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Abstract

The goal of this paper is to describe the operadiwh design of a
computer tool that was created to help user's moeel broaching
tools. The difficulty in designing new broachingt®is that there is a
very high cost per tool and, once created, theweiig little flexibility
in how the tools is used since only the only pateméhat can be
changed is the tool velocity. For these reasoissiibportant to design
a broaching tool correctly.

The program that is presented here can take aalipibfile and
a desired final tooth profile and use them to @eat series of
intermediate tooth profiles based on specificatigiven by the user.
The tool also models the forces on the teeth watt Imechanistic and
energy based equations. This allows the user kiyuand easily gain
a good understanding of the forces that are at waring the cut. A
simple user interface which gives the user cordver a wide range of
variables makes the program a useful tool for #rey/elesign stages of
a new broach.

A. Introduction

Broaching is the process by which a single toolhwit
multiple teeth is pushed through a hole or slothEsuccessive
tooth on the tool gets larger and closer in shapthé¢ desired
final profile of the hole.

The major benefit of broaching is that it is a vepyick
manufacturing method: the entire cut often takss than a few
seconds and can go from an unfinished hole to a hith a
complicated profile in one pass. In some cases thé only
process available to reliably create such completerior
geometries. Also, once the broaching tool is desiggnd setup
each cut costs comparatively little and requires tperator
adjustments. It is for these reasons that broach&gn
attractive option for large scale, mass manufacturi
operations.

The downside of broaching is that tool design carcdstly
and time consuming. The tool itself can only bedut® the
specialized cut it has been built for. Unlike stamized,
interchangeable drills and milling tools, broachesust
typically be custom-made.

For these reasons it is important for engineeisaie the
proper tools available to them while designing btoag tools.
Since broaching is made costly primarily due tocdheation of
the tool, allowing a toolmaker to rapidly exploteetdesign
space by automating the computationally intensés pafr the
design process and iterating through a multitude taol
configurations would save time and money. The toa
created assists in the process of engineering besaay giving
engineers a way to quickly and easily see the $orce
experienced by different broach configurations yean the
design process.
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B. Related Research

Much research has been done into the mathematical
modeling of the broaching process, as well as smsearch
into computer modeling using FEM and even MATLABorF
example, in Vijayaraghavan [1], the stresses andla@tements
in a broach were analyzed using computer-based F&M
several rake angles, concluding that it is advadag to use a
tool with a zero degree rake angle to minimizeiogttedge
displacement for workpieces that offer a largefistaace to
deformation. This same paper also discusses havg¢oFEM
to evaluate the depth of the work-hardened zonethef
workpiece. In Shi [3], an online machining processnitoring
system is presented, composed of sensing, triggeidata
acquisition, characterization, condition monitoriagd feature
extraction packages. Kokturk [4] discusses a meattogy for
designing optimal broaching tools by concentratioy the
geometric and physical constraints. Computer so@waas
written that implemented this methodology. The nmgdal was
to optimize the broaching procedure primarily witlspect to
tool length; it seeks to create the shortest (drabretically
cheapest) tool possible.

Probably the research papers most relevant to mjeqh
are those by Ozlu [5] and Ozturk, Ozkan, and Ef2jnThe
former [5] proposes a series of algorithms that sihulate the
broaching process. A computer software package snake of
the algorithms to calculate the physical parameigrsthe
process and predict performance measures. Theaioilkcan
calculate cutting forces, power, maximum stress,p ch
thickness, rake angle distribution, and evolutidnth® work
piece geometry. The latter [2] presents mathematioal
optimization methods and process models. Cuttincefg tooth
stresses, and part deflections are modeled angzadalising
cutting models and FEA. Simulation was done with a
MATLAB program, with the paper giving a simplified
algorithm. The program outputs predicted forcesthstresses,
and part deflections with inputs of material chéegstics, tool
and part geometry for two modes, with and without
consideration of deflection effects on cutting Boalculations.
Simulation is carried out over time where the tisohdvanced
into the material in small increments.

C. Program Description and Walkthrough
C.1 The Graphical User Interface

The program is divided into four sub programs. Tihst
program runs the Graphical User Interface; thisviwre the
user can input the parameters of the broach toatting
process, and work piece. The GUI program takesisiee input
and passes it to the other three sub-programse She GUI
program calls the other sub-programs and passesniafion




between them it is also considered to be the masistrol
program of the tool. A flowchart detailing the irdetions of the
sub-programs can be seen in Fig. C5.

The GUI is designed to provide the user a locatitrere
he can quickly and easily adjust a number of differ
parameters related to the broaching tool (Fig E&ving all
the parameters laid out in one place is importattée tool is
going to be easy to use and help engineers examargy
different broaching tool models in an efficient man
C.2 Tooth Profile Finder

When the GUI/Master program is run (via the caltaula
button on the interface) the first sub-program atlscis the
Tooth Profile Finder (TPF). The GUI passes the TiFradius
of the initial profile, the image of the final tdoprofile, and the
resolution of the image (in mm/pixel). The TPF ledkrough
the image of the final tooth profile and stores aies of
coordinates recording where the black pixels inithage are.
The program then fits a polynomial function to bdike X and
Y coordinates of the pixels. Relating the functidagether in
terms of a third variable gives the TPF a contirmjamooth
line to work with (Fig C1). The line is scaled tatoh the size
of the initial profile based on the resolution bétimage.
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Figure C1: The Tooth Profile Finder uses a png infilg (top) to generate a

curve representing the desired final tooth profileen, using the number of

teeth the user wants in their broach, the prognaates a series of intermediate
tooth profiles between the initial and final prefilbottom).

Next the program creates evenly spaced lines Hudiate
from the origin and extend from the initial proftie the poly fit
line of the final profile. Based on the number ekth the
broach is supposed to have the radiating linesbeoken up
into points that are spaced evenly between th&lirand final
profiles. These points are then used to creaténtieemediate
teeth profiles.

To find the uncut ship area of a given profile TifeF uses
the points that make up the profile and the pdimé make up
the previous profile to create a series of quatdnitds, where
each quadrilateral is made up of two points froroheprofile
(Fig C2). The TPF program finds the area of eacddlateral

on each profile and then returns the data as axistck to the
GUI. It also displays the tooth profiles for theeugFig C1). .
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Figure C2: The Tooth Profile Finder uses pointscegaalong a given profile
(here, Profile C is used) and the previous prdffleofile B) to make a series of
quadrilaterals. Taken together, these quadrila@gparoximate the uncut chip
area for the given profile (Profile C). Note thhetapproximation gets more
accurate as more points are used along a profile.

C.3 Individual Tooth Force Calculator

Next, the GUI passes all of the parameter valuesuser
entered into program to the Individual Tooth Fo@aculator
sub-program (ITF). The GUI also passes along tka af each
guadrilateral in each tooth profile.

The ITF treats each quadrilateral as a single taati the
rake and inclination angles specified by the u&king the
information the GUI gave about the cutting procesdd
workpiece the sub-program can find the cuttingushrlateral
and machining forces on each quadrilateral. The d&f use
either energy or mechanical methods to find thedsr this is
explained in more detail in section D. The ITF ratuto the
GUI the forces found on each quadrilateral andddtee forces
found on the first and last tooth profile. Graph®wing the
different profiles (a graph is created for cuttitigrust, lateral,
and machine forces) is returned to the user.

C.4 Force Over Time Calculator

Next, the GUI passes parameters about the cut @me f
values for each quadrilateral to the Force Over eTigub-
program (FOT). The FOT sub-program calculates oked time
for the cut and which teeth are engaged with thekpiece at
regular intervals throughout the cutting processcé&the sub-
program knows which teeth are engaged at a giver and
what forces those teeth experience it can plotated cutting,
thrust, and lateral forces experienced by the &any given
moment.

A feature of the program that is worth noting is #ibility
to have the program automatically alternate thdinaton
angle of the teeth. For example, if the user watttecteeth on
a broaching tool to have an inclination angle ofd2@rees and
activated this feature then the teeth on the broachld
alternate between a 20 degree and -20 degree atiolin The
alternating angle option is useful because it gtesia simple
way to drastically reduce the total lateral forae the tool.
Once all the teeth are engaged with the workpidoe t
alternating lateral forces cancel each other out keep the
total lateral force closer to zero (Fig. C4).
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Figure C3: The GUI can control various parametbmuathe teeth (blue section) as well as paramatssat the cut and workpiece
(green). In addition, the user can specify the ienfilg and resolution being used for the final toptofile (brown). Finally, if the user
desires, they can bring up the force profiles fepacific tooth in the broaching tool (purple).
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Figure C4 The total lateral force on two different five thdroaching tools i
shown over time. The broaching tools werentitml (10 degree rake angle,
degree inclination angle, teeth spaced 5 mm apacgpt for the broach for tt
top graph kept the same inclination angle while tdw for the bottom grap
alternated the inclination angle. Note that therkdtforce i, in general, much
lower for the second tool.

C.5 Individual Tooth Force Profile Calcula

Finally, if the user desires, the GUI can print theust,
cutting, and lateral force profiles over the petieneof a
selected tooth. The GUI uses the outpum the Individual
Tooth Force calculator to graph the requested d&@.ITF has
done the bulk of the work to find the force prdilsince it ha
found the forces on each individual quadrilaterthe GUI
handles the rest of the work and just totals rces on the
quadrilaterals from the requested tooth.

User Input Program User Output

Individual Tooth Force Profile 8 Specific Tooth
Tooth |_r\ Calculator (if used) Force Profiles
Information _11/>
Cut, Tool,
& Workpiece
Information -

Tooth Profile > \_ Tooth Profiles '\

Final Tooth Finder 11
Profile Image

Individual Tooth 5 >
Force Calculator Force Profiles

Time Calculator /_‘1) Time Graphs

Figure C5 The flow of programing in the broaching tool ispped out. Firs
the user inputs the desired parameters, the GUtévi&ontrol Program rur
the appropriate suprograms, and finally thcalculated data is displayed to the
use.

D. Technical Approach

Two methods were used to find the forces on thehtee
the broaching model, a mechanistic approach anéremgy
based approach. Both methods are available forwitkethe
program.

D.1 Mechanistic Approach
The equations used in the calculation of forces
geometry in our model are well known oblique cut
equations, along with a few base assumpt
« Material at the shear plane is yielding, and thtits:
maximum shear yield stre: 7, = S,, /2

e Shear angle is calculated based on the Lee & Sat
model:p, = % + (Yo — Ba)

» Stabler’s Rule for chip flow angle is in effen, = 1

From there, we derive relevant geometric relat
including rake angles, shear angles and chip flogles in
normal and orthogonal plan

e y,=tan"1(tany, cosA) (normal rake)

e @, =tan"1(tan @, cos 1) (normal shear)

R T](p _ tan_l (tanbcos((pn—yn)—tanny*sm (pn)

CcOoS ¥n
The chip area can be determined from the giventustdp

width and depth of cut:

e a=hx*xw

Using our assumption of yielding at the shear plahe
first force calculated is the orthogonal shear

a*Tgp

@ singg
The normal rake face friction force is calculatesing the
friction angle:
« Bo=tan"ly
* N(p:Pw*tan(‘pO‘l'Ba_yo)
From this,we can find the overall machining force usin
well understood equation:



— Po
" cos 0xcos(On+@n)*cosnp+sin Oy xsinn,

Finally, the machining force can be split intodtsstituen
parts along the cutting, thrust and lateral diet

e F,=Rx*(cos8,*cosl+sinb; *sinl)

e Fr=R=x(cosB, *sinb,)

e F, =R=*(sinf; *cosA1 — cos B, cosb, *sinl)

This mechanistic force model is very general andlccbe
applied to any oblique cutting problem. We useduanerical
method for our approach, dividing eactofile into discrete
areas. The forces for each small area is calcylatmbrded
and can be manipulated in various ways:

e Summation to find total force on one tooth pr¢

e Direct graphing to show how forces on an individ

tooth change along its profile

e Optimization to find maximum and minimum forc

on a tooth and identify areas of highest matetialss

Our model makes use of this general mechanistice
model by calculating the chip area in a unique vizach toott
experiences a force based on its associated abgp(Big D1).

Chip Area for Tooth C ToothD Profile

Tooth C Profile

Tooth B Profile

Tooth A Profile

Figure D1:Chip area for a given tooth profile (Profile

In our nunerical approach, each profile is divided int
series of points. As such, we calculate the chgmasf eacl
small section by finding the area of the irregudaadrilatera
connecting two consecutive points on two conseeupirofiles
(Fig D2).
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Fig. D2 Irregular Quadrilaterals connecting consecupeets
on two adjoining profiles (Profile C and Profile

From this, we can find an equivalent depth of cyt
averaging the distance between points 1 and 3 aimtisp?2 anc
4. The equivalent width ofut is thus the area divided by t
depth of cut. We feel this is a good approach terdgning the

chip area, much like the mesh formed on a solidylthding a
finite element analysis. Alternate approaches wing the
calculation of depth of cut orthonally to the profile proved
problematic for a number of reasc

Firstly: small, sharp turns in the final profiletedfi result ir
45° or 90° angles between consecutive data poimta single
profile, yielding wildly variable and erroneous phhickness

Secondly: any formulation using this approach tesuin
consistent overestimation of numerical chip ardalding a
compounding error that reduced confidence in ot

For curved, indeterminate profiles, such an approi
difficult to implementnumerically, and may best be used i
more analytical analysis of chip area for such |mois

D.2 Energy Model Approac

We compared our mechanistic model to one usingifsp:
energy to determine the forces. This approach osaty of the
same base eqtians as the mechanistic one, with the
difference that the forces are not based on thengsson of
yielding at the shear plane. Instead, the firstds calculated
are in the cutting antthrust direction:

e Fo=uc*xa

e Fr=ur*a

The specific emgy equations used were adapted fi
example problems as a way to compare the resultseofwo
approaches. Though these equations are typi
experimentally derived for particular combinationef
workpiece and tool material, it is posited thatyttsill hold
some validity in the general case. These specifiergy
equations are taken from HW#2,

o u = 315040233 —0.122 ,—1.318yy

o up= 1175h—0.615V—0.14Se—1.115‘ynFT =ur*a

From the cutting anthrus forces, all other forces can be
derivedin a similar manner to the mechanistic model apgh

D3. Modd Validation

To confirm the validity of our model functions, wsed &
set of existing oblique and orthogonal force caltiohs pullec
from available homework solutions. We compared roode’s
solution with the known value and calculated petcermor
(Table D1).

Table D1: Results of Our Oblique Cutting Models Qamed With
Known Homework Solutions

Source [Model Resul |Known ValugPercent Errgr
HW#1, Q3Fc = 531.47471|F; = 531.5N | 0.00476%
HW#1, Q3F; = 134.75771|Fr = 134.8N | 0.03138%
HW#2, Q1P, = 468.7500!1 |P, = 470N | 0.26596%
HW#2, Q1P, = 305.7179!'|P, = 305.7N | 0.00586%
HW#2, Q3y, = 8.6822° |y,=8.682° | 0.00230%
HW#2, QY Fc = 394.5634I|Fc = 395.29N0.18381%
HW#2, QY Fr = 232.89831|Fr = 233.27N0.15934%




After putting the model through its paces, we dateed
that it was properly calculating the appropriatglas, force:
and velocities.

E. Results
E.1 Varying images

The program was tested in various ways to demdestna
types ofresults that can be gotten for different imagepuis,
and methods of force calculation. The following as@amples
of the output for three different input profilestiwithe sami
input values. The input values are the same awtlisted in
Figure C2, gcept for the image name. The results can be
in the figures below. These results were found gisihe
mechanistic method of force calculation.
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Figure E1: Results for Test Profile 1. From tofbtdtom: (a) The original oute
profile inputimage (b) All of the profiles given and generated the giver
outer and inner profiles, (c) The force distribngofor cutting, thrust, latere
and machining forces on the first and last teeth,The total cutting force fc
the tool over time, (e)fe total thrust force for the tool over time, (Heltotal
lateral force for the tool over time.
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Figure E2 Results for Test Profile 3. From top to bottoa): The original oute
profile input image (b) All of the profiles givemd generate for the given
outer and inner profiles, (c) The force distribngofor cutting, thrust, latere
and machining forces on the first and last teeth,The total cutting force fc
the tool over time, (e) The total thrust force floe tool over time, (fThe total
lateral force for the tool over time.

E.2 Varying I nputs

We also tested several different changes in theut
parameters for the same outer and inner profileghis case
the outer profile is the same as that used in Eidtt above
The folowing images show the output that changes with
stated change in input. We only give a few exampk®, bu
the program can be used to easily compare theteftdcany
small changes on a given input configuration. Thessults
were found using theechanistic method of force calculati
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Figure E4: Results for Test Profile 1, with 10 teeind without alternating
inclination angles. From top to bottom: (a) Thectodistributions for cutting,
thrust, lateral, and machining forces on the fast last teeth, (b) The total
lateral force for the tool over time.

E.3 Varying M ethods

We also made a version of the program capableinfenergy
methods for force calculation. The following examp$ the
same in every way as that in Figure E1, but thee®rwere
calculated using energy methods.
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Figure E5: Results for Test Profile 1 using energthods. From top to bottom:
(a) The force distributions for cutting, thrusttelal, and machining forces on
the first and last teeth, (b) The total cuttingctofor the tool over time, (c) The
total thrust force for the tool over time, (d) Ttwtal lateral force for the tool
over time.

-25




F. Discussion

Through the above tests, we discovered a few pmoble
and limitations with our program. First of all, thgraphs
showing the force distributions over the individuakth are
somewhat incorrect with this implementation. Theywia
should work is that each small area of the pradheuld have
the same effective chip width with the total chiga varying
between areas because of a change in effectivet whdp
thickness. However, at this point, the distancesvéen points
along a profile are related to the distances betviiee pixels in
the image. Therefore, when the profile image hsisaight line,
the points are closer together than they are whenlibe is
diagonal in the image. This causes profiles sucthasircular
one in Figure 4 to have a decrease in force atdpeof the
profile because of the smaller chip area due tollemahip
width, where this should actually be the part & tnofile with
the largest force for a given small chip area. Tigld be fixed
by, after fitting a curve to the profile, redistniing the points
along the curve in such a way that all of the poiwhere the
same total distance apart.

Additionally, the intermediate profiles are curignt
positioned based on the distance between corresgppdints
on the starting and ending profiles. Another optiaruld be to
position the intermediate profiles in such a wagttthe total
chip area of every profile is equal. This would sadhe total
force added by a single tooth to be the same asékesuch
that there was no large jump in total forces onttiod

There is another limitation in that there is nodevice of
the gradual entry of an oblique tooth. This modebves the
force over time graphs having the force simply juompby a
total when the next tooth enters the workpieces Mmuld be
the case with an orthogonal tooth, or if you ingntinclination
angle of zero into our program. However, in reatitye side of
the profile would enter first, such that the forcesuld
gradually increase as a result of that particudatit entry until
the whole tooth had passed into the workpiece. Timigation
prevents us from seeing what the force over timalavbe like
for some interesting cases, such as if the distheteeen two
obligue teeth facing the same way was small endbghthe
second tooth started to enter the workpiece befardirst tooth
was all the way in.

Also, at this point, the outer profile is simplyihg fit to a
polynomial curve using MATLAB’s built in polyfit faction.
However, there are many ways to do curve and piiimyg for
such an application. Using polyfit, any sort of ghaurve or
corner does not turn out very well, changing theypgh
significantly from the intended profile. This coutdobably be
fixed by some research and experimentation with MAB's
curve fitting utilities and other mathematical cainfitting
algorithms.

For the specific energy approach, we use a giveérofse
equations for specific energies. These equationg ar
experimentally derived from a relationship betwetfio
specific materials. Therefore, these equations weitly for any
set of tool and workpiece materials. It would bedido have
some way of inputting these equations such thatptie of

materials can be changed. Also, as of this poiminging the
velocity in the mechanistic approach has no eftectforces.
This is because the forces are calculated basetheogiven
yield stress. In reality, there is a relationshiptvieen the
velocity and the yield stress that our program dusgake into
account. This relationship is also material specifihat is why
velocity affects the forces for the energy model aot for the
mechanistic model.

G. Summary and Conclusions

This paper discussed the creation of a program wbam
simulate a slot broaching process in a wide rariggtaations.
It creates evenly spaced tooth profiles from digiteages, and
uses these to calculate the lateral, thrust, @jtind machining
forces over the perimeter of a specific tooth, &l as finding
the total lateral, thrust and cutting forces ovémet It
automatically displays the highest and lowest &tethrust,
cutting, and machining forces over the perimeter first and
last teeth (the minimum and maximum total forces,
respectively). The tool can be used when desigaibgoach to
quickly and easily experiment with different togitofiles and
geometries.

Some improvements that could be made to the current
program are finding the intermediate profiles basedtotal
chip areas, modeling the forces of gradual entrp ithe
workpiece by an oblique tooth, and fixing the disttion of
points for outer profile such that the small chipas used for
the force distribution curves have equal chip waditr a given
profile. Also, we could allow for more versatileading
profiles, such that the program could take in aagethat was
not the specified resolution, it could deal withels where some
black pixels had three neighbors, etc. It could affow for
more flexibility in inputs and outputs. For exampy®u could
input the orthogonal rake angbe the normal rake angle, you
could input maximum forces and it would give youipch
thicknesses and number of teeth, etc. It would ab&o
interesting to use a similar approach to modekdiifit kinds of
broaching other than just slot broaches, such asrnal
broaches.
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Matthew Glisson — Created the GUI and interfacéd al
of the subprograms with the master program. Created
the subprogram that calculates forces over time.

Anton Galkin — Helped to create the oblique cutting
subprogram that calculates forces based on givign ch
geometries, etc. Created the subprogram that takes
output from the profile area finder and createsdor
profiles for a given tooth.

Sara Whitby — Helped to create the oblique cutting
subprogram that calculates forces based on givign ch
geometries, etc. Created the series of subprograms
responsible for reading images into MATLAB, fitting
curves, creating intermediate profiles, and finding
small chip areas for each profile to use in force
calculations.
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