0000000000000 000000000000000000000O K O]”ZOWSkZ.,'SOmeapp]’OaCheSfO.,,

Kazimierz Ortowskil

Some approaches to
the determination of
saw blade stiffness

Neki pristupi odredivanju napetosti
lista pile

Pregledni rad ¢ Review paper
Prispjelo - received: 01. 04. 2004. * Prihvaceno - accepted: 14. 07. 2004.
UDK 630%822.323; 630*822.341.3

ABSTRACT e In modern sawmill industry a tendency has been observed towards a reduc-
tion of the saw blade kerf because of'its aiming to increase the utilization of raw material.
However, thinner saw blades are much more sensitive to lateral forces and less stable than
the thicker ones. Hence, the knowledge about saw blade stiffness is an important factor and
may help the user in forecasting the dimensional sawing accuracy. In this paper the basic
methodology is shown for the determination of lateral operating tooth tip saw blade stiff-
ness for both frame saw blades and bandsaws. Recommendations are given for choosing an
appropriate calculation method versus the saw blade width. Two effective analytical cal-
culation methods for the determination of saw blade stiffness are presented and discussed
in details. By these methods stiffness is computed as a function of bending and torsional
properties of the saw blade.

Key words: saw blade, calculation method, static stiffness

SAZETAK e U modernoj je pilanskoj proizvodnji zamjetna teznja ka smanjenju Sirine
propiljka radi §to boljega iskoristenja materijala. Medutim, tanji listovi pila mnogo su
napetosti (krutosti) lista pile vazan je cimbenik procesa piljenja na temelju kojega se moze
predvidjeti tocnost piljenja. U ovome su radu prikazane osnove poznatih metoda za odredi-
vanje napetosti listova pila jarmaca i tracnih pila. Takoder se daju i preporuke za izbor
odgovarajuce metode u ovisnosti o Sirini lista. Detaljno su razjasnjene dvije analiticke
racunske metode za odredivanje napetosti lista pile, koje napetost racunaju kao funkciju
savojnih i torzijskih svojstava lista.

Kljuéne rijeci: list pile, racunska metoda, staticka krutost
1 INTRODUCTION 1999) or even to 80 % in the USA and

1 UVOD Canada (Szymani, 2003). The efforts taken
to minimize the saw plate thickness and

The price of logs is by far the most
important factor influencing the competi-
tiveness of sawmill industry. In the cost dis-
tribution of the regular sawmill costs, the
costs of raw material amount to 70 % (*¥**,

ultimately saw kerf are of absolute impor-
tance to increase the utilization of raw
material. However, it is imperative that the
saw mill does not loose the material gained
by an increased size variation caused by

IThe author is an academic teacher at the Faculty of Mechanical Engineering at the Department of Manufacturing
Engineering and Automation of the Gdansk University of Technology, Poland
1Autorje predavac na Strojarskom fakultetu Tehnoloskog sveucilista u Gdanjsku, Poljska
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Figure 1

External forces acting
on a frame saw blade:
a) during sawing, b)
position of the lateral
Jorce F, for the
determination of the
saw blade static
stiffness of frame saw
blade and bandsaw
Slika 1.

Vanjske sile koje
djeluju na list pile
Jarmace: a) tijekom
piljenja, b) polozaj
bocne sile F, za
odredivanje staticke
napetosti lista pile
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unstable sawing. A large number of factors
influence the cutting process in the case of
narrow - kerf sawing and due consideration
has to be taken to varying parameters as
compared to sawing with conventional saw
blades (Orlowski, 2003a, Prokofiev, 1990,
**%1999). The decrease in the saw blade
static stiffness should be particularly taken
into account because this parameter is
closely connected with the saw blade abili-
ty to resist lateral interactions of lateral
forces. The purpose of this work is to sub-
mit the basic methodology for the determi-
nation of the lateral operating tooth tip saw
blade stiffness for both frame saw blades
and bandsaws, and give some recommenda-
tions for choosing an appropriate calcula-
tion method versus the saw blade width.
Eventually, two simple analytical calcula-
tion methods for the determination of saw
blade stiffness are going to be presented and
discussed.

2 THEORETICAL BACKGROUND
2 TEORIJSKE OSNOVE

Forces affecting frame saw blade dur-
ing cutting are shown in Figure la. If they
are applied in the middle of a free saw blade
length there is the state of loads equivalent
to the situation in bandsaw operations
(Ivankin, 2000, Lehmann and Hutton, 1996,
1997, Prokofiev, 1990, Taylor and Hutton,
1991). For both, frame sawing and bandsaw
machining, the static lateral initial stiffness
of a saw blade £ is defined as a ratio of the
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Meaning of the symbols (znacenje oznaka):

strict force F, v (lateral force) situated in the
middle of a free saw blade length (Figure
1b) at the line joined bottoms of gullets to
the saw blade displacement g (Figure 2):
For each type of saw (gang saw, band

ko =—+ @)

saw and circular saw) the following types of
lateral stiffness apply: the inherent stiffness
for a non-strained saw blade £, the initial
stiffness for a strained saw blade k), and the
operating stiffness kg, for a saw blade dur-
ing cutting (Lehmann and Hutton, 1996,
1997, Orlowski, 2003a, Prokofiev, 1990,
Taylor and Hutton, 1991). In the latter the
effect of the feed force Fy, which has great
effect upon saw blade stability, is taken into
account. From the user point of view, the
knowledge of the lateral operating tooth-tip
saw blade stiffness kt, is very important
because it helps forecasting the dimension-
al sawing accuracy (Lehmann and Hutton,
1996, 1997, Taylor and Hutton, 1991).
However, according to the author, to know
the saw blade stiffness coefficient seems to
be a good tool for comparing static proper-
ties of different saw blades because this
parameter does not take into account cutting
mechanics, cutting edge sharpness, wood
properties, etc. (Orlowski, 2003a).

The cross section of the saw blade
with a lateral force F: o acting on the tooth tip
situated in the middle of a free saw blade
length, and components of the tooth tip
deflection gt are shown in Figure 2.

Fn
|

Lo

l7.--.—*._____
2

Lo /2

F - cutting force (sila rezanja), Fy - feed force (odrivna sila), F,, - lateral force (bocna sila), Fy -

straining force (zatezna sila), L - saw blade free length (slobodna duljina lista pile), h,, - workpiece

bottom surface position (poloZaj donje povrsine obratka), b - saw blade width (Sirina lista pile), s -
saw blade thickness (debljina lista pile), y - force position (pozicija sile)
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Meaning of the symbols (znacenje oznaka):

g, - bending blade deflection (otklon zbog savijanja lista), gy = f(kg)- blade deflection caused by a

force F, placed at the point 0 (otklon lista prouzrocen bocnom silom u tocki 0), g, = fikg) - transverse

deflection due to the torsional blade deflection (poprecni otklon zbog torzijskog otklona lista), g, =
[(ky)- bending tooth tip deflection (otklon zbog savijanja zuba), g5 - blade deflection caused by a force

F, placed at the point A (otklon lista prouzrocen bocnom silom u tocki A), gy, - tooth tip deflection due

to blade torsional deflection (otklon vrha zuba zbog torzijskog otklona lista), h - tooth depth (visina
zuba), oy, - blade torsional angle (torzijski kut lista)

The initial tooth tip saw blade stiff-
ness kr is defined as:

5y
ky =2 )
qr
and tooth tip deflection g is:
qr =95t 4qn +q; 3

Analytical assessment has been car-
ried out of the significance of the tooth tip
deflection g1 components for a wide gang

saw blade gpr (Orfowski and Kalifiski,
2001) and for mini gang saw blades qry

(Ortowski, 2001). These results have shown
that the effect of tooth bending stiffness
component upon tooth tip saw blade stiff-
ness is very small because of the large value
of tooth bending stiffness in comparison
with other parameters (Figure 3). Moreover,
these results from the point of view of sig-
nificance assessment are similar to those

obtained for extra wide bandsaws (i.e. tooth
bending stiffness 4, = 875 N/mm, tooth tip

bandsaw stiffness & = 34 N/mm (Lehmann

and Hutton, 1996, 1997)). Hence, in fore-
casting the tooth tip saw blade stiffness this
component may be safely disregarded.

For every kind of saw blade, it can be
seen that transverse deflection g, has the
largest value due to the torsional blade
deflection. Furthermore, this deflection
cannot be reduced by extra tensioning
because tensioning stresses only affect the
static flexural stiffness, whilst they have
practically no affect on saw blade torsional
stiffness (Orlowski and Kalinski, 1999,
Orlowski, 1999, 2000, 2003). It seems that
the lack of the effect of the increased strain-
ing force of the band saw blade on improve-
ment of the sawn board surface quality
(roughness) reported in (Goglia and Beljo,
1999) could also be caused by insensitive-
ness of the band saw blade torsional stiff-
ness to straining forces.
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Meaning of the symbols (znacenje oznaka):

qrr

qtMm - total tooth tip deflection for mini gang saw blade (narrow) (ukupni otklon vrha zuba uskih li-

stova pila minijarmaca), qrr - total tooth tip deflection for traditional issue of the gang saw blade

(ukupni otklon vrha zuba uobicajenih listova pila jarmaca)
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Figure 2

Components of the
tooth tip deflection qr
Slika 2.

Sastavnice otklona
vrha zuba qt

Figure 3
Percentage share of
component
displacement in the
total lateral
displacement

Slika 3.

Postotni udjel
sastavnica otklona u
ukupnom bocnom
otklonu
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In forecasting the theoretical sawing
accuracy the lateral operating tooth tip saw
blade stiffness should be taken into account.
For this purpose, the following formulae,
proposed in (Prokofiev, 1990) can be used:

F?
kTo = kO[ _F_tzJ (4)
fer

or relationship given by Stakhiev (Stakhiev,

2000):
F;
kro = ko /1——f (5)
° chr
where:

Ff.. - the critical feed force for which a saw
blade can loose its stability (Feokistov,
1960, Prokofiev, 1990, Veselkova, 1982,
Veselkov and Veselkova, 1989). It means
that for feed force Fy equal to the critical
feed force Fy, the tooth operating saw
blade stiffness is equal to 0 (Prokofiev,
1990). This force may be calculated by
methods given in the following papers
(Feokistov, 1960, Prokofiev, 1990, Vesel-
kova, 1982, Veselkov and Veselkova,
1989).

The use of both Prokofiev's formula
and Stakhiev's formula gives similar com-
putation results (Orlowski, 2001).

3 SUCCINCT REPORT ON METH-
ODS FOR THE CALCULATION
OF STATIC STIFFNESS

3 KRATKI PREGLED RACUNSKIH
METODA ZA ODREDIVANJE
STATICKE KRUTOSTI

Several analytical and numerical
methods for the determination of saw blade
stiffness can be found in the up-to-date ref-
erence literature. They may be classified
versus saw blade width as follows
(Orlowski, 2003b):

1. for narrow mini gang saw blades (width b

<40 mm):
« strict calculation method with the use of a

beam model SCM/BM (Orlowski, 1999,
2000), which is a simple and simultane-
ously useful tool for static calculations
(verified experimentally);

* finite element method with Timoshenko's
beam model included FEM/TB
(Orlowski and Kalinski, 1999), that can
be applied in static and dynamic compu-
tations (verified experimentally); rigid
finite element method with the plate
model included RFEM/PM (Orlowski
and Kalinski, 2001, 2002), which may be
used in static and dynamic calculations.

K Or{owski:Someapproachesto-“...................................

In dynamic computation, continuous dis-
tribution of lateral force at the workpiece
height has been taken into account (veri-
fied experimentally in static (Orlowski
and Kalinski, 2001) and dynamic condi-
tions (Orlowski and Kalinski, 2002)).
2.for wide gang saw blades and bandsaws,
in European conditions (width b < 160

mm):

» Rayleigh - Ritz energy method R-RM
(Prokofiev Et al., 1985, Prokofiev, 1990)
for saw blades in the width range of 100 -
160 mm. This method does not give a
final empirical formula and is categorized
as a complicated one (Ivankin, 2000).
The method is appropriate for static and
dynamic calculations;

* Ivankin's method IVM (Ivankin, 2000) -
the static task has been solved with the
use of energy method for determination
of flexural and torsional deflections, in
which displacements were described as
trigonometric series. This method can be
applied in static calculations for the saw
blades in the width range of 80 - 160 mm.
Additionally, the paper (Ivankin 2000)
also presents an empirical formula that
takes into account the effect of continu-
ous distribution of lateral forces at the
workpiece height;

* rigid finite element method with the plate
model included RFEM/PM (Ortowski
and Kalinski, 2002), which may be used
in static and dynamic calculations for the
saw blades in the width range of 40 - 160
mm (verified for wide saw blades
(Orlowski, 2003a) by comparison to the
results given in (Prokofiev, 1990));

3. for extra wide bandsaws (width 180 <b <

390 mm): ]
 exact solution owing to the use of the

Galerkin method GM (Lehmann and
Hutton, 1996, 1997), which may be
applied for the saw blades in the width
range of 180 - 300 mm,;

« finite element method with 8 node rectan-
gular shell elements included FEM/SE
(Taylor and Hutton, 1991), which is suit-
able for the saw blades in the width range
0f 220 - 390 mm.

Figure 4 shows the application ranges
of the methods used for the calculation of
static stiffness of saw blades and bandsaws
as a function of saw blade width with cal-
culation errors of the above specified meth-
ods in relation to experimental results. It
can be clearly seen that there is a lack of a
common calculation method whose field of
application could cover the whole range of
saw blade widths used in sawmill practice.
Based on the analysis shown in Figure 4, it
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Meaning of the symbols (znacenje oznaka):

SCM - strict calculation method (stroga racunska metoda), FEM - finite element method (metoda kon-
acnih elemenata), RFEM - rigid finite element method (kruta metoda konacnih elemenata), R-RM -
Rayleigh-Ritz energy method (Rayleigh-Ritzova energetska metoda), IVM - lvankin's method
({vankinova metoda), GM - Galerkin method (Galerkinova metoda), BM - beam model (model grede),
TB - Timoshenko's beam (Zimoshenkova greda), PM - plate model (model ploce), SE - shell rectan-
gular element (ljuska pravokutni element) , RE - rectangular element (pravokutni element), EC - error
of calculation (greska racunanja), LD - lack of data (nedostatak podataka), ** higher values of cal-
culation errors refer to narrower saw blades (vece vrijednosti pogresaka racunanja odnose se na uze li-
stove pila), dashed line refers to a nonexistent method (crtkana linija odnosi se na nepostojecu metodu)

is possible to choose an appropriate method
as a function of saw blade width in compli-
ance with the current calculation require-
ments.

(Orlowski, 1999, Ivankin, 2000):

dr :qg@g)*'%(ks)+qh :ng(qus(ks)+h'ab (6)

4.1 Beam model of the saw blade
4.1 Greda kao model lista pile

4 SAW BLADE STIFFNESS AS A
FUNCTION OF SAW BLADE
FLEXURAL AND TORSIONAL
RIGIDITIES

4 NAPETOST LISTA KAO FUNKCI-
JA SAVOJNE | TORZIJSKE KRU-
TOSTI

According to the beam model which
has been proposed by the author (Orlowski,
1999, 2000), for narrow saw blades (width
b < 40 mm), the initial tooth tip saw blade

Two effective analytical calculation
methods for the determination of saw blade
stiffness are presented here. By these meth-
ods stiffness is computed as a function of
bending and torsional properties of the saw
blade (Orlowski, 1999, 2000, Ivankin,
2000). Lateral force F,, applied to the saw
(Figure 2) may be substituted with both lat-
eral force applied to point O and torsional

moment
M= Fp (B — 2]
2

In that case, under assumption that the
bending tooth deflection is g, << gr, static
transverse deflection ¢gp described by
Equation (2), may be calculated as follows

stiffness can be calculated from the rela-
tionship:

kT: l

0
(Pl
+(B—j-tan2
2

ky k

S

Based on the assumption that both lat-
eral force F, and torsional moment M are
unit loads (F b= 1, M = 1) flexural stiffness
of the saw blade can defined as:

1
kg =— 3
dg

and torsional stiffness of the saw blade may
be expressed as:

S )

DRVNA INDUSTRIJA 54 (4) 207-215 (2003)

Figure 4

Application ranges of
the methods for the
calculation of static
stiffness of saw blades
and bandsaws as a
function of saw blade
width

Slika 4.

Podrucje primjene
metoda za izracunava-
nje staticke napetosti
listova pila jarmaca i
tracnih pila s obzirom
na Sirinu lista
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In the beam model, bending blade
deflection (with the determination of flex-
ural stiffness F,= 1 N) is as follows:

F . .
q, = 71’3 Llloftanh(LLoj (10)
2-E-J-p 2 2

where: F
N
p - parameter p =

E.-J

E - Young modulus of the saw blade mate-
rial,
J - second moment of the cross section area

b-s’
of the saw blade | J = TR

The blade torsional angle (for the unit
torsional moment M = 1 Nmm) is described
as:

L L 1
° 2.m,-b-5°-G (1
where:
G - modulus of volume elasticity of the saw
blade material,
1, - coefficient f(b/s) (for narrow saws 1, =
0,333).

4.2 The Ivankin's method - the
plate model
4.2 Ilvankinova metoda - model plo¢e

The Ivankin's method allows us to
solve the static task of bandsaw stiffness
determination with the use of energy
method for calculations of flexural and tor-
sional deflections of the plate, in which dis-
placements are described as trigonometric
series (Ivankin, 2000). This method is suit-
able for saw blades and bandsaws whose
width range is 80 - 160 mm (Orlowski,
2003Db). In Ivankin's method saw blade stiff-
ness is also calculated versus bending and
torsional properties of the saw blade. Thus,
the Equation (7) may be applied for the
determination of tooth tip saw blade stiff-
ness.

For the load as shown in Figure 1b,
the Ivankin's method bending blade deflec-
tion g, is expressed as:

2-F,- L °°
Qg =— 1
E-J-z nns n ( j
for the unit force F} =1 (12)

o0

o= 2L Z
£ EJ?IHZLSI‘I‘ D)

where:
_ Fy 'L%)
CE-J-rn?
The saw blade torsional angle is
described as:

- dimensionless constant.

2-F, éLO -
X = Fo B> zn
JoeIND n=135.
12

b

for the unit torsional moment M = Fp 5 =1

(13)

The flexural stiffness of the bandsaw
(saw blade) and its torsional stiffness can
respectively be calculated from Equation
(8) and (9).

4.3 Analysis of the presented
methods
4.3 Analiza iznesenih metoda

Although, the Ivankin's method gives
quite good results, burdened with small cal-
culation errors in comparison to computa-
tional results of gang saw blades of similar
dimensions and the same value of tension-
ing stresses as reported in (Prokofiev, 1990,
Ivankin, 2000, Orlowski, 2003a), the author
does not entirely share the approach of tak-
ing it into account for the determination of
blade torsional angle of the straining force
FN because in the experimental and theo-
retical investigation of saw blade static
properties of both narrow and wide saw
blades no effects were observed of this
force upon the saw blade torsional stiffness
(Ortowski and Kalinski, 1999, 2001, 2002,
Orlowski, 1999, 2003a).

When applying the Ivankin's method
(IVM) and the Ivankin's modified method
(IVMM) adjusted by the author, which do
not take into account the denominator

expression Lbz in determining

torsional saw blade stiffness in Equation
(13), the saw blade stiffness has been esti-
mated analytically. It means that in the
adjusted method (IVMM) tensioning stress-
es do not affect torsional stiffness, and so in
that case the saw blade torsional angle (for
the unit torsional moment M = 1) is:

DRVNA INDUSTRIJA 54 (4) 207-215 (2003)
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The following technical data of the
saw blade have been calculated: width b=
110 mm, thickness s=0,9 mm, saw blade
free length L(y=358 mm, £=2,15-105 MPa,
G=8,1-104 MPa, tensioning stresses on=
300 MPa. Additionally, saw blade stiffness

400

of narrower saw blades of 30 mm in width
was computed with the use of the beam
model (other parameters were not changed).
The results of this evaluation of saw blades
stiffness coefficients are shown in Figure 5,
Figure 6 and Figure 7.

The most interesting results are pre-
sented in Figure 6 and 7. As it could be
expected for the saw blade width of 110
mm in the Ivankin's method, torsional stiff-
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IVM - Ivankin's method (/vankinova metoda), IVMM - Ivankin's modified method (k, for Fy = 0 N)
(Ivankinova modificirana metoda), BM - beam model (model grede) (s = 0,9 mm, Ly =358 mm, E =

2,15:105 MPa, G = 8,1-10% MPa, o, = 300 MPa)
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Figure 5

Flexural stiffness kg of
saw blade versus saw
blade width and
calculation method
Slika 5.

Savojna krutost lista
pile k, u ovisnosti o
Sirini g}ista odnosno
metodi racunanja

Figure 6

Torsional stiffness kg
of saw blade versus
saw blade width and
calculation method
Slika 6.

Torzijska krutost lista
pile u ovisnosti o Sirini
lista odnosno metodi
racunanja

Figure 7

Initial stiffness of saw
blade kg versus saw
blade width and
calculation method
Slika 7.

Pocetna krutost lista
pile u ovisnosti o Sirini
lista odnosno metodi
racunanja
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Figure 8

Sensitivity analysis of
the initial saw blade
stiffness (the saw
blade geometry for the
base point -
normalized value:
b=20 mm, s=0,9 mm,
Ly=358 mm, on=250
MPa)

Slika 8.

Analiza osjetljivosti
pocetne krutosti lista
pile (geometrija lista
pila za baznu tocku -
normalizirana
vrijednost: b=20 mm,
§=0,9 mm, Ly=358
mm, ony=250 MPa)

214

ness has the largest value. However, if the
initial saw blade stiffness is computed
based on these values, some results are
obtained which could lead to false conclu-
sions. It is well known that for the saw
blade of the same thickness and free length,
under the same value of tensioning stresses,
torsional stiffness increases with the
increase of the width (Figure 6) but at the
same time the initial saw blade stiffness
decreases dramatically (Figure 7). This
effect is somewhat non-intuitive (Orlowski
2001, 2003a, Lehmann and Hutton, 1997).
Hence, from this point of view there is a
kind of proof that in the determination of
torsional saw blade stiffness the effect of
the tensioning force should not be taken
into account.

For better understanding of this phe-
nomenon, Figure 8 shows the sensitivity
analysis of saw blade stiffness, which
enables the analysis of effects relative to
individual changes of saw blade parame-
ters.

for researches in the area of mechanics. In
that case, it is imperative to derive a geo-
metric stiffness matrix for establishing
whether the finite element method could
be used (Figure 4 - dashed line), because
the use of geometric stiffness matrixes
found in the reference literature
(Gallagher, 1975), for that state of loads,
does not give results of calculations that
match the experiment or another calcula-
tion method. The finite element method is
recommended because it can be simulta-
neously used in static and dynamic com-
putations.

2.When applying methods of saw blade
stiffness calculation as a function of both
flexural and torsional stiffness, the effect
of tensioning stresses upon torsional
blade stiffness should not be taken into
account because of the phenomenon of
the decrease of the initial saw blade stift-
ness with the increase of saw blade width
(with other parameters of constant value),
e.g. the presented results of analysis of

——1 —-a—2 ——3 —4
o 40
S B5
» \
= 30 -
E 25 /
& e e
8 E 20
3 215 — 3 ad

K
g 10 |
(73]
s 5
£ 0
06 07 08 08 1 11 12 13 14 15

Normalized value

1 - tensioning stresses (naprezanja zbog napinjanja), 2 - saw blade free length (slobodna duljina lista
pile), 3 - blade thickness (debljina lista), 4 - blade width (sirina lista)

5 CONCLUSIONS
5 ZAKLJUCCI

1.Based on the results of this study, the fol-
lowing conclusive remarks can be drawn
Although, at first glance, saw blade stift-
ness seems to be a simple calculation
task, there is not a general method which
could be applied for its determination and
simultaneously cover the whole range of
saw blade width used in industrial prac-
tice. Thus, developing a new universal
method of calculation for saw blade later-
al displacements in both static and
dynamic conditions is a great challenge

both Ivankin's method (IVM) and modifi-
cation of the said method proposed in this
paper (named IVMM).
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