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Abstract
In this study, a multiple sensor data fusion system is anticipated as essential for monitoring of cutting operations, by 
identifying suitable sensor locations to obtain feedback signals periodically. The sensor signal derives the failure during 
machining owing to complex cutting tool geometry even in machining of composites. Nano metal matrix composites 
(NMMC) being extremely upright in mechanical characteristics, consequently machining of these hybrid nano metal 
matrix composites reinforced with difficult-to-cut nano particles leads to reduced tool life thereby causing rapid flank 
wear. Therefore, it is a challenge to identify the wear features caused during machining of tailor made NMMC’s, reducing 
wastage and preventing machine malfunction. This paper presents a comprehensive review on the machining strate-
gies in extreme output conditions which rely on input parameters of speed, feed and depth of cut influencing tool life 
during CNC machining. This can be achieved only with multiple sensor data fusion technique during CNC machining.
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1 Introduction

Due to the intense prerequisite of varied products and 
fall in the life of products, there is a crucial demand to 
increase the quality and quantity of manufacturing prod-
ucts. Where mandate consistent monitoring of machining 
is vital in reducing manufacturing cost in less time. The 
necessity of less dependency on the operator is essential in 
order to eradicate error and cost with less lead time, which 
will lead towards the automated machining till today. The 
automated machining process in which complex tool path 
stratagems with intense updated machining techniques 
such as high-speed milling, drilling turning are in demand. 
That becomes reasonable for getting complex geomet-
ric of the machined product, for instance, precise surface 
textures. The possession of materials having less finish 
which are by difficult-to-cut super alloys of titanium, lead 
to tool failure and wear during machining, forming typical 

wear features. Duro et al. [1] intimate from his study that, 
to prevent the occurrence of wastage in the machining of 
certain cost allied superalloy components, it is important 
to intensely find out the workpiece and machine tool mal-
functions resulting damage of tool and product machined. 
The cause of tool damage in any interrupted machining 
process such as milling operation is mainly, by which tool 
enter into and exit out of the workpiece several times per 
second owing to varied chip thickness. This mechanism 
involves tool disclosed to several thermal and mechanical 
shocks resulting predominant lopsided tool wear. The rise 
in the necessity of observing the condition of the cutting 
tools and workpiece in any machining operation, lead a 
way to avoid unexpected machine malfunctions bringing 
out accuracy. Since the’90 s, monitoring of the condition 
of the cutting tool raised a boon in researchers and manu-
facturing velvets. From the studies of Yesilyurt et al. [2] the 
status of the cutting tool is assessed either by the method 
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of measuring directly (by radioactive, chemical and optical 
apparatus) or indirectly (through measuring parameters 
such as torque, forces, feed, sound, spindle motor currents, 
spindle speed, doc, vibration, acoustic emissions, cutting 
temperature). However, measuring these parameters to 
estimate the tool status requires, urbane devices to fre-
quently detect and respond to various optical, electrical 
signals. They convert physical parameters into digitally 
measured signals through electric pulses, by introducing a 
system of sensors installed at intimate absolute regions of 
machining. The installation after which it is a quite difficult 
task to generate dynamic parameters of motion, forces, 
fluctuation temperature and vibrations induced during 
the metal cutting process. The continuous monitoring is 
possible in the indirect non-contact method, where condi-
tion analysis is obtained from acquired signals which are 
difficult in analysing at the design of sensor locations. Rig-
orous research by Byrne et al. [3] in applications of focus-
ing in machining operations of milling, drilling, grinding/
abrasion and turning processes shows that owing to an 
emphasis on tool failure/chipping/wear/collision, can be 
overcome with tool condition monitoring system of design 
industrially. Advancement in the design of multiple sen-
sors for signal processing carried out in, time domain and 
frequency domain allowing to diagnose the condition of 
machining process from the information. Providing differ-
ent types of tool failure, permitting us in the optimization 
of machining processes.

Known from the study of Ambhore et al. [4] which rep-
resents tool failure is unfavourably related to cutting tool 
wear, that being the root cause affecting the surface qual-
ity of the machined product. Thereby forming inaccuracy 
in dimensional requirements, which is avoided with opti-
mization of optimum usage of the tool and cutting condi-
tions. In the machining process, evidence showing tool life 
is affected dependent on cutting tool materials and cutting 
conditions are in proportionate, influenced by the workpiece 
materials like difficult-to-cut metals, oxide reinforcements. 
During machining, cutting conditions of cutting forces, 
temperature, torque etc., will be affecting tool life. These are 
also influenced by the type of reinforced particles, density, 
shape, and size of the particles forming composites. From 
the studies of Pramanik et al. [5] during machining of these 
composites, enormous cutting forces are generated due to 
the particle reinforcements of high hardness present. Giving 
out distributed strength to the composites causing higher 
wear rate in the cutting tool. Bains et al. [6] proposed from 
his studies showing wear in a straight-line affecting surface 
finish is due to the cutting parameters of speed, feed, and 
depth of cut. Hence monitoring the state of the cutting tool 
plays an important role in safeguarding the surface quality 
and optimum life of the tool, in machining complex struc-
tures which is a challenging task [7]. Real-time tool condition 

monitoring is evident to study, in extracting sensing features 
of cutting forces signals, vibration signals, and acousto optic-
emission signals during metal cutting operations. It is keenly 
evident that enormous research was carried out individually 
in the monitoring of cutting parameters, cutting condition 
and tool state during the machining process. Where a rigid 
design of a framework for the complete system in the moni-
toring of all the three states has not been studied collec-
tively during the machining of composites. This led to a rise 
in efficient and accurate observations for future evolutions 
in the manufacturing process through data fusion analysis 
of signals, which extracted from monitoring the condition 
of any machining process (Fig. 1). 

2  Tool condition monitoring in machining

Decades passed in the technically specialized research 
work carried out in monitoring the state of the machin-
ing process. Elbestawi et al. [8] suggested from his find-
ing through the technique of data acquisition of signals 
extracted using sensors in locations based, which is capa-
ble of identifying machine glitches and diagnosis. The 
monitoring of machining process and condition of the 
tool can be known by both direct and indirect methods. 
Jantunen et al. [9] studies carried out on direct measur-
ing methods of geometric dimensions, indirectly through 
monitoring of machining process (drilling operation). The 
condition of tool is monitored by measuring, forces and 
vibrations through approaches of fast four transforms and 
wavelet transforms varying cutting parameters. Precisely 
in the study of the machining process, diagnosis results in 
interpreting the direct effect of the tool influencing sur-
face quality. Later from the investigations of Kurada et al. 
[10] involving monitoring the condition of the tool during 
any machining process considerably added importance 
to the system based on high-resolution vision sensors, 
providing clear image quality and accuracy. Hall et al. 
[11] described the use of multi-sensors in the monitoring 
of machining process had received significant attention 
evolving to an emerging technique. Thereby, applied in 
the areas of (DOD) department of defence in controlling 
autonomous vehicles and non-defence applications. One 
in which where a fusion of data from various type of mul-
tiple sensors assigned is combined, to improve accuracy 
in the total machining process.

3  Multiple‑sensor data fusion system in CNC 
machining

Multi-Sensor Fusion of physiological measurements was 
introduced by Feldman et al. [12] in 1995 receiving a pat-
ent where the fusion estimated, enabled to create an 
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adaptive control measuring system producing a robust 
model growing confidence in error identification. Multi-
sensor data acquisition system technique helps in integrat-
ing information from sensors which are technical exten-
sions after estimation theory [13]. Data fusion system is 
integrated with CNC machining in recent years for eco-
nomical and effective manufacturing processes. Nemati 
et al. [14] proposed a study in CNC milling of Al alloy of 
6061–0 with two flute HSS tool, the acoustic emissions 
are calculated by installing AE sensors and microphones 
in and around the work enclosure. That revealed the best 
sensor signals from the locations installed for the given set 
of cutting parameters during machining along with the 
fatigue crack in the specimen, where the AE’s are assessed 
from the cracks obtained. Data fusion has been imple-
mented in one of the studies in diagnosing the vibrations 
generated and distributed in small amounts, from which 
patterns of vibration are examined by the waviness rollers 
and races in bearings caused by the vibrations induced. In 

this regard FAG, 6205 bearings are studied by Dolenc et al. 
[15] using CCLD 4508 accelerometer, and data retrieved 
using Data Acquisition Card (DAC) along with the values of 
amplitude. That is fused to analyze the condition of bear-
ings concludes that vibrations patterns produced due to 
the surface finish of the rollers. Experimentation carried 
out by Grime et al. [16] incorporating nearly 150 sensors 
and more than 30 processors describing reorganized data 
fusion system revealing advantages in forming robustness 
and flexibility in monitoring the processes. Multi-sensor 
data fusion technique is based on different types of sen-
sors like a tactile array, vision, force, position, cross-fire, 
weight sensors, proximity has been studied by Luo et al. 
[17] which are assigning to PUMA 560 robot illustrating a 
design of intelligent robot system. The system of sensor 
coordination reveals that the data from the sensors are 
fused in perceiving errors.

Several effective methods of data acquisition tech-
niques using multiple sensors are addressed for online 

Fig. 1  Schematic overview of 
fusion based tool condition 
monitoring
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monitoring of tool in CNC milling centre by fusing the 
data as of extracted features from [18] KEYNCE AH 313 
Accelerometer (Vibrations signals) and KISTLER 5019A 
Dynamometer (cutting forces) located to machine centre. 
Results revealing the fact that test performance increased 
significantly after fusing the data. The up-gradation in 
the monitoring of tool condition and machining centre 
by constructing an intelligent sensor monitoring system 
proved to be completely reliable in examining a study 
based on a neural network algorithm as shown in Fig. 2. 
Lou et al. [19] from investigations prove that the adaptive 
decision-making algorithm integrated with sensor infor-
mation helped in making a suitable decision on the condi-
tion of the tool detecting tool breakage, tool failure, sens-
ing techniques in detection of cutting forces and acoustic 
emissions (AE). Those are used in various studies which 
is an indirect method of evaluating vibrations, forces and 
sound in milling with intermittent frequency. Tönshoff 
et al. [20] studies show that features evaluated from the 

measurement of signals help in framing a model for cut-
ting parameters.

4  Sensors based on data acquisition

The literature survey reveals data acquired during machin-
ing involved in monitoring different process parameters 
such as cutting forces, acoustic signals, temperature, cur-
rent, vibrations etc., are sensible in predicting the tool life 
in identifying the required type of sensors to be allocated. 
Depending upon the condition and state of the process, 
the cryogenic machining using machining operations 
like milling and drilling with different combined alloyed 
materials is essentially maintained through control sen-
sors [21]. Another way to monitor the machining process 
involving retrieval of emission signals during machining 
of composite materials using wavelet transforms which 
is a tool. This helps in detecting the condition of the drill 

Fig. 2  Strategy of multi-sensor 
data fusion system in machin-
ing diagnosis
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effectively [22]. Research studies involving machining pro-
cess occurred with a carbon-coated cutting tool having 
a cost-effective in the outcome of the products. Coated 
tool during the machining process results in delamination 
causing tool failure. So as to study the failure of the tool 
it is important to know parameters affecting it. Therefore, 
a study carried out on investigation condition of machin-
ing metal matrix using dynamometer sensor results in 
the evaluation of tool wear [23]. Diagnosing the fault in 
tool plays an important role in defining the quality of the 
product. Assigning multiple sensors in acquiring infor-
mation about several time–frequency domains (wavelet 
transforms) which are also selected as an alternative dur-
ing machining [24]. Understanding the fundamentals of 
complex means of tool failure in monitoring machine con-
dition and embedding new methods of finding aimed at 
high-quality research [25]. Tool condition monitoring one 
vital method of manufacturing augments based on sensor 
wireless communication, cost-effective with multiple sen-
sor tool condition monitoring developed. Data collected 
from various sensors such as cutting forces, power, vibra-
tions data and acoustic data alongside with machining 
parameters enables support for monitoring condition of 
the tool and estimating tool life [26]. Successful implemen-
tation of tool condition monitoring in automated plants 
states tool fracture, tool wear, chatter, built-up-edges, chip 
type, runout etc. followed by decision-making algorithms 
[27] also in the machining of composites. Unlike a unique 
multi-sensor TCM system implemented for diagnosing 
turning operations by using vision and vibrations sensors. 
Signals of obtained vibrations are monitored online with 
an accelerometer mounted in the tool holder which is an 
upgrading approach through a vision sensor system. This 
approach combines direct (vision) and indirect (vibrations) 
monitoring technique on-line, increasing the consistency 
of the TCM system [28]. So far regarding sensor system, the 
technical contests required for the functioning of tool con-
dition monitoring system has been understood. Focusing 
on the development of a multiple sensor tool condition 
monitoring systems, it is purely significant to distinguish 
the sensors selectively.

5  Sensor selection in fusion‑based TCM

Having intimidated equipment’s which give complex-
ity and high loads impacts onto the machining process 
so as to define the monitoring, it is easily installed and 
retrieved data in the form of signals using sensors. The 
sensors pertain the need for portability in installation and 
examination of any process outcomes [29]. Therefore, it 
is taken as an important aspect of using sensors for con-
tinuously monitoring the machining process by detecting 

momentous changes occurred during cutting. As from 
the review of research literature, the problems identified 
affecting the machining process involved tool [30] failure, 
chatter, wear etc. These cannot be identified or observed 
through visually which required sensors. So as to identify 
the possible reasons affecting the machining processes, 
sensors used are of the direct and indirect mode of exami-
nation [10]. It is imperative to follow the indirect method 
of sensing and analysing for their easy to use the property. 
Indirect methods of sensory observations include meas-
uring of forces and emission signals [31]. The installation 
of sensor system satisfies the requirements of obtaining 
information periodically, it doesn’t interfere the coordina-
tion of the machine tool and machining process, easily 
installed in the suitable near to locations obtaining high 
resolution monitoring output [32].

6  Types of sensors and implementation

Most predominantly various sensor types are selected 
depending on the output parameters in the machine 
monitoring process during machining. Basically, sensors 
of obtaining acoustic emission signals [33], force sensors 
[34], acceleration sensors [35], current sensors [36], optical 
sensors [37], etc., are required to full fill the assessment of 
the condition of the machining process. Each sensor hav-
ing designated effect of information accessing capability, 
literature from the past shows that the use of these sensors 
effectively shows reliable results in identifying the flaws 
in the machining process. Results favourable shows that 
tool breakage monitored with measuring an increase in 
force in machining [38]. Whereas satisfactory results are 
obtained using optical sensors in monitoring the quality of 
the machining output through quality analysis [39] this is a 
direct method of sensing information. Optic sensory infor-
mation process is only cost-effective process of obtaining 
information resulting in paying attention in installation 
and in order to avoid affecting the machining process 
resulting in morphology image processing technique [40], 
detecting tool failure. Using high-resolution optical sen-
sors, it is evident from the previous finding that the wear 
of the tool is responsible for tool failure through process-
ing images. This method of retrieving data is suitable for 
turning, grinding, and milling process. It is also important 
to identify suitable sensor location [41] so as to suitably 
fit the requirement of obtaining data periodically to the 
best resolution without affecting the machining process 
or affected by by-products of the metal removal process. 
Therefore, in recognizing entire condition [42] of the tool, 
basic system of multiple sensors essential are of effectively 
monitoring cutting forces, based strain energy, vibrations, 
temperature and visuality.
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6.1  Dynamometer‑cutting forces influence 
in machining MMC tool wear vs cutting forces

Gradually increased tool wear increases the cutting forces 
which is significantly judicious to tool failure evident from 
the previous research findings. The need for measuring the 
cutting forces caused the intervention of dynamometer as 
sensor measuring three directional forces acting along the 
x-axis, y-axis, and z-axis. The data is acquired in the form of 
Fast Fourier Transforms with time–frequency domain anal-
ysis from the sensor’s locations of the cutting region along 
with position tracking [43]. One of the experimental forces 
is predicted from the servo drives authenticated on 5-axis 
machining centre of Heidenhein CNC machine. Forces at 
the tooltip in x, y and z directions are observed in CNC 
machining revealed accurately using sensors at desired 
locations of the tool for achieving intelligent self-learning 
adaptive tool condition monitoring [44]. Therefore, in 
order to attain fewer cutting forces which directly affect-
ing tool life vice versa surface quality evidentially depends 
on cutting parameters of feed, speed, and depth of cut. 
Experiments conducted in CNC milling of Aluminium alloy 
of 2024-T351 programmed to analyse cutting forces tak-
ing optimised full factorial statistical parameters employ-
ing dynamometer along with the optical profilometer to 
measure surface roughness. This concludes that optimiz-
ing the machining process to obtain lower cutting forces 
shows a significant increase in surface quality [45]. Some 
revisions show the surface quality is affected based on 
structure and characteristics of the material machined 
which are responsible for a substantial increase of cutting 
forces during experimentation performed on atomized 
aluminium alloy of AA-7039 MMC, milled with VMC550 
tri-axis CNC machine using standard carbide cutting tool 
and tie cutting forces are extracted [46].

6.2  Acoustic emission (AE) sensor‑tool failure 
mechanism in machining MMC’s

Acoustic emission is a non-contact method of detecting 
strain energy at a location of discontinuity in the form of 
elastic waves. One can easily identify the mechanism of 
local failure at regions using AE such as material behaviour 
and mechanism of fracture through continues monitor-
ing the entire volume of material and alloys. Investiga-
tions from Henneke et al. [47] studies show that the fail-
ure mechanism in boron-epoxy aluminium laminates by 
monitoring using acoustic emission counting based on the 
function of time. AE transmitted shows failure mechanism 
in tensile load for combinations of effects caused in the 
presence of metal. The failure mechanisms (metal crack-
ing, interfacial debonding and fracture) are studied by the 
sounds recorded at regions during structural deformations 
of crack propagations in metals through AE sensors as pre-
sented in Fig. 3. An attempt made in understanding failure 
in composites individually by Mehan et al. [48], AE signals 
used in analysing the local failure by a low mass acceler-
ometer attached to the surface of boron-epoxy compos-
ites, where signals stored in magnetic tapes for summing 
up of totally emitted acoustic emission signals. Importance 
in finding the failure mechanism in the tool is mainly due 
to which is a reason for directly affecting productivity has 
been predominant till date. However, the concept of tool 
condition monitoring (TCM) sensor-based machining is 
tremendous at its importance for casting tool wear. Previ-
ous observations by Patra et al. [49] found in machining 
process such as drilling which is carried out on mild steel 
using HSS where AE signals facilitated in identifying flank 
wear. A study from Velayudham et al. [22] shows, drill con-
dition in the machining of polymer glass/phenolic com-
posites with HSS are monitored using Kistler piezoelectric 
AE sensor, which is located on workpiece acquired AE sig-
nals processed as wavelet transforms and flak wear of the 
tool using a universal microscope. The Study observations 
reveal the relativity between wavelet form affecting flank 
wear. It is important to study the status of the tool as it 

Fig. 3  Acoustic emissions during tool failure mechanism [47]
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plays a prominent role in any metal removal process or 
else results in non-uniform downtime from the worn-out 
tool. Many methods have been studied in finding out the 
condition of the tool from which online observation came 
into account while performing a metal removing process 
i.e., TCM. Known precisely that cutting forces in motion 
and in the static state along with vibrations are more pre-
dominant parameters causing the failure of the tool.

Dimla et al. [50] studies show that established TCM sys-
tem didn’t been used fruitfully due to the scare of informa-
tion from the sensors while machining. Development of a 
determining technology for continues computing of the 
parameters that are responsible for tool wear is crucial. 
Therefore, it is essential to develop a standard system of 
technology of analysing and diagnosing the ailment of the 
tool such as tool breakage, chipping, level of tool wear etc., 
continuously. Thus, a system involved in sensors of AE had 
been an advantage in any machining process in pulling 
out signal information from the varied condition of the 
tool in the process of metal removing. AE signals acquire 
data in the form of continues (obtained from shear in pri-
mary zone wear of tool flank) and discontinue (signals 
obtained during tool breakage or fracture) signals deriving 
various characteristics. Methods of analysing these con-
tinues and discontinues signals involve Fast Fourier Trans-
forms, Time Domain analysis, Wavelet Transforms, Wigner-
Ville method, and Gabor Transforms [51]. Finding from Li 
et al. [52] in the drilling of glass-woven fibre composite 
along with epoxy resin LY-556 and hardener HT-972 made 
into a compressed workpiece with a volumetric fraction 
of 0.4 in which AE signals were processed obtained from 
parameters of RMS and peak power. These results reveal 
that cutting parameters influence forces proportionally on 
tool wear. The forces are increased with the rate of feed in 
the drilling process influencing tool wear where optimized 
cutting parameters observe minimum tool wear. The 
observations [53] reveal an accurate relationship between 
acoustic emission signal and flank wear in machining 
depends on input/output parameters revived. The meas-
urement of torque and AE by evaluation chip formation 
in drilling of AISI 1040 steel workpiece was presented. The 
torque was analysed using torque cell which was synced 
with AE with a threshold of 27 dB. Results show that high 
torque damages the cutting edges of the tool resulting in 
wear identified using AE sensors [54]. Influence of Machin-
ing parameters on wear when drilling process carried out 
with a diamond-coated tool on aluminium MMC’s, low 
tool wear with increased flank caused with delamination 
caused by coating proportional rate of increase in cutting 
forces is observed by AE sensors. The coatings on tools are 
delaminated during the machining process is observed 
[55]. During face milling, the chip formation affecting flank 
wear with parameter counts in-process monitoring of the 

position of the chip along with tool condition is monitored 
using AE Piezo-electric sensors. A pre-amplifier amplifies 
the signal at 40 dB which are sent to the data acquisition 
system where chip status is monitored using a tool maker’s 
microscope at a limit of 0.3 mm machining. It is found that, 
increased tool wear with material dislodgment from the 
flank surface resulting in discontinues signals resulting in 
tool failure [23].

6.3  Accelerometer‑vibrations signals in Tool failure 
mechanism in machining MMC’s

During the machining process, the tool centre tends to 
displace from its original position driven to elliptical 
orbits losing contact with chip involving the distribution 
of induced forces, resulting in tool wear. The vibrations 
induced during machining obtaining amplitudes with 
high-frequency form displacement of tool leading to affect 
surface finish. A vibration-assisted system is implemented 
during machining of steel with polycrystalline diamond 
tool producing more wear which is rectified by the para-
metric conditions. VAM (Vibration Assisted Machining) 
having advantages over the machining process in reduc-
ing cutting tool forces, improved tool life with accuracy 
in surface finish and from burr formation [56]. The uncon-
trolled vibrations can affect any machining process lead 
to chatter affecting tool life and quality of the finish. The 
effort in considering the improved machining process is in 
finding out the vibrations and reducing the induced vibra-
tions. A study involving milling of steel and aluminium call 
for active-controlled system dynamics so as to improve 
surface finish. The self-excited and forced vibrations are 
due to cutting loads acting on the workpiece. These vibra-
tions are minimised by the error rectification from the sen-
sor which is measured using the accelerometer for con-
trolling the vibrations [57]. An Experimental study shows 
that a turning process done with diamond tool inserts on 
MMC/aluminium reinforced alongside silicon particles in 
CNC, installed with a vibration sensor, roughness is consid-
ered with microtopography by which the study with three 
measurements for every sample affected with an effect of 
ultrasonic vibrations. The comparative study of machin-
ing based on ultrasonic vibrations, without resulting speed 
and depth of cut affecting surface quality [58].

The previous study involves performance characteris-
tics factors such as vibrations, surface roughness etc. The 
machine parameters are optimized using orthogonal array 
method [59]. The tool wear/vibration relationship was 
investigated during milling with CBN inserts of AISI D3 
steel tool having hardness 30 and the vibrations induced 
are tracked using accelerations sensor that is Accelerom-
eter located to the machine tool. The induced vibrations 
obtained from a sensor located at the tool position where 
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signals are captured relating the tool wear with vibra-
tions, tool wear with displacement and tool wear with 
frequency as shown in Fig. 4 at which spindle rotates con-
stantly. Results reveal that increased vibrations caused 
tool wear which is measured with tool-makers micro-
scope along with an increase in displacement and veloc-
ity [60]. PDC tools used for cutting steel are monitored 
for tool wear analysis by installing a transducer (Acceler-
ometer). The study of reducing the cutting forces using 
ultrasonic sensor is once again revised informing reduces 
in wear along with temperature generations [61]. Effect 
of ultrasonic vibration of the tool on EDM (Electrical Dis-
charge Machining) in the machining of tungsten carbide 
showed observations of the effect of high MRR (Metal 
Removal Rate) worked with Low discharge currents. The 
vibrations induced are high affecting the tool wear and 
surface roughness [62]. An experimental study of vibra-
tions amplitude in rotatory ultrasonic machining (RUM) in 
machining ductile, brittle and composite materials along 
with process variables affect the output. A measuring tech-
nique in measuring vibration amplitude with a distance 
from the peak-to-valley trajectory is studied, using high 
magnification pictures obtained from microscopic obser-
vations. Five diamond tools were used in machining, show 
different vibrations amplitude without rotary ultrasonic 
machining [63].

6.4  Temperature analysis‑machining of MMC’s

In advanced machining of composites, high tempera-
ture prevails along the tool causing tool wear due to the 

abrasiveness between the phases of workpiece materials. 
The reductions of the temperature being one of the major 
roles in reducing tool wear, experiments in machining 
composites with diamond coated tools are monitored for 
its tool wear rate due to elastic modulus, thermal coeffi-
cients. The possibility of reducing the temperature is stud-
ied in increasing the tool life using passive heat pipe and 
thermocouples installed. Results show higher heat flux is 
generated in the tool with increased cutting speed and 
feed finally leads to quick tool wear [64]. Materials such as 
SiC having higher hardness and thermal expansion which 
are found in studies, in the machining of MMC of Al6061 
based varying increased weight of Cu. This increases the 
impact strength and hardness at a temperature of 700 
degrees centigrade reveals that the pouring rate doesn’t 
affect the metal removal rate [65]. Several research inves-
tigations propose effect of an increase in temperature 
due to parameters of speed, feed, and tool materials used 
resulting in tool wear. So, the importance of measuring 
these temperatures is necessary for condition monitoring 
of the tool. One of the studies showing aluminium series 
reinforced with three composite particles were drilled in 
CNC vertical machine at a speed of 3500 Rpm using HSS, 
uncoated and TiAlN coated carbide drill bit. The emissiv-
ity is measured using Pyrometer as demonstrated in Fig. 5 
which is a non-contact measuring method of temperatures 
in tool-workpiece locations. Findings from Taskesen et al. 
[66] show that emissivity of the tools is less observed when 
the temperatures are less than 500-degree centigrade 
and suddenly increased. Optimised parameters reveal 
that increased feed rate decreases cutting temperature 

Fig. 4  Vibrations measured by time-domain analysis and frequency displacement [59]
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because of the formed cutting chip in a free flow rate [67]. 
Chips formation intend due to cutting forces responsible 
for the formation of plasticity in primary and secondary 
deformation areas resulting in the increased tempera-
ture leading to tool wear. Experiment on new materials 
intends to study the temperatures prevailing during turn-
ing process when Al6061 based metal matrix composites 
machined with carbide tool materials.it is observed that 
temperature is maximum at tool contact with chip inter-
face having speeds of 50 m/min which is 315-degree centi-
grade [68]. MMC materials of AlSiC are machined with EDM 
resulting in the distribution of temperature which is stud-
ied based on thermocouple presented in Fig. 6. Whereas 
current–voltage referring to combinations of Taguchi L9 
orthogonal array method of analysis using Minitab, results 
in higher temperature observed at higher current and low 
for less voltage [69]. The thermal signatures developed in 
turning operations showing the dependant of microstruc-
tural particle nature of the workpiece of AlSiC judged with 
increased temperature along with stresses affecting the 
tool life to perceive tool wear. Depending upon the cut-
ting parameters, tool materials, and geometry, the tool 
wear is analysed incorporating temperature analysis [70]. 
Similarly, the temperature distribution in the machining of 

multi-layer metal composite generating critical tempera-
tures predicted using TEMSS program is calculated. Grind-
ing leads to defects in finish material involving elevated 
temperatures dependent on conditions of tool-workpiece 
when contact and along with material structure. The 
analysis of temperatures depending on the structure of 
machined materials helps in preparing guidelines of tem-
peratures for various metal composite structures during 
experimentation and investigations [71].

For example, the analysis of temperatures depending 
on the structure of machined materials helps in preparing 
guidelines of temperatures for various metal composite 
structures during experimentation and investigations.

7  Critical discussion: future holistic 
approach

The literature review represents various methodologies in 
studying the fabrication and machining of various com-
posites thereby studying of diagnosing the faults and 
constraints.

Very few researchers undergo machining of composites, 
among which some of them are Glass fibre reinforced in 
PA66 GF-30 Polyamide. The study involves cutting forces 
dependent on cutting parameters [72]. Sporadic Explora-
tions involving machining of the tailored-made composite 
such as 316–1 stainless steel flakes reinforced into alumin-
ium matrix, where speed, feed with varied DOF is constant 
[6]. Whereas some methods of involving the experimen-
tal design with the L9 orthogonal array method for which 
material waste and machining time is reduced. As from the 
study, the optimization technique is used in improving the 
quality of the machining [73]. Thereby pace to the Futur-
istic investigations includes various composites patterns. 
The au fait complete review represents various method-
ologies intricating preparation and machining of compos-
ites. Study of literature gave a contrast for further, holistic 
futuristic machining best suitable polycrystalline tools. 
The focus of the literature mainly tends gave away to the 
futuristic ideology as in developing a seamless practice in 
the machining of tailored made nanocomposites. This can 
be achieved by exploring machining strategies through 
analysing cutting routes according to external machin-
ing parameters, which presents an au fait advancement 
in machining and fabrication of MMC’s. From practical 
scrutinise of dialects and finding, the uncountable results 
elaborates various issues occurred in the fabrication and 
machining of MMCs. Beyond concluding that polycrys-
talline tools and diamond-coated tools are best suitable 
for various conventional machining operations repre-
sents the enormous works performed in hybrid MMC’s. 
Machining of composites with respect to speeds, feeds 

Fig. 5  Pyrometer in temperature analysis [66]

Fig. 6  Thermocouples installed [64]
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and depth of cut. The machining of Hybrid nano MMC’s 
reinforced with difficult-to-cut nanoparticles can lead 
to reduced tool life which requires more energy rapidly 
causing flank wear [74]. These were a major drawback, the 
challenging chore in identifying wear features which is a 
concentrated task for investigating failure and fault during 
machining. This brought a scope from previous observa-
tions, that the study of fault and failure during machining 
originated using sensor technique dependent on sensor 
type. By dedicated sensors implementation at locations, 
so as to derive the signals from the sensors indicate the 
occurrence of a failure in machining [75]. Which vice versa 
informing flank wear dependant on error/fault in machin-
ing. The framework brings out evolution in detecting the 
failure in machining carried out with diagnosis majority 
facing delinquent. By designing and diagnosing through 
framework system which an in-situ technique recogniz-
ing the fault, which results in bringing an addition to the 
space-age resolution. The commitment of the literature 
review required so as to implement a framework system of 
multiple sensors, which signals detected are fused in the 
machining of composites helps in ample machining diag-
nosis. This designates in exploring machining strategies by 
analysing cutting routes according to external machining 
parameters that are essential to investigate how extreme 
outputs in machining parameters could influence tool life. 
The overall summary of sensors and method of measure-
ments are shown in the Table 1.

8  Conclusion

The review of various sensors for building the framework 
of a system is studied for fault detection and failure iden-
tification in machining process. Assigning the techniques 
of sensor fusion based TCM it is found that from the sen-
sor signals features, it is possible to accurately supervise 
the elemental factors causing wear in tool and the sun-
dry parameters impacting wear relatively. Considering 
parameters of cutting speeds along with temperature 
analysis is a rare study having the best option in find-
ing out the tool wear in less monitoring time. In finding 

out the various attributes causing tool wear, an instant 
feedback system is required forming a system of multiple 
sensor fusion based tool condition monitoring. Machin-
ing of advanced developed MMC’s lead to an era of new 
metal combinations for economic growth in the mate-
rialistic environmental achievements. The challenging 
task is to recognize the wear featuring geometry of the 
cutting tool and reasonable unknown factors, account-
able in affecting machining of Hybrid Metal Matrix Com-
posites by integrating multiple sensor fusion technique. 
From the fused sensory data procured [76, 77] through 
response signals are useful to find the cause and avoid 
excess wastage of metal besides the cutting forces and 
effect of structure which is rarely studied during machin-
ing. In order to overcome this obstacle, the review is 
focused in presenting the methodology, includes the 
study of (1) The tool/workpiece condition monitoring in 
machining, (2) Multiple sensor fusion based monitoring 
in machining hybrid metal matrix composites, (3) Differ-
ent sensors required for rigorous condition monitoring 
during machining, and (4) The fusion based diagnosis 
of machining process in Hybrid nano MMC’s [78, 79]. 
This process of fusion based system alignment shows 
the possibility of inspecting various factors affecting the 
machining process. This multiple sensor fusion system 
which will be keenly for analysing and diagnosing of 
any machining process. Such as analysing the tempera-
ture, vibrations, etc. that are dependent on machined 
materials are responsible for causing tool failure. These 
outcomes help us in preparing guidelines for various 
matrix materials machined during experimentation and 
investigations.
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Table 1  Summary of sensors 
and methods in multiple 
sensor data acquisition 
technique

S.no Sensors type Measuring method Citation

1 Acoustic emission (AE) Non-contact 34,47–57
2 Force sensors Non-contact 19,23,35,44–46
3 Acceleration sensors Contact and non-contact 36,58–65
4 Current sensors Direct and indirect method 37,64,71
5 Optical sensors Non-contact 38,40,42
6 IR sensors Non-contact 66–73
8 Vision sensors Non-contact 10
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