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Abstract. We developed a novel tool holder equipped with a wireless communication function
to monitor the tool temperature and vibrating accelerations in both the radial and rotational
directions during a tool rotating operation. In this study, we attempted to measure the inner
temperature of a drill tool with a machining center and investigated the influence of cutting
speed on it. Based on these results, we developed a smart method to predict the maximum
temperature by monitoring the temperature variation during the drill operation and determined
the maximum cutting speed from it. Additionally, we attempted to measure the tool vibrations
in the rotational and radial directions in a countersinking process. Based these results, we could
monitor not only the conventional chatter vibration based on the tool-bending mode but also
the high-frequency chatter vibration based on the coupled vibration of the bending and torsion
with a developed holder system. Consequently, we demonstrated that the developed smart
monitor method with a wireless communication system is effective in estimating the tool
temperature in drilling processes and the tool vibration in countersinking processes.
Introduction
Currently, a smart monitoring technology has been attracting particular attention in the
factory automation fields regarding the Internet of things (IoT). The real-time monitoring of
various physical quantities generated between a tool and a workpiece in machining tools is one
of the core technologies. Under the present conditions, the acquisition of processing value by
the rotational tool is not sufficient, such as the machining center. We therefore developed an
easily reusable tool holder equipped with a wireless communication function to monitor the
tool temperature and vibrating accelerations in a manufacturing site. However, in regard to
monitoring temperature, we have not started the verification despite it being in demand for
deep-hole-drilling that is difficult to monitor by infrared thermography. Otherwise, the
example of measured cutting temperature near the tool edge by an un-rotateable tool inserted
with a thermocouple at the rotational workpiece (stainless steel or aluminum alloy etc.) in
drilling [1]. The absolute value measured by the thermocouple is of high reliability; however,
to acquire the thermal electromotive force while securing the signal-to-noise ratio by the slip
ring is difficult because most cutting temperatures are measured by the rotating workpiece. For
measuring in a rotating drill, measurement methods exist that provide a thermocouple-circuit
with a workpiece [2]; it observes the tool edge by a thermometer from the small hole of a

workpiece [3]. However, to measure at a manufacturing site is not possible. In regard to
monitoring the vibration, we have not started the verification to detect chatter vibrations at high
frequencies in the chamfering process.
Regarding vibration monitoring, we have not started the verification to detect chatter
vibrations at high frequencies in the chamfering process. There are few management
techniques of high quality for processing a surface by the countersink processing. The reports
approximately the relationship among cutting condition, cutting force, and processing accuracy
are few [4]. Chatter vibrations at high frequencies occur during the countersink processing in a
manufacturing site; however, no example exists that verified the phenomenon. Nevertheless,
the quality management of the countersink surface necessitating sealing is required. Therefore,
an easy method of monitoring the temperature and vibration on a tool edge side is required
under the conditions that the drill rotates on the machining center at a manufacturing site.
Herein, we verified the effectiveness of this holder system in the two previously described
subjects.
Experimental setup and the basic theory of the processing phenomenon
Measurement of tool internal temperature and cutting condition in drilling. The internal
tool temperature of a drill is measured by an inserted thermocouple. Figure 1 shows a
schematic diagram of the wireless temperature measurement holder system. The hole for
inserting the thermocouple was processed into the tool center by electrodischarge machining
(EDM), and the thermocouple was inserted. The hole depth was 2 mm from the chiseled edge.
We placed the amplifier, A/D converter, microcontroller, and transmitter in the tool holder.
The tool temperature measurement results were wirelessly and continuously transmitted to a
computer that is connected to the receiver. The diameter of the thermocouple was 0.5 mm, and
of the K type. The transmission frequency was approximately 10 S/s. Figure 2 shows the
external appearance of the HSS drill and the electrode for the electric EDM. The length of the
drill was 144 mm, and the diameter of electrode was 0.5 mm. Table 1 shows the specifications
of the drill and the cutting conditions. The workpiece was S45C of 100 mm × 100 mm × 50 mm.
The workpiece was located on the dynamometer (type: 9255B, KISTLER Corporation) on the
table of the machining center for simultaneously measuring the temperature and cutting force.
Machine tool
spindle

A/D converter

Micro-controller
Transmitter

Fig. 2 Discharge machining electrode and
drill tool

Amplifier

Table 1 Tool infomation and cutting
condition in drilling
Tool
Thermocouple

Receiver
PC
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Measurement of vibration and cutting condition in countersink processing. Figure 3
shows the schematic diagram of the wireless vibration measurement holder system. Four
piezoelectric acceleration sensors were installed at a position 86 mm from the gauge line and
5.5 mm from the rotational center in the holder system. By implementing this installation
configuration, the holder system can better detect vibrations along the rotational axis and the
two orthogonal axes. The microcontroller in this holder operates at a voltage that is detectable
by the four acceleration sensors. Equations 1–3 are the formulae used to calculate the
acceleration in each direction. The accelerations of two orthogonal directions are defined by
Xm and Ym, and the acceleration of the rotational direction by Rm.
Xm = (ax1 – ax2) / 2
Ym = (ay1 – ay2) / 2
Rm = (ax1 + ax2) / 2

(1)
(2)
(3)

In addition, the root-mean-square (RMS) of each acceleration value is calculated in accordance
with a 0.1 s integral time constant; the resulting value is transmitted to a receiver and stored in
a PC. The transmission frequency was approximately 50 S/s. The natural frequency of this
acceleration sensor was 20 kHz. Figure 4 shows the external appearance of the chamfering drill
and chamfering size. We targeted the M4-thread that countersink for a flat head screw often be
required sealing. Therefore, we processed the countersink after creating a hole diameter of 4.5
mm. Figure 5 shows the countersink processing instrument and its corresponding rotating
coordinate system. The edge of the countersink drill was positioned in parallel to the Xm axis.
The workpiece was S45C of 100 mm × 100 mm × 50 mm. The workpiece was located on the
dynamometer (type: 9272, KISTLER Corporation) on the table of the machining center for
simultaneously measuring the vibration and cutting force. Table 2 shows the specifications of
the countersink drill and cutting conditions.
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Result and discussion
Relationship between cutting speed and drill temperature. Figure 6 shows the relationship
between time and temperature, where the cutting depth was 50 mm, and the feed amount of one
revolution was 0.2 mm/rev. We found that the heat input into the drill per unit time increased
with the increase in the cutting speed. The drill was operable until the cutting speed 100 m/min,
but was inoperable at the cutting speed 120 m/min because hard adhesion had occurred. In the
drill processing of a blind hole, we found that the tool wore out quicker by the increased dwell
time at the bottom hole, because the area between the drill and bottom hole increased the effect
of rubbing, thus increasing the dwell time [5]. However, the temperature rise of the drill by the
rubbing action at the bottom hole is not a sufficient estimate. Figure 7 shows the model
regarding the relationship between the drill temperature and time required for the drill to create
a blind hole. By setting the process started time to 0, the drill temperature rose at a little behind
t1. In between t = 0 and t = t1, the calorific value is small because cutting was performed on only
the chiseled edge, and heat transfer time is required from the edge to the central part. Therefore,
the dead time t1 occurred. In addition, considering the rubbing action during the dwell time, the
time that the drill feed action decelerated and stopped is defined by t2 (temperature at that time
by T’), the time to retract the drill by t3, max temperature by Tmax, and the temperature rise is
expressed as Tmax - T’. Finally, the degree of effects for tool wear is modeled as the difference
between Tmax and T.
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Estimation with drill temperature and adhesion. Figure 8 shows the convergent
temperature (Ts) of each cutting speed in Fig. 6 by T and time constant (Tm) at t3 in Fig. 7.
Figure 9 shows the average value of thrust and torque. In Fig. 8, we found that Ts suddenly
increased at the cutting speed of 100 m/min. The phenomenon predicted the adhesion at the
cutting speed 120 m/min. In Fig. 9, the decreasing of thrust and torque is attributed to the
disappearance of the built-up edge at the cutting speed of 55 m/min. However, we found that
the adhesion prediction during processing is difficult by only the cutting force, because the
variation in the cutting force is unclear. Figure 10 shows the relationship between cutting speed
and temperature rise (Tmax – T) by the rubbing action at the bottom hole.

We found that the temperature rise by the rubbing action increased while increasing the cutting
speed. Figure 11 shows the microphotograph of the drill margin part. At the cutting speeds of
25 m/min and 55 m/min, we found that built-up edges occurred, but almost no damages were
observed. At the cutting speed of 75 m/min, the tool wear or mark like high-temperature oxide
film occurred. Furthermore, at the cutting speed of 100 m/min, the situation became worse.
This phenomenon is the predicted adhesion. Therefore, initially, we identified the time
constant (Tm) of the tool system in the safe cutting speed. Subsequently, we presumed the
convergent temperature (Ts) between t and T when gradually increasing the cutting speed in the
safe range; thus, we can set up a standard of optimization for the cutting speed by searching the
condition that Ts suddenly increases against the cutting speed.
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Fig. 11 Microphotograph of drill margin part.
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Cutting force and vibration of tool system. Figure 12 shows the relationship among the
cutting force of the workpiece side, the vibration acceleration of the tool side, the road meter of
the spindle, and the Z-axis position with the conditions that the cutting speed was 150 m/min,
the feed amount was 0.1 mm/rev, and the dwell time was equivalent to 40 revolutions. We
found that the decrease in thrust by slowing down the feed speed of the Z-axis around 0.3 s,
increases the variation component of the torque in dwell time at the bottom hole around 0.4 –
0.9 s. For the dwell time of the bottom hole, Xm, Ym increased and Rm clearly increased.
Meanwhile, the dynamometer and this holder system could detect the vibration at the bottom
hole, but the road meter of the spindle could not. Figure 13 shows the microphotograph and the
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1) In setting of the cutting speed when drill processing, the method predicted the convergent
temperature Ts based on monitoring the tool internal temperature at each condition is
effective for setting up a standard adhesion.
2) In monitoring the tool internal temperature, by focusing on the temperature rise by the
rubbing action at the bottom hole when processing a blind hole, some possibility of
predicting a limited cutting speed in the safe range exist.
3) In addition, the natural frequency of a beam with fixed-free conditions also affects the
natural frequency of a beam with fixed-support conditions; the chatter vibration that
occurred in the countersink processing proved that the coupled vibration affected the
torsional natural frequency of the holder.
4) Regarding the chatter vibration that occurred in the countersink processing, the detected
function of the torsional vibration with this holder system is an effective method for
detecting high frequencies, e.g., beyond 4 kHz chatter vibration in dwell time at the bottom
hole.
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