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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 tool wear and
surface roughness of the machined workpiece. It is shown that the thrust force, tool wear and surface
roughness of the machined workpiece 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 con�rm that
the embedded load cell sensor and force monitoring and control methodology proposed in the present
study provide an effective approach for maintaining the optimal cutting conditions in the sawing of
medium carbon steel and improving the tool life and machined part quality. 

1. Introduction
Sawing is an important manufacturing operation used in many industries to cut raw materials to a
speci�c length prior to secondary precision manufacturing processes. There are three basic types of
sawing process, namely band sawing, circular sawing, and hack sawing, where the choice between them
depends primarily on the particular needs of the sawing task. Compared to circular sawing and hack
sawing, band sawing achieves a lower kerf width, a higher metal removal rate, and an improved surface
�nish. As a result, it is frequently the method of choice for high-productivity sawing operations. However,
such bene�ts are dependent 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]. 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
example, Jemielniak [2] compared the signals obtained from laboratory and industrial cutting force
sensors and concluded that cross-talk between the channels had a signi�cant effect on the accuracy of
the cutting force measurements in both cases. Choudhury and Rath [3] proposed a method for estimating
the tool wear in the milling process based on the relationship between the �ank wear and average cutting
force coe�cients produced under different cutting speeds, depths of cut, and feed rates. Gao et al. [4]
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. [5] compared the effectiveness of two TCM strategies based on
orthogonal and unidirectional cutting force measurements, respectively, and found that the probability of
a difference of less than 5 percentage points between the �ank wear estimation errors of the two
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methods was more than 95%. Kaya et al. [6] proposed an online TCM system for milling machines based
on an analysis of the measured cutting force and torque by an arti�cial 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 �ank wear in the machining of Inconel 718. Garshelis et al. [7] developed 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. [8] 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. [9] detected the variation
in the cutting force between the individual teeth of a band saw using a multi-sensor technique, and
proposed a method for quantifying 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. [10] 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 important role in determining how a real workpiece will
interact with its cutting condition using in-process monitoring. The surface texture of a �nished
geometrically-de�ned component essentially represents the �ngerprint of all the previous processing
stages, and is generally quanti�ed by the surface roughness [11-12]. 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 [13-15].
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 �nal part, but
also the cutting force and tool life. Hence, by monitoring the cutting force, it is possible to both evaluate
the evolution of the tool wear throughout the manufacturing process and to estimate the effect of this
wear on the surface �nish.

Various techniques based on multiple sensors have been proposed for monitoring the process variables
during machining in order to estimate the tool wear. Bhogal et al. [16] showed that the cutting speed was
one of the most important factors affecting tool vibration, and therefore had a critical effect on the
surface �nish. Amin et al. [17] 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 increasing cutting speed. Arizmendi et al. [18] proposed a method
for predicting the topography, surface roughness and form errors produced in the peripheral milling
process based on an analysis of the tool vibration. David et al. [19] 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 a higher surface roughness. Zahoor [20] 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
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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 vibration 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 signi�cantly dependent on the method used to collect and process the
measurement data. 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 applicable 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 predict 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. 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. It is shown that the thrust force, tool wear and
surface quality of the machined workpiece are strongly correlated. As a result, the thrust force
measurements provide a viable approach for evaluating the tool condition and predicting 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 materialwith a conventional raker
tooth setting. Figs. 1 and 2 present a series of photographs showing the machining setup and
observation apparatus, respectively. The sensor proposed in the present study had the form of a small
metal cylindrical bar with two embedded piezoelectric �lms (see Fig. 2(a)). The geometry and dimensions
of the sensor, and the installation positions of the two �lms, were carefully designed by �nite element
method (FEM) simulations to achieve the optimal tradeoff between the rigidity of the sensor structure
and the sensitivity of the force measurement results [21]. As shown in the upper-left schematic in Fig. 2
(b), the sensor 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 transmitted
mechanically to the force sensor through the structure of the machine tool, and the resulting piezoelectric
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 arti�cial or robotic �nger applications by Cha et al. [22].
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Having installed the sensor, experimental trials were performed to investigate the effects of the cutting
force, feed rate, and machining time on the wear of the band saw and surface roughness of the machined
bars. The machining process was real-time observed using a high-resolution image capture technology
[23] from the machine tool (see Fig. 1). The tool wear and surface roughness of the machined parts were
estimated at room temperature using a 3D confocal microscope attached to a 5 MP digital camera with a
spatial resolution of 0.04 µm, a vertical resolution of less than 0.01 nm, and a 20x objective lens. A
similar technique was also used by Jeng et al. [24] in the evaluation of surface roughness of cold-rolled
aluminum sheets.

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 ×  100 mm2. The experiments were
performed under heavy cutting conditions with a cutting speed of 62 m/min and a cutting rate of 63 
cm2/min. 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. Fig. 3 shows the
variation of the thrust force over time (in seconds) for the different number of sections cut during the
sawing process. It is seen that the thrust force increases and becomes increasingly unstable as the
number of repeated cuts increases. Fig. 4 shows the variation of the measured thrust force 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. It is
noted that the measurement results are similar to those reported for milling operations by Groover [25].
Figs. 5 and 6 show the face wear and �ank 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 [23, 26]. At the wear-in
and �nal srages, the increased wear in both blade face and blade frank are more pronounced. As shown
in Figs. 5 (a), 5(b), 6(a), and 6(b), the corresponding chip shapes and tooth tip shapes are shown below
each �gure for comparison purposes. It is noted that the higher wear levels for both blade face and blade
�ank at the initial sawing state (i.e. the cutting slices ranging fron 50 to 150) may be induced due to their
deburring process for removing sharp external edges. Moreover, the measured thrust force pro�le shown
in Fig. 4 provides a feasible means of estimating the onset of break-in mechanisim and waer 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 lengths were performed on each workpiece, and the Rq values were computed as
the average value of the corresponding measurements, in which about 95% con�dence of thevalues (i.e.,
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two standard deviations) has been employed to providea 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 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 �lter out noise for an effective signal, which could show how tool machine
cutting performance decrease over lifetime. Several similar observations were reported in the tool-wear
monitoring for metal cutting machines by Snr et al. [27] and Pimenov et al. [28]. To better 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 both bandsaw blades have been conducted with the same cutting
conditions to study tool wear during the sawing process, where sample 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 associated current and the root-mean-square surface
roughness of the workpiece.

3.2 Cutting parameter optimization
In practical sawing operations, it is desirable to set the cutting 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 cm2/min. To ensure the reliability of the experimental
results, the cutting trials were performed three times for each cutting rate, with the corresponding thrust
force and workpiece surface roughness measured each time.

Figure 9 shows the variation in the measured thrust force over time for the different cutting rates. As
expected, the cutting force increases with an increasing cutting rate due to the corresponding increase in
the friction mechanism required to cut the workpiece material. Fig. 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
increasing cutting rate. Finally, Fig. 11 shows the variation of the Rq with the cutting rate. The surface

roughness increases only moderately as the cutting rate �rst increases from 85 cm2/min to 115 cm2/min.
However, as the cutting rate is further increased to 135 cm2/min, a signi�cant increase in the surface
roughness occurs. Thus, the optimal cutting rate for the S45C material was determined to be 115
cm2/min.

3.3 Thrust force feedback control methodology
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In the process of sawing a bar with a constant and solid cross-section, the contact area �rst increases
toward a maximum value as the blade penetrates into 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
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.

The feasibility of the proposed control method was evaluated using JIS S45C and JIS S60C medium- and
high-carbon steel bars with a diameter of 150 mm. Fig. 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. Fig. 13 compares the set-point force
value and actual force value when sawing the two workpieces (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 feasibility of the
proposed method is con�rmed.

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 purposes, the force-time diagram obtained with the absence of feedback control is also
shown. The results con�rm that the thrust force remains approximately constant, even under higher
thrust force setting points. Fig. 15 presents 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 �nal series of experiments was performed using JIS S45C O-beam and H-beam workpieces.
The corresponding 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 thickness of 10 mm. The results con�rm the effectiveness of the proposed
thrust control methodology even in the sawing of workpieces with more complex cross-sectional
geometries.

4. Conclusion
This study has presented a embeded 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
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and the machined surface roughness. It has been further shown that the wear life of the band saw blade
can be reliably predicted from a sudden increase in the measured 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 sensor is installed
close to the blade within the machine tool itself, and therefore enables the cutting force to be measured
directly with a high degree of precision. Moreover, 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 applications. Overall, 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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Figures

Figure 1

System setup of sawing process monitoring 
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Figure 2

The experimental setup of the piezoelectric sensor for the cutting force measurement. (a) Schematic of
the sensor con�guration, (b) Real image with the position of the piezoelectric sensor indicated in the band
saw machine.
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Figure 3

Variation of thrust force over time for the different number of sections cut during the sawing process 
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Figure 4

Variation of thrust force with number of sections cut from bar. (Note that labels (a), (b), and (c) indicate
the wear-in region, steady-state wear region, and failure region, respectively.

Figure 5

The average wear area of blade face, (a) chip shape in initial sawing stage, and (b) chip shape in �nal
sawing stage.
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Figure 6

The average wear area of blade �ank, (a) tooth tip shape in initial sawing stage, and (b) tooth tip shape in
�nal sawing stage.

Figure 7

Variation of workpiece surface roughness with number of sections cut from bar.

Figure 8
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Variation of motor current and thrust force with number of sections cut for both bandsaw blades with the
same speci�cations.

Figure 9

Variation of cutting force overtime for different cutting rates.

Figure 10

Variation of the amplitude of thrust force with cutting rate. 
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Figure 11

Variation of workpiece surface roughness with cutting rate.
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Figure 12

Force-time diagram for sawing of JIS S45C round bar without feedback control.
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Figure 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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Figure 14

Force-time diagram for sawing of JIS S45C round bar under different thrust force settings with and
without feedback control.

Figure 15

Force-time diagram for sawing of JIS S60C round bar under different thrust force settings with and
without feedback control.

Figure 16
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Force-time diagram for sawing of JIS S45C O beam under different thrust force settings with and without
feedback control.

Figure 17

Force-time diagram for sawing of JIS S45C H beam under different thrust force settings with and without
feedback control.


