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Abstract

An embedded load cell sensor is proposed for the tool life prognosis and thrust force control of a band saw machine. The
sensor enables the tool life and surface quality of the machined workpiece to be effectively improved through the use of a
single sensing device strategically located in the cutting machine. The feasibility of the proposed sensor is demonstrated
experimentally using a double-column horizontal sawing machine with medium carbon steel bars as the workpiece material.
An investigation is performed into the effects of the cutting force, feed rate, and machining time on the machined workpiece’s
tool wear and surface roughness. It is shown that the machined workpiece’s thrust force, tool wear, and surface roughness
are strongly correlated and increase over time. Based on the experimental results, a feedback control system is proposed
for maintaining a constant thrust force on the band saw during cutting under even the most challenging conditions. Overall,
the results confirm that a single embedded load cell sensor located in a key position can provide effective force monitoring.
Such force monitoring enables a control methodology to maintain the optimal cutting conditions in the sawing of medium

carbon steel and improve the tool life and machined part quality.
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1 Introduction

Sawing is an important manufacturing operation used in
many industries to cut raw materials to a specific length
before secondary precision manufacturing processes. There
are three basic types of sawing process, namely band sawing,
circular sawing, and hacksawing, where the choice between
them depends primarily on the particular needs of the saw-
ing task. Compared to circular sawing and hacksawing,
band sawing achieves a lower kerf width, a higher metal
removal rate, and an improved surface finish. As a result,
it is frequently the method of choice for high-productivity
sawing operations. However, such benefits are dependent

>4 Yeau-Ren Jeng
imeyrj@gs.ncku.edu.tw

Department of Biomedical Engineering, National Cheng
Kung University, Tainan 70101, Taiwan

Academy of Innovative Semiconductor and Sustainable
Manufacturing, National Cheng Kung University,
Tainan 70101, Taiwan

Department of Mechanical Engineering, National Chung
Cheng University, Chia-Yi 62102, Taiwan

on achieving a trouble-free operation of the sawing machine
and its components. As for any machine tool, maintaining
the cutting performance of band saw machines relies on a
proper estimation of the tool life and working conditions
[1-5]. Thus, monitoring the tool wear and surface quality of
the sawed components, and adjusting the working conditions
accordingly, is an important concern.

The literature contains many studies on tool condition
monitoring (TCM) and life prediction methods. For exam-
ple, Jemielniak [6] compared the signals obtained from labo-
ratory and industrial cutting force sensors and concluded
that cross-talk between the channels had a significant effect
on the accuracy of the cutting force measurements in both
cases. Choudhury and Rath [7] proposed a method for esti-
mating the tool wear in the milling process based on the rela-
tionship between the flank wear and average cutting force
coefficients produced under different cutting speeds, depths
of cut, and feed rates. Gao et al. [8] introduced a data-driven
model framework for TCM based on a statistical analysis
of the cutting force. The validity of the proposed method
was demonstrated experimentally through the lathe turning
of Inconel 718 workpieces. Freyer et al. [9] compared the
effectiveness of two TCM strategies based on orthogonal
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and unidirectional cutting force measurements, respectively,
and found that the probability of a difference of less than 5
percentage points between the flank wear estimation errors
of the two methods was more than 95%. Kaya et al. [10]
proposed an online TCM system for milling machines based
on an analysis of the measured cutting force and torque by an
artificial neural network (ANN). The proposed system was
shown to achieve a high correlation rate and low error ratio
between the actual and predicted values of the flank wear in
the machining of Inconel 718. Garshelis et al. [11] devel-
oped a method for monitoring the cutting tool condition
and operating parameters in a general machining process
through an inspection of the magnetoelastic rate of change
of a torque sensor signal. Ahmad et al. [12] used a three-
component piezoelectric transducer to examine the effects
of the machining parameters (i.e., the cutting speed and feed
rate) and workpiece shape on the cutting performance of
a band sawing machine with a variable pitch combination
blade. Andersson et al. [13] detected the variation in the cut-
ting force between the individual teeth of a band saw using
a multi-sensor technique and proposed a method for quan-
tifying these variations using a cutting force model based
on positional errors of the cutting edge, changes in the tool
dynamics during machining, and edge wear of the cutting
tool. Thaler et al. [14] presented a method for characterizing
the band sawing process based on an analysis of the cutting
force signals. It was shown that the force signals provided
useful insights into not only the blade geometry but also the
homogeneity of the cut workpiece.

It is well-known that the surface texture plays an impor-
tant role in determining how a real workpiece will interact
with its cutting condition using in-process monitoring. The
surface texture of a finished geometrically defined compo-
nent essentially represents the fingerprint of all the previous
processing stages and is generally quantified by the surface
roughness [15, 16]. For machining processes, the surface
roughness not only provides an important indication of the
part quality but also yields valuable insights into the state of
the manufacturing process and cutting tool. Consequently,
monitoring and quantifying the surface roughness provides
an effective approach for controlling the manufacturing
process in such a way as to achieve the required degree
of accuracy of the workpiece surface [17-19]. One of the
most important factors affecting the surface roughness and
machinability of the workpiece is the tool wear. In practice,
the tool wear determines not only the surface roughness of
the final part but also the cutting force and tool life. Hence,
by monitoring the cutting force, it is possible to both evalu-
ate the evolution of the tool wear throughout the manufac-
turing process and to estimate the effect of this wear on the
surface finish.

Various techniques based on multiple sensors have been
proposed to monitor the process variables during machining
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to estimate the tool wear. Bhogal et al. [20] showed that the
cutting speed was one of the most important factors affect-
ing tool vibration, and therefore had a critical effect on the
surface finish. Amin et al. [21] investigated the effect of the
chatter amplitude on the surface roughness under various
cutting conditions, and found that the correlation between
the chatter amplitude and the surface roughness increased
with an increased cutting speed. Arizmendi et al. [22]
proposed a method for predicting the topography, surface
roughness, and form errors produced in the peripheral mill-
ing process based on an analysis of the tool vibration. David
et al. [23] showed that, in the end-milling process, a higher
cutting depth and feed rate lead to an increased cutting force
and vibrational amplitude, which resulted in turn in higher
surface roughness. Zahoor et al. [24] evaluated the effects
of the feed rate, axial depth of cut, and spindle vibration on
the surface roughness and tool wear in the vertical milling of
AISI P20 steel workpieces using a solid carbide cutter. The
results showed that the surface roughness depended mainly
on the vibration amplitude and depth of cut, respectively,
while the tool wear was governed principally by the vibra-
tion amplitude and feed rate.

In general, the accuracy of the prognostic estimation
for the tool life of machine tools and surface quality of
machined components is significantly dependent on the
method used to collect and process the measurement data.
Saxena et al. [25] revealed that the prediction discrepancy
between different prognostics algorithms can be appeared
due to the varied end-user requirements for different applica-
tions, time scales, available information, domain dynamics,
etc. However, while the tool condition can be accurately
assessed through the deployment of multiple sensors on the
machine tool system, such an approach is costly and appli-
cable only to laboratory settings. Accordingly, taking the
case of a band saw machine for illustration purposes, the
present study proposes the use of the embedded load cell
sensor, strategically located within the machine tool, to pre-
dict the wear of the band saw blade and estimate the surface
quality of the machined component based on the measured
value of the thrust force acting on the blade. Specifically,
the present sensor is developed to install close to the blade
within the machine tool itself, and therefore enables the data,
namely cutting force to be measured directly with a high
degree of precision. Experimental trials are performed to
investigate the effects of the cutting force, feed rate, and
machining time on the tool wear and surface roughness of
the machined workpiece, in which the tool wear level and
wear area can be analyzed and estimated based on machine
vision by an overlapping image technique with transparent
adjustment. It is shown that the machined workpiece’s thrust
force, tool wear, and surface quality are strongly correlated.
As a result, the thrust force measurements provide a viable
approach for evaluating the tool’s condition and predicting
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the tool life. Based on the experimental results, a feedback
control system is developed for maintaining a stable thrust
force on the band saw during cutting. The feasibility of the
proposed approach is demonstrated experimentally through
the machining of medium- and high-carbon steel workpieces
with various cross-sections.

2 Experimental setup

The experiments were performed on a fully automatic double-
column horizontal band saw machine (E-530, Everising Machine
Co., Taiwan), and involved sawing off small sections of carbon
steel bars using a bi-metal band saw blade (HSS M42 cutting
edge) spring steel backing material with a conventional raker
tooth setting. Figures 1 and 2 present a series of photographs
showing the machining setup and observation apparatus, respec-
tively. The sensor proposed in the present study had the form of
a small metal cylindrical bar with two embedded piezoelectric
films (see Fig. 2a. The geometry and dimensions of the sensor,
and the installation positions of the two films, were carefully
designed by finite element method (FEM) simulations to achieve
the optimal tradeoff between the rigidity of the sensor structure
and the sensitivity of the force measurement results [26]. A

sensor calibration procedure is carried out based on a calibra-
tion stand with weights. The calibration laboratory for weights is
accredited to ISO/IEC17025 to ensure traceability of calibrated
weights. As shown in the upper-left schematic in Fig. 2b, the sen-
sor was installed within the machine tool itself by replacing one
of the guide pins immediately above the band saw. During the
sawing process, the thrust force exerted on the saw was transmit-
ted mechanically to the force sensor through the structure of the
machine tool, and the resulting signal was collected and analyzed
by a multi-channel data logger (GL220, Graphtec Corporation,
Japan). An industry-grade packaging technique was employed to
protect the sensor from the harsh environment generated during
the sawing process. A similar technique has also been utilized to
produce the multidirectional force sensor for artificial or robotic
finger applications by Lee et al. [27].

Having installed the sensor, experimental trials were per-
formed to investigate the effects of the cutting force, feed
rate, and machining time on the wear of the band saw and the
surface roughness of the machined bars. To better understand
the relationship between the machining time and tool dete-
rioration of the band saw during the cutting process, a failure
criterion of cutting tools was performed by using standard
ISO 8688-2:1989 [28]. In addition, the machining pro-
cess was real-time observed using a high-resolution image

Fig.1 System setup of sawing process monitoring
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Fig.2 The experimental setup of the piezoelectric sensor for the cutting force measurement. (a) Schematic of the sensor configuration. (b) Real
image with the position of the piezoelectric sensor indicated in the band saw machine

capture technology [29] from the machine tool (see Fig. 1). resolution of 0.04 pm, a vertical resolution of less than
The tool wear and surface roughness of the machined parts  0.01 nm, and a 20 X objective lens. A similar technique was
were estimated at room temperature using a 3D confocal  also used by Jeng et al. [30] in the evaluation of the surface
microscope attached to a 5 MP digital camera with a spatial ~ roughness of cold-rolled aluminum sheets.

1000
1200
i Square Steel Life Trend (S45C)
o0—o
1000 | 800 |-
= 800 - g
— g 600 =
o 5
2 6o} w
° —
L
400 |- Number of sections cut (No.) 400
--— NO.=400 i
—&—-—— NO.= 300
N B No.= 200 1 1 1 1 1 1 1
) J —®— No= 0 100 200 300 400
s 1 . 1 1 . . .
h 2 0 o 100 Number of sections cut

Time (Sec.)

Fig.4 Variation of average thrust force (F,,) in a complete sawing
process with the different number of sections ut from a bar. (Note

Fig.3 Variation of thrust force overtime for the different number of that labels a, b, and ¢ indicate the wear-in region, steady-state wear
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3 Results and discussion
3.1 Tool life evaluation

The experiments commenced by measuring the thrust force
acting on the band saw during the cutting of JIS S45C
medium carbon steel workpieces with dimensions of 100
x 100 mm?. The experiments were performed under heavy
cutting conditions with a cutting speed of 62 m/min and a
cutting rate of 63 cm?/min, where the setting of operation
parameters was determined and provided by the university-
industry collaboration (Everising Machine CO.). The cutting
process was performed continuously over the full band saw

life cycle, including the run-in stage, the steady-state cutting
stage, the wear stage, and the failure stage. Figure 3 shows
the variation of the thrust force over time (in seconds) for
the different number of sections cut at an initial stage of saw-
ing process. It is seen that the thrust force increases and
becomes increasingly unstable as the number of repeated
cuts increases. Figure 4 shows the variation of the average
thrust force of a completer sawing over the complete band
saw life cycle. As shown, the force response increases over
time, and can be divided into three main regions, namely
(a) an initial break-in region with a rapidly increasing wear
rate, (b) a steady-state wear region with a uniform wear rate,
and (c) a failure region with a rapidly increasing wear rate.
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It is noted that the measurement results are similar to those
reported for milling operations by Groover [31]. Figures 5
and 6 show the face wear and flank wear, respectively, of
the band saw blade in the run-in and failure stages of the
band saw life cycle, where the tool wear level and wear area
can be acquired and estimated based on machine vision by
a high-resolution image capture technology [29, 32, 33].
Moreover, the amount of wear area in the captured image
was calculated by overlapping images with transparent
adjustment to assess the various wear stages.

At the wear-in and final stages, the increased wear in both
blade face and blade frank are more pronounced. As shown
in Figs. 5a, b, and 6a, b, the corresponding chip shapes and

tooth tip shapes are shown below each figure for compari-
son purposes. It is noted that the higher wear levels for both
blade face and blade flank at the initial sawing state (i.e.
the cutting slices ranging from 50 to 150) may be induced
due to their deburring process for removing sharp external
edges. Moreover, the measured thrust force profile shown in
Fig. 4 provides a feasible means of estimating the onset of
the break-in mechanism and wear behavior on the band saw
during an overall cutting process.

Figure 7 shows the variation in the workpiece surface
roughness (Rq) with the number of sections cut from the bar
under the optimal sawing conditions. Note that to ensure
the reliability of the measurement results, eight sampling
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of blade flank, a tooth tip shape
in the initial sawing stage, and
b tooth tip shape in the final N
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Fig. 7 Variation of workpiece surface roughness with different num-
bers of sections cut from a bar

lengths were performed on each workpiece, and the R val-
ues were computed as the average value of the correspond-
ing measurements, in which about 95% confidence of the
values (i.e., two standard deviations) has been employed to
provide a purpose of obtaining the normal distribution in
the present measures, and thus the experimental errors can
be effectively avoided. As expected, the surface roughness
increases with an increasing number of cuts. Moreover, a
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Fig.8 Variation of motor current and thrust force with different num-
bers of sections cut for both bandsaw blades with the same specifica-
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Fig.9 Variation of cutting force over time for different cutting rates

sudden increase in the blade displacement is observed as the
number of sections removed increases beyond 350 (i.e., the
estimated life of the tool, see Figs. 4, 5, and 6).

In general, the motor current signal is one of the widely
accepted key indicators, albeit an experienced operator
is often needed to filter out noise for an effective signal,
which could show how tool machine cutting performance
decrease over a lifetime. Several similar observations were
reported in the tool-wear monitoring for metal cutting
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machines by Snr [34] and Kuntoglu et al. [35]. To bet-
ter understand the relationship between motor current and
thrust force in metal cutting operations, Fig. 8 shows the
variation of the motor current and the thrust force with the
number of sections cut from the bar under the optimized
sawing conditions. Note that the variation of motor current
is reasonably insensitive to the number of sections cut from
the bar. This phenomenon can be attributed to the fact that
the motor current signal of the sawing machine is insensi-
tive to the cutting force fluctuations under a higher cutting
speed due to its vibration absorber and viscous damping
system. It is found that both bandsaw blades have been

conducted with the same cutting conditions to study tool
wear during the sawing process, where samples 1 and 2
are in Fig. 8. Both the thrust force and the corresponding
current increase with an increasing number of cuts since,
as the saw tooth gradually wears, the energy required to cut
the workpiece material increases, and hence the required
thrust force also increases, thereby increasing the associ-
ated current and the root-mean-square surface roughness
of the workpiece, in which several uncertainties of tool
wear state estimations can be induced due to invalid data,
environmental noises, and a single sensor involving mul-
tiple faults, etc.

Fig. 11 Variation of workpiece 16
surface roughness with cutting
rate .
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3.2 Cutting parameter optimization

In practical sawing operations, it is desirable to set the cut-
ting parameters (i.e., the cutting speed and cutting rate) in
such a way as to achieve an acceptable tradeoff between the
productivity of the machining process and the blade life.
Accordingly, a further series of experiments was performed
in which JIS S45C medium carbon steel bars with a diameter
of 220 mm were sawed with gradually increasing cutting
rates in the range of 85 to 135 cm?/min. To ensure the reli-
ability of the experimental results, the cutting trials were
performed three times for each cutting rate, with the cor-
responding thrust force and workpiece surface roughness
measured each time.

Figure 9 shows the variation in the measured thrust force
overtime for the different cutting rates. As expected, the cut-
ting force increases with an increased cutting rate due to the
corresponding increase in the friction mechanism required
to cut the workpiece material. Figure 10 shows the change
in amplitude of the thrust force with the cutting rate. Once
again, the amplitude of the thrust force increases with an
increased cutting rate. Finally, Fig. 11 shows the variation of
the R, with the cutting rate. The surface roughness increases
only moderately as the cutting rate first increases from 85
cm?/min to 115 cm®min. However, as the cutting rate is
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Fig. 12 Force-time diagram for 400
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further increased to 115 cm?/min, a significant increase in
the surface roughness occurs. Thus, the limiting value of
the cutting rate for the S45C material during sawing was
determined to be 115 cm*/min.
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Fig. 13 Comparison of set-point force value and actual force value
obtained under feedback control for JIS S45C and JIS S60C carbon
steel bars
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Fig. 14 Force—time diagram for sawing of JIS S45C round bar under
different thrust force settings with and without feedback control

3.3 Thrust force feedback control methodology

In the process of sawing a bar with a constant and solid
cross-section, the contact area first increases toward a maxi-
mum value as the blade penetrates the workpiece, and then
decreases to zero as the blade leaves the workpiece. The
change in contact area prompts a variation in the thrust
force acting on the blade and therefore induces a change
in the wear rate. Thus, to reduce the wear of the blade, it is
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Fig. 15 Force—time diagram for sawing of JIS S60C round bar under
different thrust force settings with and without feedback control
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Fig. 16 Force-time diagram for sawing of JIS S45C O beam under
different thrust force settings with and without feedback control

desirable to minimize the variation of the thrust force such
that it maintains an approximately constant value throughout
the cutting process. Accordingly, the present study proposes
a thrust force feedback control methodology in which the
thrust force is constantly monitored by the embedded force
sensor, and the machining conditions (e.g., the cutting speed
and feed rate) are adjusted as required to maintain a constant
force.

800
Cutting H Beam
G—6—© Without Control
L—A—A250 N
E—=—E1200N
600

400

Force (N)

0 50 100 150 200 250 300

Time (s)

Fig. 17 Force—time diagram for sawing of JIS S45C H beam under
different thrust force settings with and without feedback control
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The feasibility of the proposed control method was evalu-
ated using JIS S45C and JIS S60C medium- and high-carbon
steel bars with a diameter of 150 mm. Figure 12 shows the
force—time diagram obtained in three tests performed using
the JIS S45C workpiece without feedback control. It is
clearly seen that the thrust force varies continuously as the
sawing process proceeds. Figure 13 compares the set-point
force value and actual force value when sawing the two work-
pieces (i.e., JIS S45C and JIS S60C carbon steel bars) using
the proposed feedback control method. From inspection, the
error between the two thrust force values is just 2% and 1.6%
for the two materials, respectively. In other words, the feasi-
bility of the proposed method is confirmed.

Figure 14 shows the force—time diagrams obtained
in the sawing of the JIS S45C workpiece with set-point
thrust force values in the range of 200 to 400 N and the
feedback control method applied. For comparison pur-
poses, the force—time diagram obtained with the absence
of feedback control is also shown. The results confirm
that the thrust force remains approximately constant, even
under higher thrust force setting points. Figure 15 pre-
sents the corresponding results obtained for the sawing
of JIS S60C high carbon steel under thrust forces in the
range of 500 to 900 N. It is again seen that the feedback
control methodology achieves an approximately constant
thrust force for each of the considered force settings.
A final series of experiments was performed using JIS
S45C O-beam and H-beam workpieces. The correspond-
ing force—time diagrams are presented in Figs. 16 and 17,
respectively. Note that the O beam had an outer diameter
of 133 mm and a wall thickness of 1.4 mm, while the
H beam had a height and width of 125 mm and a thick-
ness of 10 mm. By comparing the response of force—time
characteristics between the O and H beams, respectively,
it is observed that the force amplitude of feedback con-
trol in the O beam is lower than that of the H beam due
to its completely symmetrical cross-section. The results
indicate that, for both beams, the thrust forces with feed-
back control are more stable than that without feedback
control. This implies that the present results confirm the
effectiveness of the proposed thrust control methodol-
ogy even in the sawing of workpieces with more complex
cross-sectional geometries.

4 Conclusion

This study has presented an embedded force sensor for
detecting the cutting force generated during the cutting of
medium carbon steel using a double-column horizontal
sawing machine. The proposed sensor has been used to
explore the effects of the cutting force, cutting rate, and
machining time on the wear of the band saw blade and

surface roughness of the workpiece. It has been shown that
the cutting force increases with an increasing machining
time and results in a corresponding increase in both the
tool wear and the machined surface roughness. It has been
further shown that the wear life of the band saw blade can
be reliably predicted by a sudden increase in the meas-
ured cutting force or surface roughness. The developed
force sensor has been used to realize a feedback control
mechanism for maintaining a stable cutting force during
the sawing of carbon steel workpieces with various carbon
contents and cross-sections (bar, O beam, and H beam).
The proposed sensor has many advantages for practical
applications, including a low cost, a small size, and good
robustness. Notably, the present article provides three key
contributions to sawing process. First, a sensor is devel-
oped to install close to the blade within the machine tool
itself, and therefore enables the cutting force to be meas-
ured directly with a high degree of precision. Second, the
sensor allows the cutting force and cutting conditions to
be monitored and controlled using only a single sensing
device. It is thus suitable for practical, industrial appli-
cations. Finally, it establishes guidelines for estimating
tool life and surface quality, which are intimately tied to
the current and future research on smart sawing. Over-
all, the results show that the proposed sensor provides a
highly effective method for not only monitoring the tool
life condition of the band saw blade, but also for adjusting
the machining parameters adaptively in such a way as to
maintain a constant cutting force, thereby reducing the tool
wear and improving the surface roughness of the machined
components.
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