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Cutting force measurement based on tool embedded
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Abstract: Cutting force measurement has become a crucial activity for enhancing machining process performance. This paper
described the design and fabrication of embedded Ni-chrome thin-film micro-sensors in tool holders to measure the cutting
force in machining operations. A Ni-chrome thin-film sensor device is embedded within a substrate structure through a dy-
namic brazing process, which consists of a Ti6Al4V substrate, a nickel-chromium thin-film sensor and an alumina insulating
layer. The Wheatstone bridge which consists of four sensors would produce the output voltage when the thin film caused de-
formation by the cutting forces. The relationship between input and output voltages was theoretically analyzed. According-
ly, an in-process cutting force measurement system is established. The results show that the thin-film sensor had good lineari-

ty and less mutual interference, and it is suitable for all kinds of turning forces under the measurement conditions.
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The measured cutting force information is essen-
tial to monitoring the operational status of the
equipment, determining the process regime, and
improving the reliability, which contributes to bet-
ter quality products and higher productivity. Re-
cently, there have been significant advances in the
area of micro-sensors technology. Because small-size
micro-sensors respond more quickly than ordinary
macro-sensors, thermo-mechanical responses can be
measured very efficiently by using thin-film micro-
sensors due to some advantages of the absence of ad-
hesive material, flexibility to tailoring the proper-
ties of the sensor material in thin-film form, good
linearity, improved strain sensitivity, and fast res-
ponse"™ . There are reports about micro-fabrication
and characterization of metal-embedded thin-film
thermo-mechanical micro-sensors applyied in hostile
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manufacturing environments'* . Moreover, the mi-
cro thin-film thermocouple sensors are embedded in-
to poly-crystalline cubic boron nitride (PCBN) tool
insert to study the tool behavior™ .

In this paper, we present a new approach that
embeds thin-film mechanical micro-sensors into
metal substrates to measure the cutting forces. The
system design is discussed in details.

1 Configuration of measurement sys-
tem

Generally, an in-process cutting force measure-
ment system contains an embedded thin-film me-
chanical micro-sensors cutting tool system, signal
amplification circuit, signal processing and status
recognition functional modules, as shown in Fig.1.
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Cutting forces’ effects on cutting tools will result
in a deflection of the strain gauge, and the devel-
oped strain makes the resistance of the gauge
change. The change in the resistance of each sensor
element is detected as change in the output voltage
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Configuration of cutting force measurement system

of a Wheatstone bridge circuit. The all output volt-
ages of the bridge circuit are sent to a PC through an
amplifier and signal processing and status recogni-
tion functional modules. The embedded thin-film
mechanical microsensors cutting tool system is
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shown in Fig.2. The microfabrication and charac- Fig.2, the tool system is typically made up of a
terization of tool embedded thin-film mechanical holder, inserts, micro-sensors, wires, etc. It will be
microsensors are vital techniques. As depicted in described in detail in the following.
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Fig.2 Diagram of embedded thin-film mechanical micro-sensors cutting tool systems within Cartesian coordinate system

Table 1 Size and parameters of designed micro-sensors model

2 Design of thin-film micro-sensor Parametor Length Width  Thickness
(mm) (mm) (mm)
e . . TiGAI4V substrat 18 18 0.8
The thm-fllm. MICro-sensor consists .of four layers: Ti6A1411V elasgz ;i;;hiagm 18 18 1
the substrate, insulating layer, strain gauge layer Nickel-chromium thin film - - 400 nm
and covering ]ayer, as shown in Fig' 3. Alumina insulating layer 18 18 0.005
Wires The entire fabrication of micro-sensor was per-
Electrode tip formed in class 100 and 1 000 clean rooms. Fig.4

shows the thin-film sensors on Ti6Al4V substrate
before embedded. The substrate size is 50 mm circu-
lar base tab separated with wire-electrode cutting
process into the required size as 18 mm X 18 mm.
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Fig.3 Structure of sensor unit layers

Ti6Al4V titanium alloy substrate as selected due
to its excellent performance. Thin-film sensors
should be fabricated on an insulating layer. The se-

lection of insulating films is crucial to sensor surviv- Fig.4 Thin-film sensors on TiOAI4V substrate (before

al and stability. This layer will isolate the sensor embedded)

electrically from the underlying metallic substrate One micro-sensor cell is made up of four gauge el-
and from the final protective embedding layer. ements and every gauge element has two electrodes.
Electron beam evaporated Al,O; film was found as  As Fig.3 shows, one sensor element is mounted onto
an insulating layer due to its excellent thermal sta- the upper surface of cutting tool holder in proper
bility and good thermal coefficient matching with position. The other sensor element is mounted under
metal substrates ®'. Initially, 0.5 pum thick aluminum the surface of holder. In the same way, the left and
oxide membrane layer was deposited by magnetron right surface of holder have one sensor, respective-
sputtering. On top of this layer, a thin layer of ni- ly. Finally, the thin-film micro-sensors were bonded
chrome (NiCr 80/20 wt. %) was deposited using with holder through ultrasonic welding and brazing
magnetron sputtering and patterned to form the process.

strain gauge layer. The thin-film strain gauge was Four strain gauges are connected in a half-Wheat-

designed. The layout of thin-film and size diagram stone or full-Wheatstone bridge circuit arrange-
of cell were designed'’”’. The size and parameters of ~ ment. As the force is applied on the strain gauge,
designed micro-sensors model are shown in Table 1. the membrane deflects inducing strain across the
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bridge arms, which in turn results in a change in the
resistance on the bridge arm. When there is any
small change in the resistances of the bridge arms,
the output voltage will not be nonzero. The Wheat-
stone bridge circuit in the device was electrically
connected, as shown in Fig.5.
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Fig.5 Schematic of Wheatstone bridge circuit

~ (R; + AR3,)(Ry + AR,;) — (R, + AR;)(R, + AR,;)

Four strain gauges with resistances of R;, R,, R;
and R, , respectively, are defined as R with equiva-
lent resistance when Wheatstone bridge circuit is in
balance. Identical initial voltage was loaded on the
four sensor units, when the input voltage U, was
loaded, the relationship between U, and U, can be
defined as

_ R3R4 *Rle
n T (R, + R;)(R, + R,)

U Uom - ( 1 )

As depicted in Fig.2, when the tangential force
(Z direction force) was loaded on the external turn-
ing tool tip, the resistance would change, and the
Eq. (1) can be rewritten as

- ARlz

UinZ -

When the axial force ( X direction force) and the
radial force (Y direction force) were loaded on the

(2R, + AR,,)*

_ (R3 + AR3x)<R4 + AR4x) - (Rl - ARIX)<R2 + Azx)

out ~ 2R . Uom N (2>

external turning tool tip, respectively, the relation-
ship between input and output voltages is

__ ARy

UinX - (2R1 _ ARIX)(ZRZ n AR2X> Uout -~ 4R% Uout’ (3>
U - (R; + AR5y ) (R, + AR,y) — (R, +AR1Y)(R2+ARzy)U NAR‘YU (4)
nY (2R1 +ARly)2 out 2Rl out *

The output voltage caused by the forces F, and Fy
can be measured through No. 1 sensor (on the upper
surface of holder) and No.2 sensor (under the sur-
face of holder), and the output voltage caused by
the force Fyx and Fy can be measured through No.3
sensor (left surface of holder) and No.4 sensor
(right surface of holder). Each component force
can be calculated according to the output voltage
measured by four sensors.

3 Conclusion

This paper describes the fabrication, embedding,
and characterization of the metal embedded thin-
film micro-sensors for turning force measurements.
Thin-film mechanical micro-sensors have been suc-
cessfully fabricated and embedded into tool struc-
tures by ultrasonic welding and brazing. Thin-film
mechanical micro-sensors have high sensiuivity and
linearity. We should note the differential output of
the micro-sensors, which refers to the amount of
bending, torsion and tension passing through the
tool tip at the cutting point. The real tri-axial force
values need further experimental investigation by
the configuration of the cutting force measurement
systems.
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