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Manufacturing process for paint brushes requires handling and assembling of flexible and
delicate filaments and can be cumbersome in manual assembly processes. Common issues
resulting from such manual assembly process include variations in filament dengit
deviations in filament straightness, and issues due to right and left handed bias in assembly
operations, resulting in poor quality of the end products. Coupled with operator fatigue and
health problems, these issues provide an excellent motivation feefining the process.

The primary objectives of this study were to develop an assembly system that will
1) increase product quality, and 2) improve the production rateThe secondary objective
was to develop a set of design guidelines for handling flexilelements such as synthetic
filaments within provided housings.

In order to develop the automated assembly process, needs analysis and product
design specification exercises were performed first, followed by functional decomposition
of the process at thefirst level. Designs for individual subsystems were developed next
using functional decomposition at lower levels, concept generation, concept evaluation,
feasibility testing, testing for design parameters, design through solid modeling, strength

analysis concept testing using physical prototypes andubsystem refinement.



In order to assess the response of filament assemblies when subjected to external
loading and moving relative to the housings, experiments were designed and conducted.
For a range of factors, tests were conducted to establish limits of pulling force required to
displace filament bundles within the housings. Correlations relating filament motion to
applied loading were developed for a variety of housing geometries and material types.
Design guideline related to motion of filaments within housings was developed. In light of
the testing performed, design guidelines for development of grippeplates used for
gripping of bulk filament bundles were also established. It is expected that these guidelines
will be useful in the manufacturing automation industry, involving manufacture of
toothbrushes, hair brushes and fiberoptic elements.

Upon successful completion of the feasibility tests, fultscale prototypes using the
final concepts of subsystems were fabricated. Tests were conducted to determine the
reliability of the process and quality of the brush knots. Results indicate that the quality of
the brushes was much higher than the traditional haneémade brushes and that the
productivity would nearly double. Upon delivery of the system to the company sponsoring
this research, it is expected that the system developed would be able to produce up to

3 million brushes per year.
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Chapter 1: Introduction

1.1 PaintBrush Applicator

Paint Brush ComponentsPaintbrushes are handheld applicators used to apply paint,
sealers or lacquers to objects osurfaces[1]. As shownin Figure 1.1, a typicalpaint brush
consists of (1) filaments that may be made from synthetic material or animal hair, (2) a
ferrule used to hold filaments, made from a metal or plastic, (3) a cardboard or wooden
plug inside the ferrule to hol filaments and create a cavity for paint storage, (4) epoxy to
lock the filaments in place, and (5) a handle that provides comfort and a good balance made
from wood or plastic. In large size brushes, a metal insert is often also included inside the

ferrul e to help support filament structure but will not be discussed in this study.

Filaments
Plug
Ferrule
Metal Insert
Handle
Epoxy

Figure 1.1 Paint-Brush Components



The first four components are typically preassembled together first and are referred to as
A OET 1 O&eerO\Figbre A2. Thesample is processed until it is ready to be joined
with the handle to complete the paintbrush applicator. Thousands of re@es of knots are
manufactured annually asthe types of components are varied. To promote the quality of
finish while minimizing labor effort and time, the recipes are highly dependent on
application requirements such as type of paint or varnish used. Witprofessional users
and home users in mind, the recipes can range from complex combinations to finee the
performance, to simple combinations for small and quick applications. Recipes are derived
directly from the customer requirements and may often beltered to help satisfy the need
of application. Factors such as filament type, brush tip form, brush trim and brush width

are commonly the roots from which the recipes are defined.

Filaments Ferrule Plug

Figure 1.2 Knot Sample



Filament Type To achieve quality in paint distribution, waterbased paints and o#
based lacquers require different material properties of filaments and are separated into
categories of synthetic and natural hair types. Properties of synthetic filaments hold and
releaselatex paint best to provide smoother paint finishwhile keeping their resiliency after
repeated use. Innate “flagging” or splitting of filament tips (Figure 1.3) in naturatype

filament help to hold and create smooth release and finish of dilased varnsh.

Figure 1.3 Natural Filament Flagging.

To further improve the efficiency of application, quality of finish and brush life, multiple

types of synthetic and naturalfilaments are offered, such as nylon or polyester and white

or black natural pig hair respectively (Figure 1.4). Nylorfilaments offer longer lifespan

with a higher stiffness over polyester type, creating it to be a more appropriate choice for

use onrought © OAPOOOAA OOOZAAA8 (1 xAOAOh DI TUAOGOAO
and finer finish for water-based paints. With oil based paints the fine quality of finish can

depend on the type of hog or pig hair used for filaments. Most common types are w¢hand

black pig hair that are manufactured in China and are termed White China and Black China
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Figure 14 Filament Types: (a) Nylon; (b) Polyester;

(c) White China Pig Hair; (d) Black China Pig Hair.
pig hair. Additional die coating added tdNhite China changes filament properties to create
Black China filaments. After the die coating, pig hair filaments become stiffer and thicker to
work better with mostly oil-based paints. For other lacquers such agarnish, stain, or
polyurethane, a finer surface finish is achieved with White China filamentdue toits finer
and softer filament texture.

Brush Trim and Tip Form.To fulfill workspace limitations and improve control,
paint-brush applicators are offeredin multiple types of trim and tip forms. Two common
and most preferred types of trim are flat andangle trim applicators (Figure 1.5 (ah)) with
a flat tip form (Figure 1.5 (c)). Flat trim is used to apply paint on a large or small surface in
a simple staight-line fashion without the need to manipulate the brush alignmentfor

precision. More complex tasks require a more precise applicator. In such cases, angle trim

4
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Figure 15 Brush Trim and Tip Forms:
(a) Flat Trim; (b) Angle Trim; (c) Chiseled and Flat Tip.
brushes are unique to help coat around complex shapes and inside hard to reach places.
Angle trim (Figure 1.5 (b)) with an added chiseled tip isespecially designed to improve
brush control and enduser wrist alignment for cutting in a straight line at a wall and
ceiling junction, filling in room corners and small cavities. With more functionality over the
flat trim, angle trim brushes have become a more desired product by the customer while
asohDET C A OADPOOANMEATEOUD AAIOKEEGAEBKLOET AA OAl OAs8
Brush width.41 EA1 b OAOA OEIi A AT A 1 AAT O A&EA OOh |
multiple forms. Relative to the type of surface or amount of area need to be covered,
sizes may vary from 1to a 4inch widths or larger for industrial applications. In most cases,
manufacturing of paintbrush applicators is targeted such that sizes from 1 to-fhches
wide are used for window or other small trim, 3inch for doors and cabinets and 4nch for

large, flat surface areas such as exterior walls and fences.



1.2 Manufacturingof Paint Brushes

Similar to other products, manufacturing and assembly processes for producing paint

brushes can be automated, serautomated, or manual [2]. At the current time, level of

automation is based on the type of brush trim in production. Fully automated machines for

flat trim brushes are available on the markethowever, due to an additional processing

necessary for the angldrim brushes, world-wide manufacturing has been limited toa

semi-automated fashion only. Thelist below shows the general steps for painh brush

assembly,where manufacturing of paint brushes is performed through a combination of

manual and automated assemblj1]:

1.

2.

3.

8.

9.

Aligning and mixing the filaments;

Adjusting the system forbrush size;

Picking and feeding the filaments into ferrules;
Inserting a plug

Brush tip and trim forming and filament graightening;
Placingmetal inserts, applyingepoxy, and curing;
Finishing by removing loose hairs;

Inserting and securing handlesand

Packaging.

As described further, Steps #34 are performed by an automated knot assembly system,

which assembles the knots necessary for manual processing in Step #Additional

automated finishing equipment is used to finalize the painbrush assemblyin Steps #69.



1.2.1 Automated Knot Assembly

For most paint brush manufacturers, equipment used to perform automated knot assembly

(Figure 1.6) has been in action shce the p w ¢ 1{3).OWith some maodifications and

ET AT OPi OAOEI T 1T A& EIi DOl OAA OAAETT 11T GCEAAI | AAE
Steps # 14 is achieved through pure timing of mechanical and pneumatic devicesVith

operator loaded filaments and ferrule components (usually purchased as a pre

manufactured part based on the brush specifications), the machine follows the order of

assembly described in this section.

Figure 1.6 Automated Knot AssemblyMachine.

Due to a variety of brush specifications such as brush width, thickness and filament
type, adjustment of physical substation devices are made first. Filament and ferrules are
then loaded into machine feeders by a human operator. With some brushes requigi
multiple lengths of filament to complete the brush recipe, the operator must feed in

bundles of filaments separated by length. Aligning and mixing of filaments is performed by



the machine as a first step of the automated process. Filaments are then caudbto

straighten their alignment and to remove loose or curved hairs. Based on the brush size, a
pre-defined amount of filament (which would define the knot filament density) is

separated and inserted into the ferrule using a vibrating patter device to praote ease of

insertion and filament alignment. With a prescribed length of filament ends exposed out of

OEA MEAOOOI A AT 60T i h OEA Z£EI AITAT O ATAO 1O OAOO
plug into the center of the ferrule. Exposed filaments alongith the plug are then pushed

flush with the ferrule bottom to complete theknot sample [4]. Figure 1.2 shows knots as

delivered from the knot-making machine at the end of Step#4 of paint brush assembly

process described prevously.

Automated knot assembly is commonly followed for both, flat and angle trim
brushes with minor differences in ferrule design. However, post processing is significantly
different between the two types. To complete the process for a flat trim brush, enmore
sub-station device is normally added to the automated knot assembly system to displace
filaments within the ferrule housings. After the cavity for epoxy and handle is created, the
knot is sent from automated knot assembly system to an already exisgj automated epoxy
filling and handle insertion machines to finalize the brush manufacturing. Contrary to the
flat trim, angle trim knot requires a few more phases of manual processing before it can be
completed to proceed to epoxy filling and handle ins¢ion. Required phases for such
manual processing are a part of Step #5 of paint brush assembly process and are described

below.



1.2.2 Manual Processing

For the angle trim knots, assembled knots from the knot making machine are ejected onto a
conveyor beltand delivered to a row of seated operators as showin Figure 17. With up to
five or more operators along the conveyor, knot processing is performed through manual
hand operation. As a part of Step# 5, knots are processed with respect to multiple phases,
() filament density assessment, (2) filament tip forming, (3) angle trim forming, and (4)

filament straightening and combing.

Figure 1.7 Angle Trim Operator Processing

Filament Density Assessmemachknot recipe has a required number of filaments or
filament density that must be present inside the ferrule in order to achieve a proper paint
distribution. Filament density is in a form of mass, where a bundle of flaments is weighted
to match the required standard for each recipe. The automated knot assembly machine is
then adjusted to insert the amount of flaments required within each knot. During manual
processing, the filament density is monitored manually as a result of inaccuracies

associated with adomated knot assembly machine. Filament density is checked by



squeezing the filaments and estimating the filament stiffness. Estimated stiffness is then
compared to the control density for the knot in production. From the comparison, the
operator is able b detect if density is sufficient. In norsufficient cases, filament density is
adjusted by removing or adding filaments manually within the knot.

Filament Tip Forming After sufficient filament packing density is established,
vibration tables are used toachieve the brush tip form. For a flat tip profile brush, a
vibrating flat surface is used to settle filaments to the bottom of the ferrule to ensure that
Al ATAG 10 OAOOOOS 1T &£ EEIAI AT O AOA A&l OOE
important for knots that require different lengths of filaments inside the ferrule, as the
design of the knot recipe calls for all filament butt alignment to be flush with the ferrule
bottom as a reference. For other knots requiring a chiseled tip form, rods of recipe
specified diameter are mounted to the vibration table to settle the filament to a radial
geometry of the rod. Settling is usually achieved by manually pushing filament out of the
bottom of the ferrule to expose enough filament length to conform to a rod ddus or simply
to be flattened by the flat surface of the vibration table. After the exposed filaments are
vibrated to settle, filaments are pulled up back into the ferrule as a bundle.

Angle Trim Forming. After filaments are settled and the tip form has ben achieved,
filaments are formed to create the angle trim. Angle trim forming or most commonly
OAZEAOOAA O1 AO Oc Miyedaly Gigpladh@filaBndnts f&imGte Aokomiof)
the ferrule to create the angle trim. Ametal gauging block (Figurel.8(a)) of geometry
specific to the knot recipe is inserted into tle bottom of the knot (Figure 1.8b)) to displace

and form the filaments to the specifications of the gaging block as seen in Figure 1(8).

10



Gauging Block

Figure 1.8 (a) Gauging Block; (b) Knot Sample prior to Angle Trim Forming;
(c) Knot Sample afterAngle Trim Forming .

Filament Straightening. Manual processing is completed by ensuring straight and
parallel alignment of filaments within the knot. In each knot, existing filament alignment is
assessed visually and then corrected through combing action. A hand comb is plunged into
the filaments on a side of the knot and translated horizontally left or right to tilt the
filament into a straight vertical alignment. After the process is repeated for both sides,
filaments are combed out along the height of the knot to release overlapping or loose

filaments.

11



1.2.3 Finishing Equipment

After manual processing, thepaint-brush-applicator is finalized by securing filaments
inside the ferrule of the knot with epoxy and mounting the handle. Similar to the knot
making machine, epoxy filling and handle insertion actions are automated. The machines
are pre-adjusted for the specifications of the knot. Manually processed knots are placed on
an epoxy filling machine conveyor as they are picked up and aligned into the epoxy filling
and curing oven tunnel upside down (cavity side of the ferrule pointing up). Inside the
tunnel, the knot cavity is filled with epoxy just enough to leave space for insertion of the
handle. After the curing time has elapsed, epoxy filled knots are manually transferred to the
handle insertion machine. Premanufactured wooden or plastic injection moldedhandles
are loaded into feeders of the machine by an operator as individual knot and handle set are
assembled and locked together by nailing.The paintbrush applicator product is
considered to be completed as it is hand packaged and shipped out.

To arrive at this final product, the described manufacturing process of Steps #on
page#6 is performed individually for a single type of paintbrush recipe. Commonly,
automated systems are adjusted for the desired knot specifications amdn to produce the
necessary knot quantity of a single knot type. To produce a knot of a different specification,
systems are shut down, with the associated down time, and then -pajusted to

accommodate the required knot specifications.

12



1.3 Issues with Mamial Processing

Multiple issues are associated with the current method of manual knot processing
(Step#5), relating to knot product quality, processing time and operatdd Bealth. To help
improve the process, manual operator processing can benefit from autation in light of
the issues encountered below:

1. Inconsistency in filament density,

2. Inconsistencies in lush tip and angle trim forming;

3. Inconsistent straightness of the filaments

4. Lowered quality and increased costs due to scrap

5. Lower productivity compared to that from automated systemsand

6. Health-related issues of the personnel inglved due to extended time in

bending or other uncomfortable postures required for the process.

Issues noted above are hard to control due to the nature of human operationThe
highlighted inconsistencies are also often magnified, as operator techniques differ
significantly between operators and shifts of operators. Lethand and righthand bias
during manual filament straightening is one of the examples of such inconsistersi The
inconsistency phenomenon is continued in attempts to control knot filament density and
straightness through a sense of touch and visual assessment of filament straightness.
Filament density, tip form, angle trim and filament straightness are all faors that define
end-user satisfaction based on the product performance. Consequent lack of performance
due to such inconsistencies results in lower popularity of company brand name, market

share and financial profit.

13



Increased manufacturing costs and gk of knot quality are also evident during the
process of angle trim forming through the use of the gauging block. Due to a floating
tolerance in ferrule manufacturing, it is often found that filaments are left between the
gauging block and ferrule walls ad not fully displaced asseen in Figure 19. Thenot fully
displaced filament, termed@iragbackp often results in lack of quality and integrity of the
knot during other phases of processing. Presence of dragback is considered to be a
significant flaw with high potential for collapse of knot assembly and loss of product as well

as additional cost due to filament s@p.

Figure 1.9 (Left) Dragback after Insertion of the Gauging Bock;
(Right) Dragback after Epoxy Filling and Curing.

Additional issues lay within the time required by each operator to process the knots.
With manual operatar processing as the only stage performed through human assembly
among other automated stages of manufacturing, the process shows to be very restrictive
for production. Performed by human labor, the processing is limited by capabilities of
operators, wherein some cases extended operating hours have led to significant operator

health problems.

14



1.4 Motivation and Scope

In light of the described problems, the paint brush manufacturing process can highly
benefit from automation, more specifically Step #5 manual processing within the overall
manufacturing process. The motivation is to eliminate the existing issues relatnto
manual assembly while improving the product quality and production rates with a goal to
increase the client economic growth resulting from the execution of the project. Additional
motivation arises from the world-wide need of innovation of an automatd concept for the
process of angle trim forming, which currently does not exist. Upon completion of the
project, it is expected that through proper integration, the total manufacturing process can
be converted to a stage of full automation from start tored in the future.

Automation of knot processing has multiple advantages; one of the most beneficial
advantages is maximized quality of product at a level of machine consistency with higher
production rates. Large sources of issues contributing to lack ajuality such as human
sense of touch may be eliminated completely with replacement of load sensors, leading to
consistent and finetuned density values for each knot recipe. Mechanical precision in
positioning, motion and timing can improve quality of fiament tip forming and settling
along with improved sharpness of angle trim geometry and precision of filament length
out.

To fulfill the need for automation, primary objectives of this research were to
develop an assembly system to replace manuabperator processing within brush
manufacturing that will 1) increase product quality,and 2) improve the production rate
while satisfying provided target specifications. For the sake of brevity and in light of the

necessary innovation, the focus of this #sis was further directed to a design study of core

15



subsystems responsible for angle trim forming and filament straightening. Established
secondary objectives were to develop a set of design guidelineslated to gripping and
translating of synthetic filaments within variable ferrule parameters for the benefit of
scientific and industrial communities. As it was introduced previously, to create a cavity for
epoxy and handle insertion, knot filament bundles needed to be gripped and displaced
within the ferrul e housing. As to our knowledge, no design guidelines currently exist for
methods of gripping filament bundles or estimating the pulling force required to displace
such bundles. As a result of this design study, the objectives were (b) define a set of
design guidelines for development of filament grippefplates which can be used to
sufficiently grip filament bundles without damage or loss of filaments, and (2) provide a
design guideline to estimate pulling force required for displacement of filament bundbs
based on parameters of ferrule and filament bundle.

The following chapters were used to describe the design study associated with the
development of the core subsystems as well the testing and analysis used to generate the
design guidelines. Using an leernate industrial product development process, the study
was describedin the order of formulating system needs and specifications, functional
decomposition and concept developmenttesting for design parameters.embodiment and
system detail design, probtype fabrication and testing, andsubsystem refinement
Following, resulting guidelines were introduced and discussed as well as additional work

accomplished in order to arrive at final system design for automated knot processing.
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Chapter 2: System Needs and Specifications
2.1 Design Process Followed

Typical machine or consumer product development involves a series of steps that are
standardized to help guide and optimize theprocess. In thisdesign case study, a more
indirect approach for industrial syssem development was taken with focus on small
guantity system manufacture. This process can be summarized, but not limited to:

1. Acquiring customer driven target specifications;

2. Functional decomposition of the proposed system;

3. Concept generation for individwal subsystems;

4. Concept feasibility and testing;

5. Testing for design parameters

6. Building and testing individual subsystem physical prototype;

7. System and detail design phases, involving system architecture, design of

subsystem interfaces, motion analysis, pasizing, material selection,
DFX, and other analyses;

8. Implementing modifications to generae finalized design as necessary;

9. Integrating final concept subsystems to produce the full system desigand

10. Preparing documentation necessary for manufacturing and operation of system.
Due to a large number of system functional requirements, further introduced in Section 3.1,
the design study was performed through a morphologicabpproach [5], [6]. Customer
driven target specifications and system functional decomposition were established first.
Then,the whole system wasbroken down into subsystems as Steps#-8 were followed for
the discrete subsystem deelopment. Upon completion of the subsystem design,
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integration to generate the total process solution and complete the full system design was

further performed as stated inSteps# 89.
2.2 Customer Driven Target Specifications

Paint-brush specifications were derived from enduser needs for desired product
performance. Each brush was expected to produce a uniform and consistent paint
distribution and at the required quality of application for different paints and surfaces
used.

To accommodate the application andaesthetic requirements, brushes come in a
wide range of attributes which define the brush recipe. Figure 2.1 and Table Zimmarize
all attributes or specifications of knots that must be satisfied for the automated systein
design[3]. Fora selected brush recipe, the knot may vary in

) Brush width;

i) Brush thickness;
iii) Trim type;
iv) Tip form;

V) Chiseled tip form diameter;
Vi) Filament material type;

vii)  Filament length;

viii)  Length out;

iX) Filament packingdensity;

X) Ferrule type;

Xi) Ferrule shape

xii)  Ferrule height, and

xiii)  Ferrule material coating type.

Ferrules are manufactured out of stainless steel or plastic, while often varying from
uncoated stainless steel ferrule to a ferrule plated with a chrome, copper or brass alloys.
Inside the ferrule, filament must meet the required packing density, to meethe paint

distribution requirement. Depending on the thickness of the knot, the radius of the chiseled
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Figure 2.1 Visual Display of Knot Target Specifications
Table 21 Numerical and Verbal Knot Target Specifications
Brush Width (in.) 1,1-1/2,2,2-1/2,3
Brush Thickness (in.) 5/16, 3/8, 7/16, 1/2, 9/16, 5/8, 11/16, 3/4, 13/16, 7/8, 1
Trim Type Angle or Flat
Tip Form Chiseled or Flat
Chiseled Tip Form Diameter
(in.) 3/8, 1/2, 5/8, 3/4, 11/16, 1
Filament Material Type Nylon, Polyester, White China, Black China
Filament Length 160 to 30 brush = 2 to
(in.) To be Specified by Operator
Filament Length Out 1-7/8, 2, 2-1/8, 2-3/16, 2-3/8, 2-1/4, 2-7/16, 2-1/2, 2-9/16,
Value 2-5/8, 2-11/16, 2-3/4,2-13/16, 2-7/8, 2 -15/16, 3, 3-3/16,
(in.) 3-1/8, 3-1/4, 3-3/8, 3-1/2, 3-7/16, 3-11/16, 3-7/8
Filament Packing Density 16 to 30 brush = 7.5 to
(grams) To be Specified by Operator
Ferrule Type Angle or Flat
Ferrule Shape Oval or Square
Ferrule Height Between 1-1/4 and 1-7/8
Plastic, Stainless Steel;
Ferrule Material Type Chrome, Copper or Brass Plated Steel
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tip form is varied during the process of filament tip settling and forminghrough vibration.
Different radii of vibration rods are used to generate the appropriate chiseled tip form. In
similar terms, angle trim forming process requires the shaping of the angle or flat trim
while displacing the filament from the bottom of the ferule to a specified lengthout value.

Target specifications were also present from the expected knot quality standards,
expected production rate and physical space limitations. During the angle trim forming
process, the trim profile was to conform to an agle of 15° with tolerance of +1°, achieve
specified length-out while also maintaining the chiseled tip form after filament settling.
Consequently, the process of filament straightening was to conform to a straightness
tolerance of £3° from the vertical. D assist the discussion throughout the design study, it is
important to highlight the concept of lengthout (Figure 2.1), whichis the measure of
length of filaments protruding from the top of the ferrule after displacementof filaments
from the ferrule bottom, or:

0 QEDD 6 6 '0Qi 1 & & CKH DEREANA O &)'WEE TNSTOQT | 0@ WBQ
In order to achieve a correct value of lengtlout for a given knot recipe, displacement
distance of the filament bundle vill vary based on the filament lengthand ferrule height.
With different lengths of filaments and heights of drrules, the distance of filament
displacement varies sufficiently, thus makingt a challenge.

To continue, he system in design mustlso detect if the filament density of each
knot is sufficient, settle filament to flat or chiseled tip form, create angle or flat trim form
with a specified length-out value while maintaining the chiseled tip form (if necessary) and
straighten and comb filament. The abee steps must be sufficient to meet the production

rate of 30 knots per minute while producing knot quality equal to or better than those
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currently produced by hand, with only knots with accepted packing distribution allowed to
pass through the system. Inaddition, the system must conform to the space limitations
equal to the current length of the manual processing conveyor between knot making and
epoxy curing machines with allowable length of 17 feet, width of no more than 10 feet and

working table height of 2 feet and 5 inches.
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Chapter 3: Functional Decomposition and Concept Development

3.1 Proposed System Functional Decomposition

The system for this research was functionally decomposed at the first level as seen in
Figure 3.1. Basedn the presented target specifications, the system in design was to meet
primary functions of:

(1) Receive knds from the knot making machine;

(2) Assess filament density and \&rn an operator if insufficient;

(3) Input knots into the transfer system,;

(4) Transfer knots between individual processes;

(5) Form flat or chiseled tip profile by setting filament through vibration;
(6) Displace filament to lengthout value and siape flat or angle trim profile;
(7) Straighten and comb filaments, and

(8)Output finished knots for further assembly in epoxy filling and curing machines.

KNOTS from KNOT
Making Machine (1)

], Energy Signals from Sensor
Subg/stem(2)
Filament Density Assessment
Subg/stem(3)
KNOT Input Subsystem Subsystem(4) - KNOT Transfer Sub-system
Subsystem (7)
Subsystem (5) Subsystem (6) , : .
Filament Vibration =) | Angleand Flat Trim == Fllarr;enrétgérr?]lgirr]]tenmg
Settling/Tip Forming Forming (Gauging) 9
Subsystem (8)
KNOT Output Subsystem K

' ' Epoxy Filling Machine

Waste Signals to Sensors | (Filament Locking)

Figure 3.1 Knot ProcessingSystem Functional Decomposition
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Inputs into the system are materials (knots), energyelectrical and mechanical, including
pneumatic), and tactile signals for operating or controlling the system. Outputs from the
system again include materials and tactile signals. The materials here are knots that have
been processed with satisfied targetspecifications, possible material waste, and tactile
signals indicating the status or completion of the process.

In this system,subsystems are stationary and knots are moving from subsystem to
subsystem. With reference to Figure 3.1, the systeemvisioned was comprised of a transfer
system (Subsystem 4), which would transfer knots from subsystem to subsystem in the
necessary order of the knot assembly. Knots from the knot making machine were to be
inserted into a loading table as a part of filam& density assessment subsystem
(Subsystem 2). From the loading table, the knots were to be fed through the filament
density subsystem, where each knot was to be analyzed for required filament density and
forwarded to the input subsystem (Subsystem 3), iflensity was satisfactory. If the density
requirement was not met, the knot was to be rejected by a warning to an overlooking
operator, at which time the process was to be paused for knot removal. Accepted knots
were to be further picked up and delivered o the transfer subsystem, which would
translate the knot through subsystems (5), (6), and (7) until the knot processing was
complete. Processed knots were to be removed from the transfer subsystem by an output
subsystem (Subsystem 8) to be placed on a ocmyor to further continue onto existing
epoxy filling and curing.

The above process summarizes the expected order of automated system processing
decomposed at the first levelSecondly, @signs for individual subsystems were developed

using functional de@mposition at lower levels along with conceptdevelopment and
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feasibility testing. As noted previously, the design study within this thesis further
demonstrates the morphological design approach taken for core subsystems of angle trim
forming and filament straightening. However, the full system design decomposed in

Figure 3.1 has alsteen performed and wasntroduced in Chapter 8.

3.2 Concept Development of Core Subsystems

This section highlights concept development and proedf-concept testing of subsyems of
angle trim forming and filament straightening. For the specified subsystems, concept
generation was performed through an indirect approach based on functional requirements
of individual subsystems. Concepts for different subsystems were generatedamly
through brainstorming with influence of existing resources including other manufacturing
systems and literature. Through intuition, top concepts were selected and tested by use of
fabricated proof-of-concept models. From concept performance during pof-of-concept

testing, best concepts were chosen for further physicalrototype development and testing.

3.2.1Creating Angle Trim

As an individual subsystem, angle trim forming was to achieve three primary functions:

() Displace filaments from ferrulebottom to a specified lengthout value;
(2) Create angle or flat trim profile, and

(3) Maintain chiseled or flat tip form.

With consideration of the functional requirements and target specifications described,
concept generation yielded three concept®f angle trim forming further described in the
form of proof-of-concept models. When tested, models were evaluated using relaxed
standards of knot quality for the amount of dragback present, total knantegrity, stability

of plug and quality of 15° angletrim. To elaborate, criteria must be met to insure that after

24



trim forming, no dragback was present, knot integrity was conserved, plug stability within
filaments was maintained (without plugs falling out) and filaments were not lost.
ConceptOne.One ofthe main concepts examined was an automation of the current
angle trim forming process. As shown ifrigure 3.2, thecurrent process involves displacing
filaments using a gauging block of size and angle specifications to conform filaments to the
desired filament lengthrout and trim. The metal gauging block is simply inserted into the
ferrule housing to form filaments to the shape of the block. To match different knot
specifications of width, thickness, ferrule type, ferrule shape, trim type, tip form and

length-out value, different gauging blocks are used

Filament

Ferrule
Plug

Gauging \ ->
Block

Figure 3.2 Manual Method of Knot Angle Trim Forming .
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Feasibility model of the concept was developed in attempt to improve the process
through automation to eliminate imprecisions associated with hand centering and
positioning of the gauging block. Figure 3.3 shows the model where the knot and gauging
block were matched to produce the required knotattributes. Angle trim forming was
performed with the gauging block held stationary through a support structure while the
knot is placed over top of the gauge. To allow precise location, the knot was secured though
a support structure placed on a linear slide. To displace the filament, the linear slide was
translated to achieve the desired result. The required trim of the knot was attained with
signs of improvement over hand gauging; however, quality of the knots pdoced was low.
Filament dragback was evident within knots, producing a poor, rounded 15° angle trim
form, possibly due to wear of the gauging block. The integrity of the knot as well as the plug

stability were found to be sufficient, however it was believd that the process can be

improved further. Gauging
Block

Linear Gauging Support

Slide Knot Block Structure

Figure 3.3 First Proof of Concept Model- Angle Trim Forming,
Automation of Manual Angle Trim Forming Process
(Left) Testing Setup as shown from the Tap
(Right) Testing Setupas shown from the Side
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Concept Two.To reduce dragback and improve angle trim form, an improved
concept was tested as seeim Figure 3.4and 3.5 The concepinvolved a two stage process
of (1) gripping the filament bundle and pulling it to a specified lagth-out value without
assistance of the gauging block, and (2) translating the angle tip of the gauging block to
displace the filaments to create angle trim form. To insure proper gripping of filaments,
gripper jaw plates were designed to ensure that squezing force required was sufficient for
various knot sizes without damage or loss of filaments due to gripping.

The concept model was constructed such that the knot was held stationary through
a support structure during the process. Primary and secondarinear slides were built to
achieve each stage of the process, where the secondary slide was mounted on top of the
primary. The gripper jaws were located on the primary slide to pull the filament when
actuated through a linear solenoid actuator to achievéhe first stage of the process. During

the first stage, the gauging block followed the filament displaced through pulling.

Power
Supply
Linear Actuator
Solenoid Control
Actuator
Secondary
. Linear
Pr.|mary Slide
Linear
Slide

Figure 34 SecondProof of Concept Model- Angle Trim Forming,
Two Stage Automated Angle Trim Forming;
(Testing Setup as shown from the Side)
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Gripper

Jaw
Plates
Knot
Support
Structure

Figure 35 SecondProof of Concept Model- Angle Trim Forming,
Two Stage Automated Angle Trim Forming
(Left) Testing Setup as shown from the Side;
(Right)Testing Setup as shown from the Top:
Gripping and Pulling Filament to Length-Out (1), and
Pushingwith Gauging Block to Create Angle Trim (2).

To create the angle trim, the gripper jaws were released as the secondary slide was
actuated to displace the filament to an angle profile using thi# of the gauging block.

While this concept has improved the shape and quality of the angle distribution,
some dragback could still be seen and indicated that further refinement was necessary.
From further investigation, it was found that dragback behawr was inevitable when using
a gauging block. Due to an existing floating tolerance during ferrule manufacturing,
variance in thickness and width of ferrule housings allow filaments to slide past the
gauging block, leaving filaments behind.Although the resulting knot demonstrated
satisfactory criteria of knot integrity, stability of plugs and quality of 15° angle trim,

additional refinement was performed to investigate elimination of dragback completely.
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Concept ThreeTo eliminate dragback, concept ritnement was necessary without a
gauging block. This concept was prepared and testgdwhich involved a similar two stage
process of (1) gripping the filaments and pulling to a specified lengtbut value, and (2)
rotating the gripped filaments to cause theangle trim profile (Figure 3.6. As an alternate of
the previous concept,Figure 3.7 shows the model where the knot was held by a support
structure while primary and secondary stages were translated through linear solenoid
actuators to achieve each stagef the process. Gripper jaws were modified to allow the
necessary 15° rotation, with rotation occurring at a vertex through a pivot bearing built
within the primary stage. After actuation of the primary stage to pull filaments to a
specified length-out value, rotation was engaged by converting translational motion of the

secondary slide to rotational motion through a sliding pin bar connection.

Gripper
Filament JZSV
Bundle \H\HH Plates
Lo ]

Figure 3.6 Notion of Gripping and Rotating Filaments
to Achieve Angle Trim Profile:
(Left) Filaments are Gripped by Gripper Jaw Plates
(Right) Gripper Jaw Plates are Rotated to Create the Angle Trim

1 Developed with Chris Bunai, Undergraduate Research Assistant
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Figure 3.7 Third Proof of Concept Model- Angle Trim Forming,
Involving Two Stage Automated Angle Trim Forming (NoGauging Block):
(Top) Testing Setup as shown from the Side;
(Bottom)Testing Setup as shown from the Top:
Gripping and Pulling Filaments to Length-Out (1), and
Rotating Filamentsto Create Angle Trim (2).
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Tests performed using this concept revealed that no dragback was present within
the knots shaped. No loss of filaments was evident with knot integrity and plug stability
being at its best. The angle trim profile showed signifant improvement with sharp linear
characteristics of the 15° angle trim tip. With satisfaction of the feasibility testing criteria,
this third concept of angle trim forming was selected for further evaluation through testing
of physical prototype models.The concept of (1) gripping the filaments and pulling to a
specified lengthrout value, and (2) rotating thegripped filaments to cause the angle trim
profile, demonstrates the aspect of innovation necessary for this process of angle trim
forming.

3.2.2 Straightening of Filaments

Filament straightening and combing subsystem was to achieve two primary functions: (1)
to straighten filament alignment on each side of the knot, that has been gauged to a
specified lengthrout value and trim profile, and (2) combthe filament to untangle and
remove loose filaments. The proebf-concept criterion for filament straightening was to
produce filament alignment within straightness tolerance of +3° from the vertical as shown
in Figure 3.8 Additional criteria also used b evaluate performance of feasibility models
were to make sure that knotintegrity was conserved, filaments are ot lost and stability of

plug within filaments was maintained after the straightening and combing process.
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Figure 3.8 Required Filament Straightness Tolerance

Proof of ConceptModel. Through an informal concept generation and selection
process, notions of multiple concepts were combined to produce a single concept for
feasibility testing. Proof-of-concept model was built to test functionality as seen ifrigure
3.9 and 3.10 The concept involvedtesting of filament straightening on a single side of a
knot, where if successful, the process would be adjusted to simultaneously satisfy both
sides with an addition of combing action. For straightening to occur, the knot was held
stationary by a support structure, asa comb apparatus was insertednto the side of the
knot and translated to tilt filaments into alignment. To better urerstand effect of omb
insertion height and depth, location of comb apparatus was made adjustable through a-set
screw and slot combination within thecomb support structure (Figure 3.10. To translate
the comb, the comb apparatus was secured to a linear bearing slide, aliag translational

motion of the comb regulated by an electric actuator.
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Figure 3.9 Proof of Concept Model for Straightening of Filaments
(Testing Setup as Shown From the Top)

Comb Setscrew
Apparatus and Slot

Knot
Support
Structure

Figure 3.10 Comb Insertion Mechanism:
(Left) Mechanism as Shown from the Side
(Right) Mechanism as Showrfrom the Top.
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The knot was locled in place as the comb was insertethto the filaments for a
prescribed depth. Testing wasperformed by regulating comb insertion depth, insertion
height and distance of comb translation parameters for differentype knots (Figure 3.11).
Insertion of the comb was set at prescribed height from the top of the ferrule as the comb
was translated to tilt filament into a straight vertical alignment. With testing performed for
multiple knot specifications, the concept showed thatrequired straightness with +£3°
tolerance can be achieved and was a funchf comb insertiondepth, insertion height and
distance of comb translation parameters. Assuming proper settings for the parameters, this
concept showed straightness requirements aga be met with conserved knot integrity, no
loss of filaments and proper stability of the filament plug. With satisfactory testing results,
this concept offilament straightening was selected for further evaluation through testing of

physical prototype modds.

T lati i+ Insertion
ranslation Depth

Distance

Insertinn —II +++++++++++++++ Cl}mb @

Height

1 ! —_

Figure 3.11 Comb Insertion: Insertion Height, Insertion Depth and
Translation Distance Parameters
(Regulated to Perform Straightening of Filament Alignmen}
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3.2.3 Resuls from Proof of Concept Model Testing

As aresult from proof of concept model testing, top concepts for creating angle trim
and filament straightening were established. Concepts for both subsystems demonstrate
that through further development, desired quality of knots could be achievedvithin
speciation. From three concepts tested for the processf creating the angle trim, a new,
innovative method was established. In order to eliminate dragback completely, it was
necessary to perform angle trim forming without the gauging blockEvaluation criteria of
no dragback,conservedknot integrity and plug stability were all satisfied with pure actions
of (1) gripping filaments, (2) pulling to achieve required displacement to lengtkout value,
and (3) rotating filaments to create the angle trim. This method has demonstrated
exceptional results as well as sharp, linear characteristics of the 1%angle trim tip.
Furthermore, if proven to be sufficient through further development, this method of
creating angle trim woud eliminate the problems in relevance to tle use ofgauging block
such as thecost of gauging blockmanufacturing as well asferrule and gauging block
tolerance effects on knot qualityor dragback Likewise, this process eliminates the need of
a gauging block for flat trim knots (also used to displace filaments within flat trim knots),
where function of (3) rotating filaments to create the angle trim can be excluded.

In similar terms, concept moetl for straightening of filaments displayed that the
desired filament straightness could be achieved within the specificatiotolerance of +3°
while eliminating filament loss and maintaining knot integrity as well as original plug
stability. The model demamstrated that the desired quality of filament straightness could be
achieved for different knot recipes through adjustment of comb operation parameters of

insertion depth, insertion height and horizontal translation.
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To determine the quality of performance for the top concepts process evaluation
was performed through full-scale prototype models However, before development of
prototypes could occur instages ofdetail design, testing for design parameters needed to
be addressed.For the concept of creating the angle trim, for example, such design
parameters would be the force required to displace filament bundles within ferrule
housing or the compression force required tcefficiently grip associated bundles without
loss or damage of filamentsSeries oftests were performed to establish different design
parameters associated with development of the subsystems described in this study,
however for the sake of brevityone of such tests is introduced.

The following chapter exhibits the design for parametetesting process further used
to analyze the pulling force required to displace filaments as a function of filament packing
density for varying factors of the ferrule, plug and filament bundle combination. The
process shown is an example of testing necessato establish design parameters for the

following stages of embodiment and detail design dtill scale prototype models.
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Chapter 4: Testing for Design Parameters

As established throughthe proof of concept model, angle trim forming process of paint
brush knots requires manipulation of different filament types within ferrule housings of
different shapes, material coatings and sizesFilaments would need to be gripped,
displaced vertically from the ferrule housings to achieve a propr length-out value and
rotated to create the angle trim.It was expectedthat force required for displacement of
filaments through housings wouldvary sufficiently based onfactors of theferrule and plug
as well as the filament packing densityUnfortunately, to our knowledge no established
guidelines exist to estimate the required pulling force to achieve the desired displacement.
To further proceed to stages of embodiment andystem detail design, it was necessary to
establish an understanding ofthe pulling force to cause dsplacement of filaments within
varying factors of ferrule housingas a function of filament packing density.

This chapter demonstrates the testing process used to establish preliminary
characterization of the pulling force, or in equivalence, the forceequired to overcome
friction between filament bundle and ferrule. Described scope of testing involved
experimentation with a specificset of factors mainly to represent the most common type
of knots manufactured and seen as 80% of annual prodtion for the Sherwin Williams
Company [3]. The associated testing factors, experimental setup as well as sequence of

experimentation and experimental results are introduced below.
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4.1 Testing Factors

Within the current practice of paint brush knot assembly, the amount of filaments used in
each knot is dependent on the ferrule width and thickness to achieve the proper paint
distribution [3]. For each combination of ferrule width and thickness, a plug sizensatched

for the desired knot recipe. Depending on the knot recipe at hand, upper and lower bounds
for filament packing density are devised as acceptable amount to be placed inside each
knot. For the testing performed, it was of interest to establish a gtiminary understanding

of the pulling force required to displace filaments at the low, medium and high limits of
these bounds. Testing factors characterizing the knot recipe were selected to be assembled
into knots and evaluated. With a large possible rage of knot recipes, testing was
performed using knot components of the most common manufactured type, using a single
type of nylon synthetic filament of a discrete length. lshouse fabricated circular ferrule
housing was also added to the experimentationni order to generalize the testing
performed for possible global applications in the future. Furthermore, the experimentation
performed here was used to explore the dependence of pulling force on ferrule material
type, size and shape.

Testing FactorsTesting factors were selected to be held constant for control of the
experiment as well as varied for the sake of result compeson. Constant factor of silvetip
nylon synthetic filaments of discrete length and density was used, where filaments would
be packedinto ferrule housings and tested. Factors selected to be varied within the
experiment were ferrule material coating type, ferrule size, ferrule shape and filament

packing density. Seven ferrule housings were chosen to be assembled into knots to perform
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Figure 41 Knots Packedisi ng 20 Oval fFerrule Housin
(Left) Material Coating Type: (a) Stainless Steel(b) Copper; (c) Brass
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ferrule coating material type (Figure 4.1).Identical in specification, the ferrule housings

had different coating materials such asstainless steel, copper and brass whicthad the

sameplug size as per specifid@on of the factory. Additional three square shape stainless
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also used to vary the factors of ferrule siz€Figure 4.2). Again, plugsizes were of the
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(a) (b) (c)

Figure 4.2 Knots Packed using Stainless Steel Square Ferrule Housings;
Ferrule Size ()1 0 Wi dfoih50( W)ada hwi dtch.
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ferrules, dimensions of the circular ferrule and wooden plug manufactured were prepared

to roughly resemblevolume available for packing of filaments between the ferrule and plug
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circular shapes.

Top No

Bead Bead
Bottom

Bead

Figure 4.3 Knots Packed using dferent Stainless Steel Ferrule Shapes
Ferrule Shape: (a) Oval; (b) Square; (c)Circular .

The ferrules, not fabricated irhouse, were with rolled beads at the bottom and top
of the ferrules as shown in Figure 4.3. The circulashape fabricated ferrule did not have
beads. As previously stated, it was of interest to establish a preliminary understanding of
maximum force required to displace filaments at the low, medium and high ranges of
filament packing densities. The value of each range was provided by the sponswhere
filament packing density is ameasure of filament bundle mass to be packed into a specific
combination of the ferrule and plug. As shown in Equation 4.1, volunacking fraction is
the ratio of volume of filament as abundle @ to the volume availablefor packing of

filaments between the ferrule inner walls and plug @ .With an established value of
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(Equation 4.1)

volume packing fraction for each range, knots were assembled and tested using the
consistent low, medium and high volume fraitons for each type of knot.

Figures 4.24.3 demonstrate an example of knots that were hand assembled for
testing using the knot assembly process specified e sponsor. In order to control the
volume packing fraction, variablesshown in Tables 4.1-4.2 were recorded at the time of
knot assembly. The experimental setup, knot assembly and sequence of experimentation
are described in the forgoing sections.

Table 41 Constant Testing Variables Recorded

Testing Variables Definition

U Filament Length

Filament Density

Table 42 Changing Testing Variables Recorded

Testing Variables Definition
) Plug Width
kO] Plug Height
Y Plug Thickness
O Ferrule Width
Y Ferrule Thickness
0 Ferrule Wall Thickness
a Mass of Filament Bundle
W Volume Packing Fraction
Y Inner Radius of Circular Ferrule
Y Outer Radius of Circular Plug
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4.2 Experimental Setup

To perform testing of knots, a test apparatus was built to displace filaments within ferrule
housings. Figure 4.4 showshe setup as aunit, with Figures 4.54.7 provided for a more
detailed view to assist in further description. Basic operation of the exgimental setup
involved holding of the ferrule housing stationary, as the filament bundle was gripped and
pulled to be displaced within the ferrule. Pulling of the filament bundle was performed
using a force gauge, where the pulling force required to ditgce the filament bundle and
displacement of the force gauge was recorded. A combination of a lesctew-mechanism
and a drivemotor were used to control the displacement increment of the force gauge,
resulting in displacement of the filament bundle. Forlie purpose of experimental accuracy,
testing was performed along a single axis of travel with motion of required components

achieved through low friction precision linear bearings.

Force
Gauge
DC
Drive
Motor
Stationary
Knot

Figure 44 Pulling Force Measurement Experimental Setup
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The following description is performed with reference to Figure 4.5. Fabricated
experimental apparatus was designed to hold the knattationary in a horizontal alignment
by a pneumatc gripper, equipped with gripper fingers designed to hold the required shape
and size of ferrule. Air pressure of the pneumatic gripper was chosen to provide the
required holding force without deforming the ferrule in compression. @pper fingers were
developed and manufactured through ABS plastic rapid prototyping t@ncompass radial
portions of the sides of the knotTo protect the ferrule surfaceand to provide adequate
friction, gripper fingers were also coated with vinyl material. Similarly designed flament
gripper plates, coated with PTFE material for improved friction, were used to clamp the

filament bundle uniformly without causing flaring or damage of the filaments.

Temperature and Humidity
Gauge

Filament
Gripper
Plates Force
Gauge
Gripper Carriage
Finger
Pneumatic ([:);?iltaelr
Gripper P
Sliding
Platform

Figure 4.5 Pulling Force Measurement Experimental Setup
(Front Portion of the Setup Shown)
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For displacement of clamped filament bundle, the filament gripper plates were secured to a
sliding platform on precision linear bearings (Figure 4.5). To movehe filament bundle
within the ferrule housing, the sliding platform is drawn by a force gauge caage, at which
the force required to displace the filaments isecorded (Figure 4.5). With acondition of no
slipping between filament bundle and filament gripper plates, the displacement of filament
bundle is measured through a digital caliper connectedo the sliding platform and
recorded.

The described experimental setup offers the ability to measure both, static friction
force required to displace the filament bundle at an incremental displacement and kinetic
friction associated with dynamic translation of filaments at a constant velocity. Regulation
of filament bundle displacement is performed using a combination of a leagcrew
mechanism, geareeDGmotor and a programmable relayoutput (Figure 4.6. Using the
rotational motion of the lead screw, matbed with a female thread on the force gauge

carriage, the carriage iglrawn to displace the sliding platform. With a standard screw

DC
Power
Supply
Voltage
Relay
Lead Output
Screw
Mechanism
Force
Gauge
Carriage DC
Geared
Motor

Figure 4.6 Pulling Force Measurement Experimental Setup
(Back Portion of the Setup Shown)
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size of ¥4-20, the controlled rotational motion of the screw isconverted into translational
motion of the force gauge carriage. The motor was mouetl to remain stationary and
chosen to generate highdrque and low RPM. The motor islriven through a programmable
voltage relay output, where a time increment of voltage pulse wasegulated to provide
rotation of the lead-screw for the desired incrementaldisplacement.

Due to a possible effect of humidity and temperature on lubricity of filaments during
experimentation, a hydrometer/temperature gauge was added to the testing setup for
monitoring of humidity and temperature (Figure 4.5). To testall knots described, the
experimental setup was finetuned to displace filaments within the ferrule housings at a
displacement increment of 1.5mm from the flushalignment of the filaments and the ferrule
bottom (Figure 4.7). During testing, measurements of force regired to overcome static
friction were made at an increment of 1.5mm from the ferrule bottom to lhe maximum
displacement of 20mm (maximum displacement as which the knot integrity is conserved
For the same displacement distance, the knot was repacked atige test was repeated
where the bundle was displaced at a continuous rate &mm/sec. For the run performed,

measurements of force required to overcome kinetic friction were also recorded.

Flush Filament
Alignment of Gripper
Filaments Plates
with Ferrule
Bottom Gripper
Fingers
Pneumatic
Gripper

Figure 4.7 Alignment of Filaments with Ferrule Bottom.
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4.3 Sequence of Experimentation

This section describes the sequence of steps performed for testing of a single ksample
from preparation and assembly of a knot to calibration and sequence of experimental
testing performed using the setup described.

Preparation of a Knot Samplelndividual knot samples for testing previously
introduced were prepared through manual assembly as per specifications of tlempany
sponsoring this researchFor assembly to occur, silvetip nylon synthetic filament bundles
of known length were weighed ora digital scale to match the requirement of the associated
range of filament packing density. The mass of filament bundle was then recorded along
with measurements of ferule width, ferrule thickness, ferrule wall thickness, plug width,
plug thickness ard plug length Using a provided density of the nylon filaments, mass of the
filament bundles was converted into volume to calculate the associated volume packing
fraction. Following, flaments were packed into ferrules with uniform filament distribution
through-out the knot. The prescribed plug was inserted to support the filament bundle
within the ferrule housing. Further processing of the knot was then performed using a
vibratory table to settle all filaments to a flush arrangement with respect to the btam of
the ferrule (Figure 47), as hand straightening and combing of filaments was also
performed to insure proper filament alignment. After this procedure, the knot was ready
for testing.

Calibration. Prior to testing, calibration of the setup was performed to correct for
counteracting friction force associated with motion of the sliding platform and digital
caliper. To perform the calibration, the sliding platform, caliper ruler and force gauge

carriage were placed at the top of their travel to resemble gripping of filaments. The
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programmable relay output was turned on to displace the sliding platform and caliper ruler
using the force gauge carriage while simulating incremental filament bundle displageent.
Measurements of peak force required to overcome static friction to displace the sliding
platform and caliper ruler were recorded at each displacement of 1.5 mm. The mean of the
recorded static force measurements was used to serve as a calibration wa which would
be subtracted from the force values gained during testing.

Sequence of ExperimentatioRor the experimentation to occur, all subsystems were
first reset for proper alignment as the sliding platform and force gauge carriage were
brought up to the top of their travel for adequate clamping of filament bundle. At this time,
gripper fingers resembling the ferrule in testing were also installed onto the pneumatic
gripper. The knot was inserted and secured by closing the gripper fingers atsoshown in
Figures 4.7 While makingsure that the alignment of the filaments remainglush with the
back of the ferrule (Figure 4.7, filaments were clamped by filament gripper plates
(Figure 4.8). To clamp the filament bundle, filament gripper plates werenade to open and
closeby sliding on precision cutshoulder bolts (Figure 4.8, where locking of gripper plates
occurred through hand compression while tightening the set screws on locking collars of

the shoulder bolts.

Shoulder
Bolt
Filament
- Gripper
Locking Plates
Collar

Figure 4.8 Clamping of Filamentsby Filament Gripper Plates.
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The test setup was ready to perform displacement of the filament bundle as the
knot, sliding platform and force gauge carriage alignment was checkedlo estimate the
forces associated with static friction the digital caliper and force gauge were zeroed ik
the run temperature and humidity were also recorded. To initiate the experimental run, the
relay output program was turned on, as the lead screw rotated to displace the force gauge
and pull the sliding platform to displace the filament bundle. For alknots tested, the
filaments were displaced at 1.5mm increment with a two second break in between. After
each displacement of 1.5 millimeters, the force required to overcome static friction was
recorded along with the associated displacement. To completedhtesting, a series of static
force and displacement measurements were made until a maximum displacement of 20
millimeters was reached.

To measure the forces associated with kinetic friction, the setup is reset as
described previously while the knot is aso re-assembled to settle the filaments and plug
back to original alignment. The knot is reinserted and held in place by the pneumatic
gripper while the filaments are also clamped. The digital caliper and force gauge are
zeroed. A direct voltage source iprovided to the motor to displace the filament bundle at a
constant rate of 8mm/second. With the displacement of the filaments occurring at the
provided rate, the force values associated with kinetidriction are recorded up to the limit
of twenty millimet ers. For the run performed, the recorded force values are then averaged.

To perform additional testing, setup was resefas the sliding platform and force
gauge carriage were brought up to the top of their travel for adequate clamping of filament

bundle.
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4.4 Experimental Results

Using the described testing approach, experimental datwas gathered to esablish the
range of forces required to displace filament bundles for a range of experimental factors
described. As an additional benefit during testingferrule housings were used to further
explore if the displacement force values have a dependepoon ferrule material type,
ferrule size and ferule shape.Results from the tests are provided in this section, where for
clarity, discussion wasfirstly performed with respect to krots varying in material coating,
secondlyknots varying in ferrule size, and finally knots varying in shape.

To further understand if the suggested dependency exists on varying factors of
ferrule housings, additional statistical anaysis was performed. Results from testing were
analyzed using ANOVA, Tukel{ramer to compare the means of low, medium and high
volume fractions for each knot to show that a statistical difference between means exists.
To support the discussion, resulting bg-plots were provided along with Studentt pairwise
difference confidence intervals between means. Further, ANOVA, TukkKyamer as well as
Studentt analysis were performed as a function of volume packing fraction between
changing knot factors, such as feunle material type, ferrule size and shape. For example,
the means for low volume fractions for stainless steel, copper and brass ferrules were
compared to asses if a statistical difference exists. The same procedure was also performed
for comparison of means achieved within medium and high volume packing fractions.
Possible existing statistical difference between means would suggest that a factor of ferrule
coating material type is responsible for the difference in friction force experienced between

the ferrule housing and filament bundle.
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Result Trend BehaviorResults provided in a graph form of the forgoing sections
characterize the required value of force (YAxis, Newtons) necessary to break static friction
with respect to the associated displacement foflament bundle (XAxis, mm) from the
bottom of the ferrule. A trend was evident for knots tested within ferrule housings
containing rolled beads (Figure 4.9), wherea peak value of statidriction force is achieved
within the range of 6 to 10mm of disphcement. An example plot shown in Figure 4.10
demonstrates characterization of the static friction force experienced by the filament
AOT AT A AO A £EO1TAOGETT 1T &£ AEODPI AAAT AT O A& O
A

AT A wTped OEE AginlebsGtdd mahO OO A 1T £ O

Top
Bead

Bottom
Bead

Figure 49 Location of Top and Bottom Beads

The plot demonstrates the peak behavior consistent for all ferrules manufactured by

sponsor and having beads regardless of material type, size or shape of the ferrule housing.

The behavior is a result of changing surface geometry due to a bottom rolled loka
performed during ferrule manufacturing for structural support of ferrule. The bead is of a
round geometry of roughly 4mm diameter. From the response, it can be seen that a higher
friction force is experienced due to changing geometry of ferrule wall stace at the

location of the bead. It is speculated that the peak force trend seen is a result of translation
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Figure 4.10 Static Friction Force Distribution in
20 (9/1606 Thick) Stainless Steel Ov.
of the plug through the rolled bead surface, where an increased pressure from the presence
of the plug generates a higher friction force to overpass the bead curvature. With less
interaction of filaments and ferrule wall surface, the static force distribubn decreases as
demonstrated by the resulting plots.

The described behavior was consistent for all ferrules having rolled beads. However,
the manufactured ferrule housing of circular shape added to the experimentation did not
have beads, thus eliminatinghe peak behavior seen herelhe circular ferrule was added to
the testing process to explore the resulting force distribution as well as help generalize the
comparison made between shapes of ferrule&\s a word of caution, testing and analysis of
data to suggest possible force dependence on ferrule material type, shape and size was
performed to establish a preliminary notion and would require further experimentation.
Furthermore, resulting experimental data discussed was achieved using the best tools of
knowledge and equipment at hand and does not take into the account the material surface

finish of the ferrule housings.
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4.4.1 Variation of Ferrule Material Coating

To analyze the friction force with respect to changing ferrule material type, three knots
sambl AO T £ ¢6 xEAOE AT A wTXIped OEEAETAOO I £
all three knots were composed of the same experimental factors of ferrule size, ferrule
shape and plug size while tested for low, medium and high volume packing fraat® The
ferrule material type was the only difference between the experimental knots.

Figures 4.11, 4.12 and 4.18isplay the resulting force distributions associated with
breaking static friction (Y-Axis) at the matching displacement of filament bundlé€X-Axis)
Al O ¢ o6 | stAstainlgBA sh0lCcbpfer and brass material housingsspectively. The
data points represented by the plots were used to form the comparison through statistical
analysis.For all three types of ferrule housings, ANOVA Tukegramer statistical analysis
was performed toestablish a comparison of mean force averaged for low, medium and high
volume packing fractions of each knot. The comparison showed that a significant staitstl
difference exists between means. Comparison of means for the knots tested yielded a
p-value of p= 1.26x1016 using a stainless steel ferrulep= 9.45x1025 using copper ferrule
and p= 1.51x1015 for brass ferrule housing. Established comparison walues were for
volume packing fraction of low, medium and high of 46.4%, 48.1% and 49.8% fstainless
steel ferrule housing, 47.2%, 48.9%, and 50.5% for copper housing and 46.6%, 48.4% and
50.5% for brass material housing respectivelyResults from statisical analysis can be seen
in Tables 4.3 and 4.4Table 4.3demonstrates mean force values achieved within 95%
confidence interval as a function of ferrule housing material type and volume packing

fraction.
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Ferrule Material Type and Volume Packing Fraction

Table 43 Comparison of Means as a &nction of

(20 Oval SHape Ferrul e
Low Medium High
My 95% Cl Ho 95% ClI Us 95% ClI
Steel 6.06 {5.70,6.42} | 1154 | {10.26,12.82} | 19.27 | {17.31,21.23}
Copper 3.91 {3.44,4.39} 9.71 {9.18,10.24} 17.67 | {16.54,18.85}
Brass 8.61 {7.79,9.42} | 1529 | {13.95,16.62} | 19.61 | {18.25,20.97}

Table 44 Pairwise Difference Between Meansf Volume Packing Fraction
as aFunction of Ferrule Material Type.

(20 Oval SHape Ferrul e

H1- Ho 95%ClI U1- U3 95%ClI Uo- U3 95%ClI
Steel -5.47 | {-7.75,-3.20} | -13.21 | {-15.44,-10.97} -7.73 {-9.97,-5.49}
Copper | -5.79 | {-7.10,-4.49} | -13.78 | {-15.06,-12.50} -7.99 {-9.26,-6.70}
Brass -6.68 | {-8.58,-4.78} | -11.00 {-12.89,-9.10} -4.32 {-6.22,-2.42}

Established statistical difference in means can also be seen in the pairwise difference

between means shown in Table 4.4 as wedk inbox-plot form found in Appendix-A.

Combination of ANOVA, Tukeramer and Studentt analyses were further performed to

see if the means of the same volume packing fractions differ as a function of ferrule coating

material type. To elaborate, the staticfriction force distribution achieved for low packing
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high and medium volume fraction distributions. As aresult, a statistically significant

difference with 95% confidence was found between the force distribution for volume

packing fraction of low (p=6.06x10-14) and medium (p=1.39x1038) ranges between the

ferrule housing types and a difference within 84%confidence interval for high volume

fraction (p=0.16). Table 4.5and associated boxplots found in Appendix-A display the
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Table 45 Pairwise Difference Between Meansf Ferrule Type
as aFunction of Volume Packing Fraction
( 2Q@val Shape Ferrules)

Hecu- Mst 95%ClI Hcu - Har 95%CI Mst- Ugr 95%CI
Low -2.15 {-3.05,-1.24} -4.69 {-5.61,-3.77} -2.54 {-3.45,-1.64}
Medium -1.95 {-3.70,-0.19} -5.57 {-7.32,-3.81} -3.62 {-5.40,-1.83}
High p= 0.16 (Statistically Different within 84% CI)

pairwise difference between means in table and beplot forms respectively. Resulting
statistical analysis suggests that ferrule housing material coating does provide a
statistically significant effect on thepulling force required to displace the filament bundle
within the ranges of volume packing fractions tested. Figure 4.14 displayse mean values
of static friction force as a function of ferrule housing material type and volume packing
fraction. Asthe figure demonstrates, thehighest mean of pulling forceis associated with
brass materialand lowest with copper material coating. From the results, it is evident that
the highest coefficient of friction, assuming the same material surface finish, was assoed

with brass coated ferrules, the second highest with stainless steel and the lowest for copper

coated ferrules.

Mean Static Friction Force
(Newtons)

= R NDN
o o0 o u1 o u
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Ferrule Material Type
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Figure 4.14 Mean Static Friction Forceas a Function of
Ferrule Material Type and Volume Packing Fraction
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4.4.2 Variation of Ferrule Size

Similar procedure was performed using statistical analysis techniques to explore the

possible friction force dependence on the size of the ferrule housings. Square shape

AROOOI AO T &£ ¢oh p8ud AT Av Tppoe ox EGEOREA EA TALO Ow TOpAgGHEnA

used to assimilate the static force distribution between varying ferrule sizes. Housings of

¢coh p8uvd AT A po xEAOE xAOA DPOAPAOAA &I O OAOGO

packing fraction suitable for the ferrule sze. For the purpose of further comparison

AAOxAAT EAOOOI A OEAPAOR OEA ¢6 xEAA ONOAOA &

OEUA DI OCc AO OEA ¢o6 1 OAl OEAPA OOAET 1 AOGO OOAA

low, medium and high ranges wereadlevised to closely resemble volume packing fractions

£ O OEA ¢o6 1T OA1 AT A AEOAOI AO OOAET 1 AOO OOAAI
Figures 4.154.17 demonstratethe force distribution plots gathered from the testing

performed. For the knots tested and analyzed, theolume packing fraction of low, medium

AT A EECE xAOA 1T /&£ to8¢bh ferrgdholsingh2.9%, 453%,gmbd /£l O ¢

Tx8ub A O p8uvd xEAA EAOOOI A AT A t18¢cbhbPh TUS8CD

Results fromANOVA TukeyKramer demonstrated that eah ferrule size had a mean static

force value significantly different with respect to the low, medium and high volume packing

fractions with p=8.07x1020, p=2.85x105 and p=1.91x10* &£l O ¢6 xEAAh p8uvod x

wide square ferrules respectively. Achieved means of static friction force within 95%

confidence interval are displayed as a function of ferrule size and volume packing fractions

in Table 4.6 alongwith the pairwise difference between meansshown in Table 4.7.

Supporting boxplots exemplifying visual spread of the datand can be seen ilAppendix-B.
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Table 46 Comparison of Means as a kinction of
Stainless SteeSquare Size Ferrulesand Volume Packing Fraction

Low Medium High
My 95% ClI Mo 95% CI U3 95% CI
20 5.63 {5.29,5.97} 13.09 {12.12,14.07} 19.05 {17.52,20.58}
1.50] 499 {4.56,5.43} 10.00 {7.63,12.38} 16.63 {11.08,22.18}
10 3.87 {2.74,5.01} 7.47 {5.30,9.64} 10.15 {7.59,12.72}

Table 4.7 Pairwise Difference Between Meansf Volume Packing Fraction
as a Function of Stainless Ste&quare Size Ferrules

M1 - Mo 95%CI M - Ma 95%CI Mo - M3 95%CI
20 -7.47 {-9.16,-5.77} | -13.42 | {-15.11,-11.73} | -5.95 {-7.64,-4.26}
1. 50/ -5.01 {-10.37,0.35} -11.63 {-16.99,-6.27} -6.62 {-12.08,-1.16}
10 -3.59 {-6.95,-0.24} -6.28 {-9.577,-2.99} -2.68 {-5.97,0.61}

Comparison of static force distribution with respect to ferrule size through statistical
testing also yielded a significant difference within 95% confidence interval between
volume packing fractionsof low (p= 0.0024), medium (p=3.46x16*) and high (p=0.003)
AAOxAAT ¢oh p8ud AT A po AAOOOI AOGs 7EOE OEA
sizes highlightedin Table 4.8 andsupporting box-plots found in Appendix-B, it can be
suggested that static force value is a function of ferrule size.

Table 4.8 Pairwise Difference Between Meanf Ferrule Size
as a function of VolumePacking Fraction.

MasHi. 54 95%CI M1 o Moo 95%CI M. sdloo 95%CiI
Low 112 (225001} | -1.75 | {-2.91,-0.60} -0.63 {-1.76,0.49}
Medium | -2.53 (561,054 | -562 | {8.69,-2.55) -3.09 {-6.16,-0.01}
High -6.84 | {-13.04-0.63} | -9.26 | {-15.46,-3.05} 2.42 {-8.36,3.52}
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Figure 4.18 displays the mean values of statfdction force as a function of ferrule size and
volume packing fraction. As shown in figure, experimental data suggests that the highest
mears of pulling forceare AOOT AEAOAA xEOE OEA 1 AOCAOO #Z£A00O

1T xAOO xEOEepd xEAA EAOOOI
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Figure 4.18 Mean Static Friction Force as a Function of
Ferrule Sizeand Volume Packing Fraction

4.4.3 Variation of Ferrule Shape

In order to widen the scope oftesting, additional circular housing and plug were
manufactured in-house. Shown inFigure 4.19, thehousing was machined using stainless

steel material to create properties of inner diameter, length and surface finish adequate for

AT Il BAOEOT T xEOE ¢ed xEEMA GNADAIOAATOOAET 1 AGO OOAA
plug, made of wood, was also fabricated to match the ferrule housing with properties of

height and outer diameter chosen to generateolume available for packing of filaments

between ferrule walls andplug to approximately match the volume alsdound in¢ 6 1 OAI

and ¢ &quarehousings.
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Testing of circular ferrule was performed to help generalize the application, however as
noted previously no beads were presentlt is understood that the mean force values may
be different due to the peak behaviorhowever results from testing of the ciralar ferrule
housing are provided to explore the friction force behavior, as well agor a general

comparison. Testing resultsusing circular ferrule can be seen in Figure 4.20 along with the

Figure 4.19 Circular Ferrule Housing.
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Figure 4.22 Static Friction Force Distribution in
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As expected, a significant difference in friction force behavior can be seen for the
circular ferrule housing (Figure 4.20). Due to the ésence of the rolled beads, the force
values attained within the circular housing do not display a peak in static force
distribution; instead more expected friction force characteristics are evident. With
consistent surface geometry, filament bundle and feule walls experience a consistent

decrease in interaction of surface areas of as a function of displacement. In result, the
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distribution displays the expected trendline of decreasing static friction force as #unction
of filament bundle displacement.

Although evident from Figure 4.20, results from ANOVA Tukeiramer confirmed
that circular ferrule static friction force means are significantly different (Table 4.9)
between low, medium aml high volume fractions with p=2.92x1039 for the circular ferrul e.
Shown in previous sections, consistent difference between volume fraction means walso
Al 01T A @lalOferrujed housing of stainless steel f=1.26x1016 @ AT A ¢ 6
(p=8.07x1020) ferrule housing of stainless steel For the three varying ferruleshapes, the

volume packing fractions of low, medium and high of 46.4%, 48.1% and 49.8% ftbhre ¢ 6

ONOA

oval ferrule housing, of 43.2%, 46.4% and 49.6%or thec 6 ONOAOA EAOOOI A E

46.6%, 47.5% and 48.4% forthe circular ferrule housing respectively. Results from
statistical analysis for each ferrule housing material type can be seém Tables 4.94.10 as

well as in boxplot form of Appendix-C.Achieved mean static friction force as function of

Table 49 Comparison of Means & a Function of
Ferrule Shape and Volume Packing Fraction

Low Medium High
My 95% CI U 95% CI Us 95% CI
20 Ov 6.06 {5.70,6.42} 11.54 {10.26,12.82} 19.27 {17.31,21.23}
20 Squ 5.63 {5.29,5.97} 13.09 {12.12,14.07} 19.05 {17.52,20.58}
Circular 3.46 {3.39,3.53} 7.45 {7.39,7.50} 12.36 {12.04,12.69}

Table 410 Pairwise Difference Between Meansf
Volume Packing Fraction as a Function of Ferrule Shape

Hi- Mo 95%CI Hi- M3 95%CI Ho- M3 95%CI
20 Ov| -7.72 {-9.94,-5.50} -15.46 {-17.64,-13.27} -7.73 {-9.95,-5.51}
20 Squ -747 {-9.16,-5.77} -13.42 {-15.11,-11.73} -5.95 {-7.64,-4.26}
Circular -3.99 {-4.30,-3.68} -8.90 {-9.21,-8.59} -4.91 {-5.22,-4.60}
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ferrule shape andvolume packing fraction are displayed in Table4.9, with significant
pairwise difference between means highlighted in Table 4.10.

Assuming the same surface finistor the inner walls of the selected ferrules, it was
evident that the static friction force means for each volume packing fraction type using a
AEOAOI AO ZAOOOI A AOA OECGTI EEZEAAT OI U 11 xAO0
ferrules. With 95% wnfidence, statistical analysis showed that a significant difference
exists between mean values of static frictiorfTable 4.11)found for the three ferrule types
as function of volume packing fractions ofow (p=4.74 x10-16), medium (p=2.19x10-19) and
high (p=1.22x1038) between circular, ¢ dval and 26 square shapeferrules respectively.

Supporting data can be seen in Table 4.Hhd boxplots found in AppendixC.

Table 411 Pairwise Difference Between Meansf
Ferrule Shape as @unction of Volume Packing Fraction

H2o-Hos 95%Cl Moo -Hc 95%Cl Hos- Hc 95%Cl
Low 0.44 {-0.03,0.89} 261 | {214,307} | 217 {1.69,2.64}
Medium | -155 | {3.06-0.04} | 409 | {2.58,5.60} | 5.64 {4.11,7.18}
High 0.23 {-2.17,2.63) 691 | {451,931} | 6.68 {4.20,9.16}

Considering the type of comparison being made here, the results suggedbkat ferrule
housing shape could provide anféect on the pulling force required to displace the filament
bundle within the ranges of volume packing fractions testedFigure 4.23 shows the
compilation of mean valuesof static friction force a function of ferrule housing shapeand
volume packing fraction and The results suggest that the square shape fermulhousing
would require the maximum amount of force to displace dilament bundle, medium for

oval shape housing and minimum for circular shape.

63



N
ol

(]
o
o High
L 20 Volume
c .
S5 Fraction
B 15 B Madium
L % [ ] Volume
o s L Fraction
= c% 10
© » Low
= Z =
0 < . Valume
= 5 L 4 Fraction
) &
=

0 T T T 1

Circular 2" Oval Steel 2" Steel Square

Figure 423 Mean Static Friction Force as a Function of
Ferrule Shapeand Volume Packing Fraction.

4.5 Discussion of Results

The experimentd data collected suggests that force required to displace filaments from
ferrule housings could be dependent on the ferrule housing material coating typeferrule
size and ferrule shape. However to establish more accurate answermore testing would

be necessary with consideration of other factors that may contribute to the friction force
such as the surface finish of housings. Again, it is important to establish that this was a
preliminary exploration of the static friction force distribution within ferru le housings.

With the comparison performed through statistical analysis using ANOVA Tukey
Kramer and Studentt processes, it was found that the most common ferrules of stainless
steel, copper and brass material types show the highest friction force values for brass
coaing, the lowest for copper and medium for stainless steel. In similar terms, the force
values were also found to be the highest for the largest of the three ferrules tested within

~ z.A s A oz -
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ferrule housing also displayed that a significant diffeence between pulling force is present.
With tests performed for individual ferrule housing shapes of oval, square and circular, all
were found to be statistically different between each other. Most complex shape of square
form between the ferrules testedwas found to generate the highest force necessartp
displace the filament bundle, with second highedor the oval shape When considered, the
results summarized here follow the expected outcome.

Results from testing also demonstrated the range of pedé&rces required for further
subsystem prototype design stages:or the testing process performed, a maximum value of
force required to overcome static friction was found to be 29.75 Newtons. This valueowld
be used further in stages of embodiment and deil of angle trim forming full-scale
prototype. The established magnitude of the maximum forceofind through testing would
lead the appropriate component selection to provide the force necessary to displacthe
filament bundle and associated prototypesubassembilies.

In the case of dynamic filament bundle displacement, it can assumed that the
friction force would be lower; however, lecause the initial friction force is not equal to the
peak force experienced during diplacement, the value of the maximunforce is used as the
worst case design tactic fodesignof prototype. Additional testing wouldalsobe conducted

for other existing spedfications of knots not tested here.
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Chapter 5: Embodiment and Detail Design

In order to evaluate the performance 6 the top chosen concepts fronproof of concept
testing, semtautomated physical prototype models for angle trim forming and filament
straightening subsystems were designed and fabricated. This chapter describes the detail
design stages ofull scaleprototype model development.

Models were developed through a combination of hand sketch design and hand
calculations with solid modeling and analysis also performed through 3D Computer Aided
Design (CAD) usingPro-Engineer software. Pototypes were intended to explore best
suitable design for core subsystems to offer ease of subsystem refinement and integration
in the future. Design objectives were to establish modular subsystem architecture and knot
interface  with minimal subsystem footprint while satisfying al specified target
specifications, functional requirements and design criteria. Appropriate componendesign
and selection was performed to meet theeriteria of Design For X (DFX), or:

1. Design For Manufacture;

2. Design For Assembly;

3. Design For Mintenance and

4. Design For Cost
To make sure target specifications, functional requirements anBFXare satisfied, motion
analysis as well as stress and deflection analysis were also performed using fogineer
solid modeling software.

Prior to further elaboration it is important at this time to highlight that
specifications of each component chosen or designed often show themselves to be

extensively detailed, but nonetheless considered. In this chapter as well as chapter of
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subsystem rdinement, such specifications are not introduced for the sake of brevity.
However, a record of all components and associated assemblies exists and can be available
upon request. Examples of such records in the form of bill ahaterials, engineering
drawings, pneumatic diagramsand assembly drawings are introduced further irChapter6.

5.1 Design Elements

To build automation systems in a modular way, it is often desired to use readily available,
off-the-shelf components. This approach has many benefits, Inding ease of replacement
of defective and wornout parts, cost savings, shorter design times and more rapid
implementation of the machine. A simple combination of pneumatic components, linear
motion bearings, quick connect slotted aluminum extrusion prafes, sensors and
programmable electronic controllers can often generate fairly complex, low cost, precise
and efficient automated systemq7]. This catalog approach was taken to further develop
the prototype models. Peumatic components, linear and rotational motion hardware,
custom fabricated components, structural support components, electronic control and
programming were used to mechanize and automate actions necessary to satisfy the
prototype functional requirements.

To create the most efficient design process using the catalog design approach,
components and their specifications were researched first. Necessary components were
selected aml modeled using PreEngineer 3D CAD solid modeling software. As an
alternative fabrication space, components were then assembled to model the full system
prototype. Selection of components was performed such that for physical fabrication to
occur, necessary components would be purchased, purchased and altered or custom

fabricated to match he design specifications as well as provide necessary static and
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dynamic performance checked through analysis available within solid modeling software.
With variety of components and their distributors, prototype design stages were
performed with a goal tominimize cost, time for assembly and time for maintenance. For
this reason, component selection was performed from the most reputable automation
component manufacturers of SMC Pneumatics, Clippard Minimatic, Omega, 80/20 Inc. as
well as most popular indudrial supply distributors of McMaster-Carr, MSC Direct, Grainger
and Motion Industries. For further elaboration, different types of components are
described below.

Pneumatic ComponentdJse of pneumatic components offers a number of benefits,
almost always preferred by the automation industry.Compressed air is sustainable, cost
efficient and safe.With a wide selection of modular components, use of pneumaticso
offers fast system degin time with ease of assemblyand maintenance while offering high
cycle rates, repeatability with high precision and reliability. For the systems in design,
commonly available pneumatic components such aactuator air cylinders and gripper
mechanism wereused to provide the required process actuation or motior(Figure 5.1).

Round type cylinder actuators manufactured by Clippard Minimatic were of most utilized

www.Clippard.com

Figure 5.1 Pneumatic Components:
(a) Round Actuator Air Cylinders; (b) Pneumatic Gripper; (d) Fittings.
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type, with afew exceptions of SMC Pneumatic and linear motion slide integrated actuators.
Depending on the application, the actuators were selected based on the requireating of
force, distance of actuation (stroke), and available mounting position to name a few.
Fittings as well as flow control valves were used to offer control and necessaliype-tuning

of speed of actuation. Furthermore, selection of standardized fittings, manifolds and Y
Union flow separators were used to offer ease of design of pneumatic circuits and
distribution of air pressure to perform simultaneous motion of actuatorswhen needed.
Additional pneumatic components of electronic controlled solenoid valves were used to
distribute and air flow to control cylinder actuation through electronic signal.

Motion Hardware.Using the provided actuation of pneumatic systems, linear and
rotational motion requirements were achieved using a variety of readily available motion
hardware, such as the ones shown in Figure 5.8ost linear motion components were a
combination of a precision cut or extruded guiding shafts or guideails and ball bearing
filled pillow blocks to offer smooth and precise linear motion as well as ease of

replacement and mounting. Specifications of guiding shafts and rails as well as associated

(@) (b)

wwwTHK.com www.Sdpsi.com www.NookIndustries.com

Figure 5.2 Motion Hardware Components:
(a) Guide-rail with Ball Bearing Filled Pillow Blocks; (b) Bronze Sleeve Bearings;
(c) ACME Screw and Nut
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bearing pillow blocks were selected tgoroperly match the required loading requirements.

In some cases, for ease of maintenan@ad limitations due to space, solid type bearings
such as plastic UHMWPE selflubricating low friction bearings and PTFE oil inpregnated
bronze sleeve bearings were used to offer motion on flat or circular surface geometry.
When ease of automated adjustment or precision of component location was necessary,
precision ACME threaded rods and nuts were used to effectively convedtary motion into
smooth, precise linear motion. As a standardized type of transversal threading, ACME
design threaded rods and nuts are machined with high precision to offer extended
precision in component location. Use of shaft, guideil or ACME threadedrod along with

a bearing surface to achieve linear motion also offers ease of mounting, where shaft or rail
mounts are offered to precisely mount the necessary hardware. For the shafts requiring
rotational motion, thrust bearings and radial ball bearings vere used to accommodate
loads in axial and radial directions as well as provide smooth, low friction rotational
motion.

Custom Fabricated Partsin order to better meet the design requirements, some
components would be custom fabricated. Using 3DCAD solid modeling techniques,
components were designed and analyzed using Finite ElemeAnalysis (FEA Mechanica
package integrated into PreEngineer design software. Analysis performed was used to
check the selection of material necessary to satisfy theesired limits of stress and
deflection of components. After the design has been established, engineering drawings
were created to manufacture the part using manual or Computer Numerically Controlled
(CNC) machining. In some cases, componen®uld also be manufactured through rapid

prototyping techniques using ABS plastic.
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Design and fabricationwould commonly be performed for components not available
for purchase that require a specific design to satisfy the design requirements. As an
example, mostfabricated components were subassembly mounting support plates, jaw
plates, shaft mounts and brackets to name a few. For the purpose of prototype fabrication,
most components requiring machiningwould be of 6061 alloy aluminum, or cold rolled
steel to offer gquck fabrication time.

Structural Support ComponentsTo offer ease of component mounting and
adjustment, the supporting architecture was developed using 80/20 Inc. industrial erector
set. As a widely popular alternative to fabrication and design of automan machinery,
80/20 offers a wide selection of components that can be fastened together to accommodate
most industrial applications without the need of expensive fabrication equipment.

T-slotted aluminum extrusions, joining brackets, different methods ofastening as well as
dynamic modules are offered in a variety of shapes and sizes to match the desired design
application (Figure 5.3). Offered in a number of metric and fractional forms, -Elot
aluminum extrusion beams were used to create the necessaryrgtotype frame work.

Extrusions could be machined down to the length required and then connected using a

T-Slot (b)
Aluminum
Extrusion
Joining Low Hiction
Bracket .
Solid
f_,_,—r”—f‘ Bearing

www.8020.net

Figure 5.3 80/20 Components:
(a) T-Slot Extrusion and Joining Bracket; (b) Linear Bearing Bracket
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combination of a screw, T-nut and supporting brackets. For ease of adjustment, the-Aut

is able to slide within the Fslot of the profile while also creating a sufficient fastening force
when tightened with a screw and locked in place. In some cases, available high cycle
UHMW-PE low friction linear solid bearings were also used to create the motion of
necessary components or suassemblies of components.In such an example, the
aluminum extrusions function as linearguide rails (notion previously introduced in Motion

Hardware section above) for the low friction linear bearings.
5.2 Prototype Architecture and Knot Interface

Using described design elements, stages of detail design were used to explore the most
efficient prototype architecture and knot interface designs. From examination, it was found
that the best quality of the knot was produced as all necessary actions weperformed
around stationary vertical position of the knot (Figure 5.4). Furthermore, o better meet
the goal production rate of 30 knots/min, it was of interest to explore processing of
multiple knots within each subsystem.Subsystem architecture and knotnterface design
needed to be established such that it was modular for all subsystems while offering ease of
future integration with other subsystems assembly and maintenance. Established notions

for prototype architecture and knot interface are introduced below.

Figure 54 Vertical Position of the Knot:
X-Plane Shows the Mounting
Surface (Bottom of Ferrule).
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Prototype Architecture.In order to achieve the desired criteria, multiple designs of
prototype architecture and knot interface combinations were examinedFigure 5.5shows
the prototype architecture found to be most applicable with structural support and
i T 01 OET ¢ POl OEAAA OEOT OGCE Al 1 AE

design and a vertical mounting plate.

Vertical
Mounting Alﬁgﬁzm
Plate
Extrusions
Mounting
Surface

ETAOQOET T 46 yn7rc

Figure 55Al nv-d b s8ubsystem Prototype Archite

(a) Mounting Plate Fastened (b) Mounting Plate Removed (for maintenance)
To create a simple yet rigid support structure, 8020 p 6 @p 6 A ITAlot plén@hgnd
extrusions were to be assembled through supporting 8®0 fasteners,brackets and plating
to create O) 1 OAOOAOT O OUDPA A OAEdE ©Od &Gt havidds Bwo
benefits, flat square base for mounting of subsystem at the bottonwhere the red plate
delineates a mounting surface(Figure 55), and vertical structural support for process
performance. Using the support of the vertical extrusions, asertical mounting plate was
envisioned to house the necessary component subassemblies.

The vertical mounting plate was to be attached to the vertical beam extrusions

through screw fasteners, where to offer easef assembly and maintenance, the vertical

mounting plate and attached components couldoe removed without disturbing the
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mounting and alignmenti £ OEA OOA Out®0 Ad O OGBAMMAOGIGUAE BSD).
Concept of removable vertical mounting plate also offers modularity, where the
architecture design can renain uniform for all subsystemswith different assemblies on the
mounting plate. Furthermore, Figure 5.5demonstrates the prototype architecture that if
considered as a unit could easily be adjusted when mounted or relocated if necessarhis
can also help tdbetter accommodatefuture integration other subsystems.

Knot Interface.Prototypes were envisionedto accommodate two knots at one time
to better meet the required production rate while offering time for process performance
and transfer of knots between subsystemsAlthough manual insertion of the knots would
be necessary forprototype testing, prototype models were developed to mimicsecure
input, location and restraining of knots in a vertical alignment, performed later by the
transfer subsystem.Assuming simultaneous input of a pair of knotslocation of the knots
would occur at the uniform height and position within the uniform architecture of all

subsystems. Using manual input, two gripper subassembliéastened to the vertical

Gripper
Subassembly |7

Figure 5.6 Subsystem Architercture and Knotlnterface.
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mounting plate (Figure 5.9, would simulate location and restraining of knots for process
performance.

From manual calculations and supporting proobf-concept model evaluation, the
location of the knot was found to be critical for the processf angle trim forming. In order
to create the desired quality of the angle trim form, the edge of the knot would have to be
precisely aligned with the pivot axis of the filament gripper jaws. To achieve the desired
precision, gripper subassembly(Figure 5.7) were designedto precisely align and hold the
knot through a combination of a pneumatic gripper, alignment platform and gripper
fingers. SMC parallel jaw pneumatic gripper was chosen to symmetricaltyrip the knot
from both sides to hold it in place when closed. To simulate inputeach knot would be
placed on an alignment platform between the gripper fingersGripper piston bore was
selectedto provide the required holding force without deforming the ferrule excessivelyin
compressionwhileaccd | T AAOET ¢ po6 O o6 xEAOEO 1T &£ ET1 00¢

could also be regulated through the amount of pressure provided to the gripper.

(a) Figure 5.7 Gripper Subassembly

(d) (Top) Gripper Subassembly;
(Bottom) Vertical Positioning of Knot;
(e) (a) SMC Pneumatic Gripper;

(b) Alignment Platform;

(c) Gripper Finger,;

(d) Bead Slot;

(e) Alignment Step;

(f) Mounting Thread.

(©)

(b)
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Gripper fingers were designedso as toencompass radial potions on the sides of the knot,
and include a slot at the bottom to hold the bottom bead of the knot(Figure 5.7). The
alignment platform has a step in the rear, which, along with the grooves designed in the
gripper fingers, helps to poperly locate the knot with respect to the gripper and other
subassemblies Fastening of the gripper fingers as well as the alignment platform would
occur through the provided mounting thread on the gripper jaws. For the testing of
prototype models, gripper fingers and alignment platform were designed to accommodate
oval shape ferrules ofc 6 xEAOE AT A OEEAET AOO lipkylonT p ¢ 6
AEI Al AT OO AT A ¢8uvdo xEAOE 1T £ vrwoe OEEAET AOGO
blend.

To hold the knot in the vertical position, gripper subassemblies would be mounted
to a vertical mounting plate, spaced apart at alistance. Figure 5.6 demonstrates an
example of a subsystem architecture and knot interface envisioned to be used uniformly
between subsystems. Through further design refinement, the sizing of the extrusion
structure and mounting plate would be established as well as the optimal distance between
knots. In similar terms, location of knots with respect to the prototype architecturevould
need to be uniform, with defined X, Y and Zocation for each knot. These aspects of
refinement would need to be determined with consideration of the knot transfer
subsystem, acceptable speed of transfer and spacing between subsystems.

The following detail design sections for angle trim forming and filaments
straightening prototypes demonstrate the discussed knot architecture and knot interface

design.
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5.3 Angle Trim FormingPrototype Design

As demonstrated by the proof of concept model, the angle trim forming subsystem was
required to perform multiple functions. Using the achieved prototype architecture and knot
interface, for angle or flat trim forming to occur as per specification, (1) knat were to be
received, positioned and held in a vertical position, (2) filaments were to be gripped and
displaced to a specified lengtkout value, (3) flat trim: filaments were to be released; angle
trim: filaments were to be rotated to create thel5° angle trim profile within £1 ° tolerance
and (4) the knots were to be released from the subsystem for the next process.order to
achieve the functions described, physicabrototype of angle trim forming was designed

through Pro-Engineer solid modeling as sen in Figure 5.8

Single-Side

Jaw

Subassembly
Vertical
Mounting
Plate

Gripper

Subassembly
Vertical
Positioning
of Knot

Figure 5.8 Angle & Flat Trim Forming Prototype (Pro -Engineer 3D Model)
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In form shown, all required actions are performed around the knot held securely in
a vertical position (Figure 5.8 using the previously described gripper subassemblies
fastened to the vertical mounting plate. Location of the knots occurs such that they are
placed between singleside actuated jaws, where one jaw is stationary and other is used to
clamp the filaments. Knots are placed with sufficient space for gripping of filaments as well
proper alignment of the ferrule edge with the pivot axis of the jaws. The jaws agepart of a
filament-jaw-assembly Figure 5.9, designedto create the previously described motions of
vertical translation to length-out and 15° rotation of the filaments to create the angle trim
form. To create the flat trim, the rotational motion couldbe disregarded

Filament Jaw Assemblyhe design structure of the assembly was established where
a rotation plate was used to house two gripper jaw subassemblies to grip filaments and a

bar-link subassembly to simultaneously rotate both gripper jaw subassmblies to 15°.

Figure 59 Filament Jaw
Assembly:

(Top) Shown from Front;

© (Bottom) Shown from Back;
(a) Rotation Plate;

(b) Jaw Subassembly;

(c) Bar Link Subassembly;
(d) Pillow Block Ball Bearing.

(b)

(b)

(@)

(d)
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To create precise vertical travel of the filament jaw assembly, three pillow block bearings
were mounted symmetrically to the rotation plate(Figure 5.9d)). Thebearings were made
to match precision stainless steel shafts secured to the vertical mounting platé=igure
5.10(a)). Vertical translation was achieved through pneumatic actuators(rated at 20
pounds of force) of regulated stroke length to allow for variability in lengthout
displacement value (Figure 5.10(b)). Selection of the bore of the actuator and its force
rating was based on calculations of weight of the filament jaw assembly and the defined
maximum force of filament displacement fromdesign for parametertesting. A factor of1.5
was also used to accommodate filament displacement for larger size knots if necessary.
Figure 5.10 shows the angle trim forming prototype without the filament jaw
assembly, where the establisherototype architecture is used to house the precision

stainless steel shaftsand pneumatic actuators. Design othe gripper-jaw and barlink

subassemblies are described below.

Figure 5.10 Angle Trim Forming
Prototype:
(Filament Jaw Assembly Hidden)
(a) (a) Precision Stainless

Steel Shafts;
(b) Pneumaic Actuators

with Variable Stroke
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Gripper Jaw Subassembl@ripper jaw subassemblies were designed to create a
single-sided closing action necessary for gripping dilaments. Figure 5.11shows a pair of
such subassemblies, which were designed to be fully symmetrical in design to offer
modularity (satisfaction of DFX) A single jaw subassembly isomposed of three jaw plates.
Jaw pates A and B actas mouwnting and support plates while pate-C (hidden for
elaboration purposes) was used as a single acting dynamic jaw to compress filament
bundles. In order to create an efficient method of filament bundle gripping without
filament loss or damage, plates C and B were equipped with filament gripper plates
described further. Closing action of the jawplate-C was to be performed through a
pneumatic actuator, which was nosemounted on the back of the jaw [ate-A as shown in
Figure 511(Bottom). To closethe jaw, the actuator rod pulls jaw plateC against jaw fate-

B. To guide the mton of the jaw plate-C, precision ground stainles steel shafts were
mounted to plate-B, allowing precise and low friction motionof the jaw plates through

PTFE oil impregnated bonze sleeve bearings preséit into jaw plat-C.

) Figure 5.11 Pair of Gripper

@ -
Jaw Subassemblies:

(b) (Top) Shown from Front;

(Bottom) Shown from Back;
® (a) JawPlate-A;

(©

(b) Jaw PlateB;

©) (c) Jaw PlateC;
« (d) Filament Gripper
Plate;

(e) Nose Mounted
Pneumatic Actuator;

O () Precision Stainless

Steel Shaft;

(@) (g) Bronze Sleeve
Bearing;

(h) Clevis-pin Connection
Pivot Points.
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The actuator was selected to provide an adequate force range which can be adjusted
through the pressure provided. With varying filament types, pressure could be regulated to
assure that clamping force was adequate to provide the necessary friction force to mri
filaments without causing damage to the filamentsShown in Figure 511 are also pivot
points achieved through a clearancéiole and clevispin combination for connection to the
bar-link subassembly described further.

Figure 5.12(Top) shows an established filament gripper plate design mounted on
jaw plates B and Qo grip filament bundles. Many different concepts were examined with
combinations of geometries and materials to properly grip filaments. Resulting form o
gripper plate was designed to encompass the filament bundle with sufficient gripping
surface, preventing filament flaring under compression through sidevalls (Figure 5.12(b))
and offer ease of mounting andeplacement through symmetrical, recessed mouing
holes. Additional considerations were symmetry of the plate design to cudown on
manufacturing cost(satisfaction of DFX)and time, where a duplicate of a single plate can

generate a pair of gripper plates to symmetrically grip the filament bundle.

Figure 5.12 Filament Gripper Plates:
(Top) Single Gripper Plate;

(Bottom) Pair of Gripper Plates
(Method of Gripping Filament Bundle);
(a) Contact Gripping Surface;

(b) Side-walls (To Prevent Flaring);

(c) Recessed Fastener Mounting Holes.

(b)
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Figure 5.12 (Bottom), demonstrates the proposed method of filament bundle gripping,
where the plates are offset to fully encompass the filament bundl&or a different type of
knot, different filament gripper plates would be installed by the operator in the future to
accommodate differentwidths of knots through quick release fasteners. To allow ease of
gripper plate replacement, jaw plates C and B woulthclude pre-established mounting
holes for all sizes of gripper plates.

Connection of thegripper jaw subassemblies to the rotation plate was performed to
allow rotational motion. Figure 513 demonstrates the method of connection, where jaw
plates B andC are hidden for one of the subassemblies. When assembled, the jaw plates are
restricted to the plane of the rotation plate, with only freedom to rotate the required 5°.
Mounting to the rotational plate occurs through aradial pivot bearing, to precisely identify
the rotation vertex, and a series of precision collars to guide the motion of the grippgw
subassembly Fasteningof the pivot bearing occurs through a presdit connection, where

the mounting hole and bearingolerances are calculated to create an interferencét.

(f) (€) (d)

Figure 5.13 Mounting of

Jaw Subassemblies:

(a) Rotation Plate;

(b) Radial Pivot Bearing;

(c) Precision Collars;

(d) Radial Motion
Grooves;

(e) Radial Clarance
Grooves;

() Actuator Shaft.

(b) (© @)

82



Radial motion grooves indde the main rotation plate were designed precisely to allow
sliding motion of the precision cut collars for the prescribed %°. Again, tolerances of the
precision collars and motion grooves were calculated to allow smooth, precise radial
motion. Jaw plate A and B sandwich the collars and the pivot bearing, locked in place
through a set of screw fasteners. Additional clearanceadial grooves were also added to
allow clearance for the shafof the actuator usel to actuate the motion of jaw pate-C.

Bar Link Subassemblyln order to perform simultaneous rotation of jaw
mechanisms, a bar link subassembly was use8hown in Figure5.14(Left), the bar link
subassembly is composed of a lever plate, ab@r and two pneumatic actuators. To
perform simultaneous rotation, the gripper jaw subassemblies were connected together
using alever plate, resembling a 3var link mechanism with four pivot points
(Figure 5.14(Right)). To createa more compact solution as well ease of maintenance, the

lever plate was made to fit between top parts of plate A and B, with two pivot connections

(b) @) (d) (e)

(©)

Figure 5.14 (Left) Bar Link Subassembly;
(Right) Rotation using Bar Link Subassembly (Cbar hidden);
(a) Lever Plate; (b) Gbar; (c) Pneumatic Actuator; (d) Clevispin; (e) Motion Grooves
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occurring through a clearancehole and clevispin combination as introduced previously.
Additional two pivot points were radial pivot bearings connecting the jaw subassemblies to
the rotation plate.

Due to space limitations and to minimize weight of the filamenfaw assembly, he
rotational motion was ahieved by converting the vertical actuation motion of two
pneumatic actuators to rotational motion. Close tolerance motion gpoves (Figure 5.14(e))
in the level plate were designedOi AT T OAOO OEA OAOOEA AekactAAOOAC
rotational motion of 15° to create an angular profile at the edge of the filamentwithin
specified tolerance

With actuators securely mounted to theotation plate, connecting Gbar
(Figure 5.14(b)) was used to provide a connection beveen tips of actuators to create
symmetrical vertical motion for precision shoulder bolts used to slide within the grooves.
Upon actuation, sliding action of precision Isoulder bolts displace the leverplate in an
arching motion, causing the required 15° rotational motion of the gripper jaw
subassembliesas shown inFigure 5.14Right).

Final Form Figure 5.15below shows the designof the angle trim forming prototype
in its finalized form with established prototype architecture, knot interface and filament
jaw assembly. Figure 5.15a) demonstratesthe benefit of modular architecture designand
satisfaction of design for maintenance and assembly criterjavhere a vertical mounting
plate is removed with the associated component§for maintenance purpose$. The back
view in Figure 5.15c) alsodemonstrates a location of a control plate which would be used
to store pneumatic and electronic control components, making it easily available for

adjustment and maintenance. With all the necessary control and pneumatic systems stored
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on the contol plate, it is expected that each subsystem as a unit can be easilyp@sitioned

or removed without complications.

Control Plate

Figure 5.15Final Form of Angle Trim Forming Prototype:
(a) Vertical Mounting Plate Removed; (b) Front View; (c) Back View

5.4 Filament Straightening PrototypeDesign

Likewise, for filament straightening and combing to occur as per specification, (1) knots
were to bereceived after angle trim forming, positioned and held ina vertical position, (2)
filament alignment was to be straightened to a vertical alignment within the specified
tolerance of £3°, (3) flaments were to be combed out to loosen tangled filaments, and

(4) the knots were to be releasd from the system for the next processFigure 5.16below
shows the physical prototype of filament straightening designed to achieve the functions

described.
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Figure 5.16 Filament Straightening and Combing Prototype
(Pro-Engineer 3D Model)

As established before, all required actions ar@erformed around the knot held
securely in a vertical position. Previously described gripper subassembliggigure 5.16)
perform location and holding of the knot in a vertical alignment to mimic input bythe
transfer subsystem. Location of the knot withineach gripper subassembly is established to
match the location of knots within angle trim forming prototype relative to the uniform
architecture of both prototypes. This would aid in the future subsystem integration with a
knot transfer subsystem responsibé for transfer and location of knots for each process.
Upon input, the knotis located between the paralleimotion combing jaws containing

combs (Figure 5.5). To straighten the alignment of filaments, combs are inserted into the
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sides of the knot symmetrcally at a specified depth and height and then horizontally
translated for a specified distance to tilt filaments into place. Following, the filaments are
combed using a vertical motion of the combs. The jaws containing combs are a part of a
combing head asembly designed to perform motions just described.
Figure 5.16, demonstratesthe prototype architecture design previously discussed in
A £ Of T-£#60ADBEEOAAOO0OA8 (1 xAOAOh EO EO EI BT «
the functional requirements for testing in a shorter time and lower cost a vertical mounting
plate was not used. Instead, vertical beam extrusions served the function of linearotion
guide rails with a combination of 80/20 low friction linear bearings to achieve vertical
motion of the combing head. Furthermore, the function of tilting of filaments into
alignment was performed through a relative motion between the knot and comb. In order
to avoid high manufacturing cost for miniature linear bearings to create motion o$mall
combs within the combing jaws, the knot is translated relative to a stationary comb instead.
The shift table subassembly used to translate the knots is described below.
Shift Table Subassemblyranslation of the knot is performed through a shift table
(Figure 5.17(@@) shown below) which houses the gripper subassemblies. Figure 5.17 shows
the modifications of the prototype architecture and knot interface performed for the
purpose of this prototype. Associated alignment platform and gripper fingers
(Figure 5.17(c, d)) were redesigned to properly locate the center of the knot with the
center of the combing jaws. Again, translational motion of the shift table is achieved

through a combination of aluminum extrusions (Figure 5.17(g)) and low friction bearings

(Figure 5.171f)). To achieve the alignment of filaments within the desired tolerance,
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Figure 5.17 Modified
Prototype Architecture and

)

Knot Interface:

(a) Shift Table;

(b) Vertical Alignment of
Gripper Subassemblies;

(c) Modified Alignment

Platform;

(©)
(d) Modified Gripper Fingers;

(e) Adjustable Stroke
Pneumatic Actuator;

() Linear Motion Low Friction
Bearings;

(g) Extrusions as Linear Motion
Guide-rails;

(h) Pneumatic Actuators for
Combing Head Vertical
Motion.

@)

(€)

()

(b) (f) (d) (h)

horizontal translation distance is regulated through an adjustable stoke pneumatic
actuator (Figure 5.17e)).

Symmetricalinsertion of combs at a prescribed depth and height, as well as vertical
combing motion is performed by a combing head assemblipesign of the combing head
assembly isdescribed below.

Combing Head #semblyAs it was established, the shift table subassembly is e to
perform the function of translating knots relative a pair of stationary combs to tilt filaments
into place. Additional functions of inserting combs at a prescribed depth and height, as well
as combing are performed by the combing head assembly. Aft&knot input, combing jaws
are closed symmetrically to insert the combs, the knot is translated to tilt filaments into
place (function of the shift table), and the filaments are combed through vertical motion of

the combing head.
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Figure 5.18i) shows the design of the combing head assembly. The combing head
design was established where two combing jaw subassemblies-igure 5.1§i-a)) are
housed in an Lframe (Figure 5.1§i-b)) with supporting pneumatic and linear motion
components. Low fricion linear beaings (Figure 5.18i-c)) mounted to the L-frame are

used to create precise vertical motion of the combing head on vertical extrusions of

(i) =

@) (e)

(d)

(b)

(©

Figure 5.18 (i) Combing Head Assembly: (Top) Front View, Bottom (Back View);
(ii) Filament Straightening Prototype Architecture (Combing Head Assembly Hidden).
(a) Combing Jaw Subassembly; (b) Lframe; (c) Linear Bearings; (d) Pneumatic Actuator;
(e) Vertical Adjustment Plate.

the prototype architecture shown in Figure 5.1§ii). To perform vertical translation,
pneumatic actuators of constant stroke were selected to accommodate the required height
of combing (Figure 5.B(ii-d)). The actuators are mounted on a vertial adjustment plate
(Figure 5.18(ii-e)), which can be regulated in vertical position relative to the knot. With a

solid connection of actuator rods to the combing head, height of comb insertion into the

knot is regulated by the vertical position of the veical adjustment plate. Likewise to
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satisfy DFX, the combing head can be easily taken off the vertical extrusion for maintenance
much like shown in Figure 5.18(i,ii).

L-frame and Combing Jaw Subassemblidfe combing jaw subassemblies were
designed to ceate symmetrical motion of comb jaws such that combs are inserted on ot
sides of the knot. Figure 5.1@Iop) shows a pair of such subassemblies which are uniform
in design. Each combing jaw subassembly is composed of two jaw plates containing combs,
bronze sleeve bearings,a pair of precision stainless steel shafts and associated shaft
mounts, and two lever tabs. Combs, designed to be modulavere modified from existing

hand combs to mount to the combing jaw plates.

Figure 519
(Top) Pair of Combing Jaw
Subassemblies;

(d)

(©) (Bottom) L-frame.

(a) Jaw Plate;
(b) Comb;

(f) (c) Precision Shaft;
(d) Shaft Mount;

(b)

© (e) Lever Tab;
(f) Bronze Sleeve Bearing;

(a) (g) L-frame Top Plate;

(h) 80/20 Gusset;
(i) Connecting Seam.

©) 0

(h)

90



Figure 5.20 Combing Head Assembly:
(Top) Shown with Top Plate Hidden;

(Bottom) Assembled Combing Head;
(a) Connecting Seem,;

(@)

(b) Window;

(©)

(c) Lever Tab;
(d) Pneumatic Actuator.

(d)

(©)

(b)

The plates are also uniform in design, where to offer precise and reliabieethod of
motion, PTFE bronze oilmpregnated sleevebearings (Figure 5.19 were pressHit with the
plates to slide on precision shafts. Mounting of the subassemblies occurs through shaft
mounts onto the top plate of the Eframe (Figure 519(g)). Figure 5.2qTop) demonstrates
the resulting assembly with top plate hidden. The {frame design has been formed to offer
ease ofmaintenance, where two plates are joined through fasteners at a connecting seam
(Figure 5.19() and Figure 5.2@a)) as well as gusset provided by 80/20 (Figure 5.19h)). If
desired, the top plate of the Hrame can be removed with combing jaw subassemigls and
pneumatics intact. Within the tq plate are windows (Figure 5.2@b)), designed to accept
the sliding motion of a lewer-tab (Figure 5.2Qc)) connecting the jaw plates topneumatic

actuators (Figure 5.2dd)). One pneumatic actuator is dedicated to acate the motion of a
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single combing jaw. In order to select the desired depth of knot insertion, adjustments can
be made at the connection of the actuator rod to the leveab.

Final Form Figure 5.21shows the filament straightening prototype in its finalized
form. As noted previously, the prototype architecture and knot interface have been
modified, however the functional requirements of the prototype as well as the knot
interface requirements were met. As highlighted in the description, the filament
straightening prototype is good example ofa modular design with satisfaction of DFX
criteria. With already modular prototype architecture, ease of maintenance and assembly is
offered through simplicity of component removal such ashte combing head assenlip. For
example the combing head offers the option of separating the plates of theflame with
combing jaw subassemblies and associated pneumatics intact for ease of access to perform
maintenance.The modular design of the combing jaw subassembly & good example of
satisfaction of DFX with uniform design for multiple components such agaw plates ard
combs as well asninimized types of fasteners usedAs introduced previously, Figure 5.21
also shows the control plate used to house pneumatic drelectronic control componentsto

better aid in system maintenance

Figure 5.21 Final Form of Filament Straightening Prototype
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Chapter 6: Prototype Fabrication and Testing

From the stages ofdesign performed through solid modeling,prototype models were
fabricated and tested in order to evaluate the perfanance of established concepts for
angle trim forming and filament straightening. This chapter further introduces the process
of physical prototype model fabrication and testing acamplished.

6.1 Prototype Fabrication

This section describes the fabrication process in the order of which it was performed,
where the bill of materials was compiled first, engineering drawings, assembly drawings
and pneumatic diagrams were created second and the process of assembly was performed
last.

Bill of Materials (BOM) In order to assist in fabrication, a bill of materials was
compiled, which is a list of components necessary for prototype assembly and important
information pertinent to such components. As described previously, most design elements
would require direct ordering from a supplier, ordering and alteration or custom
fabrication. The bill of materials helps to keep track of such relevant and other useful
information. Appendix-D demonstrates an example of a bill of materials formed, where
individual lists were formed for subassemblies and then further divided into categories of
required hardware components, pneumatic components and electronic components. To
better communicate the required information, each BOM would support required reference
information for assembly, description of the component and ordering information. In order
to properly reference the component among assembly documentation, each component
was given an item number, part number and specified engineering drawing number (if
alteration or fabrication was necessary). Additional description was also provided to assist
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in assembly, where the use of the component, design element component type and
additional commentswere provided if necessary. To complete the BOM, required ordering
information was also specified such as ordering quantity, supplier part number and
associated prices. Compiled BOM was then used to procure the necessary components for
alteration and assembly.

Engineering Drawings.To manufacture or alter required components, engineering
drawings were created. In order to properly communicate the required component design,
engineering drawings were used to specify critical manufacturing information to meethe
DFX and othercriteria. Appendix-E demonstrates an example ofengineering drawings,
which communicate nstances of critical hformation such as dimension tolerances to
achieve sliding moton or interference type fit for joining of components. Additional details
commonly specify type of fastener thread to be created and at what threahgagement. If
flat type fastener is to be used, the radius and angle of countersink was also to be specified.
Common specifications were also established for clearance type and blind holes. To
complete the drawing, drawing number, part name, material typ@nd necessary quantity
for fabrication were also specified. In some cases, comments were added to reference
other components and their tolerances.

Assembly Eawings andPneumatic Dagrams. Manufactured components were used
to assemble the required praotype. Steps of assembly were documented using assembly
drawings. Appendix-F shows an assembly drawing which helps to visually communicate
the steps of required assembly along with specified part number. To create ease of
assembly, design through solid mdeling has been performed to meet DFA criteria,

resulting in building of subassemblies as modules to be later incorporated into larger
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assemblies Appendix-Galso showsand example of a pneumatic diagram, also documented
to display pneumatic system design,component type and pressure routing design.
Appendices D through G demonstrate an example of bill of materials, engineering drawings,
engineering drawingsas well as assembly and pneumatic diagrams needed to manufacture
a single filament jaw subassemblyeen as a part of the angle trim forming subsystem. The
documentation shown in these appendices ian example of documentatiorprovided to the
sponsor of this research upon project completion.

Prototype AssemblyDocumentationabove was used to guide the faication process
of full scale prototype models. As already introduced, components were ordered, ordered
and altered or custom fabricated as per requirement of bill of materials and engineering
drawings. Resulting components were then assembled using thgovided assembly and
pneumatic diagrams. Furthermore, for the purpose of further testing, prototype models
were made to interface with control modules to simulate automated method of knot
processing Figure 6.1on the following pageshows the physicalprototype models resulting
from the fabrication process described here. However, for the sake of brevity the general
fabrication process is introduced wherefurther examples shown pertain to the prototype
of angle trim forming. As it can be seen in Figuré.1, the fabricated models demonstrate all
the design aspects just described in the chapter of embodiment and detail design.

Prototype Architecture and Gripper Interfacd. T ZAAOEAAOA OEA4 ®ODBDI O
structure of the prototype models seerin Figure 6.1, 8020aluminum extrusions
(Figure 6.1(a)) were cut down using manual machining to establish the lengths required.

Individual sections of the lengths where then joined using a combination of 8020 aluminum
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Figure 6.1 Fabricated Physical Prototype Models
(Left) Angle Trim Forming Prototype ;
(Right) Filament Straightening Prototype;
(a) 8020 Aluminum Extrusion; (b) Vertical Mounting Plate; (c) Precision Shafts;
(d) SMC Pneumatic Gipper; (e) Gripper Fingers.

brackets, T-Nut and screw methods of fastening. A vertical mounting plate (Figure 6.1(b))
was CNC machined as per specifications of the design, to offer mounting aégsion shafts
(Figure 6.1(c)) for vertical motion of filament jaw assembly, and then attached to the
vertical beams of the supporting aluminum extrusion structure.

In order to simulate input and holding of knots performed by a transfer subsystem,
gripper sub-assemblies were assembled. SMC Pneumatic GrippéFgure 6.1(d)) were
ordered which would provide holding of knots for knot processing. In order to properly
interface between theSMCgripper jaws, gripper fingers (Figure 6.1(e)) were fabricated to

match the specification of the knots later used for testig. Figure 6.2(Lef) below showsan
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Figure 6.2 Gripper Finger Design:
(Left) Shown as Mbdeled through ProEngineer 3D CAD,
(Right) Shown as Rbricated though ABS Plastic Rapid Prototypingand Vinyl Coated.

example of a gripper finger as modeled in Pr&ngineer and Figure 6.2(Right) showshe
gripper finger after it has been fabricated through ABS plastic rapid prototyping and then
coated with vinyl to promote friction. Figure 6.3 showsan example of acomplete gripper
subassembly which includes a pair of gripper fingers, an alignment platform, also rapid

prototyped, and the pneumatic gripper itself.

Figure 6.3 Complete Gripper Subassembly
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Building of SubAssembliesUsingindividually ordered or manufactured components,
subassemblies were assembled next and then integfed into assemblies. Figure 6.4hows
the bristle jaw assembly in its assembled form. Like most assemblies, a major component
such as the rotation plate woull house other components and subassemblies. For example,
to complete this assembly, suassemblies offilament gripper jaws would be put together
first (example of documental used for manufacture and assembly seen in Appendices D
through G)and then integraed into the major component of rotational plate. The rotation

plate is an example of @omponent manufactured through

Figure 6.4 Filament Jaw Assembly (®own as Fabricated.

CNC machiningo achieve complexgeometry for the radial motion groovesand their tight
tolerances for smooth motion of collars Further assembly would occur around the
rotational plate, as other components and subassemblies would be attached through
specified methods of fastening and interference fit amections. Such components would

include motion hardware such as radial bearings, pillow block bearings, as well as
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pneumatic hardware. To complete thefabrication for the angle trim forming prototype,
filament jaw assembly would be placed on precision shits and mounted to the vertical
mounting plate (Figure 6.1). Likewise, gripper sulssemblies would be attached to the
mounting plate to properly locate the knot with respect to thefilament jaws. Mounting of
pneumatic actuators to the vertical mounting plate, responsible forertical actuation of the
filament jaw assemblywould follow as a finishing touch.

Preparation and FineTuning. To prepare the prototype for testing, associated
pneumatic and electronic control routing was performed. To help fingune the motion of
pneumatic components, flow control valves were installed. Through additional pneumatic
hardware such as YUnions, manifolds and electronic control valves, pneumatic routing
was established to allow control of pneumatic components(Figure 6.5), some in
synchronous motion. As a part of the stages of prototype testing a semiautomated
fashion, electronic control programming was also explored through LabViewlLego NXT

programmable modules and electroniecontrolled solenoid pneumatic valves.

(d) (©) (b) @)

Figure 6.5 Pneumatic Components andlectronic Control Setup:
(a) Y-Union Fittings and Pneumatic Routing; (b) Pneumatic Manifold;
(c) Electronic-controlled Solenoid Pneumatic \Alves; (d) LabViewLego NXT Module.
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Figure 6.5 showsa pneumatic manifold which distributes theair flow at the desired
pressure to electronically controlled solenoid valves. Using LabViewddtware, the NXT
modules were programmed to simulate semautomated processing, where through a
voltage pulse the electronic solenoid valves would distribute airflow in a sequencef
required operation. In the form shown, theknots would be input manually as the rest oftie

process would be automated.
6.2 Prototype Testing

To evaluate the peformance of angle trim formingand filament straightening prototypes,

testing was performed with two distinct knot recipes. Knots selected were of oval shape

ferrule and angle trim type, withal T I ET AT  OEUA 1 &£ ¢é6 xEAOE Al
consisting of silvertip nylon flamentsand20 6 xEAQOE 1T £ vITyo6 OEEAET AOC

and white pig hair natural filament blend as shown irFigure 6.6.

Figure 6.6 Knot Samples Tested
(Left) 20 Knot with Silver Tip Nylon S
(Right) 2.50 Knot with Nylon and White Pic
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Ten knot samplesof each kindwere received from sponsoras assembled by the factory.
The samples werethen settled in the laboratory using a vibration table and then testedn
the order of knot processing, where the samples wereated to create the angel trim form
and then straightenfilaments. For the sake ¢ comparison,for each process, five knots were
processed by handand another five using the semiautomated prototypes. Sections below

describe the sequence of testing and associated resufts each process

6.2.1Testing of Angle Trim Forming Prototype

For each size brush, five knot samples were shaped by hand, using a gauging block, as
currently performed by manual operation; and five were shaped using the prototype
developed. All knots were weighed prior to gauging and reviewed for unifordfilament
distribution. Figure 6.7shows additional viewsof the full scale prototype. Orthe following
page Figure 6.8demonstrates the sequence of angle trim prototype operatiorduring

testing.

Figure 6.7 Angle Trim Forming Fabricated Physical Prototype
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1. Knot 2. Held by 3. Filaments 4. Filaments
inserted gripper clamped moved up

5. Filaments 6. Filaments 7. Knot 8. Finished
rotated released released knot

Figure 6.8 Angle Trim Forming Prototype 1-8: Sequence of Operation

To simulate semiautomated processing, each knot wasnanually placed on an
alignment platform betweenthe gripper fingers Figure 6.8(step 1). The NXT modules were
turned on to run the designed program agest of the process Figure 6.8(step 2- step 7)
was performed though automated actuation of pneumatic components.

Results from TestingSeven knot characteristics were measured oevaluated for
each knot to asses resulting quality. Characteristics assessed were), ptecision of the 15
trim (x1° tolerance), (2) quality of angle trim linearity, (3) quality of knot in terms of
dragback present, (4) stability of plug inside the knot(5) total knot integrity, (6) precision

of length-out value, and (7) time of processThrough visual assessment, the precision of the
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15° trim, quality of angle trim linearity, amount of dragback presentstability of plug and
total knot integrity were recorded using a rank scale of 0 to 5 with 5 being the best. A score
of 5 thus indicates no dragback present in the knot or a perfect angular distribution of the
filament. Time to gauge the knot was recorded using a stop watch in seconds, while the
length out value was measured using a digital caliper in inches. Lengtut value was
measured in three places of the knot and then averaged and recorded for each run. The
precision of the angle trim was determined by using a template manufacturethrough
computer aided designto resemble the knot spedications as seen in Figure 6.9(a)To
compare the angle trim distribution, the knot was centered on the template with the angle
profile trim aligned against the edge as pictured in Figure 6.&®). With a very tight
tolerance of +1°, knots not following the template were expected to be outside of the
tolerance range (commonly receiving a rank less then 4 or not acceptable).Displayed
result in Figure 6.9b) demonstrates an example of a knot assessed visually receiviag

ranking of 5 for both angle trim precision and angle trim linearity.

(@) 5 —1 (b)

PRTC&YS%

FRONT

Figure 6.9 (a) Angle Trim Profile Template;
(b) Example of Angle Trim Profile Visual Assessment
Precision of15° Angle Trim i Rank 5;
Angle Trim Linearity 7 Rank 5.
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Results from the test (Tables 6.468 1 @ OEIl x OEAO OEA bwad O1 OUD;

significantly better than that of the handoperated process for both types of brushesSx of
the seventest criteria showed a significant improvement/El O OEA ¢ (p <<BI0H E
and four of the seven/El O A ¢(8<w<®.05 BdthQypes of brushes received a mean

rank of 5 for precision of the angle trim using the prototype with no dragback present

ET

while hand assemblyl £ OEA ¢ 6 &rh32®0; G686/ CRA A.O23R8AT A ¢8u d

received am= 1.80; 95% CI: {1.24, 2.35} with presence of dragback.

Table 6.1 2 &ilver Tip Nylon Synthetic Knot;
Angle Trim Forming Criteria Results.

Hand Operation Prototype Operation
Comparison

Mean 95% CI Mean 95% CI P-Value Mo- Uy

15° Angle Trim (£1°
%Rank) (*1°) 3.40 | {2.72,4.08} | 5 {5.5} 0.0079 1.60

Angle Trim Linearity
(Rank) 2.80 | {1.76,3.84} 5 {5,5} 0.0079 2.20
Dragback (Rank) 2.60 | {1.92,3.28} 5 {5,5} 0.0079 2.40

Plug Stability (Rank) 5.00 {5,5} 5 {5,5} 1 0

Knot Integrity (Rank) 3.00 | {1.48,4.52} 5 {5,5} 0.0079 2.00
Time (sec) 3.52 | {3.35,3.70} | 2.02 {1.87,2.18} 0.0079 -1.5

Table622 . 50 White Pig Hair &noNatur al
Angle Trim Forming Criteria Results.

Hand Operation Prototype Operation
Comparison
Mean 95% CI Mean 95% CI P-Value Ho- Py
15° Angle Trim (£1°)
(Rank) 3.20 | {2.16,4.24} 5 {5,5} 0.0079 1.80
Angle Trim Linearity
(Rank) 3.20 | {2.16,4.24} 5 {5,5} 0.0079 1.80
Dragback (Rank) 1.80 | {1.24,2.35} 5 {5,5} 0.0079 3.20
Plug Stability (Rank) 5.00 {5,5} 5 {5,5} 1 0
Knot Integrity (Rank) 5.00 {5,5} 5 {5,5} 1 0
Time (sec) 3.65 | {3.50,3.79} | 2.03 {1.93,2.14} 0.0079 -1.62
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A significant improvement intime to form the knot wasalso evident as both types of knots
receiveda m= 2.02; 95% CI: {1.87,2.18} anéd m= 2.03; 95% CI: {1.93,2.14} fothe time
required by the prototype £ O ¢6 AT A ¢8uvd ETAE ETT O OAOPAAC
operation were recorded to bem= 3.52; 95% CI: {3.35,3.70} anan= 3.65; 95% CI: {3.50,
379 £1 O ¢6 AT A ¢8uv6 EAndé&trinEforiniAy ogefidm hrauglE @A | U
prototype showed a mean rank of 5 for angle trim linearity, plugtability and knot integrity
for both types of knots over handoperation.

As expected, precision of the lengtout value also showed a statistically different
performance (p << 0.05) between the two methods of operation for bothtypes of knots
The comparisonis displayed below in Tables 6.3 and 64 along with the specification value
of length-out used for testing.No statistical dfference was observed in plug stabilityfor
both types of knots due with an equal rank of 5 for hand and prototype angle trim forming.
Both types of knots preserved the stability of the plugs without any visible sign of plug
displacement or falling out.

Table6320 Silver Tip Nylon Synthetic K
Length-Out Value Results

Hand Operation Prototype Operation
Specification Comparison
(in) Mean 95% ClI Mean 95% ClI P-Value Mo~ Uy
Length -Out
Value (in) 2.85 2.79 | {2.69,2.89} | 2.86 {2.84,2.86} 0.0079 -0.07

Table642 . 50 White Pig Hair &noNatur al Fil am
Length-Out Value Results

Hand Operation Prototype Operation
Specification Comparison
(in) Mean 95% ClI Mean 95% ClI P-Value Mo~ My
Length -Out
Value (in) 2.6875 2.60 | {2.57,2.62} 2.66 {2.64,2.68} 0.0079 -0.27
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Although the plugstability did not differ between hand and prototypeoperation, a sign of
prototype system reliability needs to be highlighted; wherethe stability of the plug was
conserved without any support of the gauging blockrom the bottom during displacement
of filaments to create the lengthout specification. Furthermore, the action of filament
rotation to create the angle trim form also did not falter the stability of the plug.

Example of angle trim formedknots can be seen in Figure 6.10wvhere images (a)
and (b) displayknots formed by hand and (c) and (d)display knots formed by prototype. A
significant difference in quality can beseenbetween the hand and prototypemethods of

operation, especially in the precision and linearity of the angle trim.

@

(©

TOP
TOP

(b)

Figure 6.10 Angle Trim Formed Knots:
(@ 20 Sil verHaidiOperaBop;nt het i c
(b) 2. 50 Wh iHarel Ofperatipn;Ha i r
(c) 20 Si |l v ePrototype pper@tiomt het i c
(d) 2 .te5Pdg HaWHPIototype Operation.
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