motivations and Challenges

In manufacturing, computer aided tool planning (CATP) builds a communication
between CAD and CAM [2]. Surface manufacturing, such as spray painting, spray
forming, indirect rapid tooling, spray coating and polishing, need to generate trajec-
tories based on the CAD model of a free-form surface such that the task constraints
can be satisfied. Although some scattered and problem-specific planning algorithms
have been developed, there is no general tool planning method for surface manu-
facturing. Optimal tool planning is hardly addressed. Also the verification of the
generated trajectories is not discussed. Therefore, from a practical point of view, it
is desirable to develop a general framework for automated optimal tool planning in
surface manufacturing.

Due to different tool models and constraints in different processes, it is challenging



to develop a general framework of tool planning for these processes. Since there is no
feedback information available to control industrial robots in surface manufacturing,
tool planning is crucial to the manufacture of high quality products. For material
uniformity, material thickness must satisfy given constraints, but coverage does not
have such a requirement. Some processes, such as indirect rapid tooling, need to
spray a surface many times. These make the development of a general framework for
automated tool planning in surface manufacturing difficult.

Optimal tool planning is even more challenging because:

e There are many optimization criteria: robot motion, optimal time, material

distribution deviation and material waste.

e There are many adjustable parameters: the tool velocity, tool standoff, tool

orientation and flow rate of material.

1.4 Objectives

Although the processes in surface manufacturing are different, they can be catego-
rized into two groups: material uniformity and coverage. Material uniformity, such
as spray painting, spray forming and indirect rapid tooling, requires the material
distribution on a surface to satisfy given constraints. Coverage, such as spray coat-
ing, spray cleaning and polishing, requires that every point on a surface be covered.
However, both material uniformity and coverage have some commonalities: (a) the
trajectories are generated based on the CAD models, tool models, constraints and
optimization criteria, and (b) the tool trajectory is defined by a six dimensional vector
which specifies the position and orientation of a tool. Therefore, the objective of this
dissertation is to develop a general framework for automated CAD-guided optimal

tool planning in surface manufacturing.
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1.5 Contributions of the Dissertation

In this dissertation, a general framework for automated CAD-guided optimal tool
planning in surface manufacturing has been developed and implemented successfully.

The main contributions of the dissertation are:

e A general framework for automated CAD-guided optimal tool planning in sur-
face manufacturing has been developed based on the CAD-model of a free-form

surface, a tool model, constraints and optimization criteria.
e A patch forming algorithm has been developed to satisfy the given constraints.

e Comparison of different material deposition patterns has been performed. The
performance of the raster material deposition pattern is better than that of the

spiral material deposition pattern for continuous material deposition processes.

e A theorem has been proven about the relationship between the material distri-

bution and tool velocity.

e A tool trajectory generation algorithm has been developed such that the given
material thickness constraints can be satisfied. The tool path of a free-form sur-
face is generated using an improved bounding box method. The tool orientation

is determined based on the local geometry of a free-form surface.

e A tool trajectory integration algorithm has been developed to integrate the tool

trajectories for a surface with multiple patches.

e A tool trajectory verification model has been formulated to verify the generated

trajectories.

e An optimal tool planning algorithm has been developed to generate tool trajec-

tories based on the given optimization criteria.

11



e An optimal tool planning algorithm for non-uniform material distribution on a

free-form surface has been developed and implemented.

e The general framework has been extended to other applications, such as the
dimensional inspection in manufacturing and nanoassembly in nanomanufac-

turing.

1.6 Organization of the Dissertation

This dissertation describes a general framework for automated CAD-guided optimal
tool planning in surface manufacturing. The tool planning algorithm is developed
for various applications. Implementations and simulations are presented to test the
general framework and verify the generated trajectories. The dissertation includes

the following chapters:

e Chapter 2 describes a general framework for automated CAD-guided optimal
tool planning of free-form surfaces in surface manufacturing. The CAD model
of a free-form surface, a tool model, task constraints, and optimization criteria

are presented.

e Chapter 3 introduces a general framework for an automated CAD-guided tool
planning algorithm. The determination of tool trajectory parameters is dis-
cussed. The comparison of different material deposition patterns is reported.
The patch forming algorithm is presented. The trajectory generation algorithm
is developed for a patch. The tool trajectory verification model is presented to
compute the material distribution on a free-form surface. A suboptimal velocity

algorithm is developed.

e Chapter 4 reports a tool trajectory integration algorithm for a free-form sur-

face with multiple patches. Three cases: parallel-parallel (PA-PA), parallel-

12



perpendicular (PA-PE) and perpendicular-perpendicular (PE-PE), are discussed
for a surface with two patches. A trajectory integration algorithm for a surface

with multiple patches is also presented.

Chapter 5 presents the implementation and testing of the automated tool plan-
ning algorithm. Tool trajectories for different parts in different processes are
generated and verified. The verification of the trajectory integration algorithm

is also performed.

Chapter 6 discusses the general framework for automated CAD-guided optimal
tool planning. An optimal tool planning algorithm for constant material dis-
tribution is developed and implemented. A preference articulation method is
discussed. Implementation of four cases, optimal time, optimal material distri-

bution, no preference articulation and preference articulation, are presented.

Chapter 7 presents the general framework for automated CAD-guided optimal
tool planning with non-uniform material distribution. The developed algorithm
is implemented. Implementation of four cases, optimal time, optimal material
distribution, no preference articulation and preference articulation, are pre-

sented.

Chapter 8 discusses the extensions of the general framework to other processes,
such as dimensional inspection in manufacturing and nanoassembly in nanoman-

ufacturing.

Chapter 9 summarizes the dissertation by giving conclusions and presenting the

extensions of the developed general framework.
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CHAPTER 2
A GENERAL FRAMEWORK OF OPTIMAL TOOL
PLANNING

In this chapter, a general framework for automated CAD-guided optimal tool planning
in surface manufacturing is presented. The CAD model of a free-form surface, a tool

model, task constraints and optimization criteria are discussed.

2.1 A General Framework

A general framework for automated CAD-guided optimal tool planning is to generate
an optimal tool trajectory based on the CAD model of a free-form surface, a tool
model, constraints and optimization criteria. Tool planning, also called trajectory
generation, is to plan the tool position, orientation, and velocity for a given process
in surface manufacturing. A general framework for automated CAD-guided optimal
tool planning in surface manufacturing can be formulated as:

Given the CAD model of a free-form surface M, a tool model G, constraints 2 and
optimization criteria ¥, find a tool trajectory I' such that the constraints are satisfied,
Le.,

F(M,Q,G,¥) =T. (2.1)

Figure 2.1 illustrates the automated CAD-guided optimal tool planning system.
Based on the CAD model of a free-form surface, a tool model, constraints and op-
timization criteria, the optimal tool trajectory planner generates an optimal tool
trajectory automatically for a free-form surface. The optimal tool trajectory is input
to a tool trajectory verification model to verify if it satisfies the given constraints.
The trajectory is also input to ROBC ADT* /Paint [13] to simulate the kinematics

constraints and collisions.

14
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Figure 2.1: The automated CAD-guided optimal tool planning system.

The optimal tool trajectory planner is the core of the general framework. Figure

2.2 shows how the planner works.

| CAD model, tool model, constraints and

| optimization criteria
[ Automated tool planning I
L
’ Tool trajectory J

Optimal tool planning
Optimal tool trajectory

Figure 2.2: The optimal tool trajectory planner.

Based on the given conditions, such as the CAD model of a free-form surface,
tool model and constraints, a tool trajectory is generated using the automated tool

planning algorithm. Then the optimal tool planning algorithm is applied to generate

15



an optimal tool trajectory for the free-form surface based on the optimization criteria.

2.2 Task Conditions and Requirements

This section describes the CAD model of a free-form surface, a tool model, task

constraints and optimization criteria.

2.2.1 CAD Model

The CAD model of a free-form surface contains geometric information of the surface.
According to Sheng [28], the representation scheme in 3D modeling can be catego-
rized into parametric and tessellation representations. The parametric representation
is popular in CAD modeling. B-Spline, Bezier and NURBS surfaces are some of the
common parametric surfaces used in CAD modeling [29, 30]. The parametric repre-
sentation is mathematically accurate, however, its local nature brings difficulties for
tool planning [27]. The global knowledge of a free-form surface, instead of the local
knowledge, is important for tool planning [28]. Tessellation representation, which is
much simpler, is frequently used to approximate free-form surfaces. With increased
computer processing power, tessellation representation can be very refined and accu-
rate. A triangular approximation of a free-form surface, which has global information
about a free-form surface, is desirable for tool trajectory planning. The error intro-
duced in rendering a free-form surface into triangles can be decreased by reducing the
size of triangles. Therefore, after tessellation, the CAD model of a free-form surface
M can be formulated as:

M={T;:i=1,--- ,N} (2.2)

where T; is the ith triangle on the free-form surface; N the number of triangles.
Figure 2.3 shows the triangular approximation of a free-form surface.

In CAD design, a free-form surface consists of many low curvature parametric

16
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Figure 2.3: The triangular approximation of part of a car hood.

surfaces. The normals of these parametric surfaces may not point to one side of the
free-form surface. Therefore, after a free-form surface is rendered into triangles, the

normals of the triangles have to be adjusted. Here a method is developed to adjust

normals of the triangles.

Figure 2.4: The normals of triangles. vy, v,, v, and v3 are the vertices of triangles A
and B.

Figure 2.4 shows two neighbor triangles A and B. n, and n; are normals of triangles
A and B. In the data structure, a triangle is represented by its three vertices. Each
vertex contains the XYZ coordinates. The normal of the triangle is determined by

the sequence of its three vertices. If the sequence of any two vertices in a triangle

17



is reversed, the normal of the triangle is reversed. Suppose triangle A points to the
same side as a reference direction, which can be determined by the angle between the
normal of triangle A and the normal of the reference. Then triangle A is chosen as
the seed triangle. The normal of triangle A is generated using its three vertices vy,
v; and vy. The sequence is:

Vg — UV — U — 1.

Triangle B, which has a common edge with triangle A (two common vertices), is
found. If the normals of triangles A and B point to one side, the sequences of the
two common vertices in the two triangles must be reversed. For example, if the the

sequence of vg and v, in triangle B is

Uy 2 Vg — U3 — g,

the normals of triangles A and B point to the same side since the sequences of v and
vy are reversed in the two triangles. There is no need to reverse the sequence of the

two vertices. If the sequence of triangle B is:

Uy 2 V3 =Y — 7,

This sequence of vy and v; in triangle B is the same as that in triangle A. The
sequence of vy and v, has to be changed to reverse the normal of triangle B. This
process continues until all of the triangles with common edges are processed. Then
the newly added triangles are used as seed triangles and the process continues until

there is no triangle left. Then the normals of the triangles are adjusted.

2.2.2 Tool Model

A tool model can be modeled as a spray cone [8, 9, 31, 32, 33] as shown in Figure 2.5.

18
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Figure 2.5: A tool model. ¢ is the fan angle; 6 the spray angle; h the tool standoff;
R the spray radius; r the actual spray distance.

Material particles are emitted from the tool radially within the spray cone with a
fan angle ¢. A spray pattern is formed when the spray cone intersects a plane. The
distance from the tool center to the plane is the tool standoff . The normal of the
plane is parallel to the tool spray direction. The radius of the spray pattern is R,
which is defined as spray radius. 6 is the spray angle and r the actual spray distance.

For material uniformity, the knowledge of the material deposition rate on a spray
pattern is needed. The material deposition rate depends on many parameters, such
as the tool standoff and the flow rate of material. Here these parameters are assumed
to be fixed [9, 10, 31, 32]. There are different profiles of the material deposition rate
[8, 9, 31, 32, 33] used in different processes. Some profiles are quite simple [9] and
others are quite complex [33]. A typical profile of the material deposition rate can be
roughly approximated by parabolic curves [8, 32| as shown in Figure 2.6.

The material deposition rate on a plane can be modeled as:

G = f(r,h). (2.3)

Goodman it et al. [34] presented a method to measure the material deposition rate
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Figure 2.6: A tool profile.

by spraying a plane. The tool model is valid for coverage if the material deposition
rate is considered to be a constant. For some processes, such as polishing, the tool

model is still valid even though the tool standoff is 0.

2.2.8 Task Constraints

A general constraint 2 can be expressed as follows:

Q = {ql(z,y,2(z,y)), Aqa(z,y, 2(z,y)),w} (2.4)

where z,y, 2(z, y) are the coordinates of a point on a free-form surface; q4(z, y, z2(z, y))
is the desired material thickness constraint on the point ; Aqq(z,y, 2(z,y)) the ma-
terial thickness deviation from the desired material thickness on the point; w other
constraints, such as material waste, cycle time, reachability, temperature and tool ori-
entation. For example, the temperature on a surface must be kept in a certain range
during a rapid tooling process. For some applications, the tool orientation cannot
change rapidly.

Spray painting, spray forming and indirect rapid tooling require that the tool tra-

jectory planning satisfy material uniformity constraints, i.e., the material sprayed on

20



a free-form surface must satisfy the desired material thickness and material thickness
deviation constraints. Spray cleaning and polishing are examples of coverage. Each
point on a free-form surface must be covered by a spray pattern. Coverage is a spe-
cial case of material uniformity. Therefore the constraints can be expressed using a

general formula, i.e.,

Aqi(z,y, 2(x,y)) #0 Material uniformity

Qd(lr,y,z(ir,y)) = I’AQd(%va(-T,y)) =0 Coverage (25)

2.2.4 Optimization Criteria

Optimal tool planning is based on the optimization criteria. A general optimization
criterion ¥ is expressed as:

\I/ = (\I’I,\I/g,...,\I/K) (26)

where ¥y, U5, ..., Vg are K optimization criteria, such as minimum time and optimal

material distribution etc..
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CHAPTER 3
AUTOMATED TOOL PLANNING

This chapter discusses an automated tool planning system. Based on the CAD model
of a free-form surface and a tool model, an automated tool planning system is de-
veloped such that the given constraints are satisfied. A patch forming algorithm is
presented to generate patches. After patches are formed, a trajectory is generated
for each patch. A trajectory verification model is developed to verify the generated
trajectory. A suboptimal tool velocity algorithm is discussed to minimize the material

thickness deviation.

3.1 A General Framework for Automated Tool Planning

An automated tool planning system is to generate a tool trajectory automatically
based on the CAD model of a free-form surface, a tool model and constraints in
surface manufacturing. The automated CAD-guided tool planning system can be
formulated as follows:

Given the CAD model of a free-form surface M, a tool model G and constraints

Q, find a tool trajectory T' such that the constraints are satisfied, i.e.,

F(M,Q,G) =T. (3.1)

Figure 3.1 illustrates the automated tool planning system. Based on the CAD model
of a free-form surface, a tool model and constraints, the automated tool trajectory
planner generates a tool trajectory automatically. Here the desired material thickness
is considered to be a constant. The generated trajectory is input to a trajectory
verification model to verify if it satisfies the given constraints. The trajectory is
also input to ROBCAD™M /Paint [13] to simulate the kinematics constraints and

collisions.
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Figure 3.1: The automated tool planning system.

The tool trajectory planner is the core of the automated tool planning system.
Figure 3.2 shows how the tool trajectory planner works.

From the given conditions, such as the CAD model of a free-form surface, a
tool model and constraints, patches are formed for the free-form surface using the
patch forming algorithm. Then, a trajectory is generated for each patch using the
tool trajectory planning algorithm. The generated trajectories of the patches are
integrated to form a trajectory for the free-form surface. The suboptimal tool velocity
algorithm is developed to optimize the material distribution deviation. Finally, the
generated trajectory is verified to check if the given constraints are satisfied. This
chapter focuses on the tool trajectory generation for one patch. The tool trajectory

integration is discussed in the next chapter.
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Figure 3.2: The automated tool trajectory planner.

3.2 Determination of Tool Trajectory Parameters

To generate a tool trajectory for a free-form surface, the spray width and the tool
velocity have to be determined. The spray width and the tool velocity are computed
by optimizing the spraying process on a plane. Figure 3.3 shows material deposition

on a plane.
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Figure 3.3: Material deposition of a point s on a plane: (a) one path (b) two paths. R
is the spray radius; = the distance of the point s to the first path; v the tool velocity;
and d the overlapping distance.

The spray width w can be expressed as:

w=2R-d (3.2)

25



where d is the overlapping distance.

Theorem 3.2.1 Given a tool model, the material thickness on a plane is related to
the tool velocity and the overlapping distance. Moreover, the material thickness is

inversely proportional to the tool velocity.

Proof. The material thickness of a point s on a plane can be calculated using

T
- /0 F(r(t))dt (33)

where ¢(s) is the material thickness of point s; T the total spray time for point s;

the following equation,

and r(t) the distance from point s to the center of the spray cone.
For each point on the plane, there are at most two neighboring paths which
contribute to the material thickness of the point. The material thickness g(z,d,v) of

the point due to the two paths can be expressed as:

@i(z,v) 0<z<R-d
g(z,d,v) = ¢ q(z,v) + Go(z,d,v) R—d<z<R (3.4)
G2z, d,v) R<z<2R-d

where r is the distance of the point to the first path; v the tool velocity; g;(x,v) and
Go(z,d,v) are the material thickness due to the first and second paths respectively.

They can be calculated using equation (3.3),

q(rv—2/frldt 0<zr<R

rdv—-2/fr2 dt R-d<zx<2R-d (3.5)

where t; and ¢, are the parameters related to the spray time on point s for the first

and second paths respectively; r; and r, the distances of the point to the tool centers
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respectively. t, ta, 7, and ro are:

R? — 22 VR - (2R —d - 1)?
th= ——m, ty =
v v
1=V (vt)? + 22, e = V(vt)2 + (2R — d — z)2. (3.6)
In equation (3.5), let
t="2, (3.7)
v
then it can be written as:
2 (4
i) =2 [ feday 0<a<R
0
2 [
aedo)=7 [f0)dy R-d<z<aR-d (38)
0
where
ty=vVR2—22, ty=+/R2—(2R—d - 1)?
m=vVy+z2, 1=y +(2R-d-1)? (3.9)

Therefore, §;(x,v) and ¢,(x,d,v) are inversely proportional to the tool velocity.
From equations (3.4) and (3.8), we obtain that the material thickness on a plane is
inversely proportional to the tool velocity and also related to the overlapping distance.
q

To find an optimal velocity v and an overlapping distance d, the mean square
error of the material thickness deviation from the required material thickness g; must
be minimized, i.e.,

i dv) = [22 (g0 - glx.d.v))2d } .
,IJB.‘;%.U{E‘( )= Jo (qa — q(x.d.v))?dr (3.10)
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The maximum and minimal material thickness deviations from the average mate-
rial thickness have to be minimized because they determine the material thickness
deviation from the average material thickness.

. N — (A _ 2 2
dérlrf},llgl],v {El(dv l’) (anal (Id) + (Qd q"nn) } (311)

From equations (3.10) and (3.11), a multi-objective error function is formulated:
E(d7 U) = (El(da 'U),Eg(d, v))T’ (312)

The no preference articulation method in Appendix A is adopted to solve the
multi-objective optimization problem. From equation (A.4), equation (3.12) can be
transferred to,

min {E(d, 'U) = AlEl (d, ’U) + /\QEQ(d, ’U)} . (313)

de(0,R]v

Lemma 3.2.1 FE(d,v) can be minimized by properly choosing the overlapping dis-

tance d.

Proof. From Theorem (3.2.1), g(z,d,v) is inversely proportional to the tool velocity
v. Let:
G(r.d.v) = 2p(z,d). (3.14)
v

Then the maximum and the minimum material thicknesses can be expressed as:

_ 1 _ 1
Gmaxr = _pmax(d)y Gmin = —pmin(d)- (315)
v v

To find minimal E(d,v), first compute

OE(d.v)

= (. 3.16
Jv 0 ( )
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From equations (3.12), (3.14), (3.15) and (3.16), the following equation is obtained:

A1 02R_d pz(xy d)d,l" + A2pgna.r(d) + /\QP?"i"(d)

gl T p(, )T + Aapimas(d) + Aopmin(d)]

(3.17)

The tool velocity can be expressed as a function of the overlapping distance d. There-
fore, the minimization of E(d,v) is only related to the overlapping distance d. «
A golden section method [35] is adopted here to calculate the overlapping distance

d and the tool velocity v by iteration.

3.3 Comparison of Material Deposition Patterns

Material deposition on a free-form surface in manufacturing has many applications,
such as surface manufacturing and rapid prototyping (3D printing and layered man-
ufacturing) [4, 19, 36]. These applications can be categorized into two groups, con-
tinuous and discontinuous material deposition. The continuous material deposition
is to deposit material on a free-form surface continuously, such as surface manufac-
turing. For the discontinuous material deposition, the tools can be turned on and off
to deposit material on a surface. Tool path planning for these two processes has been
widely studied and different material deposition patterns have been used. There are
two main material deposition patterns, raster and spiral, as shown in Figures 3.4(a)
and 3.4(b) respectively.

Both the raster and the spiral patterns are implemented in continuous and dis-
continuous material deposition (7, 9, 18, 19, 36, 37]. Kao et al. [36] claims that the
spiral material deposition pattern is preferred for layered manufacturing. However,
they do not report any explanation. Although the two patterns are used in different
applications, there is no comparison to show the performance of the two patterns.
Therefore, to achieve better material distribution, it is desirable to compare the per-

formance of the two patterns in different applications. Here the comparison of the
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Figure 3.4: The material deposition patterns: (a) raster; (b) spiral.

two material deposition patterns for continuous material deposition is performed.
The uniformity of material distribution on a product can strongly influence the
quality of the product. Hence, the uniformity of the material distribution is used
as a criterion to justify the two material deposition patterns. Since optimal tool
planning may affect the uniformity of the material distribution, the optimal tool
planning algorithm (Chapter 6) is used to generate optimal tool trajectories to obtain
optimal material distribution for the two material deposition patterns. Based on the
CAD model of a surface and a tool model, two trajectories are generated for the
two material deposition patterns. The trajectories are then optimized to obtain the

optimal material distribution to justify the two material deposition patterns.

A plane, which was rendered into triangles as shown in Figure 3.5, is used to
test the two material deposition patterns. If the material distribution of a material
deposition pattern on a plane is better than that of the other, the same result can be
obtained on a free-form surface.

The parameters used to compute the material distribution are the same as those
in Section 5.1.1. Using the spray width in equation (5.2), the trajectories for the two
material deposition patterns are generated and shown in Figures 3.6(a) and 3.6(b)

respectively.
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Figure 3.5: The triangular approximation of a plane.

The material thicknesses for the two paths are calculated based on the constant
velocity in equation (5.2) using the trajectory verification model (3.34). The results
are shown in Figures 3.7(a) and 3.7(b) respectively. The big jump in Figures 3.7(a)
and 3.7(b) is due to the transition of the path as shown in Figures 3.6(a) and 3.6(b).

Then the paths are divided into segments and each segment is divided into 10 small
pieces. The optimal tool planning algorithm ( Chapter 6) is applied to optimize the
velocities to obtain optimal material distribution. The material thicknesses for the
two material deposition patterns are computed and shown in Figures 3.8(a) and 3.8(b)
respectively.

For the raster material deposition pattern, the maximum and minimum material
thicknesses occur at the boundary of the part (Figures 3.7(a) and 3.8(a)) for both
optimal and non-optimal trajectories. This can be compensated by extending the path
outside the part (Section 3.5) or by the neighboring path (Chapter 4) . Therefore,
better results can be achieved for the raster pattern (Section 5.1.2). However, the
maximum and the minimum material thicknesses for the spiral pattern occur at the

corners of the paths (middle of a part), which cannot be compensated.
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Figure 3.6: The generated paths for the two material deposition patterns: (a) raster;
(b) spiral.

The results of the material distribution for the two material deposition patterns
are summarized in Table 3.1.

The maximum material thickness for the spiral pattern is larger than that of
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Figure 3.7: The material thicknesses for the two material deposition patterns with
constant velocity: (a) raster; (b) spiral.

the raster pattern. The minimum material thickness is smaller. This means the

deviation of the material distribution of the spiral pattern is bigger than that of the

raster pattern. The path length of the spiral pattern is also longer than that of the
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Figure 3.8: The optimal material thicknesses for the two material deposition patterns:
(a) raster; (b) spiral.

raster pattern. So is the process time. Therefore, it is better to use the raster pattern

in continuous material deposition processes. This is consistent with the fact that the
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Table 3.1: The implementation results for the two material deposition patterns

— Optimal Non-optimal
— Raster Spiral Raster Spiral
Average (um) 49.9 49.6 51.3 54.1
Maximum (pum) 61.6 68.8 77.1 116.5
Minimum (um) 37.8 29.5 27.5 30.9
Process time (s) 8.39 8.77 8.84 9.56
Path length (m) 2.8566 3.0894 2.8566 3.0894

raster pattern is widely used in automotive manufacturing.

3.4 Patch Forming Algorithm

The process for patch forming is shown in Figure 3.9.

Given conditions

1
Threshold angle

[ ]

Patch forming algorithm

]

Patches

Figure 3.9: Patch forming algorithm.

Based on a tool model and constraints, the maximum and minimum material
thicknesses on a plane are calculated. A threshold angle is obtained. Patches are

formed using the patch forming algorithm.
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34.1 Threshold Angle Determination

After the material thickness on a plane is optimized, the average, maximum and
minimum material thicknesses are ¢4, Gmar and Gmin respectively. Assume that the
total material on the plane is projected to a free-form surface and the maximum
deviation angle of the free-form surface is B;,. The maximum deviation angle is
the maximum angle between the normal of every point on the free-form surface and

the normal of the plane. Figure 3.10 shows the material on a plane projected to a

na
Plane

free-form surface.

Free-form surface

Figure 3.10: The material on a plane is projected to a free-form surface. [ is the
maximum deviation angle of the free-form surface; 7, the normal of the plane; and
7; the normal of a point s on the free-form surface.

Assume the total material is projected to the free-form surface along the normal
of the plane. Without considering the tool standoff variation, the material thickness

at point s can be expressed as:

gs = qcos(Bn) (3.18)

where & is the material thickness on the plane. The material thickness g, on the

free-from surface must satisfy the following inequality:

qmincos(ﬁth) S qs S (imaz- (319)
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If the material thickness g, on the free-form surface satisfies the task constraints,

le.,

lgs — qal < Aqa, (3.20)

then
q"w;t —qd S AQd (321)
qd — qmincos(ﬂth) S Aq:i (322)

If equation (3.21) is always satisfied, the threshold angle §;, can be calculated using
equation (3.22),

ga — Aqq

Ben = acos (3.23)

Qmin

This means, for any free-form surface, if the maximum deviation angle (,,.. satisfies:

ﬁmar S ﬁth; (324)

the material thickness on the free-form surface can satisfy the material thickness
constraints.
In coverage, the threshold angle G;;, can be chosen as any value less than 90°

according to equation (3.34).

S.4.2 Patch Generation

After the threshold angle 3, is obtained, patches are generated. A patch is expressed

as:

PT; = {Tj|cos™"(7i; ® i) < Bun, D(T;. Tx) < R, T, € M, Ty € M} (3.25)
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where PT; is the ith patch; 7i; and 7, are the normals of the jth and Ath triangles,
respectively; D(Tj, T ) is the distance between the centers of the jth and kth triangles.

The patch generation process of a patch is shown in Figure 3.11.

* - Add the first seed
A seed triangle to a patch

*«

Find surrounding triangles

v

Find the deviation angle ,3

v

l Yes
Add the triangle to the patch

More triangles in the part

Yes

v'No

End

Figure 3.11: The patch forming process.

The steps for the patch generation are:

Step 1: Arbitrarily choose a seed triangle as the first triangle of a patch.

Step 2: Find surrounding triangles. The distance between each surrounding triangle

and the seed triangle is less than the spray radius.

Step 3: Calculate the angle between the normal of the seed triangle and the normal of

each surrounding triangle.
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Step 4: Compare the angle with the threshold angle. If it is less than the threshold

angle By, the triangle is added to the patch.

Step 5: After all of the surrounding triangles are checked, use each of the newly added

triangles as a seed triangle.

Step 6: Continue the process until no more triangles can be added to the patch.

Step 7: If there are remaining triangles, choose a seed triangle from the remaining tri-

angles.

Step 8: Repeat steps 2-7 to form a patch.
Step 9: If there are triangles left, repeat steps 2-8 for patch generation until there is no
triangle left.

After the process is performed, the free-form surface is divided into one patch or

several patches.

3.5 Trajectory Generation for a Patch

A tool trajectory includes the tool position, orientation, and velocity. The tool posi-
tion is determined by the spray width. After the spray width and the tool velocity

are found, a tool trajectory generation algorithm is developed to generate a tool

trajectory for a free-form surface.

3.5.1 Tool Path Generation

After patches are formed, a tool trajectory can be generated for each patch using
the spray width and the tool velocity. Sheng et al. [20] developed a bounding box
method to generate a path for a patch. A bounding box of a patch is a box which

contains the whole patch exactly. Figure 3.12 shows a patch and its bounding box.
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Figure 3.12: A patch and its bounding box: TOP, FRONT and RIGHT are the
directions of the bounding box.

The FRONT direction of the bounding box is the opposite direction of the area-
weighted average normal of a patch., The average normal direction of a patch with

N triangles is defined as:

N -
SN
Mg = # (3.26)
12 iy siriil

where 72, is the average normal of the surface; 77; and s; are the normal and the area of
the ith triangle (: = 1, ..., N), respectively. All vertices on a patch are then projected
to a plane whose normal is the FRONT direction. The TOP and RIGHT directions
are determined by finding the smallest rectangle which can cover all of the projected
points on the plane.

Since the bounding box method cannot generate a trajectory to follow the contour
of a patch, an improved bounding box method is proposed here to generate a tool
path for a patch. Figure 3.13 is an illustration of the path generation algorithm using
the improved bounding box method.

The steps for the path generation of a patch are:

Step 1: The patch is cut using a series of top cutting planes. whose normals are the TOP
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Figure 3.13: The improved bounding box method to generate a path for a patch.

direction. The distance between the neighboring planes is the spray width. A

series of top intersecting lines Lr; are obtained, as shown in Figure 3.13.

Step 2: The patch is cut using a series of right cutting planes, whose normals are the

RIGHT direction. A series of right intersecting lines Lg; are obtained, as shown
in Figure 3.13.
Step 3: For each right intersecting line Lg;, find the number p; of intersecting points

with all of the top intersecting lines. The number p; is the path number for

the right intersecting line Lg,;. The procedure is repeated until all of the right

intersecting lines are processed.

Step 4: Each right intersecting line is divided into p; segments. A series of points are

obtained. The procedure is repeated until all of the right intersecting lines are

divided.
Step 5: Connect the points along the RIGHT direction to form a path.

One of the advantages of the improved bounding box method is that the tool path

can follow the contour of a free-form surface.
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3.5.2  Tool Orientation Generation

The tool orientation is determined based on the local geometry of a patch. Figure 3.14

shows the tool orientation generation.

Tool moving direction Part

Over-spray point

Tool path

Spray cone

Figure 3.14: Part of a tool path and a series sample points.

At each sample point, triangles whose distance to the sample point is less than

the spray radius are found as shown in Figure 3.15.

Figure 3.15: Tool orientation generation.

The average normal of these triangles is calculated using equation (3.26). After
finding the average normal, the tool orientation is the reverse direction of the average

normal. Thus the tool orientation is determined by the local geometry of a free-form
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surface.

3.5.8 Tool Trajectory Generation

The generated tool trajectory is on a free-form surface. In surface manufacturing, the
tool trajectory has to be offset a distance of the tool standoff along the opposite tool

direction to form a tool trajectory. Figure 3.16 is an illustration of the process.
._ Tool

h Free-form surface

Sample point Tool path

Figure 3.16: A tool trajectory on a free-form surface is projected to form an offset
tool trajectory.
After all points on the tool trajectory are offset, an offset tool trajectory is gen-

erated.

3.6 Trajectory Verification Model

Trajectory verification is an important process because it checks if the generated tra-
jectories satisfy the given constraints. A trajectory verification model is developed
to compute the material thickness on a free-form surface using the generated trajec-
tories. A typical tool model [8, 9, 38, 39] is adopted here to calculate the material
thickness of a point on a free-form surface. Figure 3.17 shows the material deposition

on a free-form surface. The plane is generated using the tool direction and the desired
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Figure 3.17: Material deposition on a free-form surface. 7; is the normal of a triangle;
~; the deviation angle from the gun direction; h the desired tool standoff; h; the actual
tool standoff.

tool standoff.

The development of the trajectory verification model is based on an assumption
that the amount of material from the tool is the same as that sprayed on a free-
form surface, which is independent of the geometry of the free-form surface and the
distance between the tool and the free-form surface (8, 32, 39, 40]. Suppose the
material sprayed on a small area C| is projected to the area C,, as shown in Figure

3.18. The relationship between the two areas is:
Se, = (57)"5e, (3.27)

where S¢, and S¢, are the areas of C) and C; respectively.
Suppose the material on C) is projected to Cy. Based on the assumption, the

material thickness on C; can be expressed as:

¢ = q(,%)? (3.28)
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Figure 3.18: The trajectory verification model: material projection.

where ¢ and ¢, are the material thicknesses on the planes C; and C,, respectively.

(a) (b)

Figure 3.19: Material projection: (a) from C; to Cs; (b) from Cj to a small area on
a free-form surface.

Figure 3.19(a) shows a circle Cy, which is perpendicular to the material emission
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direction. The material thickness on C3 can be expressed as:

q2
g = , 3.29
. cosb; ( )

The material on Cj is projected to the free-form surface with a deviation angle

7i, as shown in Figure 3.19(b). The material thickness on the free-form surface is:
qs = q3C0S57;. (3.30)

Therefore, based on equations (3.28), (3.29) and (3.30), the material thickness on

the free-form surface can be obtained:

2
¢ =7 (i) 2% (3.31)

h; ) cos;

If the distance from the tool to the point s is [;, then

h; = l;cosb,;. (3.32)

Then equation (3.31) can be expressed as:

_(h 2 Cos7;
G5 =q\ 7T (3.33)

l;) cos36;

When the deviation angle v; > 90°, there is no material sprayed on a surface. Hence,

the material thickness on a free-form surface can be modeled as:

2
~( h COs%,
a\7T) =5 v <900
s = (’) b . (3.34)
0 ¥ > 90°

Using this trajectory verification model, the material thickness on a free-form surface

can be calculated.
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3.7 Suboptimal Tool Velocity

To obtain an optimal tool trajectory for a free-form surface, an optimal tool planning
algorithm has to be developed. Optimal tool planning may make the computational
load high. To reduce the computational load, a suboptimal tool velocity planning

algorithm is developed. The lower and upper bounds of the material distribution are

defined as:

Aq'nar = Gmazr — qd (335)

Aqmin = 4d — Qmin

where ¢mar and g¢ni, are the maximum and the minimum material thicknesses on
a free-form surface, respectively; Agmar and Agm.n the upper and lower bounds,
respectively. According to equation (3.19), the upper bound of the material thickness

is dependent on the maximum material thickness on a plane. However, the lower
bound is dependent on both the minimum material thickness on a plane and the
maximum deviation angle of a free-form surface. A larger the maximum deviation
angle gives a bigger material thickness deviation. This means the lower bound is
larger than the upper bound. To minimize the material thickness deviation from
the desired material thickness, the lower bound has to be decreased. A method is
developed here to decrease the lower bound by approximately optimizing the tool
velocity. Figure 3.20 shows the material thickness projected from a plane to a free-
form surface. Because the material of an area S on a plane is projected to an area S’
on a free-form surface, the material thickness on the free-form surface is decreased.
According to Theorem (3.2.1), the material thickness is inversely proportional to the

tool velocity. Therefore, the tool velocity can be modified to increase the material
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Figure 3.20: The material thickness projected from a plane to a free-form surface.

thickness on the free-form surface, i.e.,

o =02 (3.36)

where v’ is the approximately optimized tool velocity. Thus, we have,

s’ = Qs (337)

Hence, the material thickness deviation from the desired material thickness is de-

creased using the suboptimal velocity algorithm.
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CHAPTER 4
TOOL TRAJECTORY INTEGRATION

A free-form surface may consist of several patches. After the trajectory for each
patch is generated, the trajectories of the patches have to be integrated to obtain a

trajectory for the free-form surface. In this chapter, a trajectory integration algorithm

for a surface with multiple patches is developed.

4.1 Material Distribution in the Intersecting Area of Two

Patches

The material thickness optimization of a surface with two patches is much more
complex than that of a surface with one patch. The overlapping distance and the
tool velocity should be kept the same as those of a surface with one patch except at
the intersecting areas among patches. In the intersecting area, the path in one patch
contributes to the material thickness on the other. Figure 4.1 shows two patches with
an angle a.

In Figure 4.1, O is the spray tool center; O;, Oz, O3, s; and s; are points on the
two patches; h; is the distance from O; to Os; hy the distance from O, to Os; I; the

distance from O to sp; x the distance from O; to s;; y the distance from s; to O,.
The distance ! from O3 to s; can be expressed as:

(z — hy)cosb
cos(f + a)

l = h‘g—-y.

(4.1)

Using the trajectory verification model (3.33), the material thickness on Patch 2
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Patch 1

Patch 2

Figure 4.1: The material distribution on the intersecting area of two patches.

can be expressed as:

h%cos(d + )
92(7,y) = @2(y) + QI(CE)W (4.2)
Equations (4.1) and (4.2) lead to:
(ha — y)cos(8 + )  h%cos(0 + a)
o, (T) = h .
gs,(z) = q2(y) + (b1 + g ) o058 (4.3)

Equation (4.3) is quite complicated if it is used to calculate the material thickness at
the intersecting area of two patches. Since the tool standoff h is much larger than

the spray radius, i.e.,
R < h. (4.4)
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Therefore, the angle 6 is a small angle. Then the following approximations are valid:

tanf = 0, h = l;cos8. (4.5)
Equation (4.3) can be simplified as:
252 (y) = q2(y) + @1 (h1 + (h2 — y)cosa)cosa. (4.6)

a > 90° is not considered here because the material thickness on one patch is not

affected when spraying the other patch.

Similarly, the material thickness on Patch 1 is computed:

gs, () = q1(z) + g2(h2 + (hy — x)cosa)cosa. (4.7)

4.2 Optimization Process for a Surface with Two Patches

According to the criteria that the main part of a tool path is parallel or perpen-
dicular to the intersecting line, different cases are studied: parallel-parallel (PA-

PA) case; parallel-perpendicular (PA-PE) case; perpendicular-perpendicular (PE-PE)

case. Figure 4.2 shows the three cases.

4.2.1 Case 1: Parallel-parallel (PA-PA) Case

Figure 4.3 shows the PA-PA case.

In this case, we need to optimize the distance h between the two paths. Because
the two paths are symmetric, the distances of the two paths to the intersecting line
are the same. Since the material distribution on any line which is parallel to the
intersecting line is the same, we only need to consider the material thickness on OA

as shown in Figure 4.3. Suppose the angle between the two patches is a. The material
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Figure 4.2: (a) Case 1: parallel-parallel case; (b) Case 2: parallel-perpendicular case;
(c) Case 3: perpendicular-perpendicular case.

AX

/ Patch 2

h A Intersecting line

d, o Patchl/

Figure 4.3: Parallel-parallel (PA-PA) case.

thickness on OA can be expressed as:

q(xr) = q1(Jx = dol) + q2(h + (do + h — I)cosa)cosa (4.8)
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where ¢ (z) and g2(z) are the material thicknesses due to the paths in Patch 1 and

Patch 2, respectively, which can be expressed as:

aly) = /0 FVOE T )t

a:(y) = / © VDT Pt (4.9)

Then, the error function can be formulated as:

h+do
B = [ (= afe)a. (4.10)

Since the maximum and the minimum material thicknesses determine the maxi-
mum material thickness deviation from the average material thickness, they have to
be minimized, i.e.,

E2(h) = (Qma:t - Qd)2 + (qd - qmin)2 (411)

where ¢,.: and g,,;, are the maximum and the minimum material thicknesses, re-
spectively.
Finally, a multi-objective optimization problem is formulated using equations
(4.10) and (4.11),
min {E=(E,E)7"}. (4.12)

The optimization problem can be solved using the method in Appendix A.

4.2.2 Case 2: Parallel-perpendicular (PA-PE) Case

Figure 4.4 shows the PA-PE case.
The highlighted area can represent the intersecting area due to the symmetry of
the material distribution in the intersecting area. To obtain the optimal material

distribution, the paths are divided into small segments to optimize the tool velocity.
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Figure 4.4: Parallel-perpendicular(PA-PE) case.

The material thickness on point P in the highlighted area due to Path I can be

calculated using the path segments P, (i = 1,...,9) shown in Figure 4.4.

P1, P6 and PT:

2R-d /. .
) 1 2k (13-
Upro:(T,y,]) = — /m f(v)dz,

Uj J2BEd(j—i-1)

7= V(z+ 2)? + (do — 9)?,
_2R-d
0 — 2 T,

PG, 2 — 2R2—d _
_3(2R-d)
==

P1,

I

z,

P7, ==«
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P2, P5 and P8:

) 1 H—;do
QPz.s,a(Ivva) = “/ f(7)dz:

Vi Jddo
7= V(& +z0)2 + (2 - y)?,
2R—d
PQ, To = 2 y
2R —
PS, Ig = — R2 d,
P8, 1y = _3(2R —d)
2
P3, P4 and P9:

QPuq-Ty / f

Y= \/($+$o2+(z—y Ry,

2R-d
P3, g = ) ’
2R-d
P47 To = — 2 )
P9, 0= —9(2%‘9. (4.13)

where g,  represents the material thickness due to the path segments. Then the

material thickness g; on point P due to the path in Patch 1 is:
i+k
(z,y) = qum (2,9,0)+ D Gposn (@0, ) + Opyan(y).  (414)

Since the path in Patch 2 is parallel to the intersecting line, the material thickness

qr1 on point P due to the path in Patch 2 is:

qri(n1) = f e y‘f (V2% + yi)dz (4.15)

where y; is the distance from a point to the path in Patch 2. Then the material
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thickness on point P can be calculated using equations (4.6) and (4.7):

q(z,y) + qrr(ha + (hy + do — y)cosa)cosa 0 < y < (hy + dp)
9(z,y) = q(x,hy + do + (y — hy — do)cosa)cosa+

qrr(he +y — hy — do) hi+do <z < h +ho+d
(4.16)

Then an error function can be formulated:
Ey = o floth* (g, — g(z,y))2dyds. (4.17)

Similar to the PA-PA case, the maximum and minimal material thickness devia-

tions from the average material thickness have to be minimized, i.e.,
E2 = (Qma.r - qd)2 + (qd - Qmin)2 (418)

where @, and @i, are the maximum and the minimum material thicknesses, re-
spectively.

Finally, a multi-objective optimization problem is formulated using equations
(4.17) and (4.18),

min {E = (Ey, E2)T}. (4.19)
hl,hz,v

This problem can be solved using the method in Appendix A.

4.2.8 Case 3: Perpendicular-perpendicular (PE-PE) Case

Figure 4.5 shows the PE-PE case.
The highlighted area can represent the intersecting area due to the symmetry of
the material distribution in the intersecting area. The material thickness on point
P in the highlighted area due to the path in Patch 1 is the same as that in PA-PE

case, which can be calculated using equation (4.14). The material thickness due to
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Figure 4.5: Perpendicular-perpendicular (PE-PE) case.

the path segments P; (¢ = 10,...15) in Patch 2 can be formulated as:

P10, P11 and P14:

2R—d . .
) 1 2k (]_1')
‘h’lo,u.u(xvy)]) = —/ f(’)’)dz,

Vi J2Bod (i

v = V(24 20)2 + (h + (do + h — y)cosa)?,

P10, z0=—2R2_d—z,
2R —d

P11, 2p=- R2 +z,

P14, zoz?’(w—z—dl—z.

P12, P13 and P15:

X ]_ i+1
%’12,13,15(1,%]) = - / f(’Y)dZ’
Uj L do
y=(x+20)2 + (do + h + (do + h — y)cosa — z)?2,
2R-d
P2, Ig = — B s
P5, zo= —.:.3_(2&__(_1_)’
2
2R-d
P8, 9= R2 . (4.20)



Then the material thickness on the point P can be calculated:

a(x.y) = qi(z.y) + qi(z, y)cosa (4.21)
where
1 i+k
ql’(""’ y) = Z qpl2,13,15('l'7 y? ]) + Z QPJO,II.N (1‘7 y’ J)' (422)
i=0 j=i+l
Then an error function can be formulated:
(4.23)

Ey = 2R [P (qa - q(z,y)) dydz.

Similar to the PA-PA case, the maximum and minimal material thickness devia-
tions from the average material thickness have to be minimized, i.e.,

E2 = ((Imat - qd)2 + ((Id - (Imm)2 (424)

where ¢mnar and @i, are the maximum and the minimum material thicknesses, re-

spectively.
Finally, a multi-objective optimization problem is formulated using equations

(4.23) and (4.24),
min {E = (Ey, E»)"}. (4.25)

This problem can be solved using the method in Appendix A.

4.3 Optimization Process for a Surface with Multiple Patches

According to the types of intersecting arcas, a surface with multiple patches can be
categorized into two cases: Point and Line. If the patches intersect in a point, it is

called Point case. If the patches intersect in lines, it is called Line case. The two

cases are discussed individually. Some surfaces may have both cases.
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4.3.1 Point Case of a Surface with Multiple Patches

Figure 4.6 shows the Point case of a surface with three patches.

Figure 4.6: The Point case.

The material distribution between Patch 1 and Patch 2, Patch 2 and Patch 3,
Patch 1 and Patch 3 is optimized. The only part we need to consider is the thickness
on the area around the intersecting point P. Since the material thickness between
Patch 2 and Patch 3 is optimized, we can merge them into one patch: Patch I. The
material thickness on Patch I is optimized. Since the material thickness between Patch
1 and Patch 3, Patch 1 and Patch 2 is optimized, the material thickness between Patch

I and Patch 1 is optimized too. Hence, the material thickness on the area around the
intersecting point P is optimized.

This method can be applied to a surface with more than three patches which
intersect at one point. Therefore, if the material thickness between any two patches

is optimized, the material thickness on a surface that consists of multiple patches

must be optimized.

4.3.2 Line Case of a Surface with Multiple Patches

If one patch is between the other two patches, as shown in Figure 4.7, there are

different cases depending on the patterns of the paths.
In Figure 4.7(a), because the path in Patch 2 is perpendicular to the intersecting

lines, the PA-PE or PE-PE cases can be applied to determine the parameters. How-
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Figure 4.7: A surface with three patches: (a) perpendicular path for patch 2; (b)
parallel path for patch 2.

ever, for the case in Figure 4.7(b), the path in Patch 2 is parallel to the intersecting
lines. If the optimal h is applied, the actual spray width for the rest area of Patch 2
may not be the optimal spray width. Since the material distribution in the intersect-
ing area is more sensitive to h, the spray width has to be modified. Here two methods

are developed to change the spray width for Patch 2.

Method 1:

The spray width can be changed in a certain range without affecting the maxi-
mum and minimum material distribution too much. Table 4.1 shows the relationship
between the spray width, the maximum and the minimum material thicknesses. The
velocity is obtained by optimizing a spray process on a plane when the spray width is
given. Spray painting is used as an example. The conditions are the average material
thickness gz = 50 um, the spray radius R = 50 mm and the paint deposition rate
7(r) = (B2 = 1?) pm/s.

When the spray width is increased /decreased about 5 mm, the maximum material
thickness deviation from the average increases about 5 um. Figure 4.8(a) shows the
relationship between the spray width and the tool velocity. The relationship between

the spray width and the maximum and the minimum material thicknesses is shown
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Table 4.1: The relationship between the spray width and the maximum and the
minimum material thicknesses

Spray Width (mm) | Velocity (mm/s) | Gmar (1tm) Gmin (1N)
66.0 310.0 54.1 45.0
65.0 312.9 53.6 45.7
64.0 315.9 53.1 46.3
62.0 320.9 52.3 474
60.8 323.3 52.0 48.0
59.5 333.4 52.3 47.5
58.0 344.0 52.8 46.8
55.0 363.5 53.8 45.5

in Figure 4.8(b).

Method 2:

From Method 1, the spray width cannot be changed too much since the maximum
material thickness deviation increases as the the spray width deviation from the de-
sired spray width increases. The tool height can also be adjusted to change the spray
width. Figure 4.9 shows the tool height is increased from the desired tool height.

In Figure 4.9,
a; = 7. (4.26)

Therefore, equation (3.31) can be written as:

h\2
G = (,—) (4.27)

where ¢, is the material thickness on point S. From Theorem (3.2.1), the material
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Figure 4.8: The relationship between the spray width and (a) velocity; (b) the maxi-
mum and minimum material thicknesses.

thickness is inversely proportional to the tool velocity. Thus, the material thickness
on point S can be increased. If

(4.28)

Qi

s =
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Actual Surface

\)

then
h 2
'—p{ = 4.2
vV=wv (hi) (4.29)

where v’ is the modified velocity. This means the maximum material thickness de-
viation is the same as before. However, since the tool height is changed, the spray

radius becomes

H=R% (4.30)

where R’ is the modified spray radius. The spray width is also changed,
w = w—. (4.31)

From equations (4.28) and (4.31), the spray width can be modified without sacri-
ficing the maximum material thickness deviation. However, since the spray radius
is changed, the optimization process for the intersecting area has to be performed
again to obtain the optimal distance(s). This makes the integration problem more

complicated.
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CHAPTER 5
IMPLEMENTATION OF AUTOMATED TOOL
PLANNING

In this chapter, the automated tool planning is implemented to generate trajecto-
ries for different processes, such as spray painting, spray forming and indirect rapid
tooling. The generated trajectories are also verified using the trajectory verification
model. The trajectory integration algorithm is also implemented. Since coverage is
a special case of material uniformity, implementation for coverage is not discussed
here. The algorithm was implemented in C++. The triangular approximation was

exported from GID (http://gid.cimne.upc.es/) with an error tolerance of 2 mm.

5.1 Optimization Process

The material thickness optimization process is performed for spray painting because

the optimization for other applications is similar.

5.1.1 Determination of Tool Trajectory Parameters

Suppose the desired paint thickness is g4 = 50 um, the required paint thickness

deviation 15um and the spray radius R = 50 mm. The paint deposition rate is:

1
f(r) = 75 (R = 1) pm/s. (5.1)
The paint gun velocity and overlapping distance are calculated by optimizing equation

(3.12):
v =2323.3 mm/s, d = 39.2 mm. (5.2)
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The maximum and minimum thicknesses are:

Gmar = 52.02 pm, Gmin = 48.05 pm. (5.3)

The optimized paint thickness on a plane is shown in Figure 5.1.
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Figure 5.1: The optimized paint thickness on a plane.

Using the maximum and minimum thicknesses and equation (3.22), the threshold

angle is calculated:

Bin = 43.2°. (5.4)

5.1.2 Paint Thickness Optimization for a Surface with Two Patches

Case 1: Parallel-parallel (PA-PA) Case

In this case, dy = R. After performing the optimization process using equation

(4.12), the optimized paint thickness for & = 30° is shown in Figure 5.2.

Case 2: Parallel-perpendicular (PA-PE) Case
For this case, 1 = 3, dp = 2R and k = 4 are chosen. The optimization process is

performed using equation (4.19). The optimized paint gun velocities when a = 30°
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Figure 5.2: The optimized paint thickness for the PA-PA case when a = 30°.

are:

vo = 272.2mm/s, vy = 333.1mm/s, v, = 459.2mm/s, vz = 336.4mm/s,

vy = 226.7mm/s, vs = 355.3mm/s, ve = 547.2mm/s, v; = 690.8mm/s.

The optimized paint thickness for & = 30° is shown in Figure 5.3.
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Figure 5.3: The optimized paint thickness for the PA-PE case when a = 30°.
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Case 3: Perpendicular-perpendicular (PE-PE) Case

For this case, i = 3, dp = 2R and k = 4 are chosen. The optimization process is
performed using equation (4.25). The optimized paint gun velocities when a = 30°

are:

vo = 252.0mm/s, vy = 308.4.1mmn/s, vy =425.2, v3 = 311.5mm/s,mmn/s

vy = 209.9mm/s, wvs=329.0mm/s, wve=506.7mm/s, v; = 639.6mm/s.

The optimized paint thickness for & = 30° is shown in Figure 5.4.
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Figure 5.4: The optimized paint thickness for the PE-PE case when a = 30°.

The maximum and the minimum thicknesses for the three cases with a = 30° are
summarized and shown in Table 5.1.

The results in Table 5.1 show that the PA-PA case achieves satisfactory results.
The paint thickness deviation is about 1.5um. The paint thickness deviation for the
PE-PE case is about 5.4um. However, for the PA-PE case, the paint thickness devi-

ation is about 10um. Therefore, the PA-PE case should be avoided in tool trajectory

planning.
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Table 5.1: The maximum and minimum thicknesses for the three cases when a = 30°

Thickness|  qumin (pn) Gmaz (em)

PA-PA 48.8 51.5
PA-PE 40.7 59.4
PE-PE 44.6 55.8

5.2 Spray Painting

5.2.1 Trajectory Generation and Verification

Three parts, portion of a car hood, fender and door, shown in Figures 2.3, 5.5(a) and
5.5(b), respectively, are used to test the algorithm. The car hood, fender, and door
have 3320 , 9355 and 4853 triangles, respectively.

Using the patch forming method, the car hood, fender and door form only one
patch each.

The tool paths are generated using the improved bounding box method in Section
3.5.1. The generated tool paths are shown in Figures 5.6(a), 5.6(b) and 5.6(c) for
the car hood, fender and door, respectively.

The gun direction is computed for each sample point and the maximum deviation
angle is calculated for each part, respectively. The number of triangles and the
maximum deviation angle for each part are shown in Table 5.2.

The maximum deviation angles 3 in Table 5.2 are less than the threshold angle
OGin for the three parts. This means the generated gun trajectories can satisfy the
thickness requirements.

When simulating the paint thickness on a free-form surface, the paint thickness of
randomly chosen points on the car hood, fender and door are computed and shown in

Figures 5.7(a), 5.7(b) and 5.7(c). respectively. The average, maximum, and minimum
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Figure 5.5: The triangular approximation of (a) a car fender; (b) a car door.

paint thicknesses are calculated and summarized in Table 5.3. The simulation results
show that the average, maximum and minimum thicknesses for the car hood, fender
and door satisfy the thickness requirements. The trajectories generated using the
automated tool planning algorithm can achieve required paint thickness. The big

jump in Figure 5.7(c) is due to the curvature of the car door.
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Figure 5.6: The generated paths for (a) a car hood; (b) a car fender; (c) a car door.
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Table 5.2: The calculated parameters

Part Triangles 0]
hood 3320 13.1°
fender 9355 29.7°
door 4853 42.6°

Table 5.3: The simulation results

Average Maximum | Minimum

Part thickness thickness thickness

q (ﬂm) Gmaz (Nm) gmin (»U'm)
hood 50.1 54.8 46.0
fender 49.1 55.0 42.6
door 491 55.0 35.1

The generated spray gun trajectories are also exported to ROBCADT /Paint
to simulate the painting process. An ABB irb6K30-75 robot is used. The work-cell
setup is shown in Figure 5.8 for painting a car hood. A part of the gun path is shown
in Figure 5.9. A part after painting is shown in Figure 5.10. The simulation results

show that the generated trajectories can be applied to paint free-form surfaces.
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Figure 5.7 The simulation result of paint thickness for (a) a car hood; (b) a car
fender; (c) a car door.
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Figure 5.10: A painted part (part of a car hood).
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5.2.2  Suboptimal Velocity Verification

After the trajectories are generated, the suboptimal velocity algorithm developed in
Section 3.7 is applied to optimize the paint thickness. Simulations are performed only
for the car fender and door since the upper and lower bounds of the car hood are quite
close. Figures 5.11(a) and 5.11(b) show the simulation results for the car fender and
door, respectively. Table 5.4 shows the maximum, minimum and average thicknesses
for the three parts using the suboptimal velocity method. The results show that the
lower bounds of the suboptimal velocity method are decreased for the car fender and
door. The lower bound of the car door is 10um, instead of 15um for the original
method. That of the car fender is 4.9um, instead of 7.6um for the original method.
The thickness deviation is decreased from 30% to 20% for the car door, and 15% to
10% for the car fender, respectively. Therefore, the developed suboptimal velocity

method can improve the paint thickness deviation from the required paint thickness.

Table 5.4: The simulation results using the suboptimal velocity method

Average Maximum Minimum
Part thickness thickness thickness

(7 (ﬂm) Qmazx (Hm) Gmin (#m)
fender 50.8 56.0 45.1
door 51.5 59.4 40.1

5.2.8 Comparison with Other Methods

Simulations with fixed gun direction (Case 2) are also performed to show the advan-
tages of the developed gun direction generation method in Section 3.5.2 (Case 1).
The fixed gun direction is determined using the average normals for the car hood,

fender and door, respectively. The results are shown in Table 5.5.
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Figure 5.11: The simulation results of paint thickness using the suboptimal velocity
method for (a) a car fender; (b) a car door.

The maximum deviation angle for each part in Case 1 is much smaller than that
in Case 2. The deviations of the average thicknesses to the required thickness are 0.0,
0.9 and 0.6 pum for the car hood, fender and door, respectively in Case 1. However,

they are 1.1, 1.8 and 2.4 ym in Case 2. The minimum thicknesses are 46.0, 42.6

and 35.6 pum for the car hood, fender and door respectively in Case 1, while 40.3,

75



Table 5.5: The simulation results for fixed gun directions

Average Maximum | Minimum
Part thickness thickness thickness o
q’ (,um) q:nar (,um) q:m'n (y’m)
hood 48.9 54.3 40.3 32.8°
fender 48.2 54.6 35.5 42.0°
door 47.6 54.6 24.3 64.2°

35.5 and 24.3 um for the car hood, fender and door, respectively in Case 2. As you
can see, by using the suboptimal velocity method, much better results are achieved.
The results show that the developed gun direction generation method achieves better
paint distribution.

The thickness deviation percentage presented by Asakawa et al. [7] is more than
58%. For our results, the thickness deviation percentage is less than 20% using the
suboptimal velocity method. For the car hood, much better result (8%) is achieved.
Although the result presented by Suk et al. [41] is 20%, the over and under-painted
areas are not included. Also the paint deposition rate is a constant instead of a

parabolic curve.

5.3 Spray Forming

5.83.1 Trajectory Generation and Verification

Because glass fiber is sprayed on a surface in the spray forming process, area density
[14] is considered instead of thickness in spray painting process. The area density is
defined as the material weight on a unit area (g/m?). If the glass fiber deposition
rate is the same as the paint deposition rate in equation (5.1) with exception to the

unit used, the optimized parameters are the same with exception to the unit used.
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Part of a car frame is used to test the algorithim. Figure 5.12(a) shows the part;
Figure 5.12(b) the generated path and Figure 5.13(a) the area density. The average,
maximum and minimum area densities are 40.8, 44.5 and 36.0 g/m?, respectively. The

average area density is smaller than the required density due to the surface curvature.
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Figure 5.12: A car frame (a) CAD model; (b) The generated path.
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Figure 5.13: The calculated thickness of a car frame (a) without velocity optimization;
(b) with suboptimal velocity.

5.3.2 Suboptimal Velocity Verification

Due to the high curvature of the surface, the average area density is smaller than the
required area density. Velocity has to be optimized to increase the area density. The

spray gun velocity is optimized using equation (3.36). Figure 5.13(b) shows the areal
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density after applying the suboptimal velocity method.

For the spray forming process using the suboptimal velocity algorithm, the aver-
age, maximum and minimum area densities are 49.9, 60.3 and 41.6 g/m?, respectively.
The average area density is 49.9 g/m? instead of 45.4 g/m? without the velocity op-
timization. The area density deviation decreases from 14.9 g/m? to 10.3 g/m?. The
results show that the suboptimal velocity algorithm indeed improves the area density

deviation.

5.4 Rapid Tooling

5.4.1 Trajectory Generation and Verification

In indirect rapid tooling, a part is sprayed many times using the same trajectories.
Typically, two perpendicular trajectories are used and repeated to spray a mold.
Because two trajectories are used, suppose the desired metal thickness is 100 mm and
the thickness deviation 30 mm. Figure 5.14 shows a mold rendered into triangles.

Figures 5.15(a) and 5.15(b) show two perpendicular paths.
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Figure 5.14: The mold for indirect rapid tooling.
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Figure 5.15: The two perpendicular paths of a mold for indirect rapid tooling.

Simulations are performed to calculate the metal distribution. The parameters
used are the same as those used in spray painting with exception to the unit used.
Figure 5.16(a) shows the metal thickness on the mold. The average, maximum, and
minimum metal thicknesses are 93.4, 114.3 and 70.2 mm. The average metal thickness

is smaller than the required metal thickness (100 mm) due to the curvature of the
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Figure 5.16: The calculated thickness for indirect rapid tooling (a) without velocity
optimization; (b) with velocity optimization.

5.4.2 Suboptimal Velocity Verification

To increase the average metal thickness and decrease the metal thickness deviation,

the spray gun velocity is optimized using equation (3.36). Simulations are performed

using the optimized spray gun velocity. Figure 5.16(b) shows the simulation results
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for the indirect rapid tooling process. The average, the maximum and minimum
metal thicknesses are 102.7, 80.1 and 120.4 mm, respectively. The average metal
thickness is increased from 93.4 mm to 102.7 mm, which is closer to the required
metal thickness (100 mm). The deviation of the metal thickness is decreased from
30% to 20%. The simulation results show the suboptimal velocity algorithm improves

the material distribution on a surface for the indirect rapid tooling process.

5.5 Verification of Tool Trajectory Integration

5.5.1 Spray Painting

A part with two flat patches is generated and rendered into triangles. The angle be-

tween the two patches is 30°. The part rendered into triangles is shown in Figure 5.17.

0.5

Height (m)

-05

Length (m)
Width (m)

Figure 5.17: The part with two flat patches when a = 30°.

The paths of the part are generated for the PA-PA, PA-PE and PE-PE cases.
The optimized parameters are applied to calculate the paint thickness using equation

(3.34). Figure 5.18 shows the path and paint thickness for the PA-PA case; Figure
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5.19 for the PA-PE case; and Figure 5.20 for the PE-PE case.
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Figure 5.18: Verification results for the PA-PA case: (a) the path; (b) the paint
thickness.

The maximum and minimum paint thicknesses for the three cases when a = 30°
are shown in Table 5.6.

The results shown in Tables 5.1 and 5.6 are quite close. This means the developed

trajectory integration algorithm can optimize the paint thicknesses. The optimization
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Figure 5.19: Verification results for the PA-PE case: (a) the path; (b) the paint
thickness.

and verification results show that the optimized paint thickness for the PA-PA case
is quite uniform; the paint thickness for the PE-PE case is uniform too. The paint
thickness deviation from the required thickness is about 5um. However, the paint
thickness for the PA-PE case is about 10um. Thus, the PA-PE case should be avoided

in the tool trajectory planning.
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Figure 5.20: Verification results for the PE-PE case: (a) the path; (b) the paint
thickness.

5.5.2  Spray Forming

Since area density, instead of paint thickness, is considered for spray forming, the area
densities for the three paths shown in Figures 5.18, 5.19 and 5.20 are computed and
shown in Figures 5.21(a), 5.21(b) and 5.21(c), respectively. The maximum, minimum

and average densities are shown in Table 5.7. The area density deviations from the
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Table 5.6: The simulation results

Case Minimum Maximum
thickness (um) | thickness (um)
PA-PA 47.6 51.6
PA-PE 41,6 59.5
PE-PE 47.5 53.0

required area density are quite small for the three cases. This means the three cases

can be used in the trajectory generation for spray forming without big difference.

Table 5.7: The simulation results

Case Average Minimum Maximum
area density (g/m?) | area density (g/m?) | area density (g/m?)
PA-PA 50.0 49.6 50.7
PA-PE 49.9 48.5 50.9
PE-PE 50.1 49.7 50.8
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Figure 5.21: The computed area densities for (a) the PA-PA case; (b) the PA-PE
case; (¢) the PE-PE case.
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CHAPTER 6
OPTIMAL TOOL PLANNING AND IMPLEMENTATION

This chapter discusses the optimal tool planning for constant material distribution.
The algorithm for optimal tool planning is developed. A preference articulation
method is discussed to control the preference of the objective functions. Simulations
are performed. The simulation results of four cases are presented: optimal time,

optimal material distribution, no preference articulation and preference articulation.

6.1 Optimal Tool Planning

The proposed technique for solving the optimal tool planning problem is based on
approximating the optimization parameters as piecewise constants. The tool trajec-
tories are divided into segments. Figure 6.1 shows a path with P segments. Each
segment is further divided into smaller segments. It is assumed that the parameters

in the smaller segments are nearly constants.

Figure 6.1: A path is divided into segments.

In the derivative of equation(3.34),

dg, dq [h 2 COS7; R\ ? cOS7;
P — — —_ = i —_— ” 6.1
dt dt (l,—) cos38, f(r) li) cos36; (6.1)
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with

ri = htanGi. (62)

Suppose for each smaller segment, the spray angle 6; and deviation angle -; are nearly
constants. Then for the jth triangle on a free-form surface, its material thickness due

to the kth segment, which is divided into M; smaller segments, can be written as:

L h\? COoSsY;
L= htan6;) | = | ———=Aty. :
ik ;:1 f(htand;) (li) cos30,-Atk (6.3)

Therefore, the material thickness for the jth triangle is:

P h’k h 2 COS,.),. t
;= htan®;) ( - L 6.4
q; g;f( an )<li) 05%0; M; ( )

This equation can be written as:

- %f(ht oy (1) o (6.5)
%= Mk'Uk anvi l,‘ COS30,‘. )

P P
T=Ztk=2$. (6.6)

Then the optimal time and material thickness tool planning is formulated as:
Given the CAD model of a free-form surface and a tool model, find the minimum
time to spray the surface such that the given constraints are satisfied, material thick-

ness deviation from the desired material thickness is minimized and the maximum
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material thickness deviation is minimized, i.e.,

minJ = (Ji, Ja, J3)

subject to: |qj - Qd| < Agqq

My
, cos7;
with ¢; = E kav E f(htanb;) ( i) 030, (6.7)

where

P
J1=Z‘j—:

k=1
N
B= (¢~ q)’

=1

J
JB ((Ima.t - (Id)2 + (qd - Qmin)2 (68)

where NV is the number of triangles in a part. This is a constrained multi-objective

optimization problem. The objective functions J;, Jo and J3 are conflicting with each
other. According to Appendix A, e;(x) can be formulated using the given constraints,
ie.,

ei(x) = Aga — |g; — qd (6.9)

T

where £=(v;, v, ...,up)" since the velocities are the optimization parameters. Then

the method in Appendix A can be applied to solve the problem.

6.2 Preference Articulation

The method to solve the optimization problem in Appendix A is a no preference artic-
ulation method. The no preference articulation method does not use any preference
information. It is based on minimization of the relative distance from a candidate
solution to the utopian solution. Therefore, there is no control to the preference of

the objective functions. To control the preference of the objective functions, prefer-
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era c e articulation should be used. From equation (A.3), the preference articulation is

de~wreloped,

mine(e) = [ (A1 ]

=1 i
subject to: e(x) = (ei(x), ex(x), ..., em(x))T with e;(x) >0, i=1,...,m
x = (T1,T2, ..., Tn)" (6.10)

Wwhere w; is the weight,

k
Y w=1 (6.11)
j=1

6.3 Implementation and Results

Two parts, part of a car hood and a car door, shown in Figures 2.3 and 5.5(b),
respectively, are used to test the algorithm. The gun paths are shown in Figures 5.6(a)
and 5.6(c) for the car hood and door, respectively. The generated tool paths have
270 and 293 sampling points for the car hood and door, respectively. Thus, there
are 270 and 293 segments, respectively. Suppose the velocity in each segment is a
constant, there are 270 parameters (velocities) to be optimized for the hood and 293
parameters for the door. Each segment is further divided into 10 smaller segments.
The optimization processes are performed to generate optimal tool trajectories. In

the implementation, the maximum velocity is set to 800 mm/s.
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6. 3.1 Optimal Tool Planning with Optimal Time

T Ih € optimal tool planning with optimal time is formulated as,

minJ = J;
subject to: |g; — g4| < Agq

P dk M, h 2
with ¢; = Z Moo, Zf(htanoi) (l—>
k=1 i=1 !

COS%;

0530, (6.12)

The optimization for the optimal tool planning with optimal time is performed.
‘Using the trajectory verification model (equation (3.34)), the material thicknesses on
the two parts are computed and shown in Figures 6.2(a) and 6.2(b), respectively. The
optimized velocities are shown in Figures 6.3(a) and 6.3(b), respectively for the two
parts. The simulation results are summarized in Table 6.1. The maximum thickness

errors are within the given constraints.

Table 6.1: The results for optimal tool planning with optimal time

Part Average Minimum Maximum Spray
thickness (um) | thickness (um) | thickness (pum) time (s)

Hood 42.0 40.0 55.4 36.0

Door 42.1 40.0 50.1 42.1
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Figure 6.2: The optimized material thicknesses for the optimal tool planning with
optimal time: (a) the car hood; (b) the car door.
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Figure 6.3: The optimized velocities for the optimal tool planning with optimal time:
(a) the car hood; (b) the car door.

94



6. 3.2 Optimal Tool Planning with Optimal Material Distribution

T Ixr e optimal tool planning with optimal material distribution is formulated as,

minJ = (JQ, J3)
subject to: Iqj - qdl < Agq
My

with ¢; = Z 1\/[ P Z f(htan8;)

cosv;

cos3b); (6.13)

B\ 2
(li)

The optimization for the optimal tool planning with optimal material distribution

is performed. Using the trajectory verification model (equation (3.34)), the material

thicknesses on the two parts are computed and shown in Figures 6.4(a) and 6.4(b),

respectively. The optimized velocities are shown in Figures 6.5(a) and 6.5(b), respec-

tively for the two parts. The simulation results are summarized in Table 6.2. The

maximum thickness errors are within the given constraints.

Table 6.2: The results for the optimal tool planning with optimal material distribution

Part Average Minimum Maximum Spray
thickness (um) | thickness (um) | thickness (um) time (s)

Hood 50.0 41.7 57.9 45.9

Door 50.0 46.3 55.4 48.4
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optimal material distribution: (a) the car hood; (b) the car door.
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Figure 6.5: The optimized velocities for the optimal tool planning with optimal ma-
terial distribution: (a) the car hood; (b) the car door.
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6. 3.8 Optimal Tool Planning with No Preference Articulation

T Ix € no preference articulation of optimal tool planning can be formulated using equa-
tioms (6.7) and (A.4). The optimization for the optimal tool planning with no pref-
exrenmnce articulate is performed. Using the trajectory verification model (equation
(3.34)), the material thicknesses on the two parts are computed and shown in Figures
6 .6 (a) and 6.6(b), respectively. The optimized velocities are shown in Figures 6.7(a)

amd 6.7(b), respectively for the two parts. The simulation results are summarized in

"Xable 6.3. The maximum thickness errors are within the given constraints.

Table 6.3: The results for optimal tool planning with no preference articulation

Part Average Minimum Maximum Spray
thickness (um) | thickness (um) | thickness (um) time (s)

Hood 49.8 41.5 58.1 41.0

Door 49.8 45.8 55.3 46.4

98




701

Thickness (um)
3

0 200 400 600 800 1000 1200 1400
Points

701

Thickness (um)
T ;g T

2':)0 200 400 600 800 1000 1200 1400
Points

(b)

Figure 6.6: The optimized material thicknesses for the optimal tool planning with no
preference articulation: (a) the car hood; (b) the car door.
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Figure 6.7: The optimized velocities for the optimal tool planning with no preference
articulation: (a) the car hood; (b) the car door.
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6.3.4 Optimal Tool Planning with Preference Articulation

The preference articulation of optimal tool planning can be formulated using equa-
tions (6.7) and (6.10). The optimization for the optimal tool planning with preference

articulate is performed. The weights are set to:

w =08,  wp=01  wy=0.1 (6.14)

Using the trajectory verification model (equation (3.34)), the material thicknesses
on the two free-form surfaces are computed and shown in Figures 6.8(a) and 6.8(b),
respectively. The optimized velocities are shown in Figures 6.9(a) and 6.9(b), respec-
tively. The simulation results are summarized in Table 6.4. The maximum thickness

errors are within the given constraints.

Table 6.4: The results for optimal tool planning with preference articulation

Part Average Minimum Maximum Spray
thickness (um) | thickness (um) | thickness (um) time (s)

Hood 49.2 40.0 58.4 40.1

Door 49.3 41.1 55.4 44.9
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Figure 6.8: The optimized material thicknesses for the optimal tool planning with
preference articulation: (a) the car hood; (b) the car door.
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Figure 6.9: The optimized velocities for the optimal tool planning with preference
articulation: (a) the car hood; (b) the car door.
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6.3.5 Comparison among the Methods

The implementation results summarized in Tables 6.1, 6.2, 6.3 and 6.4 show that
the maximum material thickness deviation is less than or equal to 10um for both
parts. The material distribution constraints are satisfied. The optimal tool plan-
ning with optimal time takes less time to spray a part, 36 s and 42.1 s for the car
hood and door, respectively. However, the maximum material thickness deviation is
about 10 pm. The optimal tool planning with optimal material distribution has the
smallest material thickness deviation. However, it takes the longest time to spray
the parts, 45.9 s and 48.4 s for the car hood and door respectively. For the optimal
tool planning with no preference articulation and preference articulation, the average
material thickness is quite close to the desired material thickness and also takes less
time to spray the parts compared to the optimal tool planning with optimal material
thickness and has better material distribution compared to the optimal tool planning
with optimal time. With the preference set to time, the optimal tool planning with
preference articulation takes less time to spray the parts compared to the optimal
tool planning with no preference articulation. Therefore, the weight can be set to
adjust the preference in the optimal tool planning. These results are consistent with

theoretical analysis.

104



CHAPTER 7
OPTIMAL TOOL PLANNING FOR NON-UNIFORM
MATERIAL DISTRIBUTION

This chapter discusses the optimal tool planning with non-uniform material distribu-
tion. The algorithm for optimal tool planning with non-uniform material distribution
is developed. Simulations are presented. The results of optimal tool planning for four
cases are presented and compared: optimal time, optimal material distribution, no

preference articulation and preference articulation.

7.1 Optimal Tool Planning for Non-uniform Material Distri-

bution

To generate a tool path for a free-form surface, the spray width has to be deter-
mined. For a non-uniform material distribution, it is challenging to obtain the spray
width. Since the desired non-uniform material thickness is given, the average material
thickness on a surface can be calculated:

N
D i=194(T5, Y5, 23(T5, 95))
N )

Ja = (7.1)

or the area-weighted average material thickness can be computed:

_ Z;V:l 94 (%5, Y5, 2(%.Y5))5;
qd = N (72)
Ej:l Sj

where qq(z;,yj, 2;(;,y;)) is the material thickness at a point (z;,y;, z;(z;,y;)) on a
free-form surface and s; is the area with the material thickness.
Once the average material thickness or area-weighted average material thickness

is obtained, an optimization process for spraying a plane in Section 3.2 is applied to
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determine the spray width. After the spray width is found, an improved bounding
box method in Section 3.5.1 is applied to generate a tool path for a free-form surface.

Similar to the algorithm in Chapter 6, the optimal time and material distribution
deviation tool planning with non-uniform material distribution can be formulated as:

Given the CAD model of a free-form surface, a tool model, find the minimum time
to spray the surface such that the given constraints are satisfied, material deviation
from the desired material thickness is minimized and the mazimum material thickness

deviation is minimized, i.e.,

mind = (Jl, Jg, JJ)

subject to: |q; — qa(z,y, 2(z,y))| < Agi(z,y, 2(z,y))

P d Mi COSY;
with q; = Z k Zf (htan®;) ( ) 00;3’2- (7.3)
where

P

Jl = d_kv
N
Zq - q4(z,y,2(z,9)))
j=
(Aq""l-r) . (74)

Agmar 18 the maximum material deviation.
This is a constrained multi-objective optimization problem. The objective func-
tions Jy, Jo and J3 are conflicting with each other. According to Appendix A, e;(x)

can be formulated using the given constraints, i.e.

ei(x) = Aqu(x,y,2(r.y)) = lg; — qa(x. y, 2(x.y))| (7.5)

where £==(v}, v, ..., vp)7 since the velocities are the optimization parameters. Then
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the method in Appendix A can be applied to solve the problem.

7.2 Implementation and Results

Two parts, part of a car hood and a car door, shown in Figures 2.3 and 5.5(b),
respectively, are used to test the algorithm. The gun paths are shown in Figures 5.6(a)
and 5.6(c) for the car hood and door, respectively. The generated tool paths have
270 and 293 sampling points for the car hood and door, respectively. Therefore, there
are 270 and 293 segments, respectively. Suppose the velocity in each segment is a
constant, there are 270 parameters (velocities) to be optimized for the hood and 293
parameters for the door. Each segment is further divided into 10 smaller segments.
Then the optimization processes are performed to generate optimal tool trajectories.

The desired material thickness could be any values on a free-form surface. To
implement the developed algorithm, a desired material thickness is computed based
on the bounding box of a part. The points on the part are projected to the bottom
plane of the bounding box in Figure 3.12. The center point P, is found. Then a

non-uniform material distribution is formulated:

qa(d) = 10(1 = %) + qao (7.6)

where  is the distance of the projected points to P, and gq9 a constant. Here, gy is
set to 41.5 um for the car hood and 42.5 um for the door to get the average material
thickness 50 um. Figure 7.1 shows the material thicknesses on the X-Y plane for the
car door and hood, respectively.

Once the desired non-uniform material thickness is determined, the average ma-
terial thickness can be calculated using equation (7.1) or (7.2). Here equation (7.1)
is used. The parameters used in the implementation are the same as those in Section

5.1.1. In the implementation, the maximum velocity is set to 800 mm/s.
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Figure 7.1: Desired non-uniform material thicknesses for: (a) a car hood; (b) a car
door.
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7.2.1 Optimal Tool Planning with Optimal Time

The optimal tool planning with optimal time is formulated as,

minJ = J;

subject to: |g; — qu(z,y, 2(z,y))| < Agu(z,y,2(z,y))

with ¢; = EP: di f:f(htane.) B\ cosn (7.7)
4= P Mv — ' Y\l ) cos36; '

The optimization for the optimal tool planning with optimal time is performed.
Using the trajectory verification model (equation (3.34)), the material thickness on
the two free-form surfaces are computed and shown in Figures 7.2(a) and 7.2(b),
respectively. The optimized velocities are shown in Figures 7.3(a) and 7.3(b), respec-
tively. The simulation results are summarized in Table 7.1. The maximum thickness

errors are within the given constraints.

Table 7.1: The results for optimal tool planning with optimal time

Part Average Maximum thickness Spray
thickness (um) error (pum) time (s)

Hood 42.3 10.0 35.8

Door 42.1 10.0 39.5
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Figure 7.2: The optimized material thicknesses for the optimal tool planning with
optimal time: (a) the car hood; (b) the car door.
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Figure 7.3: The optimized velocities for the optimal tool planning with optimal time:
(a) the car hood; (b) the car door.
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7.2.2  Optimal Tool Planning with Optimal Material Distribution

The optimal tool planning with optimal material distribution is formulated as,

minJ = (J2, J3)

SUbjeCt to: qu - qd(ra Y, Z(iE, y))l S Aqd(‘ra Y, Z(;tv y))

P di My R\ 2 €OS";
with ¢; = Z Meon Zf(htan@,-) <l—) 005391-’ (7.8)
k:l 1 1

=1

The optimization for the optimal tool planning with optimal material distribution
is performed. Using the trajectory verification model (equation (3.34)), the material
thicknesses on the two parts are computed and shown in Figures 7.4(a) and 7.4(b),
respectively. The optimized velocities are shown in Figures 7.5(a) and 7.5(b), respec-
tively for the two parts. The simulation results are summarized in Table 7.2. The

maximum thickness errors are within the given constraints.

Table 7.2: The results for the optimal tool planning with optimal material distribution

Part Average Maximum thickness Spray
thickness (um) error (um) time (s)

Hood 50.0 8.1 45.6

Door 49.8 5.1 46.6
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Figure 7.4: The optimized material thicknesses for the optimal tool planning with
optimal material distribution: (a) the car hood; (b) the car door.
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Figure 7.5: The optimized velocities for the optimal tool planning with optimal ma-
terial distribution: (a) the car hood; (b) the car door.
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7.2.8 Optimal Tool Planning with No Preference Articulation

The no preference articulation of optimal tool planning can be formulated using equa-
tions (7.3) and (A.4). The optimization for the optimal tool planning with no pref-
erence articulation is performed. Using the trajectory verification model (equation
(3.34)), the material thicknesses on the two parts are computed and shown in Figures
7.6(a) and 7.6(b), respectively. The optimized velocities are shown in Figures 7.7(a)
and 7.7(b), respectively. The simulation results are summarized in Table 7.3. The

maximum and the minimum thickness errors are within the given constraints.

Table 7.3: The results for the optimal tool planning with no preference articulation

Part Average Maximum thickness Spray
thickness (um) error (um) time (s)

Hood 49.9 8.2 41.7

Door 49.3 8.9 44.9
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Figure 7.6: The optimized material thicknesses for the optimal tool planning with no
preference articulation: (a) the car hood; (b) the car door.
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Figure 7.7: The optimized velocities for the optimal tool planning with no preference
articulation: (a) the car hood; (b) the car door.
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7.2.4 Optimal Tool Planning with Preference Articulation

The preference articulation of optimal tool planning can be formulated using equa-
tions (7.3) and (6.10). The optimization for the optimal tool planning with preference

articulate is performed. The weights are set to:

w; = 0.8, wy = 0.1, wy = 0.1. (7.9)

Using the trajectory verification model (equation (3.34)), the material thicknesses on
the two parts are computed and shown in Figures 7.8(a) and 7.8(b), respectively.
The optimized velocities are shown in Figures 7.9(a) and 7.9(b), respectively. The
simulation results are summarized in Table 7.4. The maximum and the minimum

thickness errors are within the given constraints.

Table 7.4: The results for the optimal tool planning with preference articulation

Part Average Maximum thickness Spray
thickness (um) error (um) time (s)

Hood 49.2 10.0 40.0

Door 49.0 10.0 44.5
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Figure 7.8: The optimized material thicknesses for the optimal tool planning with
preference articulation: (a) the car hood; (b) the car door.
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Figure 7.9: The optimized velocities for the optimal tool planning with preference
articulation: (a) the car hood; (b) the car door.
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7.2.5 Comparison among the Methods

The implementation results summarized in Tables 7.1, 7.2, 7.3 and 7.4 show that
the maximum material thickness deviation is less than or equal to 10um for both
parts. The material distribution constraints are satisfied. The optimal tool planning
with optimal time takes less time to spray a part, 35.8 s and 39.5 s for the car hood
and door, respectively. However, the average material thickness deviation is about
10 um. The optimal tool planning with optimal material distribution has the smallest
material thickness deviation. But it takes the longest time to spray the parts, 45.6 s
and 46.6 s for the car hood and door, respectively. For the optimal tool planning with
no preference articulation and preference articulation, the average material thickness
is close to the desired material thickness and also takes less time to spray the parts
compared to the optimal tool planning with optimal material distribution and has
better material distribution compared to the optimal tool planning with optimal
time. With the preference set to time, the optimal tool planning with preference
articulation takes less time to spray a part compared to the optimal tool planning
with no preference articulation. Therefore, the weights can be set to satisfy the needs

in optimal tool planning. These results are consistent with theoretical analysis.
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CHAPTER 8
EXTENSIONS OF THE GENERAL FRAMEWORK

The developed general framework can also be extended to other applications. This
chapter presents the extensions of the general framework to dimensional inspection

and nanomanufacturing.

8.1 Extension to Dimensional Inspection in Manufacturing

Dimensional inspection is an important process in manufacturing industry. Quality
and process control activities require that parts be measured, or dimensionally in-
spected [42]. Inspection generally is time-consuming, which has been creating serious
bottlenecks in production lines [43]. Active optical inspection techniques have been
developed and greatly reduces the time in dimensional inspection. Structured light,
which obtains 3D coordinates by projecting specific light patterns on the surface of an
object, is one of the active methods and it has been successfully implemented in vari-
ous applications [44]. However, to achieve full automation and improve the efficiency
of the inspection system, sensor planning, or finding the suitable configurations of
sensors is very important so that the inspection task can be carried out satisfactorily.
It is, therefore, highly desirable to develop a camera positioning system that is able to
plan and realize the camera configurations in a fully-automated, accurate and efficient
way. The general framework (Section 2.1) can be applied to generate a camera path
for the dimensional inspection of a part. Sheng [28] developed a CAD-guided robot
motion planning system for dimensional inspection in manufacturing. The system is

one of the extensions of the general framework.
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8.2 [Extension to Nanomanufacturing

8.2.1 Introduction

Nanotechnology, a promising advanced technology for the forthcoming century, has
been a recent hot research topic. The development of nanomanufacturing technolo-
gies will lead to potential breakthroughs in manufacturing of new industrial products.
Nanoscale products with unique mechanical, electronic, magnetic, optical and/or
chemical properties, open the door to an enormous new domain of nanostructures
and integrated nanodevices. They have a variety of potential applications such as na-
noelectromechanical systems (NEMS) and DNA computers etc. Nanomanufacturing
requires positioning of nanoparticles in complex 2D or 3D structures. The techniques
for nanomanufacturing can be classified into “bottom-up” and “top-down” methods.

Self-assembly in nanoscale is a promising “bottom-up” technique which is applied
to make regular, symmetric patterns of nanoparticles [45]. However, many potential
nanostructures and nanodevices are asymmetric patterns, which cannot be manufac-
tured using self-assembly.

A “top-down” method is desirable to fabricate complex nanostructures. Atomic
force microscopy [46] has been proven to be a powerful technique to study sample
surfaces down to the nanometer scale. Not only can it characterize sample surfaces,
but it can also change the sample surface through manipulation [47, 48], which is
a promising “top-down” nanofabrication technique. In recent years, many kinds of
nanomanipulation schemes have been developed [49, 50, 51] to position and manip-
ulate nanostructures. The main problem of these manipulation schemes is that they
go through the scan-design-manipulation-scan cycle manually, which is time consum-
ing and makes mass production impossible. Recently, some researchers have been
trying to combine an atomic force microscope (AFM) with haptic techniques and

a virtual reality interface to facilitate nanomanipulation [52, 53]. Although virtual
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reality, which can display a static virtual environment and a dynamic tip position,
has been constructed, it does not display any environment changing due to manipu-
lation. Therefore operators are still blind because they cannot see the environment
changing in real-time. The manual manipulation of nanoparticles also reduces the
manipulation speed.

The complexity of nanomanufacturing requires positioning, manipulating and as-
sembling nanoparticles to form a given pattern. Typical manual nanomanipulation
is complex and time-consuming. Also, the paths are obtained in an interactive way
between the users and the AFM images, which is inefficient. In order to increase
efficiency in nanomanufacturing, automated manipulation using collision-free paths
is necessary because particles are randomly distributed on a surface. Automated path
planning is crucial to manufacture nanostructures and nanodevices. However, auto-
mated tool path planning for nanomanufacturing does not receive much attention.
Makaliwe [54] developed a path planning algorithm for nanoparticle assembly. Ob-
ject assignment, obstacle detection and avoidance, path finding and sequencing are
addressed. The obstacles discussed in the paper are polygons, which do not occur of-
ten in nanoworld. Also the collision of nanoparticles during nanomanipulation is not
discussed. In AFM manipulation, indirect path around obstacles should be avoided
since manipulation using indirect path may lose nanoparticles. Therefore, direct path
is desirable for nanomanipulation. To generate a path for nanomanufacturing, obsta-
cle avoidance has to be considered. A combination of both theoretical (analytical and
computational) and experimental methodologies is appropriate to address the under-
lying necessities for nanomanufacturing. The developed general framework (Section

2.1) can be applied for the tool path generation in nanomanufacturing.
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8.2.2 Automated Nanomanipulation System

An automated nanomanipulation system has been developed to manipulate nanopar-
ticles to manufacture nanodevices and nanostructures automatically. Figure 8.1 shows

the automated nanomanipulation sytem.

AFM Image

CAD Model

Control | Simulati Real-time
1muiation displa
ﬁ & | 1 E y .
¢ Real-tim
Oearatiofl <
Force pe Commands

Figure 8.1: A general framework for nanomanufacturing.

Based on the CAD model of a nanopart and an AFM image of a surface with
nanoparticles, a collision-free path is generated to manufacture the nanopart. After
the path is generated, it is input to a nanomanipulation system assisted by augmented
reality to perform the actual manufacturing process.

During nanomanipulation, it is desirable for the operator to observe the real-time
changes of the nano-environment. Previous nanomanipulation using AFM has been
blind work. Each operation is designed off-line based on a static AFM image and then
downloaded to the AFM system to visualize the operation in open loop. Whether
the operation is successful or not has to be verified by a new image scan. Obviously,
this scan-design-manipulation-scan cycle is very time-consuming because it usually
takes several minutes to obtain a new AFM image. Therefore, an augmented reality
system [55] has been developed to provide operators with real-time visual display.
The real-time visual display is a dynamic AFM image of the operating environment

which is locally updated based on real-time force information. Here the augmented
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reality system is adopted to perform the nanomanufacturing process.

8.2.3 A General Framework

A general framework for the path planning is to find a path based on the CAD
model of a 2D part and an AFM image of particles. Path planning is to plan the tip
position and orientation of an AFM. A general framework of automated CAD-guided
path planning for nanomanufacturing can be formulated as follows:

Given the CAD model of a 2D nanopart M and an AFM image of a surface 2,

find a path T such that the rt can be factured using an AFM, i.e.,

F(M,Q) =T. (8.1)

CAD Model
\\\' = Tool
Path
AFM I
1aee Path Simulation
=) Planner

Figure 8.2: A general framework for the automated CAD-guided path planning sys-
tem.

Figure 8.2 is the illustration of the general framework. Based on the CAD model
of a 2D part and the AFM image, the path planner generates a path automatically to
manufacture the part. The path is input to a simulation software to verify if the path

can manufacture the part without any collisions. Finally, the path is implemented to
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manufacture a nanodevice or nanostructure.
The tool path planner is the core of the general framework. Figure 8.3 shows the

steps for the tip path planner. Based on the CAD model of a nanopart and an AFM

CAD model and a surface with nanoparticles

8
Identify objects and obstacles

8

Generate direct paths

|

Generate virtual objects and destinations

4
Connect paths

8
Tool path

Figure 8.3: Tip path planner.

image of a surface with particles, objects and obstacles are identified. After that,
direct paths are generated. Then, virtual objects and destinations are generated to

avoid obstacles. Paths are connected to form an AFM tip path.

CAD Model

Since nanoparticles are manipulated to manufacture nanostructures or nanodevices,
a part has to be designed using the nanoparticles. Based on the average size of
nanoparticles, nanostructures and nanodevices are designed. Figure 8.4 shows a de-

signed nanostructure.
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Figure 8.4: A designed nanopart.
Object and Obstacle Identification

An image of a surface with nanoparticles can be obtained using an AFM in the
tapping mode. The data of the XY coordinates and height of each pixel are saved to

a data file. Figure 8.5 shows the raw data from an AFM.

Figure 8.5: The raw data from an AFM.

Since the surface is not completely flat, a threshold height value is set for particle
identification. If the height of a pixel is larger than the threshold, it is considered
as an element of a particle. The particles can then be identified and the size of each

particle can be determined. If the size of a particle is too large, it is difficult for the
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AFM tip to manipulate it. If the size of a particle is too small, it is better not to be
used as a component of a nanostructure since it may cause gaps between components.
Therefore, the size of a particle must be in a certain range to be considered as an
object, which is good for manufacturing nanodevices or nanostructures; otherwise, it

is an obstacle, i.e.,

Obstacle S, < ay or S, > ay
Particle = . (8.2)

Object a3 < S, < az

8.2.4 Automated Tool Path Planning

Once the destinations, objects and obstacles are determined, a collision-free path can

be generated to manufacture a nanostructure or nanodevice.

Direct Path

A direct path is a connection between an object and an obstacle using a straight line.
After the objects and obstacles are identified, each object is connected with each
destination using a straight line. Figure 8.6 shows the connection. The path between
02 and D2 is a direct path; the path between O1 and D1 is not a direct path due to

collision.

Figure 8.6: The straight line connection between an object and an destination. O1
and O2 are objects; D1 and D2 destinations; S1 is an obstacle.
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Due to the van der Waals force between an object and an obstacle, the object
maybe attracted to the obstacle if the distance between the object and the obstacle
is too small. Therefore, the minimum distance has to be determined first to avoid

the attraction. Figure 8.7 shows an object and an obstacle.

Object /bstacle

FW
>

Figure 8.7: The van der Waals force between an object and an obstacle. R; and R,
are the radius of the two spheres, respectively; D is the distance between the two
spheres; F,, van der Waals force; F, the friction force.

Suppose all objects and obstacles are spheres, then the van der Waals force can

be expressed as [56]:
—A RiR,

~ 6D R, + R, (8.3)

w

where Fy is the van der Waals force; A the Hamaker constant; D the distance between
the two spheres; R; and R, are the radius of the two spheres. Different materials
have different Hamaker constants. Nevertheless, the hamaker constants are found to
lie in the range (0.4 — 4)107!° J. If an object is not attracted to an obstacle, the van
der Waals force has to be balanced by the friction force as shown in Figure 8.7. The
friction force is caused by the repulsive and adhesive forces and can be formulated as
[57]:

Fe = posFo, + vF, (8.4)

where F is the friction force; u,, the sliding friction coefficient between an object
and the substrate surface; v the shear coefficient; F7, the repulsive force and F,

the adhesive force. When pushing an object, the repulsive force equals to 0. Then
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equation (8.4) becomes

F.=vF". (8.5)

The adhesive force F, can be obtained using the tip adhesive force F%, which can be

measured [57]:

Fo = Ao pa (8.6)

0s Ats ts

where A,, is the nominal contact area between an object and a substrate surface; Ay,
the nominal contact area between the AFM tip and the substrate surface.

Since the van der Waals force has to be balanced by the friction force during
manipulation, the minimum distance D,,;, can be calculated using equations (8.3,

8.5, 8.6):
A RiR, A

Dmin == .
6 Ry + Rp A2

(8.7)

The distance between an object and an obstacle must be larger than D,,;, during
manipulation. If there is an obstacle which is close or on the straight line, the path
formed by the straight line is not considered as a straight path. For example, the
path between O2 and D1 in Figure 8.6 is not a direct path due to attraction. This
means any obstacle cannot block the connection between an object and a destination

if there is a direct path.

Virtual Objects and Destinations

After the direct paths are generated, objects are assigned to the destinations one by
one. One object is assigned to one destination and vice verse. After the objects are
assigned to the destinations, there are some destinations which may not have any
objects assigned to them. Thus, paths that avoid the obstacles have to be generated.
In nano-manipulation, the scanning time is much longer than the manipulation time.
A surface has to be scanned again if an object is lost during manipulation. Therefore,

the planned path should avoid losing objects during manipulation. A path with turns
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L

as shown in Figure 8.8 with much higher possibility of losing objects than a direct

path. Therefore turns should be avoided during nanomanipulation.

Py S1

o1 !7//// D1

Figure 8.8: An object may be lost during turns. O1 is an object; D1 a destination
and S1 an obstacle

A virtual object and destination algorithm is developed to solve the problem.

Figure 8.9 shows a virtual object and destination (VOD).

L

Figure 8.9: A virtual object and destination (VOD) connects an object and a desti-
nation. Ol is an object; D1 a destination; S1 an obstacle and V1 a VOD.

The object and the destination are connected using direct paths through the VOD.
Since there are many possible VODs to connect an object and a destination, minimum
distance criterion is applied to find the minimum distance VOD. The total distance

to connect an object and a destination is,

d=/(r2 = 20)> + (y2 = %0)? + V/(x2 — 22 + (32 — 1)? (8.8)

where 15, y, are the coordinates of the center of a VOD; xg, yo the coordinates of the

center of an object; x;,y; the coordinates of the center of a destination.
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The connections between the VOD, object and destination have to avoid the

obstacles, i.e.,

V(Z =224 (y — y5)2 > Dpin + R + Ry (8.9)

where z,y are the coordinates of the object center along the path; z,,y, the coor-
dinates of the center of the obstacle. Then a constrained optimization problem is

formulated:

min d = /(25— 20)? + (42 - )’ +
Vi(za —21)2 + (y2 — 11)?

subject to: \/(z — 25)2+ (y — Ys)? > Dmin+ R1 + Ry . (8.10)

This is a constrained optimization problem. A quadratic loss penalty function method
[58] is adopted to deal with the constrained optimization problem. This method

formulates a new function G(x):

min G = min d + 8 (min0, g])? (8.11)
T2,Y2

I2,Y2

where [ is a big scalar and g is formulated using the given constraints, i.e.,

9= V(@ =22+ (y = 4s)2 = (Drmin + R1 + Ry). (8.12)

Then the constrained optimization problem is transferred into an unconstrained one
using the quadratic loss penalty function method. The pattern search method [59]
is adopted here to optimize the unconstrained optimization problem to obtain the
VOD.

If one VOD cannot reach an unassigned destination, two or more Vods can be

found to connect the object and destination. Figure 8.10 illustrates the process.
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Similarly, a constrained optimization problem can be formulated to compute the

Figure 8.10: Two VODs connect an object with a destination. O1 is an object; D1
the destination; S1 and S2 are obstacles.

VODs.

Path Connection

When an object is manipulated to a destination, the destination becomes an obstacle
(Destination Obstacle). Before an object is pushed to a destination, it could be an
obstacle for other objects (Object Obstacle). The following definitions are used to

find a collision-free path for nanomanufacturing.

Definition 8.2.1 Object Priority Index (OPI) of an object is the number of

objects, which are obstacles along the path between the object and a destination.
The minimum OPI (MOPI) is 0.

Definition 8.2.2 Destination Priority Index (DPI) of a destination is the num-
ber of destinations, which are obstacles along the path between the destination and an

object.

For a destination, minimum destination priority index (MDPI) can be defined.

Definition 8.2.3 The MDPI of a destination is the minitnum DPI among all DPIs.
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For all destinations, the maximum MDPI (MMDPI) can be found.
Definition 8.2.4 The MMDPI is the mazimum value of all MDPIs.

Criterion: The destination with the MMDPI is filled with an object with the
highest priority.

The following theorem can then be formulated:

Theorem 8.2.1 There is no obstacle between an object with MOPI and a destination
20ith MMDPI.

_#FZ71o0of. According to the direct path, there is no actual obstacle between them.
If there is an object obstacle O between the object A and destination V as shown
1 x» Figure 8.11(a), then the OPI of O must be less than that of A. This is contrary to
t Iaat the OPI of A is the minimum.
If there is an destination obstacle D between them as shown in Figure 8.11(b), D
xxaust be filled before V. According to the Criterion, the MDPI of D must be larger

tan that of V. This is contrary to that the MDPI of V is the maximum. <

01
()
D1 D2
@---oooonooee D S W
01

(b)

Figure 8.11: (a) Object obstacle; (b) Destination obstacle.

In path generation, the objects are assigned to the destinations using the minimum

distance temporarily. Assume the number of objects is larger than or equal to that
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of destinations. One object is assigned only to one destination and vice versa. After
that, destinations with MMDPI are found first. Then one of the destinations is chosen
and one object with MOPI to the destination is assigned to it. Figure 8.12 shows the

process to assign an object to a destination.

D1
g *_ans
®
02 *DZ

01

Figure 8.12: The assignment of an object to a destination.

After an object is assigned to a destination, a path is generated. Then all of the
indices are updated and the path generation algorithm is applied again to generate
another path. The process continues until all destinations are assigned. The path
generation process of planning an AFM tip path is summarized in Figure 8.13.

All direct paths from objects to destinations are generated first. Then the objects
are assigned to the destinations. If there are some destinations that are not assigned,
VODs are generated. After that, a collision-free path is generated. Then the path
is checked if there are any destination obstacles. If there are, the destination should
be inserted before the obstacle destinations. Then the process continues until all

destinations are assigned.

8.2.5 Implementation and Testing

The developed algorithm is implemented to generate paths to manipulate nanopar-
ticles to manufacture nanostructures. The CAD models of two nanostructures are
shown in Figures 8.14(a) and 8.14(b).

Two samples with 100 nm latex particles are prepared to perform the nanoman-

ufacturing. Figure 8.15 shows two images taken by an AFM.
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Figure 8.13: Path generation algorithm.

After applying the algorithms, objects and obstacles are identified. Two collision-
free paths are generated. The simulation results show that there is no collision.
Then the generated paths are implemented to control the AFM tip to perform the
nanomanufacturing. The real-time images are shown in Figures 8.16(a) and 8.16(b),
respectively.

After the processes are complete, the surfaces are re-scanned to check the actual

results. Figures 8.17(a) and 8.17(b) show the actual manufactured nanostructures.
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(a)

(b)

Figure 8.14: The CAD models of two nanostructures: (a) a line; (b) a rectangular.

The results are consistent with the real-time image shown in 8.16(a) and 8.16(b), re-
spectively. In Figure 8.17(b), the objects are attracted together because the distances

between the objects are smaller than the minimum distance D,,;,. The van der Waals
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(b)

Figure 8.15: The AFM images with nanoparticles to manufacture: (a) a line; (b) a
rectangular.

force attracts the particles closer.
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(b)

Figure 8.16: The real-time AFM images in the augmented reality system with man-
ufactured nanostructures: (a) a line; (b) a rectangular.

8.3 Conclusion

The developed general framework of automated tool path planning has been im-

plemented successfully to manufacture nanostructures in nanomanufacturing. The
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(b)

Figure 8.17: The manufactured nanostructures: (a) a line; (b) a rectangular.

collision-free paths have been generated using the CAD-guided automated path plan-
ning algorithm. Simulations have been performed to verify the generated paths.

Experiments to manufacturing nanostructures have been implemented successfully
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and achieved satisfactory results. The simulation and experimental results show that
the developed CAD-guided tool path planning system can be applied to manufacture

nanostructures and nanodevices.
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CHAPTER 9
CONCLUSIONS

A general framework for CAD-guided optimal tool planning in surface manufacturing
has been developed and implemented successfully. In this chapter, the conclusions

and the extensions of this framework are discussed.

9.1 Conclusions

Tool planning builds communication between the CAD model of a part and the
product manufactured based on the CAD design. Automated tool planning process
is highly desirable in today’s manufacturing. A general framework of automated tool
planning for surface manufacturing is developed based on the CAD model of a free-
form surface, a tool model and constraints. Both material uniformity and coverage are
considered in one constraint. Since different material deposition patterns are used in
tool planning, a comparison between the raster and spiral material deposition patterns
is made. The implementation results show that the raster material deposition pattern
is better than the spiral one for continuous material deposition. A free-form surface
is divided into one or several patches using the patch forming algorithm such that
the given constraints are satisfied. The improved bounding box method has been
implemented to generate a tool trajectory for a patch. To integrate the trajectories
of the patches in a free-form surface, a trajectory integration algorithm has been
developed. The tool orientation is determined based on the local geometry of a free-
form surface. The automated tool planning algorithm is implemented to generate
trajectories for different parts in different applications. Simulations are performed to
compute the material deposition on free-form surfaces, and the results show that the
generated trajectories satisfy the given constraints. A suboptimal velocity algorithm

is developed to minimize the material thickness deviation from the required material
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constraints. Simulation results show that the automated tool planning algorithm
can be applied to generate a trajectory for a free-form surface to satisfy the given
constraints.

A general framework for optimal tool planning in surface manufacturing has also
been developed based on the CAD model of a free-form surface, a tool model, con-
straints and optimization criteria. Multi-objective constraint optimization problems
have been formulated. After the optimal tool planning algorithm is developed, simu-
lations have been performed for the optimal tool planning with optimal time, optimal
material distribution, no preference articulation and preference articulation. Simu-
lation results for the four cases are presented and compared. The simulation results
are consistent with theoretical analysis.

The developed general framework of automated CAD-guided tool planning and
optimal tool planning has been implemented successfully. The developed tool trajec-
tory planning algorithm has been tested in the Ford Motor Company and can greatly

decrease the cost and increase the efficiency.

9.2 Extensions to Other Applications

The developed general framework has been extended to other applications such as
dimensional inspection and nanomanufacturing.

Dimensional inspection is an important process in the manufacturing industry. It
is highly desirable to develop a camera positioning system that is able to plan and
realize the camera configurations in a fully-automated, accurate and efficient way.
The general framework of automated tool planning and optimal tool planning has
been applied to generate a camera path for the dimensional inspection of a part.

Nanotechnology, a promising, advanced technology for the forthcoming century,
has been a recent hot research topic. The complexity of nanomanufacturing requires

to position, manipulate, assemble nanoparticles to manufacture nanostructures, nan-
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odevices and nanosensors. The general framework of automated tool planning has
been applied to generate paths to manufacture nanostructures and nanodevices. Ex-
perimental results show satisfactory results.

The general framework can also be extended to other similar applications, such

as demining [43, 60].
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APPENDIX A
MULTI-OBJECTIVE CONSTRAINED OPTIMIZATION

In this appendix, a multi-objective constrained optimization problem is presented and
the algorithm to solve the problem is discussed.
A.1 A Multi-objective Constrained Optimization Problem

A general multi-objective constrained optimization problem can be formulated using
the objective functions, constraints and optimization parameters (decision variables),

ie.,

TTLZTZF(:E) = (fl(w))f2(m)7"';fk(m))T
subject to: e(x) = (e1(x), ex(x), ..., em(x))T with e;(x) >0, i=1,..,m

x = (x1,Tg, ..., Tn)" (A.1)

where fi(x), fa(x), ..., fr(x) are k objective functions; (z1, 23, ...,z,) n optimization
parameters and e, (x), ea(x), ..., e, (x) m constraints.
The utopian solution is a set of minima of each respective objective function

subject to the given constraints, i.e.,

F'=(fi f3, - fOF (A.2)

where f}, f5,..., fi are the individual minima of the objective functions.

A.2 Optimization Method

There are different methods to perform the multi-objective optimization [61, 62, 63],

such as weighted-sum approach, no preference articulation, nonlinear approach, utility
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theory, goal programming and STEM method [64]. No preference articulation method
does not use any preference information. It is based on minimization of the relative

distance from a candidate solution to the utopian solution, i.e.,

winete = [ 35 (B4

j=1
subject to: e(x) = (e)(x), ex(x), ..., em(x))T with e;(x) >0, i =1,....,m

x = (r;,Tg, ..., Tn)" (A.3)

The most frequently used value for p is 1 [64]. Equation (A.3) can be transferred to:

k
minF)(x) = Z/\jfj(m)

=1
subject to: e(x) = (ey(x), ea(x), ..., em(x))T with e;(xz) >0, i=1,....,m

x = (r1,Z2,...,Tn)" (A.4)

where J; is defined as:

A= — A.
=7 (A5)

After applying the no preference articulation approach, the multi-objective con-
strained problem is transferred into a single objective constrained problem. A quadratic
loss penalty function method [58] is adopted to deal with the constrained problem.

A new function G(x) is formulated as:
minG(x) Z (min0, e;(x)])” (A.6)

where 3 is a big scalar. Thus a constrained optimization problem is transferred into
an unconstrained one using the quadratic loss penalty function method. Finally, a
single objective unconstrained problem is formulated. The simplex method [59] is

adopted to solve the single objective unconstrained problem.
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