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Abstract

This theoretical and experimental study examines the tracking behavior andA stability of
bandsaw blades. Tracking describes the in-plane “front-to-back” motion of a bandsaw as it
“runs on the bandmill wheels. Bandsaw tracking stability returns tﬁe sawblade to its initial
position after any iﬁ-plane side-to-side displacement caused by a cutting force. The tracking
behavior‘ and stability of the sawblade are determined by the geometry of the saw and bandmill
wheels. Fourteen factors affect this geometry. They are the cutting force, wheel profile, tilt,
cross line and coefficient of frictior;, and the saw backcrown, overhang, strain, tensioning,
thickness, width, guides, rotational speed and temperature distribution. In practice,.many of

these factors are present at the same time.

A theoretical model is presented here that accurately and reliably predicts the behavior and
stability of the band. This model incorporates and quantifies the tracking stability of cutting
force, wheel profile and tilt, and band overhang, vstrain, thickness and width. Both the
experimental and theoretical results show that wheel crown and overh'ang are the only true
stability factors and that the other factors such as width and thickness only modify the stability
of crown and overhang. It was also found that the detail of the wheel profile has a substantial
effect on tracking stability and when wheel crown is combined with overhang, the tracking
stability of overhang is improved. The model can now be applied to investigate different
wheel crown profiles. It provides an important tool for the task of improving bandsaw cutting

performance while at the same time reducing the required saw and bandmill maintenance.
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1.0 Introduction

1.1 Background

Global competition demands that sawmill managers and maintenance personnel continue to
pursue ways to improve lumber production quality and reduce operating costs. Each step in
the overall log bfeakdown process is being examined to contribute to this goal [1,2].
Bandsaws are major machines in many mills, and they process large volumes of wood.
Therefore, they are good targets for production quality improvements and operating cost

reductions.

A bandsaw machine or bandmill consists of a continuous band traveling around two wheels as
shown in figure 1.1. The preparation of the bandsaw can be a time consuming process which
includes tensioning, leveling and sharpening of the sawblade [3]. The maintenance and set-up
of the bandmill includes machining the surfaces of the wheels to a flat or crowned profile,
setting the “strain” force to pull the sawblade firmly onto the wheels, and adjusting the
position of the sawblade by setting the “tilt” angle between the axes of the top and bottom

wheels.

The maintenance and set-up of the bandmill and bandsaw are performed with the goal of
achieving good cutting performance at a high production rate while consuming a minimum

amount of maintenance time. The dilemma is that typically an improvement in one operational

area can only be achieved at the cost of another [4]. For example, good cutting performance




can be achieved through careful saw tensioning and lower production rates. Less maintenance
time spent on tensioning and also higher production rates typically reduce cutting

performance.
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Figure 1.1: Bandsaw Machine and Sawblade

An understanding of bandsaw tracking mayA contribute to a solution to this dilemma. The term
“tracking” describes the in-plane “front-to-back” movement of the saw as it runs between the
wheels of a bandmill [5,6]. During sawing, the cutting forces create an in-plane bending
moment and curvature along the length of the sawbladé. As the sawblade rotates around the

wheels the curvature creates an angle between the saw and bandmill wheel at the point where




the saw first contacts and moves onto the wheel. This angle is called the “entry angle” ¢. The
entry angle is a key quantity that describes tracking. It defines the ratio of the in-plane
sideways speed of the saw relative to its longitudinal speed. When the entry angle is non-zero
the sawblade is not perpendicular to the wheel éxis. As aresult, the sawblade moves sideways
in a screw-like motion, with the entry angle corresponding to the thread angle of the screw.
This sideways motion is tracking. When the entry angle is zero the saw is perpendicular to the

wheel axis and as a result, it runs in a stable tracking position without any sideways motion.

The ability of a inoving bandsaw to maintain its tracking position against the cutting forces
that tend to push the saw off the wheels is referred to as tracking stability [6,7,8]. The
sawblade relies on subtle details such as the baﬁdmill wheel profile and saw overhang to
generate a bending moment to counteract the moment created by the cutting forces. The
balance between these moments determines the tracking displacement of the saw and it keeps
the saw on the wheels without any direct mechanical constraint. A sawblade with a high
tracking stability moves a small distance in response to a cutting force while one with a low
stability moves a larger distance. Many other factors also contribute to the balancing moment
including the saw tensioning, thickness and width and the bandmill strain and the wheel tilt

angle.

It is generally believed that front-to-back movement of the sawblade impairs cutting accuracy

and increases the wear on the bandmill wheels and sawblade. Therefore, a saw with a higher

tracking stability that responds with minimum movement to the cutting force will improve




cutting accuracy without a penalty in production rate. An understanding of bandsaw tracking
may also provide a means of reducing sawblade maintenance time by reducing the amount of

tensioning required in sawblades.

Previous tracking studies have focused mainly on the stable tracking position of Bandsaws.
This is “steady state” tracking. In practice, this condition occurs when a bandsaw is idling
between saw cuts. However, when a bandsaw is cutting, its tracking position is continually
changing. This is “transient” tracking. Therefore, to maximize cutting accuracy and minimize
equipment maintenance time, bandsaw transient tracking must also be examined. This study

will extend the previous steady-state tracking analysis to include the general transient case.

1.2 Previous Work

Swift’s [8] work in the 1930’s on the steady state tracking of belts around pulleys was among
the first systematic studies to be published on tracking. His theory modeled the portion of the
belt between the wheels as a beam in bending with an applied axial tensile load. The bending
moment was calculated by assuming the stress distribution across the sawblade matched the
profile of the pulley. The steady state entry angle was determined from the end slope of the
beam. Swift’s theory includes the effects of the wheel taper and circular crown and the belt

width and strain. Wheel tilt and cross line were also included in Swift’s theory as adjustments

to the beam boundary conditions.




Schajer [9] also did work on tracking when he developed a geometrical model of how a
guided circular saws hunts on a rotating shaft. The mechanism of saw hunting is the same as
that for belt trackirig. Schajer described in detail the movement of the saw as it enters onto
and moves around the shaft. He explained that at the instant when the saw enters onto the
shaft, it appears that the saw and shaft will follow different paths but since they are in contact,

the saw must follow the rotation of the shaft.

The effect of wheel crown profile on the tracking stability of belts was experimentally
examined by Reﬁner [10]. He showed that a pulley with a flat center section and steeply
curved edges has a higher tracking stability than a pulley with a center peak that gradually
slopes towards the edges. In éddition, he also showed that a band mounted on the pulley with

the flat center section has a more uniform stress distribution across its width.

Sugihara [6] published some of the first work on th.e tracking of bandsaw blades. He
théorized that the bending moment in the sawblade determined its tracking behavior. His
work focused on the bending moments created by the cutting force, saw strain, saw width,
wheel tilt and overhang. Like Swift, Sugihara modeled the band between the wheels as a
beam under an axia‘l tensile load. The cutting force was included as a concentrated force at
the center of the beam. Saw overhang of a flat wheel was modeled as a cylindrical shell with a

uniform line force and moment on one edge and the other edge free. The line force and

moment were determined from the assumption that the bandmill wheel behaves as a beam on




an elastic foundation with the strain applied as a uniform pressure across the wheel. They are

calculated by balancing the force and moment acting on the wheel edge.

Taylor [11] extended the work done by Sugihara. He developed theoretical models for the
bending moments created by backcrown, tensioning and wheel crown and extended
Sugihara’s work on the bending moments generated by wheel tilt and overhang. Taylor’s
cylindrical shell theory of saw overhang modeled the flat wheel as a rigid body and inclﬁded

the effects of saw tensioning and anticlastic curvature.

Chardin [12] began the first of many experimental studies of bandsaw tracking that included
coarse measurements of transient tracking but focused mainly on six factors that affect an
industrial saw’s overhang. It was found in this study that flat wheels were more stable than
crowned wheels. This comparison will also be performed here in section 5. It was also found
that tensioning and the coefficient of friction between the sawblade and wheel had little effect
on the overhang. Wheel tilt caused the saw to track from the higher to the lower portion of
the wheel éxisl When an out of plane (lateral) load was applied to one edge of the saw or the
edge was heated, the saw tracked in-plane from the loaded or heated edge towards the
opposite edge. An in-plane load applied to the edge of the saw in the feed direction caused
the saw to track in the same direction. Chardin also noted that the transient tracking caused

by an in-plane load or feed force followed an inverse exponential relationship with the

longitudinal movement of the saw.




Chardin [7] followed up the industrial studies with laboratory experiments on a metal band or
a saw with no teeth. The previous experiments on the industrial bandmill were repeated
reaffirming most of the initial findings except it was found that highly tensioned saws were
more stable than untensioned saws. The effects of strain, thickness, width and wheel size on
the saw’s overhang were also examined. It was found that strain increased the stability of the
band while the thickness and width had little effect. The tracking stability of a double cut

bandmill with 8’ wheels was found to be higher than a single cut resaw with 5’ wheels.

Chardin and Sales [13] then performed a laboratory study confirming the | results from
Chardin’s earlier laboratory experiments as well as examining the combined effects of wheel
size, tensioning and strain on band tracking stability. It was found that typically a minimum
amount of tensioning was required for maximum tracking stability but that tensioning beyond

this amount provided no additional benefit.

Sales, Guitard, Fournier and Garin [14] also performed experiments on a industrial bandmill
and a sawblade with teeth. The effect of edge heating, backcrown and the combined effects of
strain, tensioning and flat / crowned wheels on tracking stability were examined. As found
earlier by Chardin, heating one edgevof the saw caused it to track in the direction of the
opposite edge and strain increased the stability of the saw. It was also found that typically

tensioned saws were more stable on flat wheels except for highly tensioned and untensioned

saws which were more stable on crowned wheels. When the tracking movement was large,




crowned wheels were found to be better than flat wheels at preventing the sawblade from

coming off the wheels.

Rivat, Sales, and Martin [15] also did laboratory experiments using more accurate equipment
to examine the effect of wheel tilt, strain énd longitudinal velocity on the band’s overhang.
Confirming Chardin’s findings, it was found that wheel tilt caused the band to track from the
higher down towards the lower portion of the wheel axis and that strain reduced the

overhang. It was also found that the longitudinal blade velocity decreased the overhang.

1.3 Objectives and Scope
The objective of this research study is to develop a comprehensive theoretical model of
bandsaw tracking including steady state and the more general transient tracking. The four

steps required to achieve this objective are:

1. Apply the tracking mechanism identified by Swift [8] and Schajer [9] to bandsaw blades.

2. Isolate the bandsaw tracking factors identified by Chardin, Fournier, Garin, Guitard, Rivat,
Sales, Sugihara and Swift [6,7,8,12,13,14,15]. Determine the tracking effect of these
factors and place them into a logical framework.

3. Develop a theoretical tracking model that incorporates both the steady state and the
transient tracking behavior of the sawblade. Swift’s steady state tracking model of wheel

taper, band thickness, width and strain will be developed into a basic model for transient

tracking. Next, Swift’s wheel tilt theory will be incorporated. Swift’s and Taylor’s [8,11]




wheel crown bending theory will be incorporated after it is extended to include more
general shapes. Sugihara’s and Taylor’s cylindrical shell model of the sawblade ovenhang
will also be developed for transient tracking. Finally, the initial beam theory will be
extended to include Sugihara’s model of the cutting force.

4. Test and experin1entally verify the accuracy of the theoretical model on a table top bandmill
model and metal band. Detailed measurements will be made of the band’s in-plane side-to-

side tracking position relative to its longitudinal movement.

Beyond these objectives, the theoretical model will be utilized to determine which tracking
factors have the most significant effect on bandsaw tracking stability. Machine and sawblade
set-up factors that determine cutting accuracy and equipment maintenance requirements will
be given specinl attention. A particular area of interest is the possibility of improving the
bandmill wheel profile to increase tracking stability and reduce the amount of saw tensioning
needed. This would allow the saw strain and saw stiffness to be increased and may also
reduce the frequency of fatigue cracks in the sawblade. This change has the attractive
potential of improving cutting accuracy at the same time as reducing bandmill wheel wear and

sawblade maintenance requirements.



2.0 Bandsaw Tracking Mechanism

The tracking or i_n-plan/e “front-to-back” movement of a bandsaw is determined by the
geometries of the wheels and sawblade at the point where the saw first contacts (“enters”) the
wheel [16,17]. This tracking has two phases, transient and steady state. Transient tracking is
the more general case during which both the side-to-side position and tracking speed of the
band are continuously changing. After a few band rotations, the sideways tracking speed

typically converges to a steady state value. This is called steady state tracking.

2.1 Tracking Movement

Bandsaw tracking movement occurs continuously and simultaneously around the entire saw as
it rotates on the wheels. The direction and rate of movement of the saw is determined by

saw’s angle at the point where it first enters onto the wheel.

Mechanism of Tracking Movement

To illustrate the mechanism of bandsaw tracking movement, consider the straight band
running on the flat (cylindrical) wheel shown in figure 2.1. In this simple case, the longitudinal
force on the band, commonly called “strain”, is evenly distributed across the width of the
band. As a result, there is no bending or curvature, and the band remains straight and
perpendicular to the wheel axis. Consider the instant when a point on the band first contacts

the wheel at A. After contact, there is assumed to be no slip between the band and wheel.
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Therefore, the band is constrained to follow the rotational path of the wheel. Here, the path
of the band and the path of the wheel coincide because they are both destined for point B.
Therefore, after a quarter or more turns of the wheel, the side-to-side position of the band on

the wheel remains unchanged.

_ 4
Band 8ljosition ~\E|
Rotational Path |\ 90°

A
— | I Wheel Axis

_— Band

m

Strain

Figure 2.1: Flat Wheel Tracking

Now consider ‘the initially straight band tracking on a tapered (conical) wheel shown in figure
2.2. The tapered wheel applies the strain unevenly to the band, resulting in a bending moment
and a slight curve in the band [8]. The band axis is no longer perpendicular to the wheel axis.
Consider the instant when a point on the band first contacts the wheel at A. At this instant,
the path of the band appears destined for point B. However, point A on the wheel follows a
path perpendicular to the rotational axis and is destined for point C. Since there is no slip

between the band and the wheel, the band moves up the taper following the rotation of the

11




wheel [9]. Therefore, after a quarter turn the band has shifted sideways towards the wider

side of the taper, as shown in figure 2.2.

Initial Position Position After

1/4 Turn
@ Rotational Path

C _»
B
Band Axis
Strain Strain

Figure 2.2: Tapered Wheel Tracking

Four basic concepts are important when considering band tracking movement. They are:

1. A bendiﬁg moment creates a curvature along the length of the band.

2. Tracking occurs when the band rotational path is not perpendicular to the wheel axis at
the point where 'thé band first contacts (“enters”) the wheel. The resulting
perpendicular angle between the band axis and the wheel axis is called the “entry angle”

¢. Figures 2.2 and 2.3 illustrate this angle.

12




3. The band tracking speed VTi depends proportionally on the entry angle ¢ and the
longitudinal speed of the band V,

Vr = ¢V 2.1

For a fixed longitudinal speed, the tracking speed is proportional to the entry angle.

4. Thereis assﬁmed to be no slip between the wheel and the band. Therefore, the side-to-
side position and slope of the band at the wheel entry are maintained or stored by the
wheel as it rotates. These appear at the wheel eﬁit after a half turn. Thus, the band
position and slope around the wheel contain the history of the band movement during
the previous half turn. As the wheel rotates, points on the band move to the wheel exit

in succession as new points are added at the wheel entry.

Figure 2.3: Tapered Wheel Band Shape

Figure 2.2 shows the position, shape and tracking of only a portion of a band. The position

and shape of the remainder of the band can be developed by continuing the rotation of the

13



band shown in figure 2.2. The result is the band shown in figure 2.3. Point A is at the entry
and point D is at the exit (at the far side of the wheel). The horizontal distance between
points A and D corresponds to the distance tracked by the band during the previous half turn.
The slope of the band at D (the exit angle) is the same as the slope at A (the entry angle).
They appear to have opposite signs because opposite sides of the band are shown at points A

and D.

Next consider a band running on two tapered wheels. The curved shape shown in figure 2.3 is
repeated on both wheels. Since the band is continuous, the result is the figure-eight pattern

shown in figure 2.4. The tracking of this band on two wheels follows the same four basic

o)
@),

Figure 2.4: Figure-eight Pattern

concepts presented earlier.

Y
A4
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Simultaneous Tracking Movement Around Two Wheels

To illustrate the simultaneous tracking movement of the band around its entire circumference,
again consider the band shown in figure 2.4. The band can be divided into four sections. Two
spans which are on the wheels and two free spéns whicfl are between the wheels as shown in
figure 2.5. As described previously, each wheel stores the ﬁositions and slopes of the band
section in contact with it, and progressively moves them to the exit point as the wheel turns.
In contrast, the free spans of the band betweeﬁ the wheels only transmit the position and slope
of the band from the exit point of one wheel to the entry point of the opposite wheel. This is

done by the in-plane bending stiffness of the two free spans of the band.

”%7;z:§§%‘r//8pan on Wheels

- D A -
Span Between Wheels\ @ /Span Between Wheels
U E G .
Span on Wheels

Figure 2.5: Four Sections of Band

d

15



Consider the band mounted on two tapered wheels shown in figure 2.6. The arrows
numbered 1 to 10 mark the positions and slopes of the band that are in contact with the
wheels. As the band and wheels rotate, the position and slope at the wheel entry points, A
and E, evolve as shown in figure 2.2. Simultaneouslsl, the stofed band positions and slopes on
the wheels move towards the exit points as shown in figure 2.6. The values at 1 move to 2,
the values at 2 move to 3 and so on. Also at the same time, points 4 and 9 move to the wheel
exit points , D and G, and their effects are transmitted by the band between the wheels to the
entry points on the opposite wheels. These then affect the entry position and‘ slope of the

band during the next rotation.

2
3 1
evolves
from
1 4 iy pt— 1 +10

After
Rotation

| P—— | T

evolves
from
5+6 —m=l{ bl— 9

7

Figure 2.6: Transient Tracking Around Entire Band
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2.2 Transient and Steady State Tracking

Transient and steady state tracking describe different phases of the tracking process. During
transient tracking the entry angle and tracking speed of the band vary with time. However,
after a number of band rotations the entry angle and tracking speed converge asymptotically
to steady state values. This is steady state tracking. Later it will be shown that on a crowned
wheel the steady state entry angle and tracking speed are zero. As a result, the band maintains
a stable tracking position on the wheel. On a tapered wheel, the steady state entry angle and
tracking speed are non-zero. As a result, the ;t)and tracks across the wheels at a constant non-

zero speed.

To illustrate the mechanism of transient tracking, consider the straight band running on two

flat wheels shown in figure 2.7. It was shown in figure 2.1 that in this simple case the band

| Flat

Wheel
A Al e j—

Flat
Wheel

Figure 2.7: Straight Band on Two Flat Wheels




maintains a stable tracking position on the wheels as it rotates. At the instant when the band
begins cutting, a feed force pushes on the center of the.band between the wheels as shown in
figure 2.8. Since there is no slip, the bending moment and curvature in the band created by
the feed force is limited to the portion of the band between the wheels. There is no immediate
effect beyond points A and G in figure 2.8. As the band rotates a small increment Ax, the
band curvature changes the entry angle as shown in figure 2.9. Again due to the no slip
assumption, the band slope changes only occur over the length Ax at the entry of the top
wheel. At the bottom wheel exit point G, the position and slope of the band previously Ax
upstream move to the exit point as explained in section 2.1. During the next rotation Ax, the
non-zero entry angle creates tracking in the direction of the feed force and again the band

curvature changes the entry angle as shown in figure 2.10. Again, the side-to-side position
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Figure 2.8: Cutting Force on Straight Band
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and slope of the band at the exit of the bottom wheel become those values previously Ax
upstream. As a result, during transient tracking the evolution of the entry angle due to the

band curvature causes the tracking speed and position to change continually.

The sequence of band tracking shown in figures 2.6, 2.7, 2.8, 2.9 and 2.10 shows that there is
a delay of half a turn of the top wheel and half a turn of the bottom wheel before the feed
force effect travels all the way around the band and further influences the entry angle. Figure

2.11 shows a summary of the transient tracking process.

Bending
‘ Moment
changes l creates
Curvature

l changes
- 1 Exit Angle —T— Entry Angle ¢ - - - - '

' changes

.- o Exit Position [~——pleg—] Entry Position | -

after a Delay

Figure 2.11: Flow Chart of Transient Tracking Process at the Entry Point




After a number of complete band rotations the entry angle and tracking speed asymptotically
converge to steady state values. This is steady state tfacking. It appears from figure 2.11 that
steady state tracking requires the bending moment and curvature in the band to be zero. This
is true when a band is tracking on flat wheels. However, consider the band which is steady
state tracking on tapered wheels shown in Figure 2.12. An examination of the band at the
entry point A shows that both the curvature and entry angle are non-zero. However,
unwrapping the surface of the tapered wheel, as shown in figure 2.12, shows that the
curvature of the wheel matches the curvature of the band at the entry point A. Therefore,
steady state tracking occurs when the bending moment in the band creates a curvature which
matches that of the wheel. As a result, the entry angle and tracking speed do not vary with
time. Now reconsider the band tracking on flat wheels shown in figure 2.7. The flat wheel
has zero curvature when unwrapped. As a reéult, steady state tracking occurs on flat wheels

when the band curvature at the entry point is zero.
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3.0 Bandsaw Tracking Factors and Stability

Bandsaw tracking is the mechanism by which a saw can move sideways on the bandmill
wheels during machine operation. Stable tracking occurs when the band has the tendency to
return to an equilibrium position after some disturbance to its sideways motion. In practice,
the most common disturbance is an in-feed (in-plane) cutting force. In section 2.3, it was
shown that a in-feed cutting force creates tracking in the direction of the force. The ability of
the sawblade to resist this tracking movement is a measure of its tracking stability [12,17]. A
saw’s tracking stability is determined by its geometry and the geometry of the bandmill wheel.
In this chapter the factors that affect tracking will be examined aﬁd placed into a logical
framework. The effect of these factors on the tracking stability of the bandsaw will then be

examined.

3.1 Factors Affecting Tracking

The characteristics of the bandsaw blade and bandmill wheel that affect the bending moment,
curvature and entry angle of the sawblade directly determine its tracking behavior. Fourteen
characteristics or factors which affect tracking have been identified [6,7,8,10,12,13,14,15].
They are:

1. Wheel Profile
2. Wheel Tilt

3. Band Overhang
4. Band Strain
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. Band Width
. Band Thickness
. Band Tension

. Cutting Force

O W 3 Oy W

. Band Backcrown

10. Band Guides

11. Wheel Cross Line

12. Wheel and Band Coefficient of Friction
13. Band Rotational Speed

14. Band Temperature Distribution

Factors one to seven are part of a bandmill’s and bandsaw’s regular maintenance and set-up.
Therefore, these factors will be the focus of the discussion and theoretical analysis in the next
sections. The eighth factor, cutting force, will also be included in the analysis because it
provides a measure of a saw’s tracking stability. For simplification, only the cutting force
component parallel to workpiece feed direction will be examined. Although the ninth and
tenth factors, band backcrown and saw guides, are also maintenance and set-up factors, for
simplification they will be excluded here. Simplifying assumptions will also be made for the

final four tracking factors in the development of the theoretical model in the next section.

Wheel Profile

The tracking effect of wheel taper was illustrated earlier in figure 2.2. The wheel taper
generates uneven stresses in the band, which create a bending moment, curvature and entry
angle in the band. As a result, the band tracks from the small diameter up the taper to the

large diameter [8].
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In practice, bandmill wheels are rarely tapered. Typically the wheel profile consists of a
smooth curved (crowned) shape similar to the one shown in figure 3.1. The tracking behavior
of a band on a crowned wheel can be understood by considering the composite wheel shown
in figure 3.2, consisting of two opposite tapers joinéd at the center. These two tapers produce
tracking in opposite directions. Consider the band tracking off-center on the double tapered
wheel, as shown in figure 3.2. At any time, the band can track in only one direction. Since
the larger proportion of the band is running on the left taper, this side has more influence on
the bending moment, curvature and entry angle. The band therefore tracks towards the wider
side of the left taper, that is, towards the center of the wheel. As the band approaches the
center of the wheel, the influences of the left and right tapers begin to equalize. When the
band is centered on the wheel the tracking effect of the two tapers cancel and the band reaches

an equilibrium position. Similarly, a band initially running more on the right taper moves
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towards the wider side of the right taper, that is, towards the center of the wheel. Therefore,
a band running on a crowned wheel has a natural tendency to remain at the top of the crown.
This is referred to as “self centering”. The bending moments and curvatures which create the
self-centering effect increase with the distance that the band is displaced from the center of the
crown. As a result, the self centering effect also increases with the distance between the band

and the crown center.

Wheel Tilt
Wheel tilt creates an uneven stress distribution, bending moment and curvature across the
band as shown in figure 3.3 [6]. The slope of the band at the entry to the top wheel creates

the impression that the band will track towards the left. However, a closer examination of the

Figure 3.3: Tracking Effect of Wheel Tilt
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band at the wheel entry shows that the angle of the band axis is less than the angle of wheel
tilt [11]. Since the entry angle is measured relative to the wheel axis, its orientation is similar
to that shown for the tapered wheel in figure 2.2. As a result, the band will track towards the
right or from the higher portion down towards the lower portion of the wheel axis

[6,7.8,12,13].

Band Overhang

Figure 3.4 shows a band overhanging a flat wheel. The portion of the band overhanging the
wheel curls down towards the wheel as shown in figure 3.5 [6,11,18]. The curling action
simulates the effect of a wheel taper, creating an uneven stress distribution, a bending moment
and a curvature. As a result, the band tracks back onto thé wheel. The curling action and the
curvature of the band increases with overhang. As a result, the tracking effect also increases

with overhang.
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Figure 3.4: Tracking Effect of Overhang
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Figure 3.5 shows a band that is overhanging both sides of the wheel. The overhang on the left
side of the wheel generates a tracking effect in the opposite direction from the overhang on
the right. This behavior is the same as that of the double tapered wheel shown in figure 3.1.
When the overhang on the left side of the wheel is larger than that on the right, the left
overhang has a larger influence on the band's bending moment, curvature and entry angle.
The band, therefore, tracks to the right, that is, towards the center of the wheel. Similarly,
when the overhang on the right is larger than that on the left, the band tracks towards the left,
that is, towards the center of the wheel. When the band is centered on the wheel and the left
and right overhangs are equal, the tracking effects cancel and the band reaches an equilibrium
position. Therefore, like wheel crown, overhang has a self-centering effect that increases with

the distance between the band and the wheel center.

- Figure 3.5: Band Overhanging Both Sides of the Wheel
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Cutting Forces

The tracking effect of the in-feed cutting force was shown earlier in ﬁgures 2.8,2.9 and 2.10.
The cutting force creates a bending moment and curvature in the band. As a result, a entry
angle develops between the axis of the band and the axis of the wheel and the band tracks in

the direction of the cutting force.

Band Strain

Band strain by itself does not cause tracking. However, it does modify the tracking behavior
caused by other factors. In the case of taper and cutting force, strain acts to straighten the
band. This reduces the entry angle and correspondingly reduces the tracking speed.
However, in the case of tilt, the straightening increases the entry angle and increases tracking

speed. This is shown in figure 3.6. When tracking is caused by overhang, strain increases

@ P
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Figure 3.6: Tracking Effect of Strain
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the downward curling of the overhang and as a result, also increases the bending moment that

it generates. This increases the tracking effect of overhang [15].

Band Thickness and Band Width

Band thickness and width are like band strain in that they also do not individually cause
tracking. However, they do affect the tracking induced by other causes. Thicker or wider
bands have a high_er second moment of area and therefore a higher bending stiffness. As a
result, when the tracking effect is due to wheel taper, the entry angle and tracking rate are
increased. However, when the tracking effect is due to a cutting force, overhang or wheel tilt,

the entry angle and tracking rate are reduced.

Band Tensioning
Tensioning is a routine process used to stretch the center of a bandsaw blade by hammering or
rolling its surface [3]. This process changes the shape of the saw across its width when it is

wrapped around the wheel.

Band tension by itself also does not cause tracking. However, it does affect the way in which
the band contacts the surface of a crowned wheel as well as the shape of the overhanging
portion of the sawblade [11]. Figure 3.7 shows that tensioning can give a band a lateral

profile that matches the shape of the wheel crown. This proﬁle allows the edges of the band

to contact the wheel, thereby maximizing the tracking behavior of the band. Kirbach [19]




found that flat wheels required the lowest saw tensioning and that the optimum amount of

tensioning for crowned wheels increased with increasing crown height.

N Crowned Wheel

LTensioned Band
1y

Figure 3.7: Curvature Due to Tensioning

When the sawblade overhangs the wheel, tens‘ioning increases the downward curling of the
overhanging edge. This is shown in figure 3.8. The steeper edge has the same effect as a

steeper taper. Therefore, tensioning increases the tracking effect of overhang which pushes

the sawblade back onto the wheel.




Saw

Saw
/ .

Tooth Tooth

Wheel _ Wheel

No Tensioning Tensioning

Figure 3.8: Effect of Tensioning on Overhang

3.2 Bandsaw Tracking Stability

The tracking stability of a bandsaw can be observed during sawing. Typically, when a saw is
idling between cuts, it maintains a stable side-to-side position on the wheels. When the saw
begins cutting, the cutting force creates a bending moment that causes the saw to track in the
direction of the cutting force, as described in section 2.2. As the saw tracks from its initial
position, the tracking factors generate an opposing bending moment. When the moments
balance, the saw maintains a new stable position on the wheels. When the cutting force is
removed the saw returns to its original position. This process of moving and generating a
bending moment in response to a cutting force and then returniﬁg to the original position after

the force is removed is a measure of tracking stability. A saw with a high stability is

characterized as one which moves very little in response to a cutting force.




Out of the fourteen tracking factors, only wheel profile, specifically wheel crown, and
overhang are true stability factors. The self centering effects of wheel crown and overhang

give them the ability to:

1. Maintain the band at a stable tracking position on the wheels between cuts.

2. Generate a tracking effect in the opposite direction of the cutting force that increases as
the band moves from the wheel center. When the tracking effects equalize, the band
maintains a new equilibrium position.

3. Return the band to its original position after the cutting force is removed.

To illustrate the tracking stability of wheel crown and overhang consider the two straight
bands shown in figure 3.9. Band A is rﬁnning on crowned wheels and band B is running on
flat wheels. The bands track at the center of the wheels because of the self centering effects of
wheel crown on band A and overhang on band B. When the bands begin cutting, the feed
forces create bending moments and curvatures in the bands. Through the process of transient
tracking, bands A and B both track across the wheel in the direction of the cutting force. As
bands A and B move off the cqnters of the wheels, the bending moments and curvatures
cfeated by the wheel crown and overhang begin to balance those created by the feed forces.
Thus, bands A and B both slow down and stop at the location where the moments and
curvatures balance as shown in figure 3.10. When the bands finish cutting and the feed forces
are removed, the self centering effects of the wheel crown and overhang cause bands A and B

to return to their original stable positions.
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The other factors such as wheel tilt, strain, width, thickness and tensioning only modify the
tracking stability of wheel crown and overhang. Wheel tilt generates a constant non-zero
bending moment, entry angle and tracking speed. Since this moment does not vary with
tracking displacement, tilt by itself is unable to maintain the saw at a stable position on the
wheels. However, when combined with wheel crown or overhang, the bending moment
created by tilt does change the stable saw position on the wheels. For example, consider the
band overhanging both sides of the wheel shown in ﬁgure'3.5, When the top wheel is tilted,
the band tracks to the right down towards the lower portion of the axis, increasing the right
overhang. When the tracking effect of the right overhang balances that of the wheel tilt, the
band maintains a new stable position, as shown in figure 3.11. This becomes the new stable
“center” position for the band. The remaining tracking factors, strain, width, thickness and
tensioning only indirectly influence tracking stability because they are unable to generate
bending moments in the band by themselves. These factors can not resist the effect of variable

cutting forces if present alone.
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Figure 3.11: Effect of Wheel Tilt on Overhang
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4.0 Theoretical Model

A theoretical model of bandsaw tracking is developed in this chapter. This model will help
quantify how the tracking factors affect tracking stability. Since bandsaw tracking is affected
by fourteen factors, it is possible to obtain stable tracking in many different ways. It should be
possible to choose a combination of factors that produce superior tracking stability but at the
same time requires less time to implement and maintain. For example, reducing fhe needed
tensioning is a desirable goal because it is a time consuming maintenance process. Reduced
tensioning has the added advantage that it makes leveling easier. The objective of the
theoretical model developed in this chapter is to understand the mechanism of band tracking
and to improve bandsaw tracking stability. This should allow improvements in cutting

accuracy and a reduction in wheel wear and saw maintenance time.

Development of the theoretical model requires five steps. They are:

1. Make simplifying assumptions for the set-up, geometry and mechanics of the sawblade.

2. Determined the initial position and slope of the saw.

3. Develop a model of the tracking effects of the basic tracking factors. The basic factors are
the wheel taper and band strain, width and thickness. The model for these factors as well
as the other factors will be based on their bending moment, curvature and slope effects on

the bandsaw.
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4. Model the tracking of the saw as it rotates on the wheels. This will be done By using the
initial position, slope and curvature of the saw and a numerical integration method to
update these values as the band rotates.

5. Extend the basic model to include the effects of wheel tilt, wheel crown, cutting force, and

band overhang.

4.1 Assumptions

The theoretical model will be developed with the following simplifying assumptions:

e There is no cross line betweeh the axes of the bandmill wheels. That is, the axes lie in the
same plane. This is the typical set-up for a bandmill [2].

e There are no saw guides.

e The saw has no backcrown.

e The bandsaw teeth do not significantly affect tracking and may be omitted. As a result, the
saw may be considered as a uniform band.

e The coefficient of friction between the wheel and band is large enough to prevent slipping.

e The band rotational speed is slow enough that the dynamic effects are negligible.

o The temperature distribution across the band is uniform.

e The tensioning in the band allows it to contact the wheel across its entire width.

e The portion of the band between the wheels behaves as an Euler beam under axial tension

[6,8].
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o The portion of the band overhanging the wheels behaves like a cylindrical shell [6,11].
e The resultant of the cutting force acts in the workpiece feed direction.

¢ The initial position and slope of the band around the wheels can be determined reliably.

4.2 Wheel Taper and Band Strain, Thickness and Width

The simplest model of band tracking involves just four of the fourteen factors. They are
wheel taper, band strain, thickness and width. This tracking model describes the side-to-side
position, slope and cufvature of the band at any instant in time. The model requirés the initial
position and slope of the band, a method of calculating the effect of the tracking factors and a
method for updating the band position, slope and curvature as the band rotates and the

operating conditions change.

Initial Position

The initial position and slope of the band can be determined by measuring the shape of the
band on the wheels and déveloping an analytical equation for the position and slope of the
band between the wheels. The portion of the band between the wheels can be modeled as a
"beam in bending under an axial tensile load [6,8] as shown in figure 4.1. The boundary

conditions that determine the shape of this beam are the measured position and slope of the

band at the wheel entry and exit points, A and G.




"Entry Point’

] o

"Exit Point’

Figure 4.1: Basic Band Model

The bending moment at any point x along the length of the beam shown is figure 4.1 is

dzy
EI 5 =Ty + Rux - M, (4.1)

where T is the axial tensile “strain” force, R, is reaction force and My is the moment at point

A. The general solution for equation (4.1) is [20]

y(x) =B, sinhkx + B, coshkx + B; — B,x 4.2)

where y is the side-to-side position of the band at a distance x from the entry point A and

where
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By = —* (4.3)
R .

B4 = TA (44)
T

k = J— 4.5
51 (4.5)

The integration constants B,, B,, B; and B, are calculated by applying the position and slope

boundary conditions at the wheel entry and exit points. The results are:

_ kLsinh(kL)| k sinh(k L)
s 1 bl ok — U~ %0 VS kL) - 1 “6)
YK ] L cosh(kL) + Si“h(kl;))s}(l(iiif;(k%) - kL) ‘
1 .
B, = oh kD) + 1 [B, (sinh (kL) — kL) + ¢, L — y¢] 4.7)
B, = -B, ' (4.8)
B, = B,k -9¢,) (4.9)

where ¢ is the slope and subscripts A and G refer to the entry and exit points of the band.
Therefore, by measuring the position and slope of the band around the wheels and applying
the wheel entry and exit boundary condittons to equation (4.2), the initial position of the band

can be determined.
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Modeling the Tracking Effects

The tracking effects of band strain, thickness and width are already modeled in the beam
equation (4.2) and as a result, only the tracking effect of wheel taper requires additional
consideration. An analytical equation for the effect of wheel taper can be developed by

examining the bending moment created in the band. The profile of a straight tapered wheel is

defined by

fy) = y tan (y) (4.10)

where y is the taper angle shown in figure 4.2 and r and y are the radial and axial coordinates
of the wheel surface profile. The zero datum for y is at a convenient point on the surface of
the wheel. This point can be at the center of the wheel as shown in figure 4.2 or the top of a

wheel crown. At this point, ry is the radius of the wheel and

£(0) = 0 4.11)
As a result, the radius, r, of the tapered wheel at any point, y, is given by
r=r, + f(y) (4.12)

A band that is wrapped around a tapered wheel and is in complete contact with it develops a

curve along its length with the same radius "R" as that of the unwrapped wheel.

41




Unwrapped
Wheel

Tapered
Wheel
Cone
j—

Figure 4.2: Straight Tapered Wheel

The length of the band in contact with the wheel is [8]

contact length = = (ro + f(y ) (4.13)

If the original length of that section of the band, assuming no backcrown or tensioning was Ly,

then the strain in the band as a result of being wrapped around the tapered wheel is

(4.14)

and the stress in the band is given by
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mf) |, glrr- L) (4.15)
L, L,

G(y) = Ee(y) = E

Since the strain is small, the original length can be approximated as

L, =mr, (4.16)

Substituting equation (4.16) into the first term of equation (4.15), the stress profile becomes

oy) = E Zf—foy) Lplirnol) r"L_o Lo) 4.17)
Re-writing equation (4.17)
o(y) = -%f(y) + @19)
where
5, = (= r"L; Lo) (4.19)

The size of the base stress 6, depends mainly on the applied axial tensile "strain" force.

Equation (4.18) shows that the stress profile across the width of the band matches the profile

of the wheel when the band is in complete contact with the wheel across its entire width. The




bending moment generated by the wheel profile is calculated by integrating the stress profile

given by equation (4.18) across the width "b" of the band about its centerline [8,11]

M= Ic(y) hy dy (4.20)

w|o

where h is the thickness and the datum, y = 0, is at the centerline of the band. After

substituting equation (4.18), equation (4.20) becomes

M = Er—h jf(y)ydy 4.21)

Nlo

The second constant term in equation (4.18) has no contribution to the moment M because of

symmetry.

G, dy = (4.22)

oo

Therefore, the tracking effect of wheel taper is determined by substituting the wheel taper
equation (4.10) into equation (4.21). Later, the bending moment given by equation (4.21) will

be used in the numerical integration model of tracking to update the entry angle as the band

rotates.
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Modeling the Simultaneous Tracking Movement

The simultaneous tracking movement around the entire band is modeled as shown in figures
2.6 and 2.11. The measuréd position and slope of the band around the wheel and the
calculated shape of the band between the wheels provides the initial position of the entire
band. As shown in figure 2.6, when the band rotates, the position and slope the band on the
wheels moves incrgmentally towards the wheel exit. At tﬁe same time, the values appearing at
the wheel exit are transmitted to the entry point of the opposite wheel by the portion of the
band between the wheels. This is modeled using equation (4.1). Therefore, the remaining
step is to model the evolution of the band position and slope at the wheel entfy point. This
can be modeled and calculated with sufficient accuracy using the Euler numerical integration

method.

The basic steps of the Euler method are shown in figure 2.11. After the band rotates a

distance Ax, the band’s new position at the wheel entry is calculated from the current ("old")

position and slope, y,¢ and :y
X

od . Since the slope is approximately

gy_ ~ _Al — Ynew ~— You (423)
dx Ax Ax '

the new position is calculated by

Y o Ax (4.24)
X

Ynew = Yold +
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The new slope or entry angle of the band is calculated from the initial slope and the curvature

of the band and wheel. In section 2.2, it was explained that the difference between the

1 .
curvature of the band and the curvature wheel of the wheel, R at the entry point acts to

change the entry angle as the band rotates. Therefore, since the difference between the

curvature of the band and the wheel is approximately

d
A (_Y') d—ynew - d—yold

2
(S‘—ybmd _ LJ = _Ndx/ dx dx (4.25)
dx? R Ax Ax
the new entry angle is calculated by
2
d—ynew = 'd—)iold + (d yband - i) AX (426)
dx dx dx* R

The curvature of the band at the wheel entry point is calculated by differentiating equation

(4.2) twice and substituting in the location of the entry point

2

d—zbmd ©0) = B, k* (4.27)
dx

The bending moment generated in the band by the tapered wheel is calculated from equation

(4.21). Finally, the beam curvature produced by this bending moment is °




b
2
h
Wheel = = If (y)y dy (4.28)
T,

Applying this numerical integration method to the band at the entry points of both wheels,
updating the position and slope of the band around the wheel and calculating the shape of the
band between the wheels using equation (4.2), allows the tracking of the entire band to be

calculated.

In summary, the tracking process is calculated here using the following iteration scheme:

1. Determine the current position and slope of the band from the initial shape.

2. Calculate the curvature of the band at the wheel entry from equations (4.2) and (4.27).

3. The band is moved by a small amount Ax. The position and slope of the band on the
wheels are moved towards the exit points. The position and slope of the band at the
exits point take on the values previously éxisting at a point Ax upstream.

4. Calculate the new position and slope at the wheel entry from equations (4.24) and
(4.26).

5. The new band position and slope in equations (4.24) and (4.26) become the old values.

6. Calculate the band shape between the wheels from equation (4.2) using the old

boundary conditions at the wheel entry and exit points.
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Repeated application of steps 2 to 6 models the simultaneous and continuous tracking of the
band around its entire length. After a number of band rotations, the entry angle converges to

a steady state value ¢s. This value coincides with the value determined by Swift [8]

2L | sinh(kL 2112 2
-
rk (cosh(kL)~1 kL) { D, D,

where Lt is the total length of the band and subscripts 1 and 2 refer to the top and bottom

wheels respectively.

4.3 Bandmill Wheel Tilt

Wheel tilt can be added to the basic tracking model by examining its effect on the portion of
the band between the wheels. Figure 2.4 shows the initial shape of a band tracking on two
tapered wheels. Figure 4.3 shows the shape after the top wheel is tilted by an angle B. As
explained in section 3.1, at the instant when the wheel is tilted, only the portion of the band
between the wheels is affected. That is, the bending mofnent and curvature changes are
isolated to the portion of the band between the wheels. Consequently, wheel tilt can be
modeled as a change in the slope boundary condition for the portion of the band between the
wheels [8]. The wheel tilt slope boundary conditions at the entry and exit points of the wheel

are

%tilt = %+ B (4.30)
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The change in the shape and curvature of the band between the wheels is calculated by
applying the new boundary conditions to equations (4.2) and (4.27). As in the basic model,
after a number of band rotations, the entry angle converges to a steady state value ¢s. This

value again coincides with the value determined by Swift [8]

be = 2L ( sinh(kL) _iJ [2y1_2y2]_ BL[l_Z(sinh(kL)—kL)
¢ =

L.k lcosh(kL)-1 kL) (D, D, L. | kL( cosh(kL) — 1)

ﬂ d_y =0
dx dx-*-ﬁ’y@X
A pum S — y
L
— -

=L
X’y@x

Figure 4.3: Boundary Conditions due to Wheel Tilt
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4.4 Bandmill Wheel Profile

The tracking model developed in the first three sections describes :chc &acking of a band on
tapered wheels. On tapered wheels the bending moment and curvature generated in the band
by the wheel profile are constant, as shown by equations (4.21) and (4.28). On crowned
wheels the bending moment and curvature generated in the band changes with the distance
between the band centerline and the crown center. To extended the tracking model to include
more general wheel profiles such as wheel crown, consider the crowned wheel profile

described by

f(y)= ay? (4.32)

{9

where “a” is a constant that adjusts the crown height. Substituting equation (4.32) into
equation (4.18) gives the stress profile across the width of the band when it is tracking on the
center of the crown. When the band is tracking at a distance, u, from the center of the crown,

the bending moment and curvature in the band are calculated by

M(u) = 2 Jf(y) (y-u)dy (4.33)
1 _ dy - M@
x e () Whee I (4.34)
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Replacing equations (4.21) and (4.28)'witﬁ equations (4.33) and (4.34) extends the tracking
model to include wheel profiles where the bending moment and curvature generated by the

wheel profile change as the band moves across the wheel.

4.5 Bandsaw Overhang

In section 3.1 it was shown that overhang behaves like a tapered extension to a wheel. A
close examination of the overhang in figure 3.4 shows that it is a smooth curve similar to a
wheel crown. Therefore, overhang is modeled here as a wheel crown extension to the wheel
surface. The equivalent crown shape is modeled by evaluating the profile of the overhanging
part of the band. For simplicity, the slope of the wheel surfgce is assumed to be zero at the

edge where the overhang occurs.

Sugihara [6] and Taylor [11] modeled the overhang as a cylindrical shell. One edge of the
shell is free while the other edge has an applied shear force and bending moment. The shear
force and bending moment were derived from the displacement of the bandmill wheel. Using
a different approach, the overhang is modeled here as a 6ylindn'ca1 shell rigidly clamped at one
edge and free at the other, as shown in figure 4.4. A uniform external pressure P is applied to
the shell. This pressure corresponds to the radial force per unit area acting on the band
required to maintain equilibrium with the "strain" force T around the curved surface, as shown

in figure 4.5.

P = (4.35)

T
b
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where b is the band width and r is the mean wheel radius. Over the portion of the band in

contact with the wheel, this radial force per unit area is balanced by the contact pressure
between the band and wheel.
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The equation for the radial deformation, w, of a circular cylindrical shell symmetrically loaded

by a uniform pressure P is [22]

4
d*w
4

+4ntw = FP (4.36)

where q and v are the axial radial coordinates and

a2 30-v7) r(olz'}:’;) 4.37)
D= (Iihj vz) (4.38)
The general solution for equation (4.36) is
w(q) =e"?[C, cos(nq) + C, sin(ng)]+e "*[C, cos(nq) +C, sin(ng)]- (4.39)

4n*D

where C,, C;, C; and C, are integration constants that are determined from the boundary

conditions. The deformation boundary condition for the clamped end of the shell is
w(0)=0 (4.40)
and assuming that the edge of the wheel has zero slope

‘(‘i_‘(’:(o) 0 (4.41)
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At the free end of the shell the boundary conditions are

d*w

moment M) = EI = @d@-=0 (4.42)
q
d’w
shear V(d) = EI o (d =0 (4.43)
q

where d is the overhanging length. If constants H and J are defined as

e"sin(nd) - e™¢[ 2cos(nd) — sin(nd) |

o= (e"d +e'"d) cos(nd)

(4.44)

-—“PD e"‘d[ sin(nd) - cos(nd)]

y=An
(e"d +e'"d) cos(nd)

(4.45)

then the results of applying the boundary conditions are

D e ¢ cos(nd) -7 [e“d(cos('nd) - sin(nd))—e‘"d(cos(nd) + sin(nd))]

' e[ (H-1)cos(nd) — (H+1)sin(nd) | - ¢ " (H+3)cos(nd) + (H~+1)sin(nd) |

2

................ (4.46)

C,= HC, +1 (4.47)
P

3 (4n4D - j (4.48)
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C, = 'f -2C, - C, (4.49)
4n"D

Figure 4.6 shows overhang on a flat wheel. Again, r and y are radial and axial coordinates at

Wheel

VI |

Figure 4.6: Overhang of a Flat Cylindrical Wheel

n.n

a convenient location on the surface of the wheel. "s" is the distance from y = 0 to the

overhang wheel edge. The length, d, of the overhanging section is

d :<u +%— s> (4.50)

1

[

where “u” is the distance between the band center and wheel center and the singularity

function “ (1:) ” 1s defined as




<’t>=0 when 1<0

and

<’t>=’t when 1>0

Therefore, the overhang coordinate q and the overhang deformation can be written as

functions of y
q=(y-s) (4.51)
w(q) = w({y -s)) (4.52)

Since overhang behaves as an extension of the wheel profile f{y), the combined profile is given

by

R) = syl @59
equivalent on wheel overvhang

wheel profile

Since the stress profile in the band matches the wheel profile, the bending moment is

calculated by

u +

[SEN-

5

M(u) = —F:—l-l— J-f(y) (y—-u)dy + J‘w(y-s) (y—u)dy (4.54)

s

b
u- —
2
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when the overhang d > 0 or u+~2— > s. Otherwise, equation (4.33) is used. The tracking

effect of overhang can be incorporated into the tracking model by calculating the curvature
resulting from the bending moment using equation (4.34) and including it as the wheel

curvature in equation (4.26).

4.6 Cutting Force

The cutting force can be included in the theoretical model as a concentrated force acting on
the edge of the band between the wheels as shown in figure 4.7. Equation (4.2) for a beam in
bending and under an axial tensile load can be extended to included a concentrated edge force

F [22]. For simplicity, here the force is modeled as being at the center of the band length.

Figure 4.7: Cutting Force Model
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The general beam equation (4.2) becomes [23]

Yo =y, + GTA sin(kx) + %‘5—(1 — cos{kx)) + I}:—TA(kx - sinlo)) - %(k<x - %> _sin k<x - %>)

where the moment at the entry point A is

T

R, F kL
A= k—SifT(k—L)—[eB -0, cos(KL) - T(l - cos(kL)) + —T—(l - COS)(T)}

............... (4.56)
and the reaction force at the same point is
R - (1-cos(kL))? (KL - sin(kL))
A Pk sin(kL) Pk
~ . . .
Va +eA(sm(kL) B cos(kL‘). oS (kL)j +9A((1 f:os(kL)j N
k ksin(kL) ksin(kL)
(1- cos(kL))(l —~ COS(EJ) sin KL
2 L 2
F : -t
Pk sin(kL) 2T kT
....... 4.57)
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In summary, equations (4.30), (4.32), (4.33), (4.39), (4.54) and (4.55) model the tracking
effects of cutting force, wheel profile and tilt and band overhang, strain, thickness and width.
Equations (4.24), (4.26) and (4.34) enable updating of the band position and Slope at the

wheel entry point and complete the model of band tracking.
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5.0 Verifying the Theoretical Model

Several series of experiments were performed in order to explore the tracking behavior of a
moving band and to validate the theoretical model of tracking. These experiments include an
examination of the basic tracking model of wheel taper and band strain, thickness and width
followed by an examination of the wheel tilt, wheel crown, cutting force and overhang. Band
tensioning will not be examined because it is difficult to produce reliably using the available

equipment.

A table-top bandmill model was designed and built to allow detailed measurements of band
tracking behavior. For these exploratory measurements, a table-top model is preferred over a
full-size bandmill because the various machine adjustments and tracking measurements can be

made more accurately and conveniently.

5.1 Equipment

Figure 5.1 shows the table-top bandmill model.. The model consists of a mounting frame, a
flat wheel, a profiled wheel, a thin straight band made from brass shim stock, and a feed force
applicator to simulate the cutting force. Figure 5.2 summarizes the main dimensions. The flat
wheel is mounted in fixed bearings. The profiled wheel is mounted parallel to the flat wheel in
two take-up bearings. The take-up bearings can be adjusted so as to move the wheels apart

and apply strain to the band. The size of the strain is determined by measuring the extension
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of calibrated coil springs attached to the take-up bearing housing. Finally, the cutting force
applicator consists of a pulley wheel pushing against the side of the band at the midpoint of its

free span between the wheels.

ITEM

Flat Wheel

Profiled Wheel

Metal Band

Strain Applicator (take-up unit and spring)
Cutting Force Applicator

Linear Optical Encoder

Rotary Optical Encoder

Computer

||| W= 3

Figure 5.1: Table Top Model
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Wheel Diameter, in
Profiled 11.5
Flat 11.6
Band # Width, in Thickness, in Length, in

1 0.50 ‘ 0.002 99
2 0.64 0.002 99
3 0.75 0.002 99
4 0.93 0.002 99
5 1.13 0.002 99

Figure 5.2: Wheel and Band Dimensions

Four linear optical encoders measure the tracking position and movement of the band at the
entry and exit points of the wheels. A rotary optical encoder attached to the flat wheel
measures the longitudinal motion. A computerized data acquisition system monitors these
signals and records the tracking behavior of the band. The entry angle ¢ is determined from

the ratio of the sideways and longitudinal movements

sideways movement

(5.1)

longitudinal movement

5.2 Equipment Set-up and Accuracy

Accurate geometric set-up of the experimental equipment is critical because a band’s tracking
behavior depends on the subtle details of the geometry of the wheels and band. For most of
the factors such as the wheel profile, band strain, width and overhang, this was a
straightforward process. However, the band’s tracking behavior was found to be especially
sensitive to band backcrown, wheel tilt and wheel cross line. As a résult, these factors

required extra attention.
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The wheel tilt set-up and measurement can be done reliably by controlling the average tilt
angle. An imperfect fit or tolerance between the wheel and shaft, the shaft and bearing or a
tolerance in the bearing itself can create a misalignment between the axis of the shaft and
wheel and the axis of rotation. As a result, the axis of rotation may not coincide with the axis
of the shaft and wheel. As the shaft and wheel rotate, their angle changes symmetrically about
the axis of rotation. To ensure that the tilt angle coincides with the axis of rotation, the tilt

angle was measured by taking the average of the shaft tilt angle over one revolution.

A band can be checked for backcrown by utilizing the geometry of backcrown. When a
straight band is turned inside-out the geometry of the band does not change. When a band
with backcrown is turned inside-out, its backcrown and curvature are reversed. As a result,
backcrown can be detected in a band by comparing the steady state entry angle and tracking
position of band in its normal configuration and when it is turned inside-out. A band with
‘ backcrown generates different values in each orientation. Bands with significant backcrown

were not used in the experiments.

The cross line between the wheel axes can be set to zero by utilizing the tracking effect of
cross line. When the cross line is not zero, the geometry of the band and bending moment
change when the direction of band rotation is changed. As a result, the steady state entry
angle and tracking position of the band also change. Therefore, the wheel axes can be set
with zero cross line by adjusting the cross line until the steady state entry angle and tracking

position are the same in both directions of band rotation.
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Repeated alignment and set-up of the equipment showed the accuracy of the entry angle

measurement on a tapered wheel to be within 0.01° or 8%. On a crowned wheel, the stable

tracking position was repeatable within 0.005”.

In summary, the initial set-up procedure for each experiment was as follows:

1.

10.

11.

12.

13.

Securely mount the wheel on the shaft and the shaft in the bearing.

Adjust the wheels axes to zero cross line using a machinists level.

. Mount the desired band on the wheels.

Set the band strain.

Set the wheel tilt from the average value of four angular shaﬁ positions.

Rotate the band until the entry angle reaches steady state or the band tracking position
is stable on the wheel. Measure the entry angle or position.

Reverse the band rotation until the entry angle reaches steady state or the band
tracking position is stable on the wheel. Measure the entry angle or position.

Adjust the wheel axes cross line to eliminate the difference in the measured entry
angles and positions. Repeat steps 6 and 7 until there is no diﬁ‘erence.

Release the band and turn it inside-out.

Repeat steps 3 to 6.

A difference in the measured entry angles or band positions between steps 6 and 10
indicates that the band has backcrown.

Rotate the band until the entry angle reaches steady state.

Zero the tracking position and longitudinal motion measurements.




5.3 Wheel Taper and Saw Strain, Thickness and Width

A series of three experiments was carried out to examine and validate the basic tracking model
of wheel taper, band strain, thickness and width described by equations (4.1) to (4.28). The
first experiment examines the complete tracking- process of the band including both the
transient and stead state behaviors. The second and third experiments examine the effect of

band strain and width on the steady state entry angle.

For these experiments, band tracking movement was generated by the profiled wheel with a

taper given by

fl(y) = ytan(0.991°) (5.2)

The basic equipment set-up and initial position are shown in figure 5.3. After the initial set-up

of the equipment as described in section 5.2, the procedure for each experiment was the same.

1. Begin recording the band tracking positions at the entry and exit points of the wheels
and the distance traveled by the band.

2. Rotate the band until the entry angle reaches steady state.

3. Stop and note the position and entry angle of the band. These will be used as the initial
position and slope for the theoretical model.

4. Continue rotating the steady state tracking band.

5. Stop the band, and change the direction of rotation.
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6. Rotate the band as it goes through transient tracking and continue rotating until the
entry angle converges to a steady state value.

7. Stop and re-measure the band strain.

/
Tapered Wheel
—
~—~__0.991°
Flat Wheel
G j—

Figure 5.3: Tapered Wheel Experimental Set-up

Tapered Wheel Tracking

Figure 5.4 gives a sample of the results from a typical tépered wheel tracking experiment. The
measured band tracking positions on the wheel shown by the solid points closely follow the
theoretical data shown by the dashed curves. The left side of the graph, where band travel
equals 0 inches, corresponds to step 3 in the above procedure. At 10 inches of travel the band

rotation was reversed. This corresponds to step 5. Notice that at 10 inches of travel, the

66




tracking positions at the exit points lead those at the entry because of the directioﬁ of band
rotation up to this point. When the direction of rotation is reversed, the process of transient
tracking reverses the situation. After 20 inches of travel in the new direction, the entry
positions on both wheels now lead those at the exit and the slopes have changed from

negative to positive.

0.6

—a— Measured Tapered
— — Calculated Wheel

Position on Wheel, inches

Band Travel, inches

Figure 5.4: Tapered Wheel Tracking
(Strain = 55 Ibs, Tilt = 0°, Width = 0.93”)
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The slope of the curves in figure 5.4 equal the band angle at the associated entry or exit
points. The band position at each wheel exjt point lags behind the position at the
corresponding entry point. This lag reflects the longitudinal motion required for a poiﬁt on
the band to move around the wheel from the entry to the exit points. A horizontal line drawn
between the entry and exit curves has approximately the same length as half the wheel
circumference. The lag in position of the band on the flat wheel behind the band on the
tapered wheel is the result of the bending moment generated by the tapered wheel. Since the
flat wheel does not generate a bending moment, the bending moment generated by the tapered
wheel alone drives the tracking motion of the band. The position of the band on the flat wheel
follows behind the band position on the tapered wheel. All the curves in figure 5.4 indicate
that the entry angle and tracking speed converge to steady state values after about 60 inches
of band travel. The measured entry angle converged to a value of 0.20° compared to the
theoretical value of 0.21°. The effects of band width and strain on the steady state entry angle

will be examined in the next two experiments.
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Effect of Band Width on Wheel Entry Angle

Figure 5.5 shows the results of the second experiment on the effect of band width on the
steady state entry angle. Again, the measured and theoretical results compare very well. The
graphs show that the error between the measured and calculated results is within a 8% range.
The effect of band width on entry angle is fairly weak. A 124% increase in band width
produces only a 79% increase in entry angle. The effect of band thickness on entry angle is

similar in kind, but very much weaker. This latter factor was omitted from the experimental

program.
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Figure 5.5: Effect of Width on Tapered Wheel Entry Angle
(Strain = 28.3 ksi, Taper = 0.991°, Tilt = 0°)

69




Ejﬁct of Band Strain on Entry Angle

Figure 5.6 shows the results of the third eipériment on the effect of band strain on the steady
state entry angle. Again the measured and theoretical results match very closely. The graphs
show that the error between the results is within a 5% range. The trend of b.oth the measured
and theoretical results show that strain has very little effect on entry angle. A 90% increase in

strain causes only a 17% reduction in entry angle.

The results in figure 5.4, 5.5 and 5.6 show that the basic tracking model of wheel taper, band
strain, thickness and width is realistic. The errors between the measured and theoretical

results are within the accuracy expected from the equipment.
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Figure 5.6: Effect of Strain on Tapered Wheel Entry Angle
(Taper = 0.991°, Tilt = 0°, Width = 0.93")
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5.4 Bandmill Wheel Tilt

An experiment was performed to examine and validate the extension of the basic tracking
model to include the effect of wheel tilt. The model was evaluated by comparing the
experimental and theoretical effects of wheel tilt on the steady state entry angle. The basic
equipment set-up and the initial band position are shown in figure 5.3. The tapered wheel was
tilted by various specified amounts. After the initial set-up of the equipment as described in

section 5.2, the procedure for each experiment was a follows:

1. Begin recording the band tracking positions at the entry and exit points of the wheels
and the distance traveled by the band.

2. Rotate the band until the entry angle reaches steady state.

3. Stop the band and note the position and entry angle of the band. These are defined as
the "initial" position and slope for the theoretical model.

4. Set the wheel tilt angle between the axes of the top and bottom wheels.

5. Rotate the band until the entry angle reaches steady state.

6. Stop and re-measure the band strain.

Figure 5.7 shows the effect of wheel tilt on the band steady state entry angle. The measured
data shows the same trend as the theoretical data. At the extreme values the theoretical model
underestimates the effect of wheel tilt on the entry angle by approximately 0.02° or 7%. The
close match between the measured and theoretical results indicates that the tracking model is

realistic.
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The trend of the curves in figure 5.7 shows that negative wheel tilt increases the entry angle.
Conversely, positive wheel tilt decreases the entry angle. At a tilt angle of 1.1° the tracking
effect of tilt balances that of taper, causing the entry angle to become zero. A comparison of

figures 5.5, 5.6 and 5.7 shows that wheel tilt has a significantly larger effect on the entry angle

than that of band strain or width.
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Figure 5.7: Effect of Wheel Tilt on Tapered Wheel Entry Angle
(Strain = 48 lbs, Taper = 0.991°, Width = 0.93”)
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5.5 Bandmill Wheel Crown and In-feed “Cutting” Force

A series of five experiments was carried out to verify and examine the extension of the
tracking model to include the effects of wheel crown and in-feed “cutting” force. In practice,
the most common crowned profile used on bandmill wheels is an asymmetric crown [2,3].
Typically, the asymmetric crown has a peak that is not in the center of the wheel, with
different profiles on the left and right sides of the peak. This type of crown is shown in figure
5.8. The examination of the tracking behavior of wheel crown begins with a series of three
experiments on the general characteristics of symmetric crowned wheels. Two symmetric
crowned profiles f, and f; are shown in figure 5.8. With the general tracking behavior
established, a final series of two experiments was carried out to examine the tracking behavior

of asymmetric crowned wheels. Asymmetric crown profile f; is also shown in figure 5.8.

fo(y) fy(y) f,(y)
A A A Crown
Peak
[
0.006"+ 0.006"+ | 0.006"} :
0.003"} 0.003"} 0.003"{
[
' - Y/ 0 _\ -y 0 | ——y
0 1.5" ! 1.5 : 1.5
|
symmetric symmetric asymmetric

Figure 5.8: Crown Profiles £, f; and £,
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The five experiments done to investigate the effect of wheel crown are:

1. Examine the complete tracking and self-centering effect of a symmetric wheel crown,
including both the transient and steady state tracking behaviors. Since the in-feed
“cutting” force can be adjusted independently, it ‘c;an be used to generate band tracking
movement aﬁd to test the tracking stability of the bands. -

2. Examine the effect of the feed force on the tracking dfsplacement of the band from the
center of the wheel crown.

3. Examine the effect of band width on its tracking stability, as measured by the band's
displacement from the center of the wheel crown caused by a feed force.

4. Examine the effect of band width on the zero load tracking position on an asymmetric
crowned wheel.

5. Examine the tracking stability of the asymmetric wheel crown and how the stability

depends on the direction of band displacement on the wheel: °

For these experiments the profiled wheel was prepared with crowns f;, f; and f;

f,(y) = 0024y’ (5.3)
f,(y) = 0.013y? (5.4)
f,(y) = 0.0034 [(y-0.6484)° — 1.7 (y - 0.6484)] (5.5)

These crowns are shown in figure 5.8. The basic equipment set-up and initial position of the
band are shown in figure 5.9. After the initial set-up of the equipment as described in section

5.2, the procedure for each experiment was as follows:
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. Begin recording the band tracking position at the exit point of the profiled wheel and
the distance traveled by the band.

. With no in-feed “cutting” force applied, rotate the band until a stable tracking position
on the crown is reached.

Stop rotating the band. Use the tracking position of the band at this stopping point as
the datum for subsequent tracking measurements as well as the initial position for the
theoretical model. The procedure for the fourth experiment ends here.

. Apply a feed force at the center of the free span of the band between the wheels.

. Rotate the band until a new stable tracking position on the wheel is reached.

Stop the band and remove the feed force.

. Rotate the band until it returns to the center of the wheel crown.

Stop recording the tracking position and longitudinal motion of the band.

Crowned Wheel

Feed T
Force

Flat Wheel
m Gl e —

Figure 5.9: Wheel Crown & In-feed “Cutting” Force Equipment Set-up
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Crowned Wheel Self Centering

Figure 5.10 gives a sample of the results from a typical crowned wheel transient traéking
experiment. The profiled wheel has a crown f, given by equation (5.3). The solid jagged line
indicates the measured tracking movement of the band. The origin of figure 5.10 corresponds
to step 3 of the measurement procedure when the band is at the zero load stable crown center
position. The rising curve on the left shows the tracking displacement caused by the
application of a feed force (steps 4 & 5). This displacement reached a stable value after about
500 inches of band travel, or five complete rotations of the band. After 600 inches of band
travel, the feed force was removed, and the band tracked back to its original stable position at
the top of the wheel crown (steps 6-8). The jaggedness in the measured data is caused by

unavoidable irregularities along the edges of the 0.002" thick band used in the experiment.
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Figure 5.10: Crowned Wheel Transient Tracking
(Feed force = .96 Ibs, Crown = f,_ Strain = 55 Ibs, Tilt = 0°, Width = 0.93”)
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The dotted line in Figure 5.10 shows the calculated tracking response of the band. The
theoretical line corresponds very closely with the experimental measurements. The theoretical
model successfully predicts the approach to the new stable position from the crown center
after the feed force is applied. At this new stable position, the bending moment created by the
feed force is balanced by the moment created by the wheel crown. The measured stable

‘

tracking position was 0.161” while the predicted position was 0.148”.

The theoretical model also successfully predicts the overshoots at 40 inches and at 640 inches
of band travel shown in figure 5.10. These overshoots occur because the sudden addition (or
removal) of the feed force greatly bends (or straightens) the band at the entry point, and
temporarily creates an excessively large entry angle. The band at the wheel entry is able to
track off the crown center for half a rotation of the top and then half a rotation of the bottom
wheel before the effects of the feed force progresses around to the exit of the flat wheel. At
this instant the boundary conditions at the exit of the flat wheel begin to change and the
bending moment in the band begins to decrease and change sign. After a few inches of
rotation, the band stops tracking away from and begins to head back towards the crown
center. Again, after a delay of half a rotation of the top and bottom wheels, the boundary
conditions from the new movement appear at the flat wheel exit, the bending moment

reverses, the band stops and again begins to track away from the crown center.
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Effect of In-feed “Cutting” Force

Figure 5.11 shows the results of the second experiment on the effect of in-feed "cutting” force
on the stable tracking displacement from the center of the wheel crown. Thé wheel crown had
profile f3 given by equation (5.4). Figure 5.11 indicates that the theoretical and experimental
results follow the same trends. The theory under-estimates the stable displacement by 12 -
20%. Larger feed forces create larger bending moments which require larger offsets from the
wheel crown center to balance. The relationship between the magnitude of the feed force and
the distance tracked off the crown center is linear for the parabolic crown profile f;. This
linear relationship can be developed theoretically by substituting equation (5.4) into equation

(4.33).
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Figure 5.11: Effect of Feed Force on Band Distance from Symmetric Crown Center
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Effect of Band Width

Figure 5.12 shows the results of the third experiment on the effect of band width on
displacement from the center of the wheel crown due to a feed force. Again, the measured
and theoretical results show the same trend. The théory underestimates the stable
displacement by 0 - 19%. The trend of the graphs show that an increase in the width l;educes
the distance tracked from the crown center. This occurs because the increased width
increases the bending stiffness of the band as explained in section 5.3. This in turn decreases
the bending moment and curvature in the band generated by the feed force, and

correspondingly reduces the band’s offset from the crown center.
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Figure 5.12: Effect of Width on Band Distance from Crowned Wheel Center
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Effect of Band Width on Asymmetric Crown Tracking

Figure 5.13 shows the results of the fourth experiment on the effect of band width on the
stable zero force tracking position on an asymmetric crown. This crown profile f; is shown in
figure 5.8 and is described by equation (5.5). The measured and theoretical results follow the
same trend. The difference between the results is in the range of 0.003” for the wider bands
to 0.012” for the narrower bands. This error is believed to be due to the difficulty in aligning
the wheel axes and setting the backcrown in the bands. In section 5.2, it was explained that
the repeatability of the band’s stable tracking pdsition was 0.005” due to the difficulty in
aligning the wheel axes. It was also mentioned that tracking was particularly sensitive to -

backcrown. Controlling the backcrown during the manufacture of the smaller width bands
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Figure 5.13: Effect of Band Width on the Stable Zero Force Tracking Position
(Crown = f,, Strain = 20 ksi, Tilt = 0°)
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was more difficult than the larger width bands. As a result, the wheel axes alignment and

backcrown combined to create larger errors in the results for the narrower bands.

The dependence of the stable tracking position on the band width can be explained by
considering the bending moment in the band. It was shown in section 4.2 that the stress
profile across the band matches the profile of the wheel and that the bendihg moment in the
band can be found by integrating the stress profile about the centerline of the band. As
explained for the first experiment, the band maintains a stable position on the wheel crown
when the bending moment in the band and its entry angle are both zero. When the band is
tracking on the Acenter of a symmetric wheel crown, a symmetric stress profile is generéted in
the band and as a result, the bending moment is zero. Since this symmetry is not affected by
the band width, the center of the crown is the stable zero load tracking position for bands of
all widths. When the crown is asymmetric, a larger proportion of the band needs to track on
the shallower right side of the crown to balance the bending moment generated by the steeper
left side, as shown in figure 5.14. As a result, the stable zero load tracking po;ition on an
asymmetric crown is always biased towards the shallower side of the crown. When} the band
width increases as shown in figure 5.14, an even larger proportion of the band needs to rest on
the shallower right side to balance the moment from the left. As a result, wider bands tend to
track more on the shallower side of the crown. While the narrower bands also track on the

shallower side, they tend to track closer to the peak of the asymmetric crown.
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Figure 5.14: Stable Tracking Position on an Asymmetric Crown

Effect of In-feed “Cutting” Force on Asymmetric Crown Tracking

Figure 5.15 shows the results of the fifth experiment on the effect of feed force on the stable
displacement from the zero load tracking position on the asymmetric wheel crown profile f.
The measured and theoretical results show the same trend and again, the theory
underestimates the measured results by 0.000” - 0.018” or 0% - 19%. For a non-parabolic
crown, the relationship between the feed force and the displacement from the stable zero load
tracking position is not linear. When the same force is applied, the displacement of the band
onto the steeper side of the crown is less than its displacement onto the shallower side.
Therefore, the band has a higher tracking stability in the direction of the steeper side of the

crown and a lower stability towards the shallower side. This difference can be explained again
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by examining the bending moment in the band. When the force pushes the band onto the
steeper left side of the crown, a larger bending moment is generated than when its is pushed
the same distance onto the shallower side. As a result, a larger band displacement onto the
shallower side of the crown is required to the balance the moment generated by a feed force
than when it is pushed onto the steeper sidg. This difference in tracking behavior also
indicates that the tracking stability and behavior of a wheel crown can be adjusted by changing

its profile and height.
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Figure 5.15: Effect of Feed Force on Band Distance from Asymmetric Crown Center
(Crown = fy, Strain = 55 Ibs, Tilt = 0°, Width = 1.117)
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The success of the theoretical model in predicting both the general form and details of the
band tracking measurements in figures 5.10, 5.11, 5.12, 5.13 and 5.15 confirms that it
realistically models the wheel crown and in-feed “cutting” force. The small differences
between the theoretical and experimental results is believed to be caused by the band locally
buckling under by the applied feed force, as shown in figure 5.16. This local buckling reduces
the in-plane stiffness of the band and slightly increases the tracking displacements. This effect
reduces with band strain. The higher strain experiments at lower feed forces produced results
more closely matching those of the model. Fortunately, in industr%al bandsaws, the strains and

feed forces tend to be closer to these latter values.

Figure 5.16: Band Buckling from the Feed Force
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5.6 Saw Overhang

A series of two experiments was carried out to examine and validate the extension of the
tracking model to include the effect of overhang. The first experiment examines the effect
wheel tilt on overhang as well as the tracking stability of overhang. The second experiment
examines the effect of in-feed "cutting" force on the combined tracking stability of overhang
and wheel crown. The tracking stability from the first and second experiments are then

compared to determine the benefit of combining overhang with wheel crown.

The basic equipment set-up and the initial positions of the bands are shown in figure 5.17a and

b. The profiled wheel shown in figure 5.17b has crown profile f; described by equation (5.4).
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Wheel Wheel
mm Al e I Al e

T Feed
Force
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Dy e
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Wheel ‘ Wheel

(a)

Figure 5.17: Overhang Experimental Set-up

b)
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After the initial set-up of the equipment as described in section 5.2, the procedure for the two

experiments was the same:

1. Begin recording the band tracking position at the exit points of both wheels and the
distance traveled by the band.

2. With no feed force applied, rotate the band until it reaches a! stable position on the flat
wheel in the first experiment or a stable position on the center of the crowned wheel in
the second experiment. In the second experiment, there is no overhang at this point.

3. Stop rotating the band. Use the tracking position of the band at this stopping point as
the datum for subsequent tracking measurements as well as the initial position for the
theoretical model.

4. In the first experiment, tilt the flat wheel. In the second experiment, apply a feed force
at the center of the free span of the band between the wheels.

5. Rotate the band until a stable overhang is reached.

6. Stop recording the tracking position and longitudinal motion of the band.

Effect of Wheel Tilt on Overhang
Figure 5.18 shows the results of the first experiment on the effect of wheel tilt on overhang.

Both the measured and theoretical results show that overhang increases with wheel tilt. The

difference between the results is initially large but decreases as the wheel tilt and overhang

increase. This difference between the results is caused by the low stability of the band when

the overhang is small. When the overhang is small, 0.05”, the curling of the overhang and the
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bending moment generated in the band is also small. When the overhang is increased by 80%
to 0.09”, the curling and bending moment increased by more than 80%. As a result, when the
overhang is small or zero, the band has little tracking stability and a small cross line or wheel
tilt creates a large overhang. Although it is conceptually possible to set-up the equipment
with zero cross line and tilt, in practice it is extremely difficult. This is shown by the 0.11”
measured overhang compared to the 0.00” theoretical overhang at 0° tilt. As the overhang
increases, the effect of the initial error diminishes in comparison to the effect of overhang,

causing the measured and theoretical results to converge.
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Figure 5.18: Effect of Wheel Tilt on Overhang
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Combined Tracking Stability of Overhang and Wheel Crown

The low tracking stability of the band when the overhang is small can be increased by
combining overhang with wheel crown. When no feed force is applied to tﬂé rotating band
shown in figure 5.17b the self centering effect of wheel crown maintains the tracking position
of the band at the crown center. When a feed force is applied, the band begins to move off the
crown center and develops an overhang on the flat wheel. The bending moments generated
by the both the overhang and wheel crown combine to counteract the moment created by the
feed force. When the moments balance, the band maintains a stable offset from the center of

the wheel crown and a stable overhang.

Figure 5.19 shows the results of the combined band tracking stability of overhang and wheel
crown against feed force. The results from the first quadrant of figure 5.11 are shown in
figure 5.20 for comparison. Figure 5.20 shows the band tracking stability of only wheel
crown against feed force. The effects of overhang and wheel crown can be separated by
comparing figure 5.19 to figure 5.20. In figure 5.20 the band displacement from the wheel
crown center increases linearly with the feed force. Therefore, the trend of the graphs in
figure 5.19 showing that overhang increases with the feed force but levels off as the force
increases is due to the tracking effect of overhang. The leveling off of the graphs is caused by

the non-linear tracking stability of overhang, as explained for the first experiment.
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A comparison of figures 5.18 and 5.19 shows that when overhang is combined with wheel
crown, the band has a high stability at both small and large overhangs. When the tracking
stability is from overhang only as shown in figure 5.18, the band is sensitive to misalignment
when the overhang is small. When overhang is combined with wheel crown as shown in
figure 5.19, the wheel crown increases the tracking stability of overhang. As a result, the

band is less sensitive to misalignment.

The measured and theoretical results in both figures 5.18 and 5.19 show the same trend. The
difference between the results in figure 5.18 was due to unavoidable small errors in the
alignment of the wheel axes as well as to the low tracking stability of the band when the
overhang was small. In figure 5.19, the 0.00” - 0.006” or 0% - 20% difference iﬁ the
measured and theoretical overhang results is believed to be due to the same local buckling
phenomenon that was encountered during thé wheel crown and feed force experiments, in
section 5.5. The close match between the measured and theoretical results indicates that the

tracking model of overhang is realistic.
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6.0 Conclusions

The theoretical model presented in this thesis identifies and quantifies the main bandsaw and
bandmill maintenance and set-up factors that control tracking. The model provides an
important tool for the task of improving bandsaw tracking stability. This tool facilitates the
improvement of cutting performance .and the reduction of required bandmill and sawblade

maintenance.

The tracking movement of a band is deterﬁﬂned by its‘entry angle onto each wheel. The band
maintains a stable position on a wheel when the entry angle is zero. It tracks sideways across
the wheel when the entry angle is non-zero. Tracking movement can be divided into transient
and steady state behaviors. Transient tracking occurs when the bending moment and
curvature of the band cause the entry angle to change continuously. After a number of band
rotations, the transient tracking converges to steady state tracking and the entry angle

converges to a steady state value.

Fourteen factors determine the tracking behavior of a band. They are the cutting force, wheel
profile, tilt, cross line and coefficient of friction, and the band backcrown, overhang, strain,
width, thickness, tension, guides, rotational speed and temperature distribution. These factors

determine the bending moment and curvature in the band which control its transient and

~ steady state tracking behavior.




The tracking stability of a band determines its resistance to the cutting force that is trying to
push the band off the wheels. A band with a high tracking stability moves very little in
response to a cutting force. Tracking stability is determined mainly by the wheel crown
profile and overhang. Although the other tracking factors such as strain and width also affect
stability, their effect is limited to modifying the stability induced by wheel crown and

overhang.

This study concentrated on how six of the above factors affect tracking and stability. The

measured and theoretical findings were:

1. Wheel profile has a major effect on the tracking behavior and stability of a band.

Tapered wheels cause tracking up the taper and crowned wheels cause a self centering
effect that gives the band tracking stability to resist the effect of in-feed “cutting”
forces. A crown with a more curved profile has a higher tracking stability than a crown
with a shallower profile. On an asymmetric crown, a band’s stable tracking position is
biased towards the shallow portion of the crown. Wider bands track further away from
the peak of the crown while narrow bands track closer to the peak. When a band is
overhanging the steeper side of an asymmetric crown, as with bandsaw blades, the
crown helps to maintain a consistent overhang as the band width decreases. On the
other hand, a band running on an asymmetric crown has a lower stability against a feed
force that pushes the band onto the wheel than a force in fche opposite direction. The
sensitivity of a band’s tracking stability to the wheel profile indicates that the wheel

profile should be designed carefully, machined accurately, and maintained regularly.
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. Overhang also has a substéntial effect on the tracking behavior and stability of the
band. It causes the band to track back onto the wheel. This tracking effect increases
with the amount of overhang. When the wheels are flat, overhang gives the band
tracking stability, but the stability is high only when the overhang is large. When the
wheels are crowned, the overhang adds to the stability of wheel crown. As a result, a
band on crowned wheels has a tracking stability that is good when the overhang is
small and that increases with overhang.

. Wheel tilt has a significant effect on the tracking behavior of a band. The band tracks
from the higher bortion of the wheel axis down towards the lower portion. The entry
angle and tracking rate increase with the tilt angle.

. Width increases the tracking stability of a band by increésing the tracking effect of
wheel profile and the band’s resistance to the cutting force.

. Band strain has only a small effect on the tracking behavior of a band. It slightly
reduces the entry angle created by Whee1 taper.

A cutting force causes tracking in the direction of the force. The band maintains a
stable position when the tracking effects of the wheel crown or overhang balance that

of the force.

The close similarity of the measured and theoretical results indicate that the theoretical model

can be used as a valuable foundation for practical design and for studies of bandsaw tracking

on industrial bandsaw machines. The model can now be applied to find an optimum wheel

crown profile. It may be possible to modify existing profiles to achieve higher bandsaw
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tracking stability while at the same time reducing the amount of tensioning. This should have
the desired results of improving cutting performance while at the same time reducing bandmill

wheel and sawblade maintenance.

In summary, the main contributions of this study are:

1. Application of the belt tracking mechanism identified by Swift [8] and the geometric
model of circular saw hunting identified by Schajer [9] to bandsaw blades.

2. Identification of the transient tracking process and its convergence to steady state
tracking.

3. Identification of the fourteen factors which affect bandsaw tracking and the placement
of them into a logical framework.

4. Identification of the two primary factors which affect bandsaw tracking stability. They
are wheel crown and overhang.

5. Development of a transient tracking model of wheel taper, wheel tilt, band strain, band
thickness and band width that converges to Swift’s [8] steady state model. Extension
of the tracking model to include the tracking effects of cutting force, wheel crown, and
band overhang. This included the development of a new model of overhang based on
Sugihara’s [6] and Taylor’s [11] cylindrical shell assumptions.

6. Experiment measurement of the details of band transient tracking including the band
displacement overshoot that occurs on a crowned wheel on when the cutting force is
initially applied and removed.

7. Measurement and comparison of the tracking stability of wheel crown and overhang.
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7.0 Work for Future Projects

To continue with the goal of increasing sawing performance and reducing bandmill wheel

wear and the reqhired sawblade maintenance through a study of bandsaw tracking, the

theoretical tracking model should be applied to an industrial bandsaw machine. A full size

machine is required for the next four steps. They are:

1.

Perform experiments to quantify the benefit of improving bandsaw tracking stability on
cutting accuracy, bandmill wheel wear and sawblade maintenance. It is believed that
low stability or excessive in-plane “front-to-back” motion impairs cutting accuracy by
causing the teeth to curl out of the plane of the sawblade during cutting. Excessive
tracking movement is also believed to increase the wear between the sawblade and
wheel as well as the heat that the wear generates. As a result, low stability would also
increase the maintenance required for the sawblade and wheels. Tensioning is a time
consuming part of daily bandsaw maintenance. Since tensioning is a tracking factor, a
study of tracking may provide a means of reducing the amount of required tensioning.
Reaffirm the experimental results shown in section 5 by repeating the experiments on
an industrial bandsaw machine. It is anticipated that on an industrial machine the
correspondence of the measured and theoretical results will further improve. A thicker
and wider sawblade under higher strain will have a higher stiffness and as a result,
reduce the local buckling problems caused by the in-feed “cutting” force.

Extend the tracking model to include the effects of wheel axis cross line, out-of-plane

cutting force, saw guides, backcrown and tensioning and then experimentally verify
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each extension. In section 5 it was shown that tracking is very sensitive to cross line,
and as a result, may have affected some of the measurementg. The addition of the cross
line to the model will allow a study of the sensitivity of tracking to cross line as well as
allow the effect of cross line to be included in the results. The addition of an out of
plane “cutting” force, saw guides, backcrown and tensioning to the tracking model
allows their tracking effects to be examined and makes the model a closer
representation of a industrial bandsaw machine.

Apply the theoretical tracking model to improve the tracking stability of the bandsaw
and reduce the required tensioning. One possible way to accomplish this is by
redesigning the wheel profile. It was explained earlier that tensioning allows the edges
of the sawblade to contact the wheel firmly. A redesign of the wheel profile should
allow the edges of the saw to contact the wheel with less tensioning while at the same
time improving the tracking stability of the sawblade. This should have the desired

effect of improving cutting performance while at the same time reducing wheel wear

and sawblade maintenance.
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