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Abstract

This article isdedicated to th@umericaloptimization of circulaisaw tools Because of their
geometrical shapeesemblinga thin spinninglisg they aresusceptible to vibratiorsndonly
possessa low static and dynamic stiffnes3.he main elements to achieve higbality
machining results with circular saw blades are their geometrical features and manufacturing
parametersT he typicalbehaviou of these tools can be influenced épecificvariation ofthe
geomety of expansion slotanddamping slotsOn the part othe manufacturingorocess, a
massive influence othe static and dynamibehaviouris exercisedby the roll tensioning
parametersThe targetvaluesof circular saw bladesare high critical speed and maximum
static and dynamic stiffnessPreviousattempts at optimizing and designing circular saw
bladeshave been absolutegmpiric andarenot based on continudysparametrized models.
This article shows in examgethat optimizatiorusingconsequentlyparametrizeanodels of
circular sawbladesis feasible The calculatedesultsare contrasted witland rated against
conclusionsof the latest state of technologyhe results showthat the CAD-models of
circular saw blades can be paramettizfuring the conceptphaseusing the presented
approachand that building on these modelsptimized products withhigh stiffness and
optimumdynamicbehaviourcan bedeveloped
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1 I ntroducti on

The initial stage of many industrial production processes is a sawing opeR#Wwmaterials

- such as a rodhaped mass produittr instance- will have to be cut to lengthefore further
machiningin a modern production process of which many are highly or even fully automated.
The economic efficiency of automated cutting processes directly correlates with their cutting
performane. Thus, at high degrees of automation, circular saws offer a key advantage over
other saw types such as band or hack saws. The importance of circular sawing is further
exemplified by the ubiquity of small stationary circular saws or Heald power toolsised in
workshops or in the craft trade sector for a multitude of materials ranging from wood or metal
to plastics. Thus, circular sawing can be considered one of the most important preproduction
processes. In a figurative sense, the circular saw todlisttas a link between machine and
work piece Since- just as with other production processdke tool's mechanical properties
ultimately define machining quality, the circular sawing process requires saw blades with
optimized static and dynamic charagstics. This need is further emphasized by the blade's
round, disdike geometry and itsentremounting hole whichmakes itprone to oscillations

and easily excitable by lateral force. The general tendency to smaller kerfs and therefore
thinner tools mces increasedeighton optimizationmethods with which a blade's static and
dynamic claracteristics can be optimizebhe spectrum of circular saw blades in the field of
production technology is shown kigure 1.

Figure 1. Spectrum of circular saw blades. Left: Machines for high output rates in mass
production @utomation, Right: Battery driven handheld todt&ndcrafy

All these factors constitute a demand for research of optimization methods for circular saw
blades. Both static and dynamic properties of a circular saw blade depend on severl factor
including the tool's rotationts temperature profilethe slots and the stresendition of the

blade due to roll tensionin@he influenceof the thermal effects not presented here

11. Weimarer Optimierungsund Stochastiktagie 06 -07. November 2014 2



Figure2: Main influences osaw bladedynamics and statics

A key part of thisarticle focuses on the roll tensioning process which is one of the most
crucial stages in the production of circular saw blade® rolls apply a contact pressing
force and thereby plastically deform the blg@egure 4). Internal residual stressesulting

from these deformatiopsnprovesthe blades static and dynamic characteristics.

This method is well accepted throughout the scientific community, even though the
underlyng physics as well as its precise interrelation to the internal stress distribution are not
yet fully disclosed. The influence of residual stress is successfully simulated linsag

finite element models whereas conventional indirect models only degtebroll tensioning
outcome, while lacking any information on precise stress distribution andlamll
tensioning process pametersin [1] a modelis presented which is able talculate the real
stress conditions within the tbasing a nonlineariiite element model.

On anothersubject this article covers expansion and damping slots which saw blades are
usually equippedvith in order to improve their static and dynarbiehaviour The number of
slots necessary along with their shape and locagian icurrent industrial practice, commonly
still being determinetdy empirical methods. In this work however, finite element calculations
help identify significant slot parameters and alloguantifying their effects on blade
performance. The presentedalgorithm can also be used to obtain an optimum slot
configuration parameter satcluding slot length, orienten, location and quantity given
certainbase blade geometry.

Ultimately, this article provides simulation and optimization algorithms with @hhithe
relevantparameters of circular saw blades under conditions of operation can be predicted with
a high level of accuracythe results aim to give neimpetus to the development,sign and

future advances of circular sdades
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2 Theoreticund backgro

2.1 Natural frequencies and critical speedsind stiffnessof circular
saw blades

2.1.1 Fundamentals

The global static and dynamieehaviourof circular saw blade can be approximately
describedby circular plates. The dynamigehaviourof a circular plate is chacterizedby
nodal circles(n) und nodal diametergk). Figure 3 gives some examples of characteristic
mode shapesf a circular plate. As a general rurepde shapewith few nodal diameterare
most problematidor circular saws during operatiofhe stdics and dynamics of a basic
circular plate withno slots and notroll tensionng treatmentcan be solvedusing the
Kirchhoff-Love theory[2,3], which can beconsidered awo dimensioal bendng line. Real
circular saw blades wita complexstress statand slotscannotbe calculated bguchbasic
analytic approachesinstead mmerical solution approachesare necessary, like the finite
elementamethod used in this article.

k=0,n=0 k=0,n=1 k=1,n=0 k=3,n=0 k=2,n=0 k=1,n=1

Figure3: Characteristic mode shapes of a circular plate

2.1.2 Campbell-diagram and stability of circular saw blades

Long sincethe dynamic performance and the stability of spinning structures have been
analysedThe authoritative works to this field of research were contributegdughwell[4].
The fundamental result of his research is the fact,rtaatral frequenciesf spinningplates
can be deduceflom natural frequencies of motionleSdes.The centripegal andcentrifugal
forces which areaffectinga spinning structuregausestiffening of thestructure andherewith
an increasein eigenfrequenciesn the stationary frame of referencé speeddependant
eigenfrequencieare plotted toa diagram, drequencyspeed diagraner Campbell cagram
will be obtained It describes the relation betweeigenfrequenciesf nonrotatingsaw blade

in comparisonto rotatingones.The sacalled critical rotation speed critical speeds in
short- can be extractedrom the frequencgpeed diagramTo illustrate the following
circumstances a simple exampletbé frequencyspeed diagranmas been calculated and is
shownin Figure4.
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Figure4: Schematic frequenegpeed diagram (Campbellagram)

In Figure 4 the dynamic circumstancedor two mode shapesvith one and threenodal
diametersand no nodal circlesare shown.To completely understand the frequerspeed
diagram, the choicef referencesystens is crucial. There are three lines plotted for each
mode respectively. The smlled speediependant eigenfrequency asvibuld be recognized
by amoving observesituated on the diss represented by the dashed line in the middilee
two other Ines for each modeone of which is sloping up the other downwardsveal
themselves to an immobitgbserver, watching the blade.
Mathematically they can be deduced as the sum respectively the difference of the
speeadependant eigenfrequency and the pobcaf the number of nodal diameters and the
rotational speed according t&quation (3) According to [4] the speediependant
eigenfrequenciesan be approximated bydtiollowing analytical equation

foo = 10+ f (1)
In Equation(1)f. \denotes the rotatiegpeeddependant eigenfrequency of a specific mdgle,
denotes the eigenfrequencies of the conakmmede of the immobile blade and, the
rotational speed. The factdraccounts for the mode shape and can be calculated using the
number & nodal diameterk and the poisson ratmas followed:
o=l 3 +3%3 @

4 4

The dimensionless poisson rasigs an elastic material property, whichthe negative ratio of
transverse to axial strain of a bodypr metallic materials the value ®fs approximately 0.3,
which is the value used for calculations in this paper
It should be emphasized, that thpproximation(2) is only valid for mode shapes with
exclusive nodal diameters and no nodal circles. Equdtetmer! Verweisquelle konnte
nicht gefunden werden.reproduces thdrue behaviourof unslotted circular saw blades
satisfactorylf there are slots however, the facfohas to be modified. In [1] this coefficient
is quantified for annular plas and slotted plates.
Starting withEquation(1) the other two curves can be calculated as followed:

f,="fo ° kCE, ©)
Thecurves can be imagined as a forward and a backward running wave on the blade. Both are
moving waves of the same frequency and speed, though they are propagating in different
directions. One wave moves in the direction of the rotation of the saw biadkee( other
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opposite to it f;). This results in the modsplit shown inFigure4. The positive ternin (3)
accounts for the forward whirl, the negative one for the backwards Weirlg the Campbell
diagram critical states can be detected.

The most important scenario resuifim instabilities of the savbladecan be read directly
from Figure4. The abscissa of the first intersection of a backwards whirl with the axis of the
rotational speed is generally called the first critical speggh of the saw blade. At this
rotational sped the circular saw blade loses its stability and an observer in the stationary
frame of reference can register a standing wave with very large amplifideblade seems

to freeze in its shape. In this state very small lateral forces cause largeiaieslethis leads

to a bad machining quality. To avoid this state of resonance in praxis, saw blade
manufacturers usually specify the maximum permitted rotational speed with@8btimes

Nerit.1. This first critical speeds often caused by mode shapeghout nodal circles and with

only few nodal diameters. Increasing the first critical spegd is a fundamental aim of the
optimization measure®f circular saw bladesext to the generaklevation of their
eigenfrequencies, maximizing their dampprgperties and static stiffness.

The critical speedsgiix, measured in mifican be deduced frofequation(3) by postulating
that the frequencies of backwards traveling waves have to bd.eefop: O:
60K,

Neriek = T 4

Here thespeeddependaneigenfrequencyfaa mode withk nodal diameters is represented by
fe’k .

2.1.3 Plate buckling and stability

Influenced by internal stress thin plates can show buckling effects similar to buckling
columns [5]. If the internal stress exceeds a critical value this will lead-tallsnl plate
buckling. In this state the circular saw blade loses its stability angilit be deflected
perpendicularly to the plane of the plate. For circular saw blades buckling can be caused by
unfavourable thermal loads high roll tensioning force€Caused by thermal influenceaw
blades tend to buckle in the 2/0 or the 3/0 mod@ashBxcessive roll tensioning forces leads
to buckling in the 0/0 or 1/0 mode. In this paper only buckling due to roll tensioning e#fects
taken into considerationWhen the critical load casés reached the corresponding
eigenfrequencies take on the walof zero. Assuming a lineatasticbehaviourt is possible
to solve the eigenvalue problem, which allows to determine the critical loads and buckling
mode shapes.

(K+xKgJu=0 Det(K +xK) =0 (5)
In these equation&ss represents the stress stiffness matrix or the geometrical stiffness
matrix, which is described in detail in [6]. The matKixs the regular stiffness matrix and the
vectoru stands for the displacements. Téigenvaluex is called loadfactor. Theeffective
load has to be multiplied by this load factor to calculate the critical IBae®nd Tmax cr
It has to be notedhat the calculated values are purely theoretiEffiects like structural
imperfections, plastidgs, contacts and geometric nbnearities are disregardedin this
calculation To take these into consideration a #imear calculation has to be conducted. The
critical tensioning forced . effective in this case can be determined by successively
increasing the exerted loads using-&talyses including the foresaid influences until the
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structure reaches an unstable stBecause ofmperfections, which in practicalways exist,

the critical loads calculated using the linear buckling analysisoahg non-conservative
values. Failure will occur sooner than calculated. This paper will only regard the linear
buckling load analysis.

2.2 Roll tensioning

The natural resonancef the tool can bele-tunedby theinternal stressesduced during roll
tensioningraisingspecificeigenmodes®r loweringothers.The criticalspeed$or modes with
noneor onenodal diametearereducedthose with more than onedal diameteareraised.
The increase othe natural frequency is accompanied by improvement of the dta
behaviour of the toolTensioning loads which are tdogh lead to buckling of the structure
similar to buckling columns The fundamental process parameterstha roll tensioning
procedure are tensioning force, the tensioning radius antblherown. Within this article
only the influence ofthe tensioning radiuds analysed By application ofthe presented
procedure optimgbarameter valuesan bedetermined, based on given boundary conditions.

Based on the finite element method, tdpiSLang opimization corroborates the findings of
earlier works, which had proven a roll radius to blade diameter ratio of two thirds to be most
appropriate. The optimizati@ objective function chosdn this workis thecritical rotation
speed. The optimization tool can be used to determine optimum valuabefather
parametersoo.
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Figure 5: Natural frequencies dependent on the amourgretension for different vibration
modegq(left), kinematics of the roll tensioning procgsight)

The schematiprogressiorof theeigenfrequencieslependant othetensioning forceandthe
kinematics ofroll tensioning procesarepresented ifrigure5. Countlessgpapers existwhich
describe the positive effects il tensioningon static and dynamic characteristicxwtular
saw bladesAmong othes the results are documented iR1d].
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2.3 Slots and circular saw blades

Experimental and analytiexaminationsof circular saw blades were often part stbidies
made in science and industryfurther timesThey oftenwereaccompanied bgxaminations
of the effect of slots on static, dynamic and acoustimthaviou of circular saw bladefL9-
28]. Basically there are two types of slots: slots on the outer edge of the saw blade and slots in
the inner areahe integration of slots at the edgeunteractshe effect ofthermal expansign
as the segmentggain the posdiility of tangentialexpansion Two examples of thdasic
configuration ofdampingand expansion slotare shown inFigure 6. Slots canbasically be
oriented radidy or tangentidl on the saw blade dheycan bedesigned in complex shapes
andarbitrarydirectiors as shown irFigure 6. Often viscoelastic matergbr solid dampers
for examplecopper rivetsare integrated into the interior slotstbe slot endso increase the
systemic damping.

visco-elastic
Damping material

outer slots
inner slots Solid damper

Figure6: Slotted wooecutting circular saw blades and attenuation medium (sources: Robert
Bosch GmbH, AKE Knebel GmbH & Co. KG)

Even after many years of resegrttemo d es o f  aaccurateyrecorded get. dhe
positive effect of slots is attributed to the interferetweespectivelythe displacement of the
natural frequenciesf the saw bladdt was speculated, that structural weakening of the saw
blade dueto the slots allows for relative movement between its segments, which facilitates
energy dissipationOther interpretatios assumethat the reduction of internalompression
stressat the outline ofool is the source of the positive effect of sldsother positive impact

is thatstanding waves are prevented at critical speed dasymmetricconditionson the
blade which is establishedy integration of slotsSlots can reducéhe oscillation amplitude
because thevibrational energy isspread more widely in the spectrum. Manyiterary
referencepoint out, that because of tslot geometryeigenmode may split into two distinct
eigenfrequenciet the slot configuratiorfits themode shape

However Iterature also mentionsthat slotshave a negativeeffect on the static stiffness
because theglwaysweaken thestructure In context of optimizatiorproblems, an optimum
always representsa compromie between stiffness and dynamic behaviour. Finally, the
analysed studies hawhown that only a properientation of the slots leads toraise othe
critical rotation speedsor a small minimization of the static stiffnessspectively One
examplefor such a slot configuration is presented and analysethapter3.1.3 Alongside
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the many scientificstudiesin the areaof slot geometrieof circular saw bladespractical
examinationsvere conductedby the industry, whichpoint out the advantage dtted over

unslotted saw bladesfor example [29] and [30]. There are also many independent

developments and patent applications whagist on the part of the industry. An impression
of the variations o$lot geometrieandpositioningis given inFigure?.

Figure7: Examples of slotted circular saw bladssurcesRobert Bosch GmbH (A,B), Leitz
GmbH & Co. KG (C), EDESSOools and More GmbH & Co. KG (D)

3 Optimization of <circular saw

3.1.1 Fundamentals

As was presentenh the previous chaptean extensive knowledge abauwtl tensioningand
about slots is available. The significanbdes of actiom r ecordptetely known yet, despite
all the scientific work whichwas done by nowFor this reasomoll tensioningseems to be
morelike craftsmanshighan a moderautomatedndustrial production procesat almost all
saw blade manufacturers roll temsing and the handling oforrespondingnachinesis the
task oflong-time employess, which choos¢he process parametenader empirical aspes;t
building ontheir pofessional experience. For an outside audignttedensioning as well as
slot configurationseem!| i k e QA alh enbse cageslot configuratiors are tailored to
cl i ent ssdbasedeoq expeariencealues For new applications and changed ebas
conditionsslot configurationare identifiedin empirical test series. Ae introducedresults
show, that modernalculation methods, accompanying the design praoesableo generate
optimized productsUsing the suggestedorocedure, thesngineerdesigningcircular saw
bladeshasa tool at his disposalto automaticallyidentify optimized slot configurationsand
process parameters fianll tensioning procedure

3.1.2 Targets for optimization

Target valuegor optimizedcircular saw bladearemanifold In generah high static stiffness
for circular saw bladess to be pursuedespecially inmetal working tools are exposed to
greatloadsbecause of higmachining forcesTherefoe an increasedstiffness at the tools
outer rim is neededFounded in themuch lowerrotation speedsn commarison to woosd
working, ahigh critical rotation speeds not mandatory for metalorking tools.To be able to
tolerate the prevailing high temperature gradiehésdndurable buckling loads have to be as
high as possibleThis is true for bothmetal machiningas well as woodvorking, as high
temperatures can occur at the teéfbually circular saw blades are designed to be fatigue
endurable.Especiallyin the slotted areas thi&nsionhasto be minimized by choosing

11. Weimarer Optimierungsund Stochastiktagie 06 -07. November 2014 9

bl



appropriate slot geometriegltimately it is obvious thatcircular saw blades aexposed to
complexstresses and strains which necessitate a-oijiictive optimization

In the following partexemplarycalculations are made for the optimizationoofcular saw
blades A sensitivity analysisand basic problemsrelating tothe roll tensioning processre
defined and analysed. The chosen procedure is presented and the resutapaedwith

actual conclusions and measurements.

3.1.3 Example 1: Sensitivity analysis of slot configuration

The first example will shovinow a sensitivity analysis can be applied to identifyriddevant
geometric parameters of an exemplary slot configuration on the impsirtanttechnical
propertiesof the saw blade base body. The slot configuration used for these calculations is
based orthe works of 81]. The geometry of the blade aintsslots is depicted iRigure 1.
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Figure8: Slot configurationin compliance witi{31]

The bladebaseand the slot configuration adefined bythe tooth baseadiusRg, the mean
slot diameteiRy, the length of the circular aic; of a single slot withouthe overlap ,, the
radial slot length_r as well as the slot widthand the bladethicknesg. In compliance with
the cited patent the lengthsspectivelyradii are combined to the dimensionlessispectatio
QL (11) andtheradiusor diameter rati@)p (12).

LT

Q = L_R (6)
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Qv :%:D_G (7)

For the sensitivity analysis ttespect ratid@Q, and diameter rati@p as well as the slot width

s and the overlapping angle, are defined amodelparametersThe ranges of the parameter

values areset to allow only feasible configurations, to prevent merging of slots for example

The blade diameter onstantat 300 mm as are the blade thickness (Bagh) and the number

of slots (14).

As explained earlier there are sevarjectivesthat are releant to optimizing saw blades

1 The static stiffnesss. The ratio of a lateral forckE, appliedto the outer edge of the blade,

to the correspondingisplacementw. It represents the bladeresistance to transverse

disturbanceg8).

The maxi mum e g /atithe entseofthe slets. r e s's 0

The margin between the rotational frequency of the blade and its closest

eigenfrequencydmin. This parameter substitutes for ttrtical speed, athe saw blade in

this scenario is intended for a specific rotational spegd 8900min') (9).

1 And the sum ofthefirst 10 eigenfrequencies aperational speedfs,m, as a characteristic
for the blades overall dynamic behavigug).
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Figure9: Workflow in ANSYS Workbench
The FEsimulation used to calculate the objective function follows the workflow shown in

Figure 9. APDL scripts in each blocklistil the objective functions out of the separate
analyses.
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Figure10: Extended correlation matrix

In Figure 10 row-wise @posite algebraic signs of the correlation coefficiesftswthat the

operation specific objectivefmi, and the more general objectivesa n ds mapeconflicting

with each otherThe contrary trends of static stiffness and frequency marfjithe blade

wonodét allow finding an optimum sl ot confi gul
application of the saw blade (woebrking or metal machininghhe objectives have to be

weighted differentlyn future optimizations.
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Figure1l: Coefficients ofimportance

Representations of the coefficients of importance for each objective reveal at first glance that
the slot width ad the aspect ratio seem to have little impactestmer of theobjectives
(Figure 11). This will allow future optimizationdo omit theseparametes in orderto save
computing time.

3.1.4 Example 2: Optimization of roll tensioning radius

The first exampl e UOasetbnlktensionimgd hiscexampletwill shove f f e c t
that it is possible to identify ideaknsioning parametetsy consequentlyparameterizing the
model.The roll tensioning process is incorporatedMSYS using a lineaprestress analysis

Within the Workbencltenvironmentthis is realised byra APDL-Saipt. Theresidual stress

effects are moddled via different thermal expansion coefficients the area of theroll

tensioning patland therest of the bladeFor these procedures tbptimization parametelis

the roll tensioning temperaturd. This is anonmechanicalsubstitutefor the physical

tensioning forceF. The tensioning temperature can tenverted to the physical domain

Af orbyeaid of correspondingcharacteristic curvesThe chosenapproach delivers
gualitativeinformationconcerninghe magnitude of the pretension
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