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ABSTRACT

This thesis presents a methodology for fixturing, scanning, and orienting additively
manufactured (AM) metal parts prior to finishing operations using a process called CNC-RP
(rapid prototyping), which is a subtractive rapid machining method that employs the concept
of sacrificial supports. AM has enabled the manufacturing of complicated designs in a layer-
based fashion but often produces parts with inadequate surface roughness and/or dimensional
control. Subtractive manufacturing (SM) techniques typically fabricate parts with overall
better surface roughness and feature accuracy but require fixtures and custom tooling for each
part design. Combining the two technologies of additive and subtractive manufacturing to
create metal parts would allow the design flexibility of additive while simultaneously enabling
the accuracy and finish of subtractive. However, the process of locating components when two
processes are involved can be challenging. Solutions to this challenge have been applied to the
metal casting industry in the form of custom fixtures, but the fixtures made for these finishing
operations are intended for high volumes of a single part; thus, these fixtures are too expensive
to justify for the small batch sizes made through additive manufacturing.

Through non-contact scanning, a set of algorithms built into a localization software
program identifies the location and orientation of a part secured within the fixture and outputs
this identification in the form of a position vector. These algorithms also yield the angular
rotations required to align the part’s current position vector to the ideal computer aided design
(CAD) model position vector in preparation for CNC-RP. Another program was developed to
determine the finite rotations of the A- and B-axis when part length is taken into consideration.
These rotations were physically implemented with a fixture hardware element.

Process capability metrics were employed to validate this method. For both axes, parts
could be produced within tolerance only after this method was employed (Cp and Cpk values
greater than 1.0 are “acceptable”); however A-axis correction fell short with a Cpk value of
0.985, but tighter process control and/or more accurate equipment may resolve this issue. Thus,
this thesis provides a feasible methodology to combine additive manufacturing and CNC-RP

subtractive manufacturing.



CHAPTER 1: INTRODUCTION

Over the last decade, developments in rapid manufacturing technology have allowed
the effective fabrication of fully functional, near net shape parts. Demand to manufacture metal
parts using this technology has recently increased, but there are still large opportunities to
improve feature accuracy and surface roughness. Subtractive manufacturing techniques, such
as machining, have been used as finishing operations because they consistently fabricate parts
with better surface roughness and overall feature accuracy. However, unlike AM, machining
can require custom fixture and tooling solutions for each part design. This research focuses on
a method to merge additive and subtractive rapid manufacturing technologies in order to
perform finishing operations on metal near net shape parts. This chapter presents challenges

associated with these technologies, followed by the motivation and objective of this research.

1.1 Background of Additive and Subtractive Manufacturing

Rapid manufacturing, or rapid prototyping (RP), defines many methods employed to
create the scale model of a part or a multi-component assembly quickly using three-
dimensional computer aided design (CAD) data. Rapid prototyping began its first stages of
development in the late 1980s and its role has grown exponentially since then.

Additive manufacturing (AM), or 3D printing, is a widely employed RP technology
aimed to construct parts or assemblies for small production runs in a layer-by-layer fashion
and is used today for a wide variety of applications. Some of these AM methods include Direct
Metal Laser Sintering (DMLS), Selective Laser Melting (SLM), and Electron Beam Melting
(EBM). Additive manufacturing involves the sequential deposition and fusion of 2%-D layers
of material to fabricate the final part geometry. The term “2%-D” refers to the geometries of
layers varying in the X and Y directions, but a Z height is held constant (Figure 1a). These
layers are digitally created from the original CAD model of the part and, upon successful
transfer of this information to the machine’s software, these layers are physically created in the
AM machine by fusing particles together. Interior features, such as holes, are built concurrently

with exterior features. Support structures are also fabricated during this time for geometry that



cannot support itself during the build process such as overhanging surfaces, downward facing
horizontal surfaces, and thin features.

Subtractive manufacturing (SM) fabricates parts in the opposite manner to that of AM
and manufactures geometric structures through the sequential removal of stock material
(Figure 1b). Common SM processes include milling, turning, and drilling. SM requires tool
path planning by a technician for each setup and may include software or hand generated NC
code for computer controlled machines. Each setup typically requires a manual fixturing
technique that locates, clamps, and secures the stock material during the machining process.
During the SM process, the sides of the stock accessible to the cutting tool are machined
according to the pre-determined tool path for that setup. Other manual setups and tool path
planning are required to machine the other sides. For example, the part in Figure 1b would
require at least one more setup oriented 180 degrees to machine the bottom of the sphere.

[ AN
/ [\
/ I\
i 1)
N1 -
(@) (b)

Figure 1. Additive and subtractive manufacturing of a sphere; (a) Additive deposits 2 ¥2-D
layers sequentially to create part (green) and support material (orange) versus (b) Subtractive
manufacturing which removes 2 %-D layers (red) to create part (green) from stock material
(grey) secured by fixture elements (blue)

This research focuses specifically on the manufacturing of metal parts. The primary
factors of metal AM processes are the raw material as well as the energy source utilized for
part creation. The powder bed technology systems are the most widely used class of metal AM
machines. The energy sources come in the form of a laser or electron beam that is used to fuse
material powder together to form the desired shape. This category of AM is different than other
additive manufacturing methods, such as binder jetting, sheet lamination, and direct energy
deposition (DED) (that uses focused thermal energy in the form of a laser or electron beam
and wire feed techniques to fuse material), which are outside the scope of this thesis.



The two main powder bed methods are Direct Metal Laser Sintering (DMLS) and
Electron Beam Melting (EBM). Today, the DMLS process is no longer limited to sintering; it
has expanded to full fusion but has retained the older acronym. Both methods are able to
manufacture fully functional metal prototypes and even production parts, increasing design
efficiency for highly technical applications. This metal 3D printing technology can provide
features of high density ideal for applications such as custom medical and dental parts, complex
oil and gas components, aerospace components, production parts/tools, and applications
requiring high temperature (Figure 2).

(a) (b) ()
Figure 2. AM application examples; (a) Custom dental parts [1], (b) Custom medical parts [2] and
(c) Turbine engines for aerospace applications [3]

The DMLS build process (Figure 3) begins by generating STL (stereolithography) files
from 3D geometric (CAD) part models. This file is digitally sliced into layers and loaded into
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Figure 3. DMLS process [4]
the machine’s software. Inside the machine’s chamber (Figure 4), a leveling roller (or blade)
is used to move new powder from the material dispensing platform over the build platform in



a uniform layer. A fiber laser beam
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After each scan, the build platform is Figure 4. DMLS machine [5]

lowered downward in the part-build

chamber while more material is raised from the powder cartridge and recoated evenly on the
previous layer so that a proceeding powder layer can be placed and fused onto the previous
layer. This cycle is repeated until the part or assembly is finished. The completed part is then
retrieved from the part-build chamber, unused powder is removed and the part is detached from
the baseplate after a stress-relieving heat treatment. Support structures are also removed at this
time and any subsequent finishing operations are applied.

EBM parts are fabricated in a similar fashion but, instead of a laser, EBM uses an
electron beam with up to about 3kW of maximum power, which raises the powder to over
3,000 degrees Fahrenheit. The electron beam requires operation to be in a vacuum (Figure 5).
While DMLS usually makes parts with higher resolution, EBM generally makes parts faster
than DMLS and is known for its application using titanium, which is a material with a work-
hardening tendency.

The lead time for receiving a traditionally manufactured part can take weeks, creating
a large bottleneck in a production process. DMLS typically produce parts in a matter of hours
or days and EBM can be even faster. With such a reduction in the production time of functional
metal prototypes, design cycles are accelerated and time to market is shortened.

While these manufacturing methods seem promising, high performance demands of
these additively manufactured parts and related price have made it difficult for industry to

qualify parts. At this time, concern seems to focus on the quality of the material [7]. Much



more research is necessary to qualify and
expand the process as an industry standard
using a variety of new materials.
However, this can be difficult as the
modern process employed in DMLS and
EBM manufacturing is quite complex.
The complexities arise in the process
variables and fine tuning to produce
higher quality part resolution and
enhanced material properties.

Challenges related to material
quality include the Ilabor intensive
metallic support structure removal and
associated post-processing (subtractive
manufacturing) of the part as surface
roughness and dimensional accuracy
characteristics can be an issue for certain
applications so post-machining or other
processing is required to obtain the
desired characteristics. Many believe that
metal AM parts can one day be made

readily usable when we have a deep
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Figure 5. EBM machine [6]

physical understanding of the process, but others in the industry would argue that there will

always be at least some post-processing. This need for the finishing process through subtractive

manufacturing is an underappreciated part of AM and perhaps AM metal processes may not

ever deliver perfected parts straight from the 3D printer [8].

That being said, neither additive nor subtractive manufacturing can always be suitable

as the only fabrication method for all applications. There are advantages to both additive and

subtractive manufacturing, and different factors comparing these two methods are presented

as follows:



Complexity
The part complexity capability under a limited time frame can be considered the biggest

difference between the two processes. AM methods generally exceed SM methods with regards
to this factor. The reason lies in the layer-by-layer fashion in which AM parts are
manufactured. Every 2%2-D layer can be very detailed since interior features, such as holes, are
built concurrently with exterior features with no obstacle. Additionally, since the assembly
instructions are derived directly from the CAD file, limited to no technician support is needed
and a great portion of the process is automated.

However, the SM process requires material removal from a larger piece of material.
Hollow features may not be possible without combining more than one piece of material and
the amount of part detail can be limited, especially considering the machine and tooling
availability. SM should not be discredited, however, as an imprecise process. Provided
sufficient time is given, a CNC machine and a skilled machinist can fabricate very complex

and accurate parts.

Part Quantity

For a single prototype or a small batch, AM is generally the smarter choice based on
its characteristically short lead times and often quick turnaround from CAD model to
completed part. For larger production runs, SM is commonly considered the more cost-
effective decision based on investment in pre-process engineering. SM involves a large amount
of setup in preparation for even a single part. For example, programming a CNC machine’s
tooling path can be expensive in terms of time and skill. But investment in setup and program
development time is more financially logical in this case since that tool path should be the

same (or with minimal changes) for tens or hundreds of parts.

Material

SM methods, such as milling or turning, are standard choices for manufacturing a wide
variety of metals but current research has opened the door for metal AM processes, such as
DMLS and EBM, to use alloys so prototypes can be made out of the same material as

production components. These processes offer a range of metals including cobalt-chrome, tool



steel, stainless steel, bronze alloys, and titanium; each with its own inherent characteristics,
advantages, and applications.

In terms of the mechanical properties of the final product, AM parts can vary greatly
depending on the parameters of the individual process, build orientation, and post-fabrication
surface finishing and treatments. Different part geometries require special design
considerations such as supports and heat sinks that ensure built parts preserve geometric
accuracy [9]. In terms of the general quality of heavily studied materials, the mechanical
properties of the materials produced from AM tend to be on the higher end of the traditional
mechanical properties spectrum, even when compared to their conventionally cast counterparts
[10].

The mechanical properties of SM parts are even more highly reliable and consistent as
the process involves removing material from original stock and heat deformation is not a big
concern if proper lubrication is applied. In general with machining, the quality of the materials
going into the process are nearly identical when completed; AM is not as reliable or

dependable.

Cost

Some of the main cost drivers between AM and SM are capital investment, pre-process
engineering, labor and material utilization. In general, the capital cost of AM is much higher;
the cost of a professional 3D metal printer can range between $250,000 and $1,000,000; while
the cost of a quite capable CNC machine can cost between $50,000 and $100,000. However,
the pre-process engineering time and associated cost for CNC machining must also be
considered. The pre-processing for AM can include some skilled technical decisions and setup,
but far less than generating NC code and setup and fixture planning for CNC machining. This
pre-processing overlaps into the labor cost, which also includes the cost during the build
process. For AM, there are some technical decisions to be made, but once fabrication has
begun, little to no supervision is generally required. For SM, however, the build process can
require multiple setups and refixturing, depending on the part design, so a technician must be
present throughout the process. The final cost consideration is the material utilization between
the two processes. For subtractive manufacturing, all removed material from original stock

direct waste in the form of chips. The magnitude of waste varies on a case-to-case basis, but in



a worse case, the amount of discarded material via subtractive manufacturing in the aerospace
industry can commonly approach 90 percent [11]. For powder-based AM, most of the unused
powder can be generally recycled for multiple build cycles, but there is material waste in the
form of the support structures that are cut off and discarded after build.

Tolerance

Dimensional capability of both AM and SM methods is contingent on the process used,
parameter settings, and the tooling resources. For powder bed AM processes, the dimensional
accuracy and surface finish of parts are dependent on parameters such as the resolution of the
energy source, geometry of the desired part, and material [12]. For example, the material
processing of AM and the nature of thermal expansion affect dimensional variability. The
temperature of the metal powder is raised above its solidus temperature to fuse the particles,
and when they cool and solidify the part tends to shrink. Dimensional errors fluctuate with
various geometric shapes causing different percentages of shrinkage throughout the part (thin
features are particularly vulnerable to this distortion) [13]. Because of this, extra stock material
is added to compensate for any unexpected shrinkage. Extensive research for some materials
has mitigated this distortion and has improved relative dimensional accuracy.

CNC machining can reasonably maintain most tolerance callouts within realistic
limits, depending on how much time and money is available. A 2014 study on precision of
mechanical parts with regards to current manufacturing performance for highly technical parts
provided a comparison of machining to metal AM [14]. In this work, the manufacturing
specifications for conventional machining (milling and turning), both for ultra-precision
machining and standard machining of parts in the range of 100-400mm, were determined
(Table 1) and these results were compared to EBM and Laser Beam Melting (LBM), which
are both additive manufacturing processes. As expected, subtractive manufacturing was
considered better in terms of minimizing distortion and promoting better surface finish and

dimensional accuracy.



Table 1. Performance of conventional machining and AM in respect to key specifications for
parts found in high tech sector [14]

Speclfication type Ultra- Standard EBM™*" LBM™*
preclsion® 100-400mm

Surface flathess [um] 5 10-50 n/a n/a
Roughness (Ra) _ [um] 0.05 0.8-3.2 20-30 5-15
Geometrlc tolerance (profile) [pm] +25 +20-80 +300 +100

| Minimal wall thickness um] 400 400-600 600 200
Small features /channels™ m] 190 1000 200 400
Permeatlon (leakage) [mbar/*s] 1x10” 1x10™ 600 600
Contamination (0.5 ym/5 um) particles/m™ __ 3520/20 3520/29 Unknown Unknown
* State of the Art

** Smaller features can be obtained through EDM or laser cutting
*** Highly dependent on part design, material, machine type and manufacturing process paramaters

1.2 Finishing AM Parts Using CNC Machining

The most common finishing strategy for AM parts is subtractive manufacturing with a
Computer Numerical Control (CNC) machine. CNC machines are milling devices that use
coded commands that communicate to an internal computer to automate the machining of parts
accurately and rapidly. Similar to casting, metal AM parts can be manufactured with an extra
material envelope (i.e. material allowance) to PR
compensate for any dimensional variability,
ensure favorable internal stresses, and provide
an opportunity to achieve desired surface
finish with stock removal through CNC
machining.

The most common CNC milling
machine is a three-axis mill, which can move
laterally in the X, y and z axes (Figure 6). A
four-axis machine adds a fourth degree of
motion through rotation about the X-axis; also
known as the A-axis. A five axis machine adds :

a fifth degree of motion through a rotation

about the Y-axis; also known as the B-axis.

Figure 6: Three-axis Haas mill

There is current research intended to
explore the best ways to complete this post-processing CNC machining step. Computer
Numerical Control-Rapid Prototyping (CNC-RP) is a proposed SM process and an automated
rapid machining technique that merges CNC machining with the AM technologies concept of
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layered manufacturing; however, this approach subtracts material layer-by-layer rather than
adding it [15]. CNC-RP is a method that fixes cylindrical stock between two opposing chucks
in a four-axis CNC machine. To fabricate the

part, the stock is oriented and machined about (a)

. . . Rotarv Indexer
one axis of rotation until all surfaces are End Wil

. . . Roupd Stock \
machined to within tolerance (Figure 7). Axis of Rotation !

These rotations would be challenging if
traditional fixturing techniques are used as

they employ vises, clamps, and/or v-blocks to T

hold the part during the machining process

and numerous manual setups would be (b) oo view)
required, making this task labor intensive. To 1)’ . J ‘ ['JJ 5‘! H‘
overcome this difficult rotation step, CNC-RP T

utilizes an automated fixturing concept in the (2)“ I—'J (6‘ M‘

form of sacrificial supports that have been

employed in RP technologies (Figure 8) [17]. (3).» M‘LJ_I M

The supports are included in the CAD model u H
along with all other features before any (4)' ‘ T——T

machining occurs and then removed after part

Figure 7. CNC-RP process; (a) Setup (b) Example

completion.  The supports are designed with steps and final product [16]

parallel to the part’s axis of rotation; thus, to
machine the supports, raw material should be in excess along the axis of rotation. This thesis
concerns a method to combine the SM method of CNC-RP with the AM powder bed processes
like DMLS and EBM. Combining two process
can make locating a part difficult, however.
Thus, to merge these two processes, a fixture
is required. Fixtures are devices designed to
hold, locate, and support parts during

manufacturing operations. Fixtures are used to

reference and align the cutting tool to the part,

) ) ) Figure 8. Sacrificial supports along axis of
but they dO not gl.“de the tOOI Fixture deVICES rotation (h|gh||ghted by red arrows)



11

can include various clamps, chucks, vises, and metal plates containing dowel and/or tapped
locating holes or key slots (Figure 9).

Fixtures can be categorized by their construction (Figure 10) or with respect to the process or
machine tool used in the machining process (Figure 11).

Figure 9. Examples of fixtures; (a) Three-jaw chuck used as a workholding tool for drilling operation
[18], (b) Chick vise for CNC machining [19] and (c) Section of aluminum plate with t-slot nuts [20]

Part

Figure 10. Fixture examples categorized by construction; (a) Angle-plate fixture with adjusting
screw; part (green) contained by fixture [21] (b) Vise-jaw fixture with modification insert for a

specific part [22]

Furthermore, a fixture has to be
designed such that it requires a minimum level
of maintenance during its lifetime, withstands
the forces generated by the machining
process, and allows accessibility to the part.

To enable accurate machining, the part

N~ /8
must be held in a setup that guarantees a [ My, i il
definite position in space in relation to its Figure 11. Milling fixture with part clamped
down during milling operation [23]
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datum points and/or surfaces. However, a part in
space can move freely and this motion can be defined
by twelve directional movements, or “degrees of +y
freedom” (Figure 12). The axial degrees of freedom ’
allow linear movement in both directions along the

three main axes: X, y, and z, while the radial degrees

of freedom allow rotational movement, in both the -z

. : N 6
clockwise and counterclockwise directions, around
) ) Figure 12. Twelve degrees of freedom
the same three axes. Parts deviate from their expected

position for multiple reasons such as:

e Fabrication: There is always some variation in fabrication and there can be multiple
causes for each variation (For example, AM parts can vary due to the sequential heating
for fusion and cooling for solidification over multiple layers.).

e Fixture-caused deviations: Depending on
the complexity of the fixture, there can be
numerous sources of deviation error. For
example, the force from screws and clamps

move the part from nominal.

If a part’s position is not accurately
determined, the part will be machined incorrectly.
Additionally, fixtures are often able to reorient a
part if necessary, as does the fixture in this thesis.
This can be done by determining part location and
orientation and then adjusting the fixture as
necessary, often with the use of a gantry style or
articulated CMM (Figure 13). The inner features

and complicated geometries associated with AM,

Figure 13. Coordinate
metrology using Faro Arm

however, can make metrology challenging in

preparation for CNC machining. One of the more
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apparent obstacles is that parts consist of minimal, if any, simpler geometric elements
(examples: cylinders, circles, planes). Further, thin walls and flexible features can add to the
level of difficulty. In this case, validation for AM parts might require the use of non-contact
scanning systems. One common method is the use of laser scanning, which can also be
integrated into an articulated CMM (Faro Arm).

Since the challenges of post-
processing AM parts are similar to that of
the machining needed for metal castings,
there are existing efforts that are
analogous to this research. Fixtures for
castings are often customized for each
design (Figure 14). Since this kind of
production is high volume generally,

costly one-of-a-kind fixtures can be

justified.

Figure 14. Customized fixture to post-process
metal casting [24]

1.3 Motivation

Combining the two technologies of AM and SM would allow the flexibility of additive
with the accuracy and surface finish of subtractive. This means that we can manufacture
products with previously unachievable geometry and introduce high precision features in
hybrid operations. The process of locating components when we have two processes, however,
can be challenging. This can be made possible with a flexible fixture that can accommodate
parts of any size, material, and shape in the transfer between the AM processes to the SM
process. With that in mind, similar to the repositioning techniques utilized in the metal casting
industry, this fixture must also allow technicians to measure and reorient the part as necessary
for that subsequent machining. However, the fixtures made for finishing operations after
casting are intended for multiple parts and batches. There does not exist a flexible fixture that
allows one to laser scan and reorient an AM part suitable for these rapid manufacturing

technologies.
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1.4 Objective
The objective of this thesis is to create a method for fixturing, scanning, and reorienting

an AM part for subsequent machining.

Sub objectives
In order to achieve the overall objective, two major sub objectives are proposed: (1) the

creation of an algorithm that determines the motions needed to rotate the part into a correct
orientation and (2) developing a hardware fixture element with the flexibility and stability
required to orient and finish machine the component. Below are research tasks defined to

support each sub objective:

Tasks to support sub objective 1:

e Create an Excel VBA program that inherits the AM process planning software output
and accepts user input relative to part parameters (e.g. overall length) and then outputs
the two rotations needed to resolve orientation issues

e Apply the rotations to the original scan to update/refine the relationship between the
physical AM model and the AM part file

Tasks to support sub objective 2:

e Design a fixture that holds and reorients AM parts of different geometries and lengths

for the CNC-RP machining process

e Perform experiments on AM parts to validate the fixture

1.5 Thesis Layout

The remainder of this thesis is presented as follows: Chapter 2 presents an overview of
existing work in additive manufacturing, hybrid processes, and different types of fixtures and
their capabilities. Chapter 3 provides the general solution methodology, the technical details
and development of the resultant fixture and associated orientation-correcting algorithms,
while Chapter 4 presents the implementation and test results. Lastly, Chapter 5 presents

conclusions and recommendations for future research.
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CHAPTER 2: LITERATURE REVIEW

Additive manufacturing is a common term used to generalize methods to manufacture
parts in a layer-by-layer fashion. In 2010, the American Society for Testing and Materials
(ASTM) established classification of these additive manufacturing processes into seven
categories: binder jetting, directed energy deposition (DED), material extrusion, material
jetting, powder bed fusion, sheet lamination and vat photopolymerization [25]. Metal-based
AM processes include binder jetting, directed energy deposition and powder bed fusion; of
these, metal-based powder bed fusion is the scope of this thesis.

Overall, additive manufacturing is a rapidly growing manufacturing method. 2011
revenue in the primary additive manufacturing market, which includes all AM global products
and services, increased an estimated 29 percent to $1.7 billion. Based on rising sales,
technological and material advances, new applications, and the expiration of key patents,
revenue trends are predicted to continually increase and exceed $6.5 billion by 2019. Powder
bed fusion and binder jetting are the most common processes used by leading vendors, and 70
percent of these vendors use metal more than any other material [26]. The main industries
supporting this market include automotive, medical, and aerospace at 19, 15, and 12 percent,
respectively [27].

To further develop this technology, there has been a considerable amount of research
efforts in the recent advancement and application of additive manufacturing materials.
Researchers have studied metals such as titanium alloys, copper, and nickel-based superalloys
that have been used for fabrication in AM processes [28-30].

While these materials have improved, most lack the repeatability required due to
dimensional variability and surface roughness that can cause, for example, thermal stress [31-
33] and shrinkage [34-35]. Factors that can ultimately control surface quality and dimensional
accuracy are powder characteristics (particle shape, size, distribution, component ratio, etc.)
and processing parameters (such as laser power, scan speed, and powder layer thickness) [36].
Further, microstructural and mechanical properties vary between different AM processes [37].
Extensive research to determine optimal parameters for each alloy needs to be performed in
order to qualify that alloy as an industry standard. However, AM processes still do not have
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the capabilities to achieve the surface roughness accuracy for certain applications. Several
groups, such as groups from NASA [38], support the post-machining of AM parts for overall
surface roughness (especially for critical surfaces) as well as for material allowance removal
and support structure removal.

This thesis focuses on post-machining via CNC-RP, which uses a three-axis CNC
machine and a fourth axis indexer that is utilized to rotate the part to different orientations [17].
For each orientation, the process machines all visible surfaces layer-by-layer. The idea is that,
upon completion of all orientations, all features have been machined to within tolerance.

In order to execute post-machining in general, a machining fixture is necessary. The
design of a proper fixture can be complex, depending on processes, tolerances, geometry,
dimensions, and manufacturing resources. Pachbhai and Raut (2014) performed an extensive
review on the design of fixtures [39]. There are some generic fixture guidelines and principles
[40-41]; however, each part and manufacturing process has its own unique fixturing
requirements. The fixture design process includes phases such as fixture configuration design
and then verification [40, 42]. Fixture design verification is traditionally the stage at which the
fixture performance is analyzed [40, 42, 43]. Fixture design verification can consist of
tolerance sensitivity, accessibility and stability and/or deformation analyses. The fixture
performance is, of course, determined by the resulting end product quality. However, increases
in the availability and integration of computer software tools allow the designer to verify the
design during the fixture layout synthesis. The optimization of the fixture configuration design
has attracted much research attention. If the fixture layout can be designed such that the part
orientation in the fixture is error-proof, the part deformation is minimized [45-47]. Recent
developments on machining fixture layout design, analysis, and optimization are also presented
by Vasundara and Padmanaban (2014) [48].

Traditional, dedicated fixtures were introduced as a solution for batch product
manufacturing and to counter machine idling time [49]. These fixtures may be effective if the
industry produces only a few types of components with a high production rate for a long time
period because, once these fixtures have been designed, it can be difficult and expensive to
remove or change locating features of the fixture [50]. An et al. (1999) proposed an automated
dedicated fixture configuration design that can be applied to predefined component types in

mass production [51]. The main issues of dedicated fixtures are that these approaches require
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a great deal of technical skill and lack the flexibility to easily and consistently control parts of
arbitrary shape.

The cost and lead time for design and fabrication are also higher for such fixtures, thus
more adaptive and flexible fixture designs were required. A flexible fixture accommodates
parts of different material, shapes and sizes and requires less time and effort. Flexible fixture
designs can generally be classified into the following categories: modular fixtures, flexible
pallet systems, sensor-based, phase-change, chuck-based, pin-type array fixtures and
automatically reconfigurable fixtures [52]. Zheng and Qian (2008) introduced a systematic
study of 3D modular fixtures that particularly caters to arbitrary shapes. Their modular
fixturing method could adjust automatically for a part according to an algorithm [53]. Zhang
et al. (2009) developed a modular system to weld sheet metal components for the automotive
industry using adjustable locating pins and clamps [54]. Sela et al. (1997) developed fixturing
systems for thin-walled flexible objects such as turbine blades consisting of suction clamps
and pneumatic plungers [55]. Zhenyu and Darius (2007) presented a design with multipoint
contact with the part using spring loaded plungers that are conformable to odd shaped parts
[56]. Aoyama and Kakinuma (2005) developed a fixture for thin-walled parts that can support
parts securely and with less deformation using a multi-pin supporter system with a low melting
alloy as the working fluid to assist the part [57]. Yu et al. (2012) introduced a reconfigurable
fixturing robot for sheet metal assembly consisting of parallel manipulators to change the
locating point over a required space [58]. Yeung and Mills (2004) presented a reconfigurable
gripper for use in automotive body assembly [59]. Arzanpour et al. (2006) developed a
fixturing system to fulfill the objective of grasping a number of sheet metal parts using suction
cup technology [60]. Leonardo et al. (2013) designed a locomotion and docking system for
machining complex shaped sheet metal components using parallel manipulators and swing
motion [61].

Based on the nature of CNC-RP, the flexible fixture for this thesis must be adaptable
to the four-axis CNC machine and must be able to rotate with the chuck. Thus, any fixture that
IS going to present accessibility issues upon these rotations does not work as a viable option.
Much of the existing research offers solutions that work for their specific application, but are
considered too overbuilt or threaten accessibility issues for the rapid prototyping goals of the

current work. Monkman (2001) proposed a solution combining electro adhesion and electro
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rheological fluids that can be used as force inducing media for irregular shaped components
[62]. The approach might be suitable for the rotations needed for CNC-RP; however, it lacks
the ability to adjust the part to align to the CNC machine’s axis of rotation. Several researchers
have focused on developing hybrid processes to combine additive and subtractive
manufacturing, such as the LAMP process [63-64], Ultrasonic Consolidation [65-66], and 3D
deposition-milling [67-68], but the majority of these are applicable only to direct energy
deposition processes and not to powder bed fusion methods. The AIMS process supports
integrating any AM method with CNC-RP [69], but this method also does not provide a way
to resolve any orientation issues.

The post-machining of metal castings is analogous to this element of research for this
thesis. However, setting up castings for machining is not only time consuming, sometimes
requiring more time than machining itself, but errors in setup can result in scrapping expensive
parts [70]. Varadarajan and Culpepper (2007) presented a moving groove fixture based on
flexure bearings and piezo-actuators that had precision positioning and fixturing capabilities.

The piezo-actuators and flexure

BEall Collar

bearings allow the fixture’s
alignment features to correct a
part’s position and orientation.
(Figure 15) [71]. Culpepper et
al. (2005) presented an

Fiezo Grogve Monalithic base
flexure

Figure 15. Cross-section of ball-groove joint [71]

eccentric ball-shaft fixture with
the capability to compensate for
fixture element tolerance, bearing run out and actuation errors [72]. These proposed methods
provide repeatable alignment to promote accurate position and orientation, but do not have the
rotational flexibility required for the CNC-RP process. Ryll et al. (2008) presented an
intelligent fixturing system to promote rapid reconfiguration and part-to-fixture positioning.
The system was capable of altering the clamping forces and positions with a repositioning
algorithm to mitigate manufacturing errors derived from the fixture. The proposal was
illustrated in a two-dimensional example with a rectangular part (Figure 16) and based on a 2-

1 system (rather than the standard 3-2-1 system for three-dimensional fixture control) [73].
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The system would have limited ability for proper part alignment for AM components as the

square ends may be unreliable referencing surfaces due

NA C1
to varying levels of surface finish on parts. [ - ' —
This section provided an overview of additive A NA

- - - L1
manufacturing and fixturing; however, current \

\ c2
literature does not present a solution to merge additive

manufacturing with subtractive manufacturing as e

L=Localor

described in this thesis. The following section describes C=Clamp

a proposed methodology to provide a viable solution.  Figure 16. Fixturing of a prismatic
part [73]
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CHAPTER 3: METHODOLOGY

This thesis proposes a solution for the flexible and semi-automated fixturing of AM
powder bed metal parts for rapid machining. The following sections provide details on the
proposed method, starting with a basic overview of the hybrid process and the hardware design
that enables this method and its assembly. Next, the causes of part location and orientation
error and presented, along with a discussion of how those issues are resolved using the

hardware and the software, respectively.

3.1 Overview of Hybrid Process

A general overview of the steps that collectively represent the process flow of a larger
hybrid project to combine the advantageous attribute of powder bed AM and CNC-RP are
given in Figure 17. Figure 17a represents the original CAD model that is analyzed by the
CNC-RP software and placed at a position and orientation suitable for machining. The software
then automatically adds sacrificial supports and ends to the original CAD model (Figure 17b).
Using this information, the part is physically printed via the AM powder bed process (Figure
17c). Ideally, this part is ready for a post-machining operation; however, due to inaccuracies
in the printing process, the final part position and orientation in the CNC machine is slightly
inaccurate. To resolve this, the printed part is transferred to a fixture that is used to determine
part location and to reorient the printed part before CNC machining (Figure 17d). This is
accomplished using a Faro Arm to take scans of the part and fixture at different orientations
and these scans are merged then into a 3D model (Figure 17e). At this point, the model is
compared to the original CAD model in a separate software that provides output in the form
of rotational angles for the two rotary axes and translational distances in the three linear axes
that would be needed to manipulate the scanned model to the CAD model’s correct position
(Figure 17f). The position of the CAD model is then updated with the new information (Figure
17g). The printed part is then machined via CNC-RP (Figure 17h), and the sacrificial supports
are removed during the finishing stages (Figure 17i). The work of this thesis only pertains to

the steps presented in Figures 1d-1g. The following sections explain both the material and
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information process flow with regards to the proposed method to support these steps of the

process.

Figure 17. Overview of current SM and AM hybrid process; (a) The original part CAD model (b)
The CNC-RP software adds the sacrificial supports and ends automatically to the CAD model that
is used to fabricate (c) the additively manufactured part. Inaccuracies during printing require the
location and reorientation of the part for subtractive manufacturing so (d) a fixture is used to hold
the part and (e) the part is located within the fixture with a scanning device. (f) The scanning
information determines the manipulation moves to reorient the part and (g) the CAD model is
updated to represent new physical position of the AM part. (h) The part is then machined to attain
desired dimensions and (i) presents the finished machine part once the sacrificial supports and ends
are removed.

3.2 Hardware Design

The key to this method is the designed hardware. Figure 18 displays the schematic of
the fixture assembly, including the mated AM part. Figure 19 presents the physical fixture
assembly setup. An offline manual rotary assembly was built with two opposing chucks to
mirror the assembly of the CNC machine. Both headstock and tailstock chucks of this fixture
mate coaxially with a hollow outer cup made of high strength steel. Inside each of these outer

cups, there is a smaller cup, the ball joint mounted cup and inner cup for the headstock and
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Ball joint mounted cup Inner cup & Chuck, Tailstock side

Chuck, Headstock side Cylinder screw (x™~40)

Side thumb screw (x2)

Set screw (x4)

Cross bar Outer cup
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Vertical adjuster
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Figure 18. Schematic of fixture assembly

_Chuck, Headstock side

Cylinder screw (x~40)
Inner cup Chuck, Tailstock side

Ball joint moun g&cup
Snde thumb screw (x2)

Vertical adjuster  ® ' J—

Dialr ipdiw; —
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\

Manual rotary Metal scale

Figure 19. Physical setup of fixture assembly

tailstock side, respectively. These smaller cups are secured within the outer cups by cylinder
screws (set screws) that are arranged in a cylindrical array and tightened to restrict the
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movement of the smaller cups. Each end of the AM part? fits and is secured in a part collet
feature of these smaller cups. On the headstock side, the other side of the ball joint mounted
cup is attached to a ball joint that serves as a multi-axis positioner that can move the part and
other inner cup due to hardware linkages, unless the smaller cups are externally restrained by
the cylinder screws. The headstock’s manual rotary controls the magnitude and direction of an
A-axis rotation (rotation of a point, vector, or general entity about the X-axis) (Figure 20).
Through this rotation, the part transitions from its original position vector to a new position

vector.

Axis of rotation

Figure 20. A-axis rotation illustration on schematic

The tailstock side does not include a ball joint. It does, however, incorporate a vertical
adjuster assembly that serves as the lifting control for a cross bar that lifts or lowers the inner
cup during a B-axis rotation (rotation of a point, vector, or general entity about the Y-axis)
(Figure 21). This rotation requires the cylinder screws to be loosened so the assembly (from
the ball joint to the inner cup) can change orientation. This rotation originates on the center of
the ball joint. Horizontal movement of the inner cup is controlled by metal rods that are
manipulated by side thumb screws on either side. Through this rotation, the part transitions
from its original position vector to a new position vector. More detail on this rotation is

discussed in section 3.3.

! While not within the scope of this thesis, the printed AM parts have been designed with a standard square end
that is used for every part fabricated for this hybrid process. The ends are square shaped because they can easily
be additively manufactured with 45 degree up-facing sides.
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Figure 21. B-axis rotation illustrations; (a) Schematic (b) Physical setup: P represents the
original position vector of the printed AM part that originates on the center of the ball joint.
The cross bar either lifts or lowers the inner cup (that contains the part) a finite distance

(green arrow) so that the part is now at a new position vector P*; with respect to these
illustrations, the inner cup is lifted.



25

3.3 Hardware Assembly
Headstock

This section focuses on the assembly of the fixture that mates with the headstock side

of the offline manual rotary assembly (Figure 22). At the heart of this side of the fixture is a

ball joint that is mounted into the backside of the ball joint mounted cup (Figure 23a) through

Chuck, Headstock side

Ball joint mounted cup

Set screw (x4)

Ball joint Outer cup

Manual rotary
Metal scale

Figure 22. Headstock schematic

a hole in the outer cup
(Figure 23Db). This outer cup
has a built-in socket for the
ball joint. A steel lid is
placed over the ball joint on
the outer cup to limit x-
movement in the fixture
assembly (Figure 23c). This
subassembly is then secured
in the three-jaw chuck with
a chuck key (Figure 23d).
The AM part is mated with
the square part collet feature
of the ball joint mounted
cup (Figure 23e) and
secured by four set screws
within  the ball joint
mounted cup (Figure 23f).
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( ) Ball joint mounted cup (b) Ball joint mounted cup (C) Ball joint mounted cup
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Figure 23. Assembly overview for headstock side; (a) the ball joint is connected to the ball joint
mounted cup by a threaded cylinder, but before the two are connected, (b) the outer cup is placed over
the top of the ball mounted cup so that the hole in the outer cup overlaps the hole of the ball mounted
cup. Then, (c) a lid is placed on top of the ball joint and secured with screws. (d) This assembly is
placed in the chuck so that the outer cup is coaxial with the chuck. It is then tightened with a chuck key.
(e) The AM part end mates with the ball joint mounted cup and (f) the set screws are tightened.



Tailstock

The  tail
stock side (Figure
24) also includes
the outer cup that is
mounted coaxially
into the chuck and
secured with a
chuck key (Figure
25a). The inner
cup has a part
collet feature that
mates with the
other square end of
the AM  part
(Figure 25b). This
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Figure 24. Tailstock schematic

inner cup is secured within the outer cup by the cylinder screws and placed above the cross bar

(Figure 25c). The inner cup is secured in between metal rods that are manipulated by side

thumb screws of the vertical adjuster assembly to restrict horizontal movement (Figure 25d).
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Chuck, Tailstock side
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Figure 25. Assembly overview for tailstock side; (a) The outer cup that is mounted coaxially into
the chuck. (b) The inner cup has a part collet feature as well that mates with the other square end
of the AM part. (c) The inner cup is secured within the outer cup by the cylinder screws and
placed above the cross bar. (d) The inner cup is placed in between the metals rods that are
manipulated by side thumb screws of the vertical adjuster assembly.
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3.4 Part Location and Orientation Deviation

Due to inaccuracies in printing, the actual printed part sits at a position and orientation
in the CNC machine that is slightly different from the ideal CAD model. Thus, combining the
AM and SM processes can make locating a part difficult. Thus, there is the potential for

considerable discrepancy between the ideal CNC-RP setup and the realistic results (Figure 26):

This discrepancy can be caused by four main factors: (1) surface roughness of the AM part,

Front view Side view

CNC-RP
setup \

Realistic

setup C =

Figure 26. Discrepancy between ideal and realistic AM part setup in fixture

(2) geometric accuracy of the part collet features, (3) coaxial misalignment of the smaller cups
within the outer cups and (4) geometric inaccuracy of the AM part’s ends. The proceeding
subsections give a quick overview of these factors and their impact on the successul integration

of a subtractive finishing phase.

Surface Roughness

For the desired CNC-RP setup, both the centers of the square ends are coaxial to the
axis of rotation in the machine. However, as a result of the inherent surface roughness derived
from the metal additive processes (Figure 27), the axes can deviate from the desired

orientation.
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() (b)

Figure 27. Surface roughness on square ends that cause part orientation issues; (a) ldeal
surface finish (b) Realistic surface finish

Part mating with fixture cups

For both the inner and ball joint mounted cups, there is at least some extra space along
the inner walls to allow easy insertion of the ends of the AM part. Since AM parts have some
accuracy error, the ends are not the same size and do not have the same surface roughness from
part to part, so this extra space and related part alignment vary in magnitude from part to part
as well (Figure 28). Additionally, the force from set screws on the ball joint mounted cup can

cause the part to deviate from nominal.

Ball joint mounted cup

Figure 28. Cup mating allowance




31

Coaxial alignment of cups

In the case of an ideal setup for the fixture, both the centers of the outer cups are coaxial
to the axes of the smaller cups within (Figure 29b). However, due to the inherent variation that
derives from the manual tightening of the cylinder screws, the ideal coaxial orientation may

not be attained (Figure 29c).

(a) ‘ (b) (c)

Figure 29. Coaxial relationship of fixture cups; (@) With respect to the CNC machine’s axis of
rotation, (b) the outer cups ideally coaxially align with their respective smaller cups but (c) the
axes of the outer cup and smaller cup realistically do not align.

Inconsistent shrinkage throughout part

Based on the processing nature of most metal AM processes, shrinkage occurs because
of the rapid heating and solidification of each layer. Both the global and local shrinkage
variation through the cross sections of the part generate internal residual stresses. If the induced
residual stress is excessive, the part will warp. Warping can lead to part distortion and bad
junctions between supports and components (Figure 30) that can critically affect the part

geometry.

Figure 30. Effect of non-uniform shrinkage on build part; (a) Non-uniform shrinkage can cause
variability such as unevenly sized corners (larger rounded corner highlighted by the red arrow).
(b) Shrinkage generates stress; and this stress may try to break through the edges of the build part
and induce warping. (c) Part distortion due to warping [74]
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This shrinkage will not cause deformation if it is uniform throughout the part. However,
uniform shrinkage is unlikely because of the many material and process variables that that
interact with each other, such as molecular and fiber orientations, part cooling, and feature
geometry. Research performed on a certain metal alloy helps in understanding the material
properties and characteristics to control any thermal stress. While a precise estimate of
shrinkage during AM cannot be determined, by considering potential factors such as material
grade, build orientation, and cross section of the geometry, a reasonable approximation of part
and feature shrinkage can be delivered. This information can be used to determine the extra

material allowance required.

3.5 Part Location and Orientation Correction

Even though there are location and orientation deviations, these obstacles can be
overcome by determining the position vector of the part and reorienting the part to align the
part’s new position vector with the CNC machine’s axis of rotation. The initial position vector
is created by scanning the part and fixture at different orientations and merging these scans
into one three-dimensional representation of the system using a software called DASH that has
been newly created for the purpose of this hybrid process. With these scans and the part file,
the software can compute how much the part deviates linearly and rotationally from the CNC
machine’s axis of rotation, which also correspond to the necessary transformations in all five
dimensions (X, y, z, a, and b). Linear translation deviations (x, y, and z) can be numerically
compensated for in the CNC code before machining, so there is no need to physically adjust
for them during this fixture stage, but the rotational deviations (a and b) need to be fixed in
order for proper machining to occur. We can correct these issues by physically executing two
correctional rotations on the fixture created for this thesis.

Describing the architecture of fixture assembly with respect to important dimensions

helps define these rotations (Figure 31):
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Figure 31. Fixture assembly schematic with important dimensions

L1= horizontal distance between the start of the metal scale and the corner of the vertical
adjuster assembly) (Figure 32)

L2= horizontal distance between the center of the ball joint and the beginning of the metal
scale

L3= horizontal distance between the center of the ball joint and the inner face of the
ball joint mounted cup

L4= horizontal distance between the corner of the vertical adjuster assembly and the center of
the cross bar

C1= CNC work coordinate system for hybrid project

C2= Fixture work coordinate system, based on the ball joint center

Cs= Work coordinate system, originates on inner face of AM part disk end

C4= Part work coordinate system with respect to Mastercam software (this location is
arbitrary and changes by part design)

Xg¢= horizontal distance from face center of headstock chuck to center of ball joint

L1 is determined by a metal scale built into the fixture’s hardware (units are in inches and
scale resolution is 1/64 inch) (Figure 32) and used for the B-axis rotation, which is
discussed further in section 3.6. L2, L3, L4 and Xq are assumed to be fixed and known
based on pre-determined measurements for this thesis:

L2=73.95mm

L3=91.00mm

L4=38.05mm

Xg=19.96mm
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Figure 32. Distance L1 illustration; Metal scale used to determine distance from corner of
manual rotary to corner of vertical adjuster assembly (scale resolution: 1/64 inch)

Currently, the CNC-RP coordinate system (Ci) serves as the software default
coordinate system. Thus, the position vector created with the scans are made with respect to
this coordinate system. However, in order for the rotations to occur with the ball joint as the
origin, this information needs to be transferred from the CNC-RP coordinate system to the
fixture coordinate system (Cz). The next subsection presents the transformation matrices

derived in order to do this.

Transformation models

Figure 33 displays the CNC-RP coordinate system (C1) and the fixture coordinate
system (C>) within the fixture assembly. C: originates on the center of the inner headstock
chuck face. The chuck and the outer cup should be coaxial, which means that the only
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transform that should be calculated to transition from Cz to C> is a linear translation along the

positive X-axis (Xq).

CNC-RP coordinate

system, C, Fixture coordinate

system, C,

Figure 33. CNC-RP and fixture coordinate systems

For this example, since the value of Xq is 19.96mm, the translation transformation matrix to

move to the fixture coordinate system (X2, y2, z2) from the CNC-RP coordinate system (X1, Y1,

z1) is given as:

1 0 0 1996] x;
1_|10 1 0  yg |«|)1
[x2 y2 z2 1] 00 1 z z (3.2)
0 0 0 1 1
And can be simplified to: x2=x1+19.96 (3.2)
Ye=yi1+yd (3.3)
Z2=21+Zd (3.4)

Now, the required A-axis and B-axis rotations are with respect to the fixture coordinate system.
Thus, the DASH software outputs the required rotations using the ball joint as its origin. A B-
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axis rotation (or rotation of a point, vector, or general entity about the Y-axis) (Figure 34) can

be computed:

B-axis rotation: P*= [Ry] Po (3.5)
Where P*= new position vector
Po = original position vector

[Ry]= rotation matrix between vectors about the Y-axis

Or, in matrix form, the B-axis rotation is computed:

[x* y* z*] = O 1 0 Yo

cosg, 0 siné, Xo
* |:
—sin6, 0 cosé6,

Zy

(3.6)

0,0, 0)

y

Figure 34. Magnitude of a B-axis rotation is the rotational angle about the Y-axis

Figure 35 represents the physical rotation that occurs upon determining the degree of this

rotation (6,). The inner cup rests on a cross bar and the rotation occurs when this cross moves
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up or down. For this rotation, the cylinder screws are loosened and the inner cup is restrained

on either side by metal rods that are manipulated by side thumb screws.

— ~S— FT = P*
" & 4 . . .

—~ W — - -

-

: ~| l

Figure 35. B-axis rotation illustration on physical setup; Po represents the original position vector of
the printed AM part that originates on the center of the ball joint. The cross bar either lifts or lowers
the inner cup (that contains the part) a finite distance (green arrow) so that the part is now at a new
position vector P*; with respect to this illustration, the inner cup is lifted.

The cross bar is controlled by a vertical adjuster that is rotated manually (Figure 36). The dial
indicator is the scaling tool used to control the specified magnitude of this rotation, which is
computed using a VBA program that is discussed in section 3.6 (resolution of dial indicator:
0.0017).

Due to connectivity of the fixture assembly, the inner cup follows an arc path centered
on the ball joint. Thus, as the cross bar moves either directly up or down, the inner cup slides
on the cross bar to follow that arc (Figure 37).
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Vertical Dial
(a) adjuster indicator

Figure 36. Vertical adjuster assembly for B-axis rotation; (a) The cross bar is controlled by the

vertical adjuster while the dial indicator is used as a measuring tool for this rotation. (b) Front
view of dial indicator (resolution of dial indicator: 0.001 )

(XL2: YLZ)

(XLI YLI) (XLI; YLl)

(XLL YLZ)

(a) (b)

Figure 37. Cross bar vs. inner cup path for B-axis rotation; The point on the cross bar that
contacts the inner cup (X.1, Y1) moves along a linear path (red) to final position (Xi2, Yi2).
Concurrently, the point on the inner cup that contacts the cross bar (Xc1, Yc1) moves along an arced
path (black) to final position (Xcz, Yc2). (a) Hlustration of upward movement of the cross bar

(b) Hlustration of downward movement of the cross bar

The initial position (Xc1, Yc1) reflects the initial coordinate of the point on the inner cup that
contacts the cross bar; this point moves along an arced path during the required rotation to a
final position (Xc2, Yc2). Similarly, (Xc1, Y1) is the initial coordinate of the point on the cross
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bar that contacts the inner cup; this point transitions to a final position (Xc2, Ycz2), but this path
of motion is linear.

Upon successful completion of the B-axis rotation, the A-axis rotation (or rotation of a
point, vector, or general entity about the X-axis) (Figure 38) should be employed. Its

computation is similar to that of the B-axis rotation:

A-axis rotation: P*= [Rx] Po (3.7)
Where P*= new position vector

Po = original position vector

[Rx]= point rotation matrix between vectors about the X-axis

Or, in matrix form, the A-axis rotation is computed:

1
[x* y* z*] =[O cos @ —smH] [}’o] (3.8)

0 sinfd cos@

Figure 38. Magnitude of an A-axis rotation is the rotational angle about the X-axis

Figure 39 represents the physical rotation that occurs upon determining the degree of
this rotation. The DASH software outputs the value 6,,, which is performed manually using the

manual rotary. The scale on the handle of the rotary is used to control the specified magnitude
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of this rotation (manual rotary scale resolution: 1/60 degree), which is computed in an Excel

VBA program that is also discussed in the following section.

AT

3.6 Software

A Faro Arm is used to take scans of the
part and fixture (including the chuck) at .
different  orientations. = The  scanning
information is in the form of discrete coordinate
values (X, y, z) and stored as a point cloud.
These scans are then merged together into one
large scan through the localization (harvesting)
software, DASH, to create a large 3D model of
the setup, including the part and coordinate
systems.

Most AM processes use an STL file
format, which is a triangulated mesh of each
independent feature to construct the desired part
geometry, but this hybrid project uses an AMF

(additive manufacturing file) format that

includes more information such as color to ,
Figure 39. A-axis rotation on physical setup;
indicate critical features and feature tolerances. P, represents the original position vector of the
printed AM part that originates from the center
of the ball joint. The manual rotary is turned a
the scanned model with respect to the fixture finite distance either clockwise or counter

. ) . clockwise so that the part is now at a new
coordinate system (Cz). At this point, @ position vector P*.

This model is then input into the same file as

localization algorithm through the DASH

software computes the transformation matrices physically required to move the AMF model
to a “best fit” position within the scanned model using the discrete coordinate values of each
model and outputs the final dimensional deviations as discrete values (X, y, z, a, b) (Figure 40).
The X, y, and z-axis deviations can be compensated for later in the CNC computer for the

machining operation. However, deviations in the A-axis and B-axis effect orientation and,
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ultimately, part accuracy, so these deviations need to be physically corrected by reorienting the

part back to nominal (or at least to within tolerance) via the fixture as discussed previously.

Figure 40. Matching the AMF file with the scanned model; (a) Scanned model (point cloud) (b)
AMF model (c)Input both models in the DASH software then (d) align the two models in the
software using a localization algorithm, which also outputs the A-axis and B-axis deviations
required by fixture assembly.

The DASH software outputs the discrete values, but a separate interface is required to
define the finite magnitude and direction with which to rotate the vertical adjuster and manual
rotary. The intermediate graphic user interface (GUI) for this thesis was created in Excel VBA
(Visual Basic for Applications) (Figure 41).

UserForml !_§3_,|

Figure 41. Excel VBA GUI
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This user interface requests the A-axis and B-axis outputs from the DASH software, as
well as the L1 distance that is ultimately linked to the length of the printed part (the length of
the part is an important parameter that determines the finite distance the cross bar is raised or
lowered). The output from this GUI then outputs the rotational direction (clockwise or
counterclockwise) and magnitude (in degrees and dashes on the manual rotary and dial
indicator for the A-axis rotation and B-axis rotation, respectively). Refer to Appendix A for
Excel VBA hard code.

3.7 Other Fixture Application Requirements

This fixture fulfills other requirements for a successful system in the hybrid application
that includes: (1) rigidity to withstand forces of machining and (2) a seamless transition
between processes. The following section provides further detail.

Rigidity to withstand forces of machining

The stages of CNC-RP (along with the associated machining parameters, tooling, and
material removal rate) can be divided into: (1) ‘hogging’, which uses a larger cutting tool for
a roughing operation to reduce stock to a rough form of the part, (2) ‘roughing’, in which
features are island milled to reduce the part to near-net dimensions and (3) ‘finishing’, where
features are machined with a smaller cutting tool to achieve desired dimensions. While all three
stages have proved successful for CNC-RP, the near-net additive processes within a hybrid
process only require integration with the finishing CNC-RP stage. Thus, machining forces are
low and, since the fixture is mostly built out of high strength steel, the fixturing elements are
significantly stronger than the sacrificial supports; so if there is any deflection, it is highly
unlikely this deflection occurs in the fixture.

Additionally, it has been assumed that, since the supports in the CNC-RP system have
a much smaller cross section than the part itself, deflection of the part is the result of the

deflection of the small sacrificial. During the machining process, two general types of
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deflection can occur: bending and torsion. Total
deflection is quite small and torsion (angle of twist)
makes up about 80% of the total deflection [12]
(Figure 42). Thus, it is assumed that the sacrificial

supports can twist but the part is rigid.

Seamless transition between processes

An important attribute of a hybrid process is Figure 42. Sacrificial support deflection
due to torsion

establishment of a fixed coordinate system to

seamlessly transition between additive and subtractive operations. Figure 43 models the
physical system and relationship between the different systems used including the CNC-RP
coordinate system, C1 (X1, y1, z1), the fixture coordinate system, Cz (X2, Y2, Z2), and the CNC
machine tool coordinate system, Co (Xo, Yo, Zo). The work coordinate system, Cz (X3, Y3, 23), IS
created with respect to the inner face of the AM part disk and the part coordinate system, Ca

(Xa, Ya, z4), is arbitrary and changes by part design.

Fixture

coordinate

Part coordinate
Z4 system, C,

-
-
So
e
R
-

Zo
YO CNC machine tool
coordinate system, Co
Xo

Figure 43. Hybrid process coordinate systems
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The locations of part features are linked to the part coordinate system, Cs. The part
coordinate system relates to the CNC machine tool coordinate system, Co (Xo,Y0,20), through a
series of linkage transformations: CNC machine tool coordinate system->CNC-RP coordinate
system—>Fixture coordinate system->Work coordinate system->Part coordinate system—> part
features. To relate Czto Co, flat surfaces are incorporated in the fixture design. A flat on the
ball joint mounted cup is used to establish 0° for the rotational axis A; and the inner face of the

part end disk is used to establish x3=0 (Figure 44).

(b)

Figure 44. Flat surfaces employed to align part with machine axis; (a) The red arrow highlights
the flat in the ball joint mounted cup (horizontal flat parallel to the X, Y plane) and the green
arrow highlights the disk face (for x3=0) while (b) presents a close up of the same flat
(highlighted by red arrow).

In addition, a device has been designed to transfer the fixture and AM part assembly
from the offline manual MR TE

rotary system to the CNC

machine. This device is
designed to maintain the
feature relationships of the |
fixture and AM part (Figure
45) and to adjust to different
part lengths.

3.8 Potential Sources of

Figure 45. Hardware carrying device

Error
Ideally, the implementation of this method proves zero deviation after the rotations are

made, but there are sources of error (both systematic and random) that contribute to this
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deviation and must be considered. These sources of error can be categorized under

measurement error and adjustment error:
Deviation = €measurement T gad]’ustment (3-9)
WHhere &measurement 1S the error associated with defining deviation and €,4justmene 1S the error

associated with resolving deviation. Causes of measurement error include but are not limited
to:

Varying output values derived from the software algorithm based on the number of

surface points collected, for example

Gear mesh on the indexer including compliance based on how tight the mesh is and

gear misalignment, for example

Thread size of the vertical adjuster, which has a fine pitch, but there still exists some

inherent error

Coaxiality of the chuck jaws, which effects initial positioning registration of the part

and both rotations (B-axis rotations are more affected by this than the A-axis rotations)

Inaccuracies of the dial indicator

Parallax effect for accurate readings on the manual rotary, metal scale and the dial

indicator

Scanning inaccuracies, which also includes inaccuracies caused by the scanning
algorithm, the manual movement of Faro Arm (distance, angle, etc.), and the

approximation of a part’s surface with facets and a finite number of data points

Causes of adjustment error include but are not limited to:

e Gear mesh on indexer including compliance based on the number of teeth per gear and

gear backlash, for example

e Thread size of the vertical adjuster, which has a fine pitch, but there still exists some

inherent error
e Inherent error with manual adjustment

o Parallax effect for accurate readings on the manual rotary, metal scale and the dial

indicator
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The exact magnitude of each error that contributes to the overall deviation can be difficult to
quantify, but attempts at quantifying some of these errors include coaxiality inaccuracies of
the chuck jaws and scanning inaccuracies.

To estimate the coaxiality of the sets of chuck jaws (Figure 46), a Zeiss DuraMax CMM

Axis of rotation

(X|efta

jht)

Figure 46. Coaxiality error of chuck jaws

was used to measure the axes of both sets of chuck
jaws using gage blocks to derive a coaxiality
measurement for multiple trials (Figure 47).

To estimate scanning accuracy, multiple
measurements of the same angle on an aluminum
part were taken. To do this, two faces of the
aluminum part (Figure 48) were scanned multiple
times with the Faro Arm. Then, two planes were
extracted from this scanning data using scanning

software Geomagic Design X.

P

Figure 48. Angular

measurement used to Figure 47. CMM and gage blocks used to
estimate scanning error measure coaxiality of chuck jaws
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CHAPTER 4: IMPLEMENTATION, TESTING AND RESULTS

To validate this method, the above described DASH software and associated algorithms
that determine the position vectors were implemented and tested on an Intel Core™ i7-
2630QM CPU 2.0 GHz PC running Windows 7 with 8.0 GB of RAM. The program accepts
the data from the scanning file and associated part AMF file as input to solve the
transformational equations. The output from this solution takes the form of rotational angles
for the two rotary axes and translational distances in the three linear axes to correct location
and orientation deviations. The algorithms to determine the appropriate rotations for the fixture
hardware used for this thesis were created using an Excel VBA user interface and tested on an
AMD A6-6310 APU with AMD Radeon R4 Graphics 1.8 GHz PC running Windows 8 with
8.0 GB of RAM. This program accepts the A and B rotary axes output from the DASH software
as well as the L1 distance and solves the equations to provide output in the form of rotational
angles for the two rotary axes to correct orientation deviations.

Twenty-two different scanning trials were used to validate the fixture. To do this, the
fixture assembly was initially scanned and, using the Dash software and Excel GUI, rotational
angles were determined for both the A-axis and B-axis. Based on the output, orientation
corrections were employed as explained in Chapter 3. Then, without removing the part from
the fixture, the rotational deviations were determined a second time for both the A-axis and the
B-axis with the same process.

The following results include data obtained as output from the DASH software both
before and after the A- and B-axis deviation corrections as well as the L1 value for each trial.
Al and B1 are respectively used to define the A-axis and B-axis deviations before correction
(these values are considered random since there was no controlled method used to initially
place the part within the fixture); while A2 and B2 are respectively used to define the A-axis
and B-axis deviations after correction. Additionally, the angular deviations were converted
from units of degrees to units of millimeters to numerically express the maximum orientation
deviation of part features from nominal based on the angular deviation in order to determine if

these parts are within the 2mm material allowance. The results for the A-axis deviations are
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expressed in Table 2 and

Figure 49, while the

L1 g:alviation Ic?r}entation Qezviation Ic?r?entation results for the B-axis
Trial | [inches] | [degrees] | dev [mm] [degrees] | dev [mm] deviations are expressed
1 10.094 | 27.3 113.80 0.1 0.38 . .
) 10125 143 56,40 01 039 in Table 3 and Figure 50.
3 10.063 | 5.9 22.70 0 0.00
4 10.125 |21 84.94 -0.4 -1.54
5 10.094 | -17.4 -69.10 0.2 0.77
6 10.313 | -20.6 -84.97 0.2 0.79
7 10.125 | 4 15.47 -0.1 -0.39
8 10.094 | -16.8 -66.57 -0.1 -0.38
9 10.281 | -34.6 -155.38 0.2 0.79
10 10.391 | -14.6 -59.40 0.1 0.40
11 10.406 | 10.7 43.16 0.2 0.80
12 10.313 | 9.9 39.45 -0.1 -0.39
13 10.125 | -20.2 -81.41 0.1 0.39
14 10.094 | 22.2 89.98 -0.1 -0.38
15 10.266 | 25.5 107.25 0.2 0.78
16 10.297 | -33.2 -147.66 -0.3 -1.18
17 10.172 | -3 -11.66 0.2 0.78
18 10.141 | 18.9 75.90 0 0.00
19 10.125 | 13.6 53.53 -0.1 -0.39
20 10.125 | -14.3 -56.40 0 0.00
21 10.094 | -20.1 -80.69 0 0.00
22 10.313 | -18.3 -74.76 0.1 0.39
r'Al orientation dev [mm] A2 orientation dev [mm]
"]+ ——"<F |
Thget Is Tdrget s
g 8
6 £ 5 £
4 8 r 2 8
I I ‘| ’ T 1 i
200 -150 -100 -50 © 50 100 150 2 1 0 1 7

()

(b)

Figure 49. Distributions of orientation deviations for A-axis; (a) Distribution before fixture
correction (b) Distribution after fixture correction
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B1 B1 B2 B2
L1 deviation | orientation | deviation | grientation

Trial | [inches] | [degrees] | dev [mm] | [degrees] | gey [mm]

1 10.094 | -1.0 -3.85 0.1 0.38

2 10.125 | 3.6 13.92 0.1 0.23

3 10.063 | 2.5 9.59 0.1 0.22

4 10.125 | -6.9 -26.78 0.2 0.45

5 10.094 | 7.4 28.64 0.1 0.23

6 10.313 | -85 -33.78 -0.2 -0.47

7 10.125 | -7.5 -29.13 0.1 0.23

8 10.094 | -3.1 -11.94 0 0.00

9 10.281 | 2.6 10.23 0.1 0.23

10 10.391 | 0.2 0.80 0 0.00

11 10.406 | -2.2 -8.77 -0.2 -0.48

12 10.313 | 11.7 46.81 0.3 0.71

13 10.125 | -1.5 -5.79 -0.2 -0.45

14 10.094 | 10.4 40.47 0 0.00

15 10.266 | -4.5 -17.70 0.2 0.47

16 10.297 | 1.6 6.30 04 0.94

17 10.172 | -3.0 -11.66 -0.1 -0.23

18 10.141 | 25 9.68 -0.1 -0.23

19 10.125 | 7.8 30.31 0.1 0.23

20 10.125 | 5.3 20.53 0.3 0.68

21 10.094 | 5.6 21.62 -0.1 -0.23

22 10.313 | -05 -1.97 0.1 0.24

Bl orientation dev [mm] B2 orientation dev [mm]

A== — H <A

4 Is Tdigat s .
3 10
1 4

Sl | ol |

40 -30 -20 -10 0 10 20 30 40 50 5 3 0 1 5

() (b)

Figure 50. Distributions of orientation deviations for B-axis; (a) Distribution before fixture

correction (b) Distribution after fixture correction
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Both the A2 and B2 results yielded maximum orientation deviations of less than 2mm, which

are within tolerance. Using JMP statistical software, Cp and Cpk values were determined to

quantify and compare process capability before and after correction. For this analysis, Cp and

Cpk values of at least 1.0 are considered acceptable and infer the process is capable of

Table 4. Process

producing parts within the desired tolerance. Results (Table 4) convey that

bilit . -

capa I(I;F/) Cok the amount of variation decreased and the ability to more accurately
Al | 0.008 | -0.047 | attain nominal increased for both the A- and B-axis after correction,
A2 | 1.03110.984 | thus promoting this method’s ability to produce Table 5. Coaxiality

Bl 1003 |-0.03 parts within tolerance. There is slight concern of chuck jaws

B2 | 1.721 | 1.598 Coaxiality
Table 6. Angular with the correction of the A-axis as the Cpk value | Trial [inches]
measurements taken to  fell just short of 1.0, but perhaps with increased | 0.020
determine scanning . . .

inaccuracies control or a more accurate indexer, this value will | 2 0.025

Angle . 3 0.030

Trial | [degrees] Increase. 4 0.019

1 89.43 To quantify the error associated with the | 0.024

2 90.08 coaxiality of chuck jaws (measurement error), a Zeiss | 6 0.031

3 89.93 A 7 0.028

4 17 DuraMax CMM utilizing the CALYPSO 2015

90. 8 0.015

5 90.06 software was used to measure the axes of both sets of | g 0.025

6 90.18 chuck jaws using gage blocks to derive a coaxiality |10 | 0.030

! 2015 measurement for 15 trials. Results of this analysis are 11 10027

8 |90.05 su 5. RESUTLS OTTNIS analysis 12| 0.026

9 90.42 presented in Table 5. The average distance between the | 13 | 0.018

10 | 89.96 chuck jaw coaxes was 0.025 inches with a standard |14 | 0.022

11 | 90.28 o _ _ ~ |15 |0.030

12 90.43 deviation of 0.005 inches. For the context of this thesis,

13 [ 90.47 this error is considered fairly significant.

14 90.96 To estimate scanning accuracy, 20 measurements of the same angle

15 89.86

16 89 64 on an aluminum part were taken. To do this, two faces of the aluminum part

17 90.26 were scanned multiple times with a Faro Arm laser scanner. Then, two

18 91.28 planes were extracted from this scanning data and the angle between them

19 90.11

20 89 86 was determined using scanning software Geomagic Design X. According to

the results (Table 6), the average angle measurement of these trials was 90.180 degrees with a

standard deviation of 0.414 degrees. For the purpose of this thesis, this standard deviation is

considered significant and a main contributor to the overall deviation.
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CHAPTER 5: CONCLUSION AND FUTURE WORK

5.1 Conclusion

This thesis presented a method to combine additive and subtractive manufacturing
techniques to create functional metal parts. Thus, the objective of this work was to create a
method for fixturing, scanning, and reorienting an additively manufactured (AM) part for
subsequent machining. A method was developed to determine the transformations required to
orient and position AM parts for their rapid manufacturing using CNC-RP. These
transformations were physically implemented through the design and validation of a hardware
fixture element with the flexibility to support a wide array of parts and the rigidity required to
withstand the forces exerted during the machining operation to follow. Process capability
metrics were derived through the implementation of this method, which provided validation
for a feasible solution to orient the AM part that enables precise machining of features such as
flats and holes. This thesis also supports the ability to use a manual rotary and vertical adjuster
assembly to orient and position an AM part in preparation for subtractive manufacturing on a

four-axis CNC machine.

5.2 Future Work

The fixture hardware is perhaps overbuilt, but provides a feasible solution that meets
the intended requirements of the research. However, there are several opportunities for
improvement. Updating the hardware would help reduced the orientation deviation
distributions. For example, a more accurate indexer would improve the A-axis rotations; the
automation of these rotations could be used to obtain better accuracy and precision in
positioning through the elimination of manual error. In addition, scanning accuracy can be
more controlled with an automated scanning device that operates within the work envelope.
Additionally, the strategies of this method can also be adapted to other metal-AM methods and
different repositioning software. Positioning errors of the AM part can be determined prior to
machining by analyzing the resulting orientation of the part with toolpath simulation software.
Future work could focus on adding transformation matrix capability to the software to enable
the use of other coordinate systems. Empirical models that estimate resulting orientation

deviations can be developed using inaccuracies related to varying materials, build volume and
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build orientation. Finally, future research could focus on streamlining both the hybrid process

steps associated with this thesis, those before and after the AM printing process.
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APPENDIX A

Excel VBA Code

Private Sub CommandButton1_Click()

Range("A2").Value = UserForm1.TextBox1.Value
Range("B2").Value = UserForm1.TextBox2.Value
Range("C2").Value = UserForm1.TextBox3.Value

If UserForm1.TextBox1.Value = ™" Then

MsgBox "Please enter a value™, vbExclamation, "Rotation A"
UserForm1.TextBox1.SetFocus

Exit Sub

End If

If UserForm1.TextBox2.Value = ™" Then

MsgBox "Please enter a value for B displacement”, vbExclamation, "Rotation B"
UserForm1.TextBox2.SetFocus

Exit Sub

End If

If UserForm1.TextBox3.Value ="" Then

MsgBox "Please enter a value for length", vbExclamation, "Distance"
UserForm1.TextBox3.SetFocus

Exit Sub

End If

Dim ArotationDisplacement As Variant
Dim BrotationDisplacement As Variant
Dim LengthInput As Variant

Dim Pi As Double

Dim Tangentl As Double

Dim BDashRotation As Double

Dim ADashRotation As Double
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Dim Sigfigl As Double
Dim Sigfig2 As Double
Dim Sigfig3 As Double
Dim Sigfigd As Double
Dim Finall As Double
Dim Final2 As Double
Dim Final3 As Double
Dim Final4 As Double
Dim DiallndVal As Double
Dim LHimm As Double

Pi =4 * Atn(1) 'Defines pi value

Range("A1").Value = "A input"

Range("B1").Value = "B input"

Range("C1").Value = "Length of part"

Range("A4").Value = "Required Rotation of A in Degrees"
Range("B4").Value = "Required Rotation of B in Degrees"

ArotationDisplacement = Range("A2").Value
BrotationDisplacement = Range("B2").Value
Lengthlnput = Range("'C2").Value

"To make A Rotation:
'On manual rotary for our setup, 1 dash=1/60th of a degree

ADashRotation = Range("A2").Value * (60) 'Gives number of dashes required for rotation
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‘To make B Rotation:
Range("B5").Formula = (Abs(BrotationDisplacement)) * Pi / 180 'Gives required rotation in
radians, which is Excel's default, to do trig

Tangentl = Tan(Range("B5").Value) 'Gives the tangent of angle

Range("G15").Value = Tangentl

Range("F16").Formula = ((LengthInput * 2.54) + 38.05 - 73.95) * Tangentl 'Gives liftheight
value used in mm

LHimm = Range("F16").Value

Range("F17").Formula = LHimm * 0.03937008 ' Gives liftheight in inches, which are the
units for dial indicator

DiallndVal = Range("F17").Value

'If value is positive, then rotate vertical adjuster CW respective degrees
'On dial indicator, 1 dash=.001"

Range("F18").Formula = DiallndVal / 0.001 'Gives number of dashes
BDashRotation = Range("F18").Value

'‘Minimizes significant figures to 1

Sigfigl = Round(BDashRotation, 1)
Sigfig2 = Round(DialIndVal, 3)

Sigfig3 = Round(ADashRotation, 1)
Sigfig4 = Round(ArotationDisplacement, 2)

'Defines the direction to adjust the vertical adjuster and manual rotary
If BrotationDisplacement > 0 Then

DirectionB = "CW"

Elself BrotationDisplacement < 0 Then

DirectionB = "CCW"

End If
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If ArotationDisplacement > 0 Then
DirectionA ="CW"

Elself ArotationDisplacement < 0 Then
DirectionA ="CCW"

End If

If DirectionB = "CW" Then
CrossBarMovement = "Down"
Elself DirectionB = "CCW" Then
CrossBarMovement = "Up"

End If

‘Takes absolute value of all rotations
Finall = Abs(Sigfigl)
Final2 = Abs(Sigfig2)
Final3 = Abs(Sigfig3)
Final4 = Abs(Sigfig4)

MsgBox ("You need to turn the vertical adjuster " & DirectionB & " so that " & Finall & "
dashes register on the dial indicator and the cross bar moves " & Final2 & " inches " &
CrossBarMovement)

MsgBox ("Then, turn the manual rotary " & Final3 & " dashes, or " & Final4 & " degrees " &
DirectionA)

End Sub
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APPENDIX B

Statistical Analysis

Al deviation analysis (A-axis deviation before correction)
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A2 deviation analysis (A-axis deviation after correction)
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B1 Deviation Analysis (B-axis deviation before correction)
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B2 deviation analysis (B-axis deviation after correction)
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