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Abstract 

Drilling multi-material aerospace stacks is a challenging task due to the different properties of 

each stack layer material. Carrying out adaptive drilling, i.e. automatically making adjustments 

to the drilling process in response to information extracted from process signals, would allow 

for the utilisation of the optimal parameters throughout the drilling cycle, thereby resulting in 

improved borehole quality and tool life. To aid the development of adaptive drilling, this thesis 

deals with gaining a fundamental understanding of the drilling of multi-material aerospace 

stacks in view of, firstly, the effect of different parameters on the cutting process and, secondly, 

the relationships between process signals and process incidences. 

In the first part of the thesis, the impact of the interlayer gap width, tool point angle and 

parameter changeover on the resulting borehole quality is investigated. Adapting the cutting 

parameters and cooling strategy based on the material being machined was found to result in a 

stable cutting process and generate boreholes exhibiting small interface damage. Introducing 

an interlayer gap to a stack comprising aluminium layers resulted in an increase in interlayer 

burr formation, as opposed to drilling a stack with no interlayer gap. However, the presence of 

an interlayer gap can ultimately limit the final burr size, due to the sliding action of the 

upwards-travelling chips over the borehole edges. When drilling stacks comprising a composite 

layer above a titanium one, the damage on the composite interlayer surface was caused by the 

drilling of the metal layer below, as a result of the upwards-travelling metal chips and heat 

accumulation in the tool and stack interface. The wider the interlayer gap, the easier it becomes 

for metal chips to penetrate the interface and damage the composite surface. 

The second part of the thesis deals with establishing relationships between signals recorded 

from different sensors and process incidences, using both a machining centre and examples of 

the latest generation of aerospace portable drilling units. Thrust force and torque, motor current, 

acoustic emission and acceleration were found to be suitable process signals for the detection 

of tool engagement, material transition and tool disengagement, with the thrust force being the 

most responsive signal to the occurrence of these incidences. Based on the gained knowledge, 

a decision-making strategy was designed. Its performance was tested and compared to the 

strategies used in the drilling units available on the market. The proposed strategy, based on 

gradient monitoring, yields substantial improvements in terms of both reliability and 

responsiveness when compared to the currently used magnitude-based approaches. 
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Chapter 1: Introduction 

1.1 Background 

Drilling is considered to be the standard process for producing boreholes, and it is amongst the 

most common metal cutting operations (Stephenson and Agapiou, 2016). It is typically one of 

the last processes performed on a workpiece, meaning that a considerable amount of resources 

have already been employed for the manufacturing of the component (Sharman et al., 2008). 

Therefore, it is crucial that drilling operations are carried out with satisfactory reliability to 

avoid expensive waste resulting from tool failures and workpiece damages. The fact that more 

than 100 million boreholes are drilled within Airbus production facilities each year (Whiffen, 

2018) provides evidence for the importance of drilling as a machining process in the aerospace 

sector. As a result, considerable effort is put into the improvement and optimisation of drilling 

operations. 

In both commercial and military aircraft manufacturing, multi-material stacked structures 

comprising carbon fibre reinforced polymers (CFRPs) and metal alloys, most commonly 

aluminium and titanium, have become increasingly common. By stacking different materials, 

it is possible to take advantage of the differing and complementary material properties of each 

layer, resulting in improved combined assembly strength and toughness whilst reducing overall 

weight. The typical assembly method for such stacked structures is riveting and bolting, which 

offers a suitable assembly solution for constrained designs. The drilling of stacked structures 

to provide the necessary boreholes to accommodate any rivet or bolt is referred to as stack 

drilling. To reduce positional errors, the various stack layers are usually clamped together and 

drilled in a single shot, which requires the tool having to cut through a series of different layers 

(Xu et al., 2016). In the case of multi-material stacked structures, this is a challenging task due 

to the different material properties, and thus machinability, of each of the stack layers 

(Krishnaraj et al., 2010).  

In aerospace assembly processes, a great number of boreholes are drilled with portable 

automated drilling units (ADUs). An example of such a unit is shown in Figure 1. Traditionally, 

drilling of stacked structures has been mainly achieved by conventional drilling, i.e. pre-set 

parameters are used throughout the drilling cycle. When drilling multi-material stacks, the 

parameters selected are often those appropriate for the layer which is considered more 
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challenging to machine, or a compromise between the optimal parameters for each of the layers 

(Bagshaw, 2018). Alternatively, the parameters are switched over between layers based on pre-

set timers. Given the variations in thickness of aerospace structures, the use of these timers 

often leads to a mismatch between the times set and the actual machining time for a stack layer 

at a particular location. Furthermore, every time a change to the drilling application is made, 

as for example a change in stack configuration, the system has to be taken out of operation and 

re-programmed, all of which adds significant costs to the assembly machining process. 

 

Figure 1: Example of an automated drilling unit (Desoutter Industrial Tools, 2020). 

If, however, a process monitoring system is integrated within the machining equipment, it is 

possible to recognise the occurrence of relevant process incidences and automatically make 

adjustments to the drilling process. For example, the cutting parameters could be adjusted as 

the tool transitions between two stack layers made of different materials, in response to 

information extracted from sensors integrated into the drilling device. This approach is referred 

to as adaptive drilling, and it allows for continuous employment of the optimal cutting 

parameters depending on factors such as workpiece material, tool position and wear, thereby 

resulting in substantial improvements in terms of borehole quality and tool life. An increase in 

tool life would result in a reduced number of tool changes, whereas improved borehole quality 

would make time-consuming post-processing obsolete and consequently reduce the assembly 

manufacturing time. For this reason, Airbus considers adaptive drilling as a key element for 

enhancing its manufacturing capabilities and is developing this technology in its new 

generation of electric portable drilling units (Bagshaw, 2020).  
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1.2 Motivation 

The most recent generation of drilling units includes some basic adaptive drilling capability, 

which in its current form however exhibit three major shortcomings. Firstly, the impact of 

certain process parameters on the resulting borehole quality is still unclear. The use of adequate 

cutting parameters is crucial for maximising the effectiveness of adaptive drilling and, 

consequently, improving borehole quality and reducing manufacturing time. Thus, certain 

issues related to multi-material stack drilling still need addressing to allow for a fundamental 

understanding of the stack drilling process and the identification of appropriate adaptive 

process parameters. Secondly, there is a lack of understanding of the impact of the various 

stages of a stack drilling cycle on the monitored process signals. This hinders the development 

of more effective and reliable strategies to enable adaptive drilling, which would allow 

manufacturers to move beyond the current state-of-the-art where decision-making algorithms 

that are strongly dependent on the operator’s input are used. Thirdly, the understanding of the 

relationship between tool wear and the monitored process signals is still rather limited, meaning 

that the typical system is ill suited for coping with changes in the signals due to tool wear but 

instead is tuned for a tool in a particular wear condition. This restricts the adaptive drilling 

system’s ability to make a reliable decision irrespective of the extent of tool wear, resulting in 

poor reliability and effectiveness. 

Addressing these three fundamental limitations would result in major improvements to the 

effectiveness and reliability of adaptive drilling and, as a result, the quality of boreholes drilled. 

Furthermore, it would also allow for a reduction in the overall machining costs and 

improvement of the work environment, through improved tool utilisation and reduced wastage 

of cutting fluid. 

1.3 Aim and objectives 

The aim of this project was to make a significant contribution to the reliability and effectiveness 

of adaptive drilling of aerospace stacks, by providing a fundamental understanding of the 

impact of process and tool parameters on the cutting process and by establishing relationships 

between process incidences, process signals and tool wear.  
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To achieve this aim, the following objectives were addressed: 

 Gain a fundamental engineering understanding of the impact of critical process 

conditions (stack clamping force, interlayer gap width, tool point angle, cutting 

parameter changeover position) on borehole quality. This not only allows for the 

determination of appropriate parameters for the aerospace stack drilling process, but 

also for the identification of appropriate reactions to the occurrence of different process 

incidences.  

 Identify features and feature patterns from signals acquired from the drilling process 

that are related to key process incidences within a stack drilling cycle. 

 Analyse the impact of tool wear on the signal features and patterns identified and 

establish a means of making an adaptive system robust against the effect of tool wear 

on signals.  

 Design and develop a decision-making strategy capable of identifying process 

incidences when drilling multi-material stacks via monitoring of process signals. 

Assess and benchmark the strategy’s responsiveness and reliability. 

1.4 Outline of the Thesis 

Following on from this introduction, Chapter 2 is a review of the relevant literature. Chapter 3 

describes the setup used for the experimental work, which can broadly be divided in two 

groups: Chapters 4 to 6 and Chapters 7 to 9. Chapters 4 to 6 focus on gaining a fundamental 

understanding of the stack drilling process, investigating the effect of different parameters on 

the resulting borehole quality. Chapters 7 to 9 instead focus on establishing relationships 

between process signals and the occurrence of certain incidences in the drilling process, as well 

as on the development and testing of strategies to detect the occurrence of these incidences. 

The majority of the research work reported on in this thesis, i.e. Chapters 4, 5, 6, 7 and 9, is 

based on the accepted journal publications that are listed on page 15. In order to ensure that the 

flow of the thesis was not distorted, some modifications were made to both the text and the 

figures. Finally, the main conclusions that can be drawn from the project are presented in 

Chapter 10, together with suggestions for future research.  
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Chapter 2: Literature Review 

In this chapter, a literature review on topics which were considered to be highly relevant to the 

project is presented. Publications related to the drilling of aerospace materials commonly used 

in stacked structures (aluminium, titanium and CFRP) are first analysed. Then, the main stages 

common to most process monitoring systems are outlined and discussed. Finally, a review on 

studies carried out on monitoring applications relevant to the PhD project, together with a 

summary of the systems currently available on the market, is presented.    

2.1 Drilling of aerospace materials 

2.1.1 Aluminium 

Historically, aluminium alloys have been employed as the main material used for aerospace 

structures. Today, even though titanium and CFRP have gradually gained popularity, 

aluminium alloys are still very common due to their relatively high strength-to-weight ratio 

and corrosion resistance, as well as their relatively low cost resulting from being one of the 

most easily fabricated high performance materials (Rambabu et al., 2017). 

When drilling aluminium alloys, the majority of manufacturing challenges encountered are due 

to their particularly high softness and ductility, which result in adhesion being the dominant 

tool wear mechanism (Klocke, 2011). Moreover, the generation of long continuous chips and 

the formation of burrs are of particular concern during drilling of aerospace stacked assemblies, 

as they require time-expensive unclamping of the stack layers and deburring to be carried out 

at the stack interface.  

The selection of cutting parameters has been found to significantly influence both chip and burr 

formation, in different ways depending on the grade of aluminium being machined. For 

example, according to Sakurai et al. (2000), in the case of A2017 and A6016, drilling with high 

feed rates is recommended. In contrast, when cutting softer alloys with a smaller percentage of 

alloying elements, lower feed rates should be employed. High speed drilling is also often found 

to be beneficial to improve surface finish. This is because adhesion, which through the 

formation of built-up edges leads to poor surface finish, is mostly dominant at lower cutting 

speeds (Klocke, 2011). With regards to burr formation during stack drilling, various studies 

(Abdelhafeez et al., 2015; Hellstern, 2009; Melkote et al., 2010; Tian et al., 2016) agree that 

an increase in feed rate results in an increase in thrust force, which in turn leads to larger plastic 
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deformation, thereby increasing the exit interlayer burr height. Moreover, Abdelhafeez et al. 

(2015) observed that using too low feed rates can also lead to an increase in interlayer burr 

height, as shown in Figure 2. When feed rate is reduced to values close to the cutting edge 

radius, ploughing occurs, resulting in increased plastic deformation of the material and, thus, a 

more pronounced exit interlayer burr formation (Abdelhafeez et al., 2015). According to both 

Melkote et al. (2010) and Abdelhafeez et al. (2015) cutting speed does not influence 

significantly burr formation, as shown in Figure 2. 

 

Figure 2: Influence of cutting parameters on interlayer burr formation when drilling aluminium 

(Abdelhafeez et al., 2015). 

The effect of lubrication on drilling of aluminium has been assessed by Chatha et al. (2016). 

The authors carried out experiments using high speed steel tools in combination with dry 

machining, minimal quantity lubrication and flood cooling. According to their analysis, dry 

cutting results in particularly high thrust force and torque, which in turn leads to poor surface 

finish and short tool life when compared to the other lubrication strategies. Minimal quantity 

lubrication was found to yield lower tool wear rates than flood cooling, while the results 

obtained in terms of surface roughness were comparable. These findings are in agreement with 

the observations made by other researchers (Braga et al., 2002; Kao et al., 2017; Kelly and 

Cotterell, 2002; Nandi and Davim, 2009). 

2.1.2 Titanium 

Titanium is widely used in the aerospace industry due to its mechanical, thermal and chemical 

properties. Titanium alloys exhibit a higher strength-to-weight ratio than aluminium and steel, 

as well as being corrosion resistant and unaffected by ductile-to-brittle transitions even at 

extremely low temperatures (ASM International, 1990). However, they are renowned to be 

particularly cumbersome to machine, mainly due to their resistance to deformation at elevated 

temperatures, low thermal conductivity, strong chemical affinity to almost all tool materials 

and small chip-tool contact area, which results in high cutting pressures (Malchado and 
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Wallbank, 1990). These, in combination with high cutting temperatures, typically lead to tool 

wear characterised by edge chipping and flank wear (Qiu et al., 2014; Sharif and Rahim, 2007). 

The most commonly used titanium alloy is Ti-6Al-4V, part of the (α + β) alloy group (Klocke, 

2011; Lazoglu et al., 2017; Sharif and Rahim, 2007), which is significantly stronger than pure 

titanium, whilst having the same stiffness, albeit even lower thermal conductivity. For this 

reason, during machining of Ti-6Al-4V the majority of the heat is conducted into the tool and 

only a small portion flows into the workpiece (Ezugwu and Wang, 1997). According to the 

research carried out by both Patne et al. (2017) and Lazoglu et al. (2017), the temperatures 

recorded during drilling of titanium (using a 6.35 mm and a 12 mm uncoated tungsten carbide 

(WC/Co) drill) exceed 500°C on the periphery of the cutting edges, where the generated cutting 

speed is highest. At these temperatures, the chemical affinity of titanium with the tool material 

drastically reduces the tool life. Moreover, as shown in Figure 3, tool wear results in a further 

increase in the heat generated, leading to peak temperatures in excess of 800°C (Patne et al., 

2017). 

 
Figure 3: Temperature distribution on the tool during drilling of titanium at various tool wear states; 

(a) sharp cutting edge, (b) 50 µm cutting edge radius, (c) 100 µm cutting edge radius (Patne et al., 2017). 

Extensive research has been carried out on identifying the optimal machining parameters when 

drilling titanium alloys, as for example by Matsumura and Tamura (2015), Chatterjee, 

Mahapatra and Abhishek (2016) and Lukyanov, Onoyko and Najafabadi (2017). These clearly 

vary depending on workpiece grade and thickness, as well as on tool size and geometry. 

Nonetheless, it is possible to identify some general trends, one of which is that the cutting speed 

has a major influence on tool life. According to both Balaji et al. (2018) and Patne et al. (2017), 

drilling with high speeds leads to the development of particularly high frictional shear stresses, 

resulting in further heat generation in the machining area. Heat dissipation through the tool 

enhances tool wear by adhesion and diffusion (Balaji et al., 2018). In addition, burr formation 

was found to decrease with low cutting speeds (Shetty et al., 2014). Thus, although high speed 
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drilling was found to improve borehole roundness and surface finish due to workpiece material 

softening (Shetty et al., 2014; Zhu et al., 2017), low cutting speeds are often preferred due to 

the resulting significant improvements in tool life and reduction in burr formation. In the 

drilling cycle, the feed rate determines the duration over which the tool and the workpiece are 

in contact and consequently produce heat. High feed rates are thus preferred when drilling 

titanium to minimise the amount of heat generated (Ramulu et al., 2001). In addition, the use 

of higher feed rates facilitates chip breakage (Xu and El Mansori, 2016) and increases 

productivity (Ezugwu and Wang, 1997).  

Due to high cutting temperatures being the main concern when drilling titanium, cutting fluid 

is found to greatly increase tool life and reduce thrust force and torque. Li et al. (2007) reported 

a 10-fold increase in tool life when using coolant applied through the drill in comparison to the 

results obtained without cutting fluid. Various coolants have been studied, such as water 

(Mathew and Vijayaraghavan, 2016), oil (Nandgaonkar et al., 2016), liquid nitrogen (Hong and 

Ding, 2001) and graphene oxide-suspended fluid (Yi et al., 2017). Minimum quantity 

lubrication in drilling of titanium has also been investigated, and was found to be significantly 

more effective when supplied through internal cooling channels rather than by an external 

nozzle (Klocke, 2011; Zeilmann and Weingaertner, 2006). However, due to the relatively 

limited cooling improvements achieved by minimal quantity lubrication when compared to 

flood cooling, its rate of adoption in industry has been slow (Kao et al., 2017).  

2.1.3 Carbon fibre reinforced polymers 

During the last few decades, carbon fibre reinforced polymers (CFRPs) have been increasingly 

implemented in the aerospace industry as structural materials, owing to their particularly high 

strength-to-weight ratio as well as their resistance to fatigue, creep, wear and corrosion  

(Caggiano et al., 2019b; Geng et al., 2019). However, as a result of the CFRP’s abrasiveness, 

inhomogeneity and anisotropic properties, drilling of CFRP is rather challenging, as the 

inherently high tool wear rates lead to high thrust force and torque and are detrimental to the 

workpiece surface quality (Fleischer et al., 2018; Teti, 2002). The hard and abrasive nature of 

the reinforcement fibres results in the main tool wear mechanism being abrasive wear (Isbilir 

and Ghassemieh, 2012; Wang et al., 2014), whilst the fluctuation of the thrust force and torque 

due to the material inhomogeneity can result in edge chipping (Fernández-Pérez et al., 2017). 

Additionally, drilling of CFRPs may result in the formation of specific defects which are not 
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observed during cutting of metallic materials, including delamination, fibre pull-out and matrix 

thermal degradation.  

Layers of fibres detaching from adjacent layers results in a phenomenon known as delamination 

of the composite (Krishnamoorthy et al., 2015). Delamination is regarded as the most common 

and critical damage when drilling CFRP (Abrão et al., 2007), and according to Xu et al. (2014) 

it accounts for 60% of all part rejections. Delamination mechanisms are classified into two 

types: peel-up delamination and push-down delamination. As shown in Figure 4, peel-up 

delamination occurs at borehole entry, while push-down delamination occurs at hole exit (Faraz 

et al., 2009). Delamination is known to negatively affect surface finish and workpiece strength, 

often compromising the suitability of a component for its intended use (Xu et al., 2016). To 

quantify the extent of delamination in drilling CFRP, the ‘delamination factor’ (FD) has been 

defined by Chen (1997) as the ratio between the maximum diameter of the delaminated zone, 

and the borehole’s nominal diameter, see in Figure 5.  

                 

Figure 4: Delamination classification (Faraz et al., 2009). 

 

Figure 5: Delamination factor definition (Xu et al., 2014). 
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Fibre pull-out occurs when bundles of fibres are pulled away from the workpiece by fibre-

matrix de-bonding and matrix stripping (Ashrafi et al., 2016). It is considered to be responsible 

for fatigue cracking of the CFRP layer and subsequent catastrophic failure of the structure 

(Lang et al., 1987). Another common defect resulting from cutting of CFRP is matrix thermal 

degradation. The hard and abrasive nature of fibres results in strong friction between the tool 

and the workpiece. This, in combination with the low thermal conductivity of the matrix, leads 

to rises in temperatures in the machining area (Sorrentino et al., 2016). If the cutting 

temperature exceeds the degradation temperature of the resin, thermal damage of the matrix in 

proximity to the borehole will occur, resulting in critical strength loss of the composite 

(Sorrentino et al., 2017). This is of particular concern for the composite materials used in the 

aerospace industry whose matrix is constituted by thermoset resins, such as epoxy, which 

exhibit a degradation temperature above which the cross-links between the polymer chains are 

permanently damaged. 

When drilling CFRP, the selection of cutting parameters has a major impact on the resulting 

borehole quality. The feed rate was found to have a strong influence on delamination; various 

studies (Feito et al., 2018; Karimi et al., 2012; Qiu et al., 2014; Xu et al., 2014) report on 

increased delamination factors even with small increments in feed rate. This is due to the strong 

correlation between thrust force, which according to the authors is directly affected by feed 

rate, and delamination damage. For this reason, the delamination factor rises gradually with 

tool wear, which is known to result in an increase in thrust force and torque (Chen, 1997). As 

research indicates that there is no strong correlation between cutting speed and thrust force 

(Iliescu et al., 2010), the correlation between cutting speed and delamination is also rather weak 

(Geier and Szalay, 2017). Instead, according to both Shunmugesh and Panneerselvam (2016) 

and Fernández-Pérez et al. (2017), increasing the cutting speed results in improved surface 

finish, as well as in a reduction of cutting torque and tool wear rate, which are all desirable 

effects. However, high cutting speeds also result in a rise in cutting temperatures (Brinksmeier 

et al., 2011), potentially leading to thermal damage of the matrix. Overall, authors agree that 

as long as the cutting temperature does not approach the matrix degradation temperature, low 

feed rates and high cutting speeds are the preferred cutting parameter combination for drilling 

CFRP (Isbilir and Ghassemieh, 2012; Phadnis et al., 2013; Shunmugesh and Panneerselvam, 

2016).  

With regards to the use of coolant, there are two main conflicting effects that have to be taken 

into account when drilling CFRP for aerospace applications. On the one hand, using coolant 
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decreases cutting temperatures, thereby reducing the chances of temperature-related defects 

occurring (Weinert and Kempmann, 2004). On the other hand, during machining, minuscule 

amounts of the cutting fluid can get trapped in small cavities inside the workpiece material. In 

aerospace components, which are periodically subjected to temperatures well below zero 

during flight, freeze-thaw of these small amounts of cutting fluid can result in substantial cyclic 

stressing, which may compromise the fatigue life of the part (Mouritz, 2012). Furthermore, 

mixing of the coolant with the powder-like CFRP chips results in the formation of sludge which 

is cumbersome to remove and hinders the assembly operation (Bagshaw, 2017). For this 

reason, drilling of CFRP is often carried out dry, i.e. without coolant (Feito et al., 2018).  

2.1.4 Multi-materials stacks 

Stacking of the three aforementioned materials, titanium, aluminium and CFRP, in various 

combinations, is commonly carried out in aerospace applications as an assembly solution in 

complex designs to take advantage of their different and complementary material properties. 

The purpose of this section is to provide an insight into the findings of the most relevant studies 

investigating the main challenges related to drilling of aerospace stacks. 

Drilling stacks comprising metallic layers results in burrs created at the interface between two 

adjacent layers. These so-called interlayer burrs are of great concern as they require time-

expensive unclamping (i.e. separation) of the stack layers and the deburring of the boreholes at 

the stack interface. Various studies have focused on the reduction of these interlayer burrs 

through the optimisation of process parameters. Zhu et al. (2018) investigated the impact of 

tool geometry on burr formation in dry drilling of Aluminium/Titanium stacks. The authors 

observed that double cone drills produce significantly smaller burrs when compared to drills 

with multipoint and step geometries. Melkote et al. (2010) and Tian et al. (2016) established 

relationships between feed rate and burr height and thickness, which can be explained by the 

strong correlation between feed rate and thrust force observed by Pande and Relekar (1986). 

Besides the tool geometry, the influence of interlayer gap width on burr formation has also 

been the subject of extensive research. By using an analytical model and experiments, Jie 

(2013) found that applying a pre-load clamping force in the proximity of the drilling site when 

drilling Aluminium/Titanium stacks reduces the interlayer gap width, thereby resulting in 

smaller interlayer burrs. This observation is in agreement with the findings made by Li et al. 

(2012) and Yin et al. (2015), who focused on Aluminium/Aluminium stacks. Gao et al. (2015) 

however pointed out that increasing the pre-load clamping force beyond a certain threshold 
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does not lead to a further reduction in the interlayer gap. Melkote et al. (2010), who assessed 

the effect of various clamping methods on interlayer burr formation in drilling of 

Aluminium/Aluminium stacks, observed an increase in interlayer burr height with an increase 

in the distance between drilling site and clamping location, which the authors attribute to the 

corresponding increase in interlayer gap width.  

When drilling stacks comprising a combination of composite and metallic layers 

(e.g. CFRP/Aluminium, CFRP/Titanium), the recommended stacking sequence depends on 

what workpiece defect is of most concern. If composite deterioration is the main concern, the 

preferred stacking sequence is to place the CFRP layer on top. This allows the metal layer to 

act as a backing plate for the CFRP during machining, thus preventing laminate inflection, 

limiting workpiece dynamics and, ultimately, drastically reducing the occurrence of push-down 

delamination (Jia et al., 2020; Ramulu et al., 2001; Xu and El Mansori, 2016) and fibre pull-

out (Isbilir and Ghassemieh, 2013; Zitoune et al., 2016). The impact of the presence of a metal 

layer underneath the CFRP is illustrated by the differences in borehole exit shown in Figure 6, 

clearly indicating a reduction in damage of the CFRP when drilled as part of a stack rather than 

as an individual layer. However, a major disadvantage of such a stacking sequence is that the 

hot chips formed when drilling the metal layer need to be disposed of through the upper CFRP 

layer, which results in a deterioration in the quality of the CFRP borehole. This is  particularly 

the case when drilling CFRP/Titanium stacks (Xu et al., 2020; Zitoune et al., 2016). To 

alleviate this, Xu et al. (2016) suggest avoiding the use of low cutting speeds and feed rates, 

which would lead to the formation of continuous chips and, consequently, a more pronounced 

abrasion of the borehole wall in the CFRP layer. If burr formation tends to be the most 

problematic phenomenon, having the metal layer on top was found to significantly reduce the 

generated burr size (Xu and El Mansori, 2016), due to a reduction in the available space for the 

burr to protrude. However, it is worth noting that in the case of one-way assembly, which 

typically employs one-shot drilling, the presence of a burr at the exit of a borehole poses less 

of a problem than a burr at the interface, as the former can be removed without having to 

separate the stack. This is beneficial as it would avoid having to separate the stack layers after 

drilling. It is also pertinent to note that placing the CFRP layer underneath the metallic layer 

results in a stronger heat input in the composite layer as the cutting of the upper metallic alloy 

result in the preheating of the cutting tool, which is of particular concern when the stack 

comprises a titanium layer (Xu et al., 2020). 
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Figure 6: Delamination at borehole exit with and without backing plate; 

(a) and (c): first hole, (b) and (d): 56th hole (Isbilir and Ghassemieh, 2013). 

Xu and El Mansori (2016) carried out experiments to determine factors affecting the drilling 

of CFRP/Titanium stacks. They observed that tool features such as chisel edge length, point 

angle and helix angle play a more dominant role in the resulting borehole quality and tool life 

than tool substrate and coating. Wang et al. (2014) compared the tool life recorded when 

drilling CFRP and titanium layers separately to that obtained when drilling stacks comprising 

both the materials. The authors observed that tool life increases substantially when drilling 

stacks compared to when drilling single layers of titanium, which they attribute to titanium 

material adhesions to the tool surface being brushed away by the hard carbon fibres, thereby 

significantly reducing edge chipping of the tool. When drilling Titanium/CFRP/Aluminium 

stacks, Kuo et al. (2018) found uncoated carbide drills to exhibit a longer tool life than 

TiAlN/TiN coated drills, which they attributed to the pronounced rounding of the cutting edges 

(i.e. duller cutting edges) as a result of the presence of the coating. However, the uncoated drills 

were found to produce boreholes of less accurate diameter as they started to wear out. 

According to the authors, this is a result of the more extensive wear at the tool periphery of the 

uncoated tools. When Li et al. (2019) investigated the impact of low frequency vibration-

assisted drilling and chip suction when cutting CFRP/Titanium stacks, they observed a major 

reduction in cutting temperatures and improvement in chip evacuation, which the authors 

attributed to the smaller chips being produced and the forced air flow. The authors however 

also observed an increase in oxidation wear, which they believed to be caused by the enhanced 
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air flow through the chip flutes. Alonso et al. (2019) assessed the impact of stepped tool 

geometries when drilling CFRP/Titanium stacks and reported a positive correlation between 

tool wear and the resulting exit burr height in the titanium layer. This is due to the increasing 

roundness of the outer cutting edges, which the authors argue affects both the heat generation 

and shearing of the titanium material, promoting material flow. 

The traditional approach when drilling multi-material aerospace stacks is to use a fixed set of 

parameters (i.e. cutting speed, feed rate and cooling strategy) throughout the drilling cycle. In 

the case of drilling stacks comprising CFRP and metals, this approach is not ideal due to the 

significantly different cutting mechanism occurring in the two layers. According to Xu et al. 

(2016), because of the composite’s brittleness and heterogeneity, material removal when 

cutting CFRP occurs through a series of successive brittle fractures aided by uneven load 

shearing between the matrix and fibre, which is in contrast to the characteristic plastic flow of 

metal cutting. For this reason, the chips produced when drilling CFRP are often in the form of 

dust. The authors also believe that, due to the different cutting mechanisms characterising 

drilling of CFRP on one side and metals such as aluminium or titanium on the other, the 

interface between the composite and metal layer is the area most vulnerable to severe damage. 

At the interface, where the drill transitions from one layer to the next, the tool’s cutting edges 

are simultaneously engaged in both the composite and metal layer, resulting in an unstable 

cutting process characterised by substantial fluctuations of the thrust force and torque and 

variable chip separation modes. This can in turn lead to various defects, such as delamination 

and fibre pull-out, which in some cases can result in cracking during the assembly process. In 

addition, the drill suffers from increased wear, due to the cutting edges experiencing two 

different wear patterns whilst progressing from one layer to the next. The authors speculate 

that increasing the feed velocity should limit interface damage, as it would reduce the duration 

during which the tool tip is engaged in cutting at the interface. However, they acknowledge 

that, due to the difficulty in inspecting the complex tool-work interaction, little research has 

been carried out on the physics governing interface drilling. 

Two factors directly affecting interface drilling are the tool’s point angle and the interlayer gap 

width, as these determine the distance over which the drill’s cutting edges are simultaneously 

engaged in both the materials. Heisel and Pfeifroth (2012) assessed carbide tools with point 

angles ranging from 155° to 185° when drilling single-layer CFRP, and they observed that 

larger point angles resulted in more extensive exit delamination. However, Xu and El Mansori 

(2016) observed that the presence of a metallic layer can affect the resulting composite 
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borehole quality, to different extents depending on the stacking order, which suggests that the 

observations made by Heisel and Pfeifroth (2012) may not be directly applicable to the drilling 

of CFRP/Titanium stacks. With regards to the interlayer gap width, although its impact on the 

formation of burrs protruding from metal layers into the stack interface has been researched 

(Gao et al., 2015; Jie, 2013; Melkote et al., 2010; Tian et al., 2016; Yin et al., 2015), its 

influence on other important borehole quality indicators, such as edge condition, surface 

roughness and borehole diameter, is still not understood.  

Research indicates that using cutting parameters tailored for individual stack layers appears to 

be beneficial to borehole quality. Research conducted by Shyha et al. (2010) and Kuo et al. 

(2014), who studied the influence of cutting speed and feed rate on borehole quality when 

drilling Titanium/CFRP/Aluminium stacks, revealed that low feed rates lead to longer tool life 

and better surface finish. Shyha et al. also noticed that high pressure (~70 bar) through-spindle 

coolant supply improved the cooling of the process due to the improved access of the coolant 

to the cutting zone as compared to external spray mist, resulting in significantly longer tool 

life. Fernández-Pérez et al. (2019) assessed the impact of flow rate of minimal quantity 

lubrication on borehole quality and tool wear when drilling Titanium/CFRP/Aluminium stacks 

and observed an increase in tool wear rate due to workpiece adhesion when using smaller flow 

rates. What these three aforementioned studies have in common is that the cutting speed was 

changed depending on the material the tool was engaged in, whilst the feed rate was kept 

constant. Unfortunately the authors failed to specify the position (i.e. depth) at which the 

parameters were changed over. Due to the conical geometry of the drilling tools employed, the 

change in cutting parameters could have occurred at any point during the interface drilling 

phase, where the cutting edges are engaged with two different layers simultaneously. As 

previously discussed, this region is considered to be most vulnerable to severe damage, thus it 

is reasonable to assume that the position where the change in cutting parameters occurs has a 

major impact on the resulting quality of the borehole at the stack interface. 

2.2 Process monitoring 

In general, process monitoring systems comprise of three main parts: signal acquisition, data 

processing and decision-making, see Figure 7. In machining operations, process monitoring 

systems operate by measuring, through the use of suitable sensors, one or more process 

characteristics that are influenced by the process state, such as thrust force, torque, temperature, 

acoustic emission, surface finish and vibration. The signals recorded by the sensors are then 
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conditioned and processed in order to extract functional significant features (SFs) that are 

related to certain process conditions, such as tool position and wear, as well as possible defects 

on the workpiece as a result of the machining process. These significant features are then used 

by a decision-making system to initiate appropriate countermeasures, for example raising an 

alarm or executing adaptive actions. The following subchapters allude to the three stages in 

greater detail. 

 

Figure 7: Process monitoring stages. 

2.2.1 Signal acquisition  

Signal acquisition can be carried out through direct or indirect measuring methods. In direct 

methods, the variable quantity is directly measured. For example, it is possible to directly 

measure tool wear by using cameras for visual inspection and radioactive isotopes. The 

information gathered, e.g. a photo of the cutting tool, can be used to directly quantify the 

geometric changes arising from tool wear (Teti et al., 2010). Although these methods are 

usually highly accurate, their application is often limited to off-line laboratory experiments 

(Siddhpura and Paurobally, 2013). This is because direct measurements, due to their intrusive 

nature, often interfere with the machining process as well as being usually incompatible with 

cutting fluids (Ambhore et al., 2015). In the case of indirect methods, an auxiliary quantity is 

measured in order to deduce the actual variable via empirically determined correlations (Teti 

et al., 2010). If, for example, it is required to indirectly monitor tool wear, it is possible to 

measure acoustic emission or vibration and to subsequently find correlations between particular 

features of the recorded signals and the magnitude of tool wear, thereby estimating the tool 

wear state. Indirect methods, albeit being less accurate than direct ones, are less intrusive and 

more suitable for on-line monitoring, because of which they are often preferred in industrial 

applications (Teti et al., 2010). Sensing techniques applicable for on-line monitoring are 

reviewed in the following sections. 
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 Thrust force and torque 

Cutting operations require a certain amount of force to remove workpiece material. The 

components of this force are known as thrust force and torque, and their magnitudes are highly 

sensitive and reactive to variations in the cutting process (Teti et al., 2010). For this reason, the 

monitoring of thrust force and torque has historically been employed to gain an understanding 

of the phenomena that take place during machining. More recently, it has also been used for 

process monitoring applications, such as determining tool wear (Teti et al., 2020) or detecting 

material transition (Fang et al., 2015). To measure thrust force and torque, piezoelectric sensors 

are commonly used. Within these sensors, the applied load deforms a piezoelectric crystal 

lattice, which in turn generates an electrical dipole moment. This charge transfer, with the help 

of a charge amplifier, can be converted into a voltage that is proportional to the magnitude of 

the applied load (Klocke, 2011). To measure loads in different directions, e.g. along the x, y 

and z-axis, piezo electric sensors utilise arrangements of piezo crystals in different orientations 

(Kistler, 2015). Various studies (Denkena et al., 2016; Jun et al., 2002; Korkut, 2003; Park, 

2003) have integrated force and torque sensors into the motor spindle. Even though this 

arrangement allows the sensor to be contained within the machine, these concepts have rarely 

been introduced in industrial applications, as they require complex strategies to isolate process 

signals from noise generated from spindle and machine dynamics. Totis et al. (2010) and Xie 

et al. (2017) instead developed systems where the cutting force sensors are integrated within 

the tool holder. The system proposed by Totis et al., shown in Figure 8, comprises four tri-axial 

force sensors fixed in proximity of each of the four cutting edges of a face mill, thereby 

allowing individual force measurements for each cutting edge. When compared to the studies 

that propose cutting force sensors integrated to the spindle, this configuration resulted in 

sensors being located closer to the signal source, i.e. the machining area, and further away from 

the noise source, i.e. the machine spindle, thereby significantly increasing the signal-to-noise 

ratio. 

Turrini et al. (2009) patented a method intended for detecting and quantifying drilling 

anomalies, through the monitoring of thrust force and torque. Anomalies are detected by the 

proposed method when the thrust force or torque exceeds a set threshold. The authors also 

claim that by measuring for how long and by how much the threshold is exceeded, their 

proposed method is also capable of identifying the anomaly type and its severity. From the 

patent it is not clear what workpiece material the invention would be compatible with, as well 

as whether the analysis is carried out online or after a hole is drilled. Despite this lack of 
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information, a downside of the proposed method originates from Jantunen's (2002) verdict, 

which is that the direct monitoring of thrust force and torque is not believed to be suitable for 

industrial applications, as it requires the employment of expensive and fragile dynamometers. 

 

 

Figure 8: Triaxle force sensor integrated in milling tool holder (Totis et al., 2010). 

Motor power  

An alternative to directly measuring thrust force and torque using force sensors is the 

monitoring of the power provided to the various machine tool elements (e.g. feed drives and 

spindles) that, by providing a cutting motion between the workpiece and cutting tool, achieve 

material to be removed. In order for a certain cutting force to be provided, power needs to be 

supplied to the motor. Thus, it is possible to indirectly measure thrust force and torque through 

the power consumed by the spindle and feed drive elements (Teti et al., 2010). The most 

common way of determining these signals is by using a so-called Hall effect sensor (or Hall 

sensor), which is a coil that can measure the current passing through a wire placed inside of it. 

When an electric current flows through the wire, a magnetic field is created, which in turn 

produces a proportional current within the Hall sensor coil. Because Hall sensors are 

incorporated into the electrical cabinet and, thus, do not disturb the machining process, they 

are suitable for use in production environments (Heinemann and Hinduja, 2012). An alternative 

to the use of Hall sensors employed in modern machine tools with open control systems is to 

directly acquire the motor power signals from the numerical controller (Corne et al., 2017).  



34 
 

The total power required to run feed drives and spindles is composed of an idle component, 

which refers to the power required to keep the drives rotating and translating in air, and an 

effective component, which refers to the power required to achieve material removal (Klocke, 

2011). As only the effective power is representative of the thrust force and torque, the 

suitability of power sensing as a process monitoring tool is strongly dependant on the ratio 

between effective and total power. As this ratio diminishes, i.e. the power required for material 

removal becomes insignificant compared to the total power (e.g. using a small diameter tool 

on a relatively large spindle), distinguishing variations in the thrust force and torque becomes 

increasingly difficult (Klocke, 2011). Al-Sulaiman et al. (2005) claim to have circumvented 

this problem by designing a ‘differential power detector box’, which nullifies the spindle and 

feed motor idle powers prior to measuring. To achieve this, the device resets the current signal 

to zero after the spindle has reached its operating speed but before the tool engages in any 

cutting. Consequently, once the cutting of the workpiece begins, only the effective power is 

recorded. By using the differential power detector box, Al-Sulaiman et al. claim to be able to 

detect variations in drilling power of less than one Watt even on a machine tool using a 10 kW 

main spindle. The authors however fail to allude how the system can cope with fluctuations in 

the spindle power that are inherent to the spindle unit and its power supply. In addition to these 

fluctuations in power supply, according to Byrne et al. (1995) and Teti et al. (2010), two further 

issues are often problematic when trying to correlate motor power to thrust force and torque. 

Firstly, power consumption is influenced by temperature rises inherent in electrical motors, 

meaning that an error is introduced when comparing signals obtained at different motor 

temperatures. Secondly, variations in lubrication and general wear conditions influence 

significantly the static and dynamic behaviour of both rotary and translation axes and, thus, the 

power characteristics of the electrical drives involved.  

Acoustic emission 

Acoustic emission (AE) consists of transient elastic ultrasonic waves generated by sudden 

movements within a material under stress (Miller and McIntire, 1987). When a component 

undergoes deformation it releases AE energy, which travels in the form of high frequency stress 

waves with frequencies between approximately 16 kHz and 30 MHz, depending on the type 

and magnitude of the AE source (Klocke, 2011). Extensive studies (Dornfeld and Kannatey-

Asibu, 1980; Emel and Kannatey-Asibu, 1989; Frederick and Felbeck, 1972; Liang and 

Dornfeld, 1989; Moriwaki, 1983; Teti, 1988; Teti and Dornfeld, 1989; Teti and La Commare, 

1992; Teti and Micheletti, 1989) have been carried out to identify the various AE sources in 



35 
 

metal cutting processes. Figure 9 shows a diagram of the possible sources of AE during 

machining. 

 

Figure 9: AE sources in machining processes (Klocke, 2011). 

There are two distinct types of acoustic emission: continuous and burst, the latter also referred 

to as transient (Gómez et al., 2010). Continuous waves are commonly due to shearing in the 

primary zone and wear on the tool face and flank, whereas burst signals are associated with 

discrete events such as tool fracture or chip breakage (Li, 2002). Given that plastic deformation 

and chip breakage are a primary source of AE, material deformation-based manufacturing 

processes, such as drilling, have the greatest potential for being monitored using AE as one of 

the input signals (Lee et al., 2006).  

A cross section of a typical AE sensor is shown in Figure 10. The AE wave reaches the 

piezoelectric element through a thin membrane surrounded by a damping mass. The inertia of 

the sensor itself is sufficient to produce measurable charge transfers at frequencies typically 

between 50 kHz and 2 MHz (Klocke, 2011). Mounting an AE sensor requires the use of 

couplant between the sensor and the measurement surface to remove any air from the interface, 

as air exhibits an extremely low acoustic impedance (Higo and Inaba, 1991). The influence of 

different couplants on AE sensor performance was studied by Theobald et al. (2008). 

According to the authors, the use of couplant was found to be particularly beneficial for AE 

frequencies above 400 kHz. At these frequencies, when compared to high performance 
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ultrasonic couplants, such as propylene glycol, the widely used silicone grease was found to 

reduce the sensor sensitivity by up to 65%. However, it is improbable that an online monitoring 

system would operate at sampling frequencies above 400 kHz due to the associated 

requirements in terms of computing resources. Hence, the use of high performance couplant is 

not deemed necessary for such applications.  

 

Figure 10: Schematic assembly of AE sensor (Klocke, 2011).  

In their study on initial contact detection in micromachining, Min et al. (2008, 2011) noticed 

that stainless steel produces much clearer AE signals than aluminium. According to the authors, 

this is because of the magnitude of the recorded AE signals depends on the material where the 

elastic waves are generated and propagate. When compared to materials with a lower elastic 

modulus, stiff materials generate more elastic energy, hence AE, for the same amount of impact 

(Min et al., 2011, 2008). Based on the authors’ observations, AE could be used to identify 

material transition during drilling of multi-material aerospace stacks, as successfully attempted 

by certain studies (Neugebauer et al., 2012; Renganathan et al., 2015; Wertheim et al., 2012).  

In addition to what has been presented before, related to metallic material, the literature agrees 

that AE can also be used to characterise damage and fracture of fibre reinforced polymers. 

Barré and Benzeggagh (1994) correlated the magnitude of the recorded AE signal to damage 

mechanisms occurring in glass fibre reinforced polymers. In their study, AE amplitudes were 

identified for matrix cracking (40-55 dB), interface fracture (60-65 dB), fibre pull-out (65-85 

dB) and fibre fracture (85-95 dB). The results obtained by the authors highlight how AE is 

mainly influenced by damage mechanisms related to the fibres, whereas matrix damage 

represents a secondary AE source. Similar findings were reported by Kim and Lee (1997), who 

carried out their analysis on CFRP.  
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A major advantage of using AE in process monitoring is that elastic waves propagate through 

the entire workpiece and tool, meaning that the sensor does not need to be placed in close 

proximity to the machining area, unlike thermocouples or pressure sensors (Elbestawi et al., 

2006). Furthermore, according to Inasaki (1998), because of the high frequency and low 

amplitude nature of AE, the coolant stream can also be used as a medium for transmitting the 

AE waves. This greatly enhances the ease of implementation in industrial manufacturing 

processes. In addition, according to both Li (2002) and Elbestawi et al. (2006), AE signals 

cannot be misinterpreted for vibration generated by drilling, as the frequency range of AE 

signals is significantly higher than that of machine vibrations and environmental noises and 

thus, can be easily separated.  

As AE contains a multitude of information from various sources, post-processing is vital in 

order to extract significant data that can be related to various phenomena associated with 

material removal occurring during machining of the workpiece (Karimi et al., 2015). In view 

of the high frequency components characterising AE signals, a strong demand is placed on the 

data acquisition and processing equipment, particularly in the case of online analysis (Patra, 

2011). To ease the load on the computing equipment, filters have been used in various process 

monitoring studies (amongst others Patra, 2011; Neugebauer et al., 2012; Pv et al., 2015; 

Renganathan et al., 2015) to select the appropriate frequency range to be analysed. 

Petuelli (2001) assessed the impact of AE sensor positioning in process monitoring of thread 

forming, finding that the further the sensor is located from the machining point, the greater the 

signal attenuation. However, according to the author it should also be considered that tool wear 

can result in substantial increases in AE, potentially leading to oversaturation of the signal. 

Furthermore, Shuaib (2018) and Teti et al. (2010) agree that if the sensor is fixed on the 

workpiece or on the vice, the varying distance between the sensor and the machining point 

influences the signal recording. For this reason, Shuaib recommends fitting the AE sensor at a 

fixed distance to the source of AE of interest, thereby ensuring constant distance between the 

sensor and the machining point. 

Klocke et al. (2019) assessed how the drill’s chisel edge, primary and secondary cutting edges 

contribute to the generation of AE in drilling of steel (C45). In order to separate the impact of 

different tool features on the generated AE, the authors pre-machined the workpiece in such a 

way to limit the contact of different tool features at different times, as shown in Figure 11. In 

this way, during drilling of the first section of the workpiece, only the main cutting edges were 
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engaged in cutting. During drilling of the second section, the entirety of the tool tip (i.e. chisel 

edge and main cutting edges) was engaged. Finally, in the third section the whole tool was in 

contact with the workpiece, including the secondary cutting edges. According to the results, 

the chisel edge and the main cutting edges contribute to a similar extent to the generation of 

AE, while the engagement of the secondary cutting edges only yields a minor increase. 

Although the experimental work was carried out on medium carbon steel, it is reasonable to 

speculate that similar results are likely to be observed when drilling metals commonly found 

in aerospace assemblies (mainly aluminium and titanium). Carrying out a similar experimental 

assessment on CFRP would be beneficial, as its substantially different material properties could 

affect the generation of AE during machining.  

 

Figure 11: Workpiece design to allow for separation of tool features engagement (Klocke et al., 2019). 

Vibration 

During machining, the engagement between tool and workpiece contributes to the vibrations 

generated (Teti et al., 2010). For this reason, extensive research, most recently by Patra et al. 

(2017), Balaji et al. (2018) and Liu et al. (2018), has been carried out using vibration signals 

as an indicator for the condition of various cutting processes. For the purpose of process 

monitoring, it is important to isolate the vibrations arising from the cutting process from those 

generated by other sources, such as the vibration of other machine components or other 

machinery transmitted through foundations or unbalance of rotating parts of the machine (Teti 

et al., 2010).  

A broad variety of techniques has been used for sensing vibration. Currently, the most common 

one is piezoelectric transduction (Byrne et al., 1995; Teti et al., 2010), which uses a seismic 

mass attached to a piezoelectric transducer. This transducer emits a charge in proportion to the 

force applied as a result of the acceleration of the seismic mass. Klocke (2011) defines three 
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different accelerometer types based on whether the charge transfer is generated by normal 

forces, shear forces or flexural forces. Multiple accelerometers can be stacked together in 

different orientations in order to record over multiple degrees of freedom, and Klocke believes 

that tri-axial measuring accelerometers are best suited for process monitoring of cutting 

operations. With regards to positioning, the magnitude of the signal recorded from an 

accelerometer is strongly influenced by the distance from the cutting point, as is the case with 

AE sensors. For this reason, Klocke recommends placing the sensors as close as realistically 

possible to the machining point. Specifically, placing the sensor on the tool holder rather than 

the workpiece yields more consistent results, as the distance between the accelerometer and the 

cutting point is kept constant (Shuaib, 2018). Depending on the application, this may not 

always be possible, as shown by the various process monitoring studies (Binsaeid et al., 2009; 

Liu et al., 2018 and Patra et al., 2017 amongst others) in which the employed accelerometers 

had to be fitted on the workpiece or the vice, setups which are not feasible for most industrial 

applications. 

Temperature 

The cutting temperature is an important characteristic of most machining processes, as it allows 

for the evaluation of various cutting conditions, such as thermal stress or wear rate (Rawat and 

Attia, 2009). Ramirez et al. (2014) and Sorrentino et al. (2016, 2017) derived information about 

borehole surface quality and induced thermal damage when drilling fibre reinforced polymers 

using temperature monitoring. Ramirez et al. (2014) and Sorrentino et al. (2016) embedded K-

type thermocouples within the workpiece, which requires machining of cavities to fit the 

sensors, thereby compromising the structural integrity of the component. In contrast, 

Sorrentino et al. (2017) attached the thermocouples to the tool. Albeit giving very accurate 

results, the latter setup required the tool to remain stationary and the workpiece to rotate in 

order to avoid the thermocouple wires getting entangled with the tool. In an industrial 

environment this would often not be practical due to the workpiece’s size. However, the rapid 

development of wireless technologies may allow temperature monitoring to become 

increasingly applied for process monitoring purposes, as suggested by the results obtained by 

Le Coz et al. (2012), who employed a wireless transmitter to transfer the recorded signals from 

the thermocouples to the data conditioning system. 

Beno and Hulling (2012) and Sato et al. (2013) used fibre optic pyrometers to measure 

temperatures. This technique required the pyrometer’s optical fibre to be positioned at a 
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constant distance from the heat source, i.e. the cutting point (Beno and Hulling, 2012), which 

makes such a setup rather difficult and challenging to implement in a production environment. 

Angelone et al. (2018) used a thermographic camera to monitor the cutting temperatures when 

drilling CFRP/CFRP stacks. Similarly, Cuesta et al. (2016) utilised infrared thermography to 

carry out temperature measurements in drilling of Inconel 718. The main challenge they 

encountered was the broad range of emissivity values, which were found to be strongly 

influenced by both cutting and cooling conditions. In addition, the infrared thermography 

equipment is particularly expensive when compared to most of the other monitoring techniques 

reviewed here. It is also worth mentioning that it is incompatible with cutting fluids, which are 

used in many of today’s manufacturing processes, a disadvantage it shares with most of the 

aforementioned techniques, apart from thermocouples. 

Other sensor types 

In addition to those sensors mentioned in previous sections, various other sensing techniques 

have been used for process monitoring. Eneyew and Ramulu (2014b) used an air-coupled audio 

microphone positioned on the workpiece-mounting fixture to monitor tool wear during drilling 

of composite materials. The authors noticed that the magnitude of the acoustic signal decreased 

with an increase in tool wear. It is worth noting that as sound waves travel from the source (i.e. 

the cutting point) to the sensor (i.e. microphone) a portion of their energy is converted into 

heat, because of various phenomena, such as heat conduction, shear viscosity and molecular 

relaxation (Crocker, 2007). Thus, the recorded signal amplitude decreases with an increase in 

the distance between sensor and cutting point. Eneyew and Ramulu (2014b) do not specify 

whether one or more holes were drilled on each of the CFRP coupons, i.e. whether this distance 

was kept constant or not. If more than one hole was drilled, it is possible that the experienced 

decrease in signal amplitude could, to some extent, be attributed to an increase in the distance 

between sensor and machining point. Similarly to AE sensors and accelerometers, placing the 

sensor on the tool holder, thereby fixing this distance, could result in more consistent 

measurements. 

To monitor the re-contouring process of aircraft engine components, Denkena and Flöter 

(2012) used electromagnetic force measurements to develop a closed-loop control system 

capable of adjusting process parameters in order to ensure that the actual (i.e. measured) thrust 

force and torque match the pre-defined ones. Their experiments were carried out on a milling 

machine whose Z-axis, carrying the spindle, is guided by the principle of magnetic levitation. 
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By measuring the air gaps between the spindle’s electromagnetic rails, a proportional-integral 

state-space controller calculated corrective forces to be actuated at each magnet. The main 

drawback of the proposed system is that variations in thrust force and torque would lead to 

deviations in the original tool path. As suggested by the authors, this can be compensated by 

developing an adaptive NC program capable of adjusting the path each time a change in thrust 

force and torque is applied by the controller. Although the initial results obtained by Denkena 

and Flöter appear to be promising, the use of such a technology is restricted to machine tools 

containing a magnetically levitated spindle. 

Optical measurements have also been used for process monitoring. Martins de Carvalho (no 

date) developed a procedure for the standardisation of tool images for neural network 

processing of image data aimed at tool wear characterisation. In their study, after each minute 

of cutting, the machining was interrupted and two monochromatic images were taken with a 

video camera: one focusing on the rake face and one focusing on the flank face to capture the 

extent of crater wear and flank wear, respectively. The pictures were then digitalized by 

recording a numerical value per pixel, i.e. forming 2D matrixes, and processed in Matlab to 

carry out matrix transformation and picture standardisation. The author claims that 

standardised tool wear images can be used as inputs in an intelligent monitoring system aiming 

for automatic tool wear recognition on an online inter-process basis. Similarly, Caggiano et al. 

(2017) used digital image analysis to evaluate the most representative parameters describing 

the quality of holes drilled into CFRP. However, according to Teti et al. (2010), object 

illumination notably impacts the reliability of vision systems used for process monitoring, 

which suggests that there is a risk that these techniques become ineffective when the amount 

of light the monitored object receives is subject to changes, which is often the case in an 

industrial (i.e. factory) environment.  

Sensor fusion 

Sensor fusion is defined as “an integrated sensing strategy designed to improve the 

performance and reliability of manufacturing process monitoring by utilizing various sensor 

outputs” (Emel and Kannatey-Asibu, 1989). Matsushima and Sata (1980) were amongst the 

first to use sensor fusion to monitor tool wear. In their study, features extracted from different 

signals (thrust force, torque and machine power) were combined to detect tool breakage. 

Similar studies were later carried out by Emel and Kannatey-Asibu (1989) and Dornfeld and 

DeVries (1990), who combined cutting force and AE signals in their monitoring systems. More 
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recently, by combining information received from a dynamometer, Hall sensor, accelerometer, 

AE sensor and audio microphone, Ghosh et al. (2007) developed an online monitoring system 

capable of estimating the average flank wear of the main cutting edge in face milling. Arul et. 

(2007) analysed thrust force, torque and AE to predict borehole quality in drilling of polymeric 

composites, while Segreto et al. (2013) developed a sensor fusion system capable of extracting 

information from AE signals as well as three-dimensional vibration and force readings to 

monitor tool wear during turning of nickel alloys.  

Möhring et al. (2018) aimed at developing an intelligent process control system for milling of 

CFRP, which highlights the interest of the research community in the realisation of adaptive 

machining through the monitoring of process signals. Their system monitored thrust force, 

torque, acceleration, AE, airborne sound and spindle power during milling of CFRP, with the 

acceleration and AE measured by a 3-axis accelerometer and high-frequency-impulse-

measurent sensor, respectively. These were fixed on a dynanometer, which instead measured 

the thrust force and torque. A condenser microphone was used for measuring the airbone sound, 

while current clamps were employed to monitor the spindle power. The process signals 

recorded when machining with both a new and worn tool, see Figure 12, show that AE exibited 

the strongest correlation to tool wear amogst all the assessed signals, whereas the thrust force 

was the least affected process signal. Notably, a reduction in AE was noticed with an increase 

in wear, particularly at higher frequencies. The authors also observed a strong correlation 

between tool wear and delamination depth during the initial tool life stage, which they suggest 

could be a result of the change in wear mechanisms after the tool run-in period.  

  

Figure 12: Comparison of process signals for new and worn tool (Möhring et al., 2018).  
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2.2.2 Signal processing and feature extraction 

To develop a functioning monitoring system, a suitable measurement range and resolution 

should be selected. Using an inappropriate measurement range can lead to signal saturation and 

consequent loss of information (Lauro et al., 2014). The measurement resolution is determined 

by the sampling rate, which is a crucial parameter of process monitoring systems. If the 

sampling rate is too low, aliasing may occur, resulting in sets of measured samples appearing 

to have different frequency contents from the real signal (Quinn, 2016). Using an excessively 

high sampling rate on the other hand would result in a substantial increase of the computing 

resources necessary to acquire and process the signal, thereby increasing the time required by 

the system to analyse the data. To define an appropriate sampling rate, various researchers (e.g. 

Binsaeid et al., 2009; Caggiano et al., 2017) have used the Nyquist-Shannon theorem, which 

asserts that the sampling rate should be at least twice the highest frequency component of the 

signal of interest (Nyquist, 1928; Shannon, 1949), whereas National Instruments recommends 

sampling at a frequency of at least 10 times the highest frequency component of interest 

(National Instruments, 2016). Regardless, the sampling rate is generally adjusted empirically 

in order to achieve the required trade-off between accuracy and computing requirements. 

After a signal is recorded by an appropriate sensor, signal processing is required to extract 

meaningful information. The different stages of signal processing are shown in Figure 13. 

Firstly, the raw signal is pre-processed (e.g. filtered, amplified, converted in digital form etc.) 

in order to suppress noise and adjust for continuous biases. Secondly, significant features are 

extracted from the conditioned signal. This can either be performed in time domain, frequency 

domain, or time-frequency domain. From the extracted SFs, only those that relate to the process 

event to be monitored (e.g. tool engagement, material transition, tool wear etc.) should be 

selected and fed to the relevant decision-making method (Teti et al., 2010).  

 

 

Figure 13: Signal processing stages (based on Teti et al., 2010).  

With regards to pre-processing, according to Klocke (2011) the energy component of a signal 

generated from a sensor is often relatively low when compared to environmental noise. For this 

reason, the signal is often pre-amplified in order to improve the signal-to-noise ratio. 
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Subsequently, the signal is usually filtered to exclude any data having frequency components 

lying outside the range of interest. In the filtering stage, it is important to remove those 

components of the signal that are not related to the monitored process parameters. Filtered-out 

components could arise from environmental disturbances, such as vibrations of nearby 

machines and electromagnetic fields, or they could be data recorded from the process that is 

not relevant to the specific application. Optionally, the signal can be demodulated in root-mean-

square (RMS) values, using the equation below: 

 ���� = �1� 	 �
�����
�  (1) (Holman, 2011) 

Where s is the recorded signal and T is the time constant of the RMS converter. This should be 

carefully defined, also considering the subsequent extraction method of the significant features 

(Teti et al., 2010). Data in RMS form can be processed at much lower frequencies than the raw 

signal, which results in a drastic decrease in the computing resources required for data 

processing. For this reason, RMS demodulation is particularly common when processing 

signals recorded at high sampling rates, such as AE (Liang and Dornfeld, 1989; Patra, 2011; 

Pv et al., 2015) or vibration (Patra et al., 2017). Depending on the application, further 

amplifying or filtering may be required before the analogue signal is digitalised by an 

analogue-to-digital converter. For example, to improve the signal processing accuracy, Teti et 

al. (2010) recommend amplifying the signal just before digitalisation such that the signal 

voltage range corresponds to the maximum input range of the analogue-to-digital converter.  

Once the data is transformed into digital form, digital filtering can be performed to further 

improve a signal’s correlation to the process variable to be measured. For example, Abellan-

Nebot and Romero Subirón (2010) suggest filtering cutting force signals after digitalisation to 

assess them only at the tooth-engagement frequency, which according to Haber et al. (2004) is 

the best index for tool wear monitoring. Optionally, the signal can be segmented, which means 

that it is analysed only during certain periods of time, as for example when the tool is removing 

material at a steady state, whereas periods of unsteady cutting or cutting in fresh air are 

discarded. An example of signal segmentation performed for every tooth-engagement period 

is shown in Figure 14.  



45 
 

 

Figure 14: Signal segmentation (based on Ghosh et al., 2007). 

After pre-processing, SFs are extracted from the signal(s) using either time domain, frequency 

domain or time-frequency domain analysis. According to Ambhore et al. (2015) “time domain 

analysis refers to a display of response parameter as a function of time”. While the time domain 

analysis assesses how a signal changes with time, the frequency domain analysis, also known 

as spectral analysis, shows how a signal is distributed over a range of frequencies (Ambhore et 

al., 2015). Some of the most commonly extracted features from time domain signals are 

presented in Table 1. It is also common to calculate various ratios of the presented signal 

features (Ghosh et al., 2007). Carrying out process monitoring using only one SF can lead to 

unreliable results, because of which the selection of a sufficient number of SFs is crucial. 

Furthermore, it should be ensured that the established relationships between process incidence 

and the selected SFs do not deteriorate or weaken with tool wear (Teti et al., 2010).  

One of the main advantages of feature extraction in the time domain is that it does not require 

frequency domain transformation, which is particularly time-consuming from a computing 

point of view (Klocke, 2011). Yet, a common drawback of SFs extracted in the time domain is 

the fact that they do not provide information on periodicities (Li, 2006). More advanced 

approaches of time domain analysis apply time series modelling to the recorded waveform 

data. The most commonly used ones in process monitoring are: auto regressive, moving 

average and auto regressive moving average. Even though models of up to the 100th order have 

been tested (Suprock et al., 2007), frequently only the first or first and second order coefficients 

are used as features (Altintas and Aslan, 2017; Griffin et al., 2016; Scheffer and Heyns, 2001). 

This is because higher-order models require increasingly greater computing resources, thereby 

becoming inadequate for online monitoring purposes, where the system’s response time is 

crucial. Various other parameters and methods for time domain analysis have been reported on 

in the literature, such as principal component analysis (Karimi et al., 2012; Shi and Gindy, 

2007), singular spectrum analysis (Salgado and Alonso, 2006) and permutation entropy (Li et 

al., 2008).  
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Table 1: Commonly employed time domain features. 

When the time domain signal is processed through the application of the Fourier transform, the 

data is transformed into the frequency domain and can be displayed as a function of frequency. 

The most common algorithm for frequency domain transformation is the Fast Fourier 

Transform (FFT). When compared to time domain analysis, frequency domain analysis has the 

Feature Mathematical expression Used by 

Magnitude �|�| |x| = �  �  if � ≥ 0−�  if � < 0 

(Aliustaoglu et al., 2009; Dong et al., 2006; Ghosh et al., 

2007; Gierlak et al., 2017; Heinemann et al., 2007; 

Heinemann and Hinduja, 2012; Pezzullo, n.d.; Portillo et 

al., 2012) 

Gradient ���  �� ≈ �� − ���ℎ   (Bakker et al., 2015b; Lee and Lee, 1999; Neugebauer et 

al., 2012; Shuaib, 2018; Wertheim et al., 2012) 

Range Range = max' �' − min' �'  (Binsaeid et al., 2009; Ghosh et al., 2007)  

Root-mean-square 
(RMS) RMS = *1+ ,��'
-

'.�  

(Aliustaoglu et al., 2009; Binsaeid et al., 2009; Ghosh et 

al., 2007; Gierlak et al., 2017; Heinemann et al., 2007; 

Heinemann and Hinduja, 2012; Patra, 2011; Pv et al., 2015; 

Renganathan et al., 2015; Salgado and Alonso, 2006) 

Crest Factor (CF) CF = RangeRMS  
(Binsaeid et al., 2009; Scheffer and Heyns, 2001; Sun et 

al., 2004)  

Arithmetic mean ��̅ �̅ = 1+ , �'
-

'.�  

(Aliustaoglu et al., 2009; Bhattacharyya et al., 2007; 

Binsaeid et al., 2009; Caggiano et al., 2017; Dong et al., 

2006; Ghosh et al., 2007; Gierlak et al., 2017; Heinemann 

and Hinduja, 2012; Kim and Ahn, 2002; Salgado and 

Alonso, 2006; Scheffer and Heyns, 2004, 2001; Sun et al., 

2004; Zhu et al., 2009) 

Variance (σ2) 2
 = 1+ − 1 ,��' − �̅
-
'.�  

(Aliustaoglu et al., 2009; Binsaeid et al., 2009; Dong et al., 

2006; Gierlak et al., 2017; Heinemann and Hinduja, 2012; 

Kim and Ahn, 2002; Salgado and Alonso, 2006; Scheffer 

and Heyns, 2004, 2001; Zhu et al., 2009) 

Skewness (Sk) Sk = 1+ ∑ ��' − �̅5-'.� 25  

(Binsaeid et al., 2009; Dong et al., 2006; Gierlak et al., 

2017; Salgado and Alonso, 2006; Scheffer and Heyns, 

2001; Shuaib, 2018; Zhu et al., 2009) 

Kurtosis (Ku) Ku = 1+  ∑ ��' − �̅8-'.� 28  
(Binsaeid et al., 2009; Gierlak et al., 2017; Scheffer and 

Heyns, 2001; Shuaib, 2018; Zhu et al., 2009) 
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capability of identifying and isolating certain frequency components (Ambhore et al., 2015). 

In process monitoring, this is particularly useful when analysing complex signals made up of 

various components, as it helps to separate the frequencies that are most representative of the 

process from those that do not add meaningful information and, hence, can be filtered out. 

Frequency domain analysis is commonly applied when assessing vibration signals (Balaji et 

al., 2018; Gierlak et al., 2017; Liu et al., 2018; Patra, 2011), AE (Binsaeid et al., 2009; Haber 

et al., 2004; Karimi et al., 2015; Patra, 2011) and sound signals (Robben et al., 2010).  

With regards to feature extraction, the use of the Fourier coefficients is avoided due to spectral 

leakage (Teti et al., 2010). Instead, other parameters are commonly considered, such as the 

amplitude of main spectral components (Balaji et al., 2018; Gierlak et al., 2017; Robben et al., 

2010), signal power and energy in frequency band (Binsaeid et al., 2009; Sun et al., 2004; 

Tangjitsitcharoen, 2009), and statistic parameters of the power spectrum (Binsaeid et al., 2009; 

Gierlak et al., 2017; Sun et al., 2004). The main limitation of frequency domain analysis is that 

it averages the frequency components of the signal over its entire duration, with constant 

resolution. Although this is not of particular concern when assessing stationary signals, 

frequency analysis fails to adequately depict the characteristics of transient components in 

nonstationary signals (Bhuiyan and Choudhury, 2014). For example, Arul et al. (2007) 

performed frequency domain analysis on the recorded AE during drilling of glass fibre 

reinforced polymers. The authors found the dominant peaks of the AE frequency spectrum to 

range from 30 kHz to 150 kHz during machining of the workpiece. After drilling of the thirtieth 

hole however, sudden rises in signal amplitude were noticed at 70 kHz, suggesting that the tool 

had started to wear out considerably. If a similar analysis were to be carried out on a multi-

material stack, which is the workpiece of interest in this PhD project, it would not be possible 

to distinguish which frequency peaks are characteristic of the cutting of each of the materials, 

as the signal frequency components would be averaged throughout the entire drilling cycle. 

To better characterise the spectral behaviour of nonstationary signals, time-frequency domain 

analysis is used. According to Teti et al. (2010), amongst the various methods that can be 

applied to perform time-frequency domain analysis, Short-Time Fourier Transform (STFT), 

Wavelet Transform (WT) and Hilbert-Huang Transform are particularly common. A short-time 

Fourier transform performs separate fast Fourier transforms on the signal for consecutive time 

intervals, thus allowing one to analyse the frequency spectrum of the signal as a function of 

time. Liu et al. (2018) performed short-time Fourier transform on the recorded vibration signal 

to study candlestick drilling of glass fibre reinforced laminates. In their offline time-frequency 
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domain analysis, they observed that the vibration signal was found to be highly related to the 

drilling process, and that the inner tip angle played a major role on the delamination damage at 

borehole exit. 

The main limitation of short-time Fourier transforms is that the width of the time interval 

establishes both the temporal and spectral resolution. For this reason, when a narrow time 

interval is required to detect rapid changes in the signal (high time resolution), it will be 

impossible to detect frequency components below a certain limit (low spectral resolution). For 

the same reason, if a large time interval is required to detect low frequency components (high 

spectral resolution), sudden variations in the signals may not be recognised (low time 

resolution). The wavelet transform overcomes this limitation by adapting the time interval 

width depending on the frequency component to be analysed (Mallat, 1989), using larger 

intervals for lower frequencies and narrower intervals for higher frequencies. Furthermore, 

using wavelet transforms allows one to reconstruct the transformed signal in the time domain 

entirely by performing inverse wavelet transformation (Klocke, 2011). This is not possible 

when carrying out transformations based on the Fourier transform, in which the temporal 

information of the signal is lost. Numerous variations of the wavelet transform, such as the 

discrete wavelet transform (Bhattacharyya et al., 2007; Sun et al., 2005) and the wavelet packet 

transform (Karimi et al., 2015; Patra, 2011) have been used for process monitoring purposes.  

The Hilbert-Huang transform, established by Huang et al. (1998), is another method for 

carrying out time-frequency analysis, dedicated to nonstationary and nonlinear signals. Unlike 

the short-time Fourier transform and the wavelet transform, which can be considered 

theoretical tools, the Hilbert-Huang transform follows a more empirical approach, were an 

algorithm is applied to a data set. The results are subsequently plotted in time-frequency 

distributions called Hilbert spectra (Teti et al., 2010). Numerous researchers (Bakker et al., 

2015a; Bassiuny and Li, 2007; Kalvoda and Hwang, 2010; Kuo et al., 2017) have successfully 

used Hilbert-Huang transforms for monitoring manufacturing processes. 

2.2.3 Decision-making 

The selection of an appropriate decision-making strategy is of crucial importance to ensure the 

reactivity and reliability of a process monitoring system. According to Klocke (2011) the 

simplest form of decision-making technique is the use of stable thresholds. When using this 

technique, signals are recorded during undisturbed machining in a preliminary analysis, in 

order to define a reference profile, based on which thresholds are then set to the extracted SFs. 
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When any of the SFs exceed their corresponding thresholds, the system can trigger pre-defined 

actions. Monitoring strategies employing stable thresholds have been used, amongst others, by 

Hsu et al. (2001), Heinemann and Hinduja (2012) Fang et al. (2015) and Renganathan et al. 

(2015). A more sophisticated monitoring approach relies on dynamic thresholds, where a 

moving average is computed on a recorded reference profile. This moving average is then 

correlated to a certain percentage addition and reduction, which act as dynamic thresholds for 

the triggering of process incidences (Klocke, 2011). Examples of stable and dynamic 

thresholds are shown in Figure 15. 

 

Figure 15: Examples of stable and dynamic thresholds (based on Klocke, 2011). 

Although studies on using alternative ‘intelligent’ decision making techniques have been 

reported on in the literature for quite some time (Teti and Kumara, 1997), the development of 

such techniques is accelerating rapidly, with artificial intelligence-based algorithms being 

increasingly employed for process monitoring (Caggiano et al., 2018a, 2018c). Specifically, 

fuzzy logic and artificial neural networks (NNs or ANNs) were found to be popular decision-

making techniques reported on in the literature. Fuzzy logic is based on the fuzzy set theory 

(Zadeh, 1965). In a fuzzy set, elements are contained with a partial degree of membership and 

without precisely described boundaries. Fuzzy set elements can be any real number between 

two set values (usually 0 and 1). Fuzzy sets aim to formalise making rational decisions in an 

environment of partiality of truth and possibility (Zadeh, 2008). For this reason, they are 

fundamentally opposed to the Boolean logic, in which the truth values of variables may only 

be the integer values 0 or 1. The input data are first ‘fuzzified’, i.e. membership functions are 

applied to quantify their degree of membership to a certain variable (e.g. material hardness). 

An example of the membership functions utilised in a tool condition monitoring system is 

shown in Figure 16. A number of ‘if-then’ rules is subsequently applied to the input data (e.g. 

IF (material hardness is high) THEN (cutting speed is low)). The results of these rules are 

combined to obtain a final ‘fuzzy’ result, which can be ‘defuzzified’, using a variety of 

algorithms, to obtain a final ‘crisp’ output (Hashmi et al., 2000). Fuzzy logic systems have been 

applied as decision-making methods for various process monitoring applications, as for 
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example by Kanish et al. (2014) to predict the improvement of surface roughness in magnetic-

field-assisted abrasive finishing and by Cuka and Kim (2017) for monitoring tool condition in 

end milling.  

 

Figure 16: Fuzzy logic membership functions for tool condition monitoring system (Aliustaoglu et al., 

2009). 

An artificial neural network is a computational architecture which aims to replicate the 

functioning of a biological neural network. According to Dornfeld and DeVries (1990), the 

three characteristics that artificial NNs share with biological NNs are: (i) they are made up of 

a large number of simple processing elements, called neurons, which work in parallel; (ii) each 

neuron is connected to various other neurons, and (iii) the overall functionality of the NN is a 

result of the strengths of the connections between neurons. These can be adjusted during a 

learning phase. The use of efficient training methods is of crucial importance to use NN 

effectively (Sun et al., 2006). A popular learning algorithm is back propagation, in which a 

training set of input and expected output patterns is fed to the NN, as shown in Figure 17. The 

strength of the connections (weights) between neurons is then manually adjusted based on the 

error, i.e. the difference between the NN output and the expected one. The process is then 

repeated in an iterative fashion by feeding not-before presented sets of inputs and adjusting the 

weights until the error is minimised (Dornfeld and DeVries, 1990; Rumelhart et al., 1986). 

Unsupervised training methods, where the NN is only fed sets of inputs and learns to group 

data based on recurrent features, are also available (Teti et al., 2010). 
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Figure 17: Back propagation learning mechanism in neural networks (Benardos and Vosniakos, 2003). 

Neural networks have been extensively used in process monitoring. Jemielniak et al. (1998) 

used NNs with back propagation to assess tool wear based on thrust force, torque and AE 

signals recorded during turning. They found that training these networks can quickly lead to 

overtraining and the deterioration of their response. To avoid this, the authors suggest 

introducing random distortions in the network weights, or to distort the weights by the same 

amount, alternating between additions and subtractions. Pani and Mohanta (2015) investigated 

the performance of three NN models (back propagation, radial basis function, generalised 

regression) in estimating the product size in cement grinding, and the back propagation NN 

was found to generate the most accurate results for output prediction of unknown data. More 

recently, Mikołajczyk et al. (2018) used flank wear images as an input to NNs to automatically 

measure tool wear and predict the remaining tool life in turning. Although the proposed system 

yielded higher errors than direct measurements, their work proves the feasibility of automatic 

tool wear monitoring by combining image recognition software with NNs. As noted by Teti et 

al. (2010), audible signals appear to be amongst the most relevant input for NNs, given that the 

NN would replace the operator’s ability to correlate sound information to a particular process 

condition. Interestingly, however, Rubio and Teti (2009) appear to be the only researchers 

having conducted work in this area. Even though the results obtained in experimental studies 

are very promising, it is important to recognise that NNs require expensive training in order to 

become effective decision-making techniques (Ripley, 1996). This can often be a significant 

limitation that prevents NN from being adopted in industrial applications on a large scale. In 
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addition, it should be considered that the sets fed into the NN during the training stage are often 

representative of lab conditions. On the shop floor, there are various other factors that can 

influence the actual output of a certain system, yielding results that may contrast those given 

in the training sets, thereby resulting in ‘overfitting’ (Goodfellow et al., 2016). In scenarios 

where this is the case, the NN may struggle to find the right correlation and, thus, fail in its 

monitoring purpose.  

Fuzzy logic and NN theory can be combined to create neuro-fuzzy decision-making methods. 

In these, logic rules with adequate membership functions are created using a fuzzy interference 

system, the parameters of which are tuned by NNs after a suitable training process (Jović et al., 

2017). Saw et al. (2018) used a neuro-fuzzy interference system to predict tool wear and 

optimal cutting parameters when drilling mild steel. The system, which compromised of a five-

layer NN trained by ‘if-then’ fuzzy rules, uses the drill diameter, feed rate, spindle speed as 

well as the average thrust and torque, measured with a dynamometer, to provide an estimate of 

the tool flank wear. According to the authors, thrust and torque data are the most effective 

inputs for tool wear prediction, but spindle speed, feed rate and drill diameter also appeared to 

be suitable inputs. 

2.3 Process monitoring applications 

2.3.1 Tool Condition Monitoring (TCM) 

Tool Condition Monitoring (TCM) is by far the most investigated process monitoring 

application in drilling. Heinemann and Hinduja (2012) developed a TCM system for small 

diameter twist drills in deep-hole drilling (diameter 1.5 – 3.5 mm, 10 x D) of carbon steel (AISI 

1045). In their study, mean and variance in time domain were extracted as SFs from the 

recorded AE (in RMS form) and spindle power signals. To enhance the change in SFs and 

improve the TCM system’s reliability, signal segmentation was performed. This resulted in 

SFs to be extracted from the signals only in certain phases of the drilling cycle, for example 

towards the end of the drilling cycle, as it was observed that the impact of tool wear on the 

selected features increases with borehole depth. The SFs were then compared to reference 

values, recorded during drilling of holes 25-30, as the first 25 drilling cycles were not taken as 

reference since brand new tools exhibited a running-in period. An alarm indicating imminent 

tool failure was triggered if five SFs exceeded their prescribed thresholds twice within the last 

10 drilling cycles. This helped avoiding alarms being triggered due to singular phenomena 

causing sudden variations in the SFs which were not correlated to tool wear, e.g. chip clogging. 
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This paper suggests that the use of a single signal in combination with one SF could lead to 

pre-mature warnings, as a result of random signal fluctuations typical for drilling. It is however 

questionable whether this was a result of the rather large borehole depth (10 x D), which is 

considerably greater than the majority of the boreholes drilled in the aerospace sector.  

Aliustaoglu et al. (2009) used sensor fusion and fuzzy logic to predict tool wear in drilling. In 

their study, thrust force, torque, vibration and airborne sound were measured using a 

dynamometer, accelerometer and microphone, respectively. Statistical parameters (mean, 

maximum, RMS and standard deviation) for each of these signals were then fed into a two-

stage fuzzy interference system. In the first stage, each signal was processed separately by a 

dedicated fuzzy model. The crisp outputs were then used as inputs for another (i.e. second 

stage) fuzzy model, whose single crisp output was then compared to threshold values in order 

to determine whether the tool was sharp, workable or dull. The results obtained by the authors 

are in agreement with Heinemann and Hinduja (2012) and further demonstrate the benefits of 

using multiple sensors during process monitoring, as different signals often have varying 

sensitivities to the phenomena that are to be monitored. For example, the thrust force and torque 

were found to be particularly sensitive to tool wear, whilst airborne sound was found to be the 

best indicator for detecting tool breakage.  

Patra (2011) developed a tool wear monitoring system based on AE signals acquired during 

drilling of mild steel. The signals were first band-pass filtered to limit noise from low frequency 

vibrations (500 Hz - 50 kHz). The upper bound of the filter was set in order to limit data storage 

and memory retrieval, thereby reducing the required computing resources. After being filtered, 

the signal was analysed in both time and time-frequency domain, using two back propagation 

NNs to predict tool wear. In addition to the process parameters (tool diameter, spindle speed 

and feed rate), the NN operating in the time domain also used AE RMS values as input, whilst 

the NN operating in the time-frequency domain used two wavelet packet features. According 

to the experimental results, tool wear monitoring using wavelet packet features led to more 

accurate tool wear predictions when compared to those obtained by using time domain features. 

It is pertinent to note that, due to the offline nature of the analysis, the authors were not 

restricted by the amount of time required to process the recorded data. Therefore the fact that 

wavelet packet transforms requires significant computing resources, particularly when 

performed on high frequency AE signals, was of no concern in their study. The processing time 

may however constitute a significant limitation for the implementation of an online monitoring 

strategy.  
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Corne et al. (2017) conducted research in order to ascertain whether the spindle power recorded 

by a power meter fitted to the spindle motor can be used as a substitute for the thrust force and 

torque recorded using a dynamometer when predicting tool wear in drilling of a Nickel-based 

super alloy (Inconel 625). For this, spindle power, thrust force and torque were fed through two 

separate but identical NNs after being amplified. Tool wear was predicted by correlating the 

power data, thrust force and torque to the drilling parameters (cutting speeds and feed rate), 

and was then validated against the actual wear measured with an optical microscope. The NN 

which used the dynamometer data as inputs produced slightly more accurate results, which the 

authors attribute to the fact that the power meter was affected by power losses due to spindle 

inertia and friction, as well as chip jamming. Using the power meter allowed carrying out online 

TCM within an error range of 0.8–18%. Overall, the authors’ findings indicate that the 

measurement of power is a practical alternative to measuring the thrust force and torque 

directly, as power and current transducers can easily be implemented in industrial applications 

without affecting productivity and machine fragility.  

2.3.2 Process monitoring in drilling of aerospace stacks 

Focusing on process monitoring in drilling of aerospace stacks, Caggiano et al. (2017) 

monitored both the thrust force and cutting torque to predict tool wear during drilling of 

CFRP/CFRP stacks. In their work, segmentation was performed on the recorded signals to only 

extract information when the tool is actually removing material. The authors believe that the 

high scatter present in the recorded signals is a result of the alternation of several cutting 

mechanisms due to the varying fibre cutting angle, an observation also made by Bonnet et al. 

(2015). After segmentation, Caggiano et al. carried out a frequency domain analysis on the data 

using fast Fourier transforms. Several peaks were detected at frequencies in the range of 

100 Hz – 400 Hz for both the thrust and torque signals. Again, they believe this to be due to 

the different cutting mechanisms taking place during drilling of CFRP. The authors also noticed 

that the amplitude of many of the observed peaks increased gradually with tool wear, 

suggesting a potential correlation. The peak amplitudes, which were statistically found to 

exhibit the strongest correlations with tool wear, were then used as SFs to be fed into a NN, 

which predicted tool wear through pattern recognition algorithms. Specifically, two sets of 

inputs were assessed: the first one contained SFs extracted only from the thrust force signal, 

while the second comprised features extracted from both the thrust and torque signals. The 

latter was found to achieve better results due to its inclusion of features extracted from more 

than one signal, thereby resulting in a more complete representation of the cutting process. 
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These results support the claim made by Aliustaoglu et al. (2009) that extracting features from 

different signals is beneficial to the reliability of the monitoring system.  

More recently, Caggiano et al. (2019) monitored the thrust force and torque during drilling of 

Aluminium/CFRP stacks, analysing the recorded signals in both the time and frequency 

domain. The authors reported an increase in both the thrust force and torque with increasing 

wear, but they also pointed out that the latter was found to be more strongly correlated to the 

tool wear condition. Although this study strongly supports the suitability of both time and 

frequency domain analysis to aid the fundamental understanding of drilling applications, the 

analysis of frequency domain features could require excessive computing resources to be used 

in online monitoring systems capable of detecting a process incidence and initiating a 

corresponding reaction in quasi real time. This is possibly why, when developing a tool 

condition monitoring system capable of forecasting tool flank wear online in a different 

research work (Caggiano et al., 2018b), the authors selected only time domain features as an 

input to the decision-making system.  

Möhring et al. (2018) used AE to investigate drilling of CFRP/Aluminium stacks. According 

to the authors’ findings, the different cutting mechanisms taking place in the two workpiece 

layers causes the AE generated during drilling of aluminium to be generally lower when 

compared to the AE generated when machining of CFRP, as shown in Figure 18. Furthermore, 

while machining of CFRP was dominated by relatively homogenous AE, drilling of aluminium 

was characterised by stochastic impulses, which the authors attribute to friction between the 

drill and borehole wall, as well as chip breakage and jamming. Drill exit from the aluminium 

layer and tool retraction were characterised by substantial increases to the AE across the whole 

frequency spectrum, which the authors believe is a result of burr formation-related phenomena 

and jamming of chips that are still within the drill’s flutes. The research work also included an 

assessment of tool wear, which was not found to yield significant variations in the generated 

AE.  
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Figure 18: AE signal in drilling of CFRP/Al stacks; 

(a) time domain (b) time-frequency domain (H.-C. Möhring et al., 2018). 

Kimmelmann et al. (2019) investigated exit burr formation when drilling CFRP/Aluminium 

stacks using AE. The AE signature was assessed by linking it to images captured by a high 

speed camera, in order to correlate different stages of the burr formation process to variations 

in the AE signal. The tests were carried out with tools exhibiting two different point angles 

(104° and 180°), which according to Dornfeld (1994) cause different burr formation 

mechanisms. After performing a time-frequency analysis via the application of short-time 

Fourier Transforms, the authors identified variations in the dominant frequiencies of the 

recorded AE during the burr formation process. Once the last layer was penetrated, effectively 

changing the workpiece geometry, the considerable change in workpiece dynamic properties 

resulted in substantially lower frequencies of the recorded AE. This reduction was found to be 

more easily identifiable for the tool exhibiting the larger point angle due to the sudden breakage 

of the burr cap, as opposed to the more gradual peeling process characteristic of the tool with 

the smaller point angle. For this reason, the proposed method to estimate the generated burr 
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height based on the time during which the AE frequencies characteristic of the burr formation 

mechanisms are present was found to yield acceptable results only for the tool exhibiting a 

larger point angle. This study highlights the effectiveness of AE as a process signal to allow 

for a fundamental understanding of the stack drilling process, as well as its potential use for 

process monitoring applications. It is pertinent to note that in their study, the authors selected 

tool point angles that represent the extremes of the range commonly used in drilling operations. 

It is possible that tools exhibiting more traditional point angles (e.g. 120-150°) result in a 

combination of different burr formation mechanisms and, consequently, lead to a more 

complex AE signature. 

Another investigation on the effect of tool wear on AE in drilling was conducted by Mascaro 

et al. (2005), using CFRP/Titanium stacks as the workpiece material. During drilling of the 

CFRP layer, it was observed that an increase in tool wear resulted in a reduction in AE across 

the entire frequency spectrum. The authors attribute this to the increase in drilling time as a 

result of the rounding of the cutting edge corners (i.e. tool wear), which appears to have been 

made possible by the use of an electric drilling device for the experiments, for which 

unfortunately the authors failed to provide any detail. The reported reduction in feel velocity is 

unlikely to occur when using traditional computer numerical control (CNC) machining centres 

or state-of-the-art automatic drilling units, as these are capable of maintaining a constant feed 

rate.  

Angelone et al. (2019) used a thermographic camera to monitor the tool and composite 

temperature during drilling of Aluminium/CFRP stacks, in order to optimise the machining 

parameters. Although temperature monitoring allowed for a fundamental understanding of the 

possible temperature-related defects in the composite, it was only limited to the underside of 

the composite layer. Thus, thermographic cameras appear to be unsuitable for online detection 

of process incidences throughout the drilling cycle as the cutting temperature information is 

restricted to either the initial or final stage of the drilling cycle, i.e. tool entry or exit.  

2.3.3 Tool position monitoring 

Tool position monitoring was found to be a popular topic on process monitoring of stacked 

structures, which can be attributed to the fact that the ability to detect tool engagement, material 

transition and tool disengagement is a fundamental requirement to achieve adaptive drilling 

when machining stacked assemblies. Portillo et al. (2012) developed a monitoring system using 

spindle power as an input to detect material transition and predict tool wear when drilling stacks 
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comprising aluminium, cast iron and steel. To identify material transition, the specific cutting 

force (Kc) of the machined material is calculated using the following equation:  

   

                   9: = ; × =:>?@A (2) (Portillo et al., 2012)  

where PC is the measured spindle power (kW), f is the feed rate (mm/rev), D is the drill diameter 

(mm), n is the rotational speed (rpm) and A is a constant used to output KC in ISO units. 

Depending on the computed specific cutting force, the workpiece material being machined can 

be deduced. Additionally, to determine tool wear, the average power consumption per drilling 

cycle was measured and compared to the average power required during the first drilling cycle, 

i.e. with a new tool. The authors observed that as the cutting edges wore out an increasing 

amount of power was required to cut the material. Using this knowledge, the authors devised 

a system that triggered an alarm once the average power required for a drilling cycle exceeded 

a certain threshold, to flag imminent tool failure. The research conducted by Portillo et al. 

suggests that relying on single SF can lead to success, but it is pertinent to note that the material 

layers chosen by them exhibit very different properties, so much so that the differences in 

specific cutting energy are significant. The use of stacks comprising materials that are more 

similar in terms of their mechanical properties might render the proposed approach less useful. 

Another limitation of the above monitoring technique is that if the power required for a 

particular drilling cycle increases for a reason other than tool wear (e.g. chip jamming), the 

system could mistakenly display an imminent tool failure alarm, or erroneously detect a 

material transition. To avoid this, as suggested by Heinemann and Hinduja (2012), false alarms 

can be limited by increasing the number of SFs used as input to a process monitoring system.  

Renganathan et al. (2015) used AE recorded both in RMS and filtered (50 kHz – 1MHz) form 

to monitor tool position during drilling of CFRP/Titanium stacks, see Figure 19. While both 

signals are fairly stable during drilling through the upper layer (CFRP), several transient peaks 

were recorded during drilling of the lower layer (Titanium), which according to the authors 

was a result of collisions between the titanium chips and the borehole wall, chip breakage and 

chipping of the tool’s cutting edges. Even after the tool had broken through the bottom surface, 

the signal remained fairly noisy, which the authors believe was due to chips travelling upwards 

and rubbing against the drill flutes and borehole wall. To detect incidences in the drilling cycle, 

an algorithm was developed to calculate the AE crest factor and compare it against stable 

thresholds. When the magnitude of the crest factor was found to exceed a threshold, the 
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respective process incidence was detected. The authors noticed a delay from the actual point 

of tool engagement and material transition to when the system detected it (less than 0.1 seconds 

for tool engagement and around 0.4 seconds for material transition). Specifically, in the 

material transition phase, the crest factor was noticed to rise suddenly only once the cutting 

edges were fully engaged in the lower titanium layer. This contributed to increasing the delay 

between breakthrough of the drill tip and material transition detection. The authors failed to 

detect tool disengagement, which they believe was a result of the particularly noisy AE signal 

during tool exit. Although the authors claim to have successfully designed a monitoring system 

to detect tool engagement and material transition, the fact that both chip jamming and tool wear 

majorly affect AE (Heinemann, 2004; König et al., 1992) questions this system’s ability to 

function correctly over the entire tool life.  

 

Figure 19: AE RMS and AE band pass filtered, together with the actual time of process incidences, for 

one drilling cycle (Renganathan et al., 2015). 

Neugebauer et al. (2012) and Wertheim et al. (2012) also used AE signals for monitoring drill 

position when drilling stacks comprising an aluminium and CFRP layer, in order to identify 

tool engagement, material transition and tool disengagement. In their experiments, a twist drill 

and a step drill were employed, and both stacking sequences (i.e. CFRP/Aluminium and 

Aluminium/CFRP) were investigated. Prior to being fed to the relevant decision-making 

algorithms, the AE signal was converted into RMS form and low-pass filtered. To detect tool 

engagement and disengagement, an algorithm based on detecting large gradients of the AE 

signal, which suddenly increases when workpiece cutting begins and decreases rapidly when 

the tool exits the workpiece, was employed. To detect material transition, the gradient and 

average of the AE signal recorded since tool engagement was computed together with the 
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gradient and average of the last 30 AE measurements, and these were compared against three 

predefined stable thresholds. The system detected a material transition once the conditions for 

a local minimum were met. In contrast to the stacking sequence, which was not found to 

significantly influence the system’s accuracy and reliability, the use of the stepped drill resulted 

in an increase in reliability, which according to the authors is due to the larger time window 

available to recognise each of the incidences before the full tool diameter was engaged. Overall, 

the authors state that the system was able to detect incidences with a delay time of a few 

hundred milliseconds. However, drill wear was found to negatively affect the system’s 

accuracy, so much so that after 40 boreholes, its reliability drastically decreased, resulting in 

several non-identified incidences. Although it is clear that further investigation is required to 

study the effect of tool wear on the extracted SFs, the results obtained by the authors 

demonstrate the feasibility of using time domain analysis to monitor drill position. 

Furthermore, the observations made on the influence of tool geometry on the recorded signals 

disclose an area which was not found to be studied extensively in the literature and is thus 

believed to be worthy of further investigation. 

Fang et al. (2015) indirectly measured the thrust force to detect material transition during 

orbital drilling of CFRP/Titanium. In their work, the authors developed a so-called ‘cutting 

force observer’, which monitors the feed-drive motor current and estimates the thrust force by 

calculating the losses within the system. The measurements of the proposed system were found 

to differ by 13% at most when compared to dynamometer readings during drilling of 

CFRP/Titanium stacks. To detect process incidences, the measured cutting force is compared 

to a predicted cutting force. This is calculated using a time-force function F = A ∙ t + B, where 

the parameters A and B are calculated by linear regression of the force values of the previous 

drilling cycles. When the difference between the indirectly measured and the predicted cutting 

force exceeds a set threshold, the incidence detection is triggered. In terms of time delay 

between incidence occurrence and its detection, the results obtained are comparable to those 

recorded by both Neugebauer et al. (2012) and Wertheim et al. (2012). The proposed system 

appears to achieve drill position monitoring of CFRP/Titanium stacks using solely indirect 

monitoring of the thrust force, which would be ideal from an industrial point of view as it would 

avoid employing expensive and fragile sensors. However, it is not clear whether a similar 

method to that proposed by the authors, intended for orbital drilling applications, could be 

employed for process monitoring during conventional drilling. Furthermore, the tools 

employed in the study had a diameter of 6 mm, but the authors failed to provide any information 
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about the spindle’s maximum power output. However, there was a strong degree of similarity 

between the measured cutting force (using a dynamometer) and the calculated force (based on 

the spindle motor current), so much so that both exhibited a similar sensitivity to dynamic 

changes in the process, which suggests that the spindle assembly including motor exhibited 

rather low inertia (Jantunen, 2002). The good correlation of agreement between the measured 

and predicted cutting force reported by Fang et al. (2015) provides evidence that indirect 

cutting force measurements are suitable for process monitoring when using small diameter 

tools. This is further supported by the work carried out by Kakinuma and Kamigochi (2012), 

who similarly to Fang et al. (2015) used a cutting force observer which indirectly measured the 

cutting force based on spindle motor current to determine tool engagement in micro drilling of 

borosilicate glass. The proposed system identified the aforementioned incidence when the 

difference between the measured cutting force and its moving average exceeded a set threshold. 

As observed by the authors, the major benefit of comparing the instantaneous signal to a 

moving average is that it minimises the impact of noise.  

Guerin and Costa (2015) developed a handheld electrical tool with a built-in process 

monitoring system for carrying out process monitoring during drilling of Aluminium/Stainless 

steel stacks, which they patented in 2013 (Guerin, 2013). The system monitors the drilling 

process by measuring the thrust force and torque using a sensor mounted on the spindle axis, 

and adjusts the cutting parameters depending on information recorded. The authors claim that 

the apparatus is capable of detecting tool engagement and disengagement, as well as material 

transition. They also claim that it is simpler to identify the material transition when the tool is 

transitioning from a soft material to a harder one. This, the authors believe, is due to the 

machining of hard materials being characterised by the generation of higher thrust force and 

torque, which in turn results in a higher signal-to-noise ratio. Although this paper is the only 

one reported on in the literature where the authors claim to have achieved the design of a 

process monitoring system for adaptive drilling, they failed to provide details not only about 

how both the thrust force and torque were measured, i.e. directly or indirectly, but also about 

the decision-making methodology employed. Consequently, the lack of information makes it 

difficult to assess the proposed technology and to significantly further the knowledge on 

process monitoring of drilling operations.  

Eneyew and Ramulu, (2014a) made use of a range of signals (thrust force, vibration, AE and 

airborne sound) to estimate the height of the interlayer gap in drilling of CFRP/CFRP stacks. 

The interlayer gap size was determined by measuring the time between the chisel edge breaking 
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through the upper layer and it then making contact with the lower layer, and multiplying this 

time by the feed velocity. The occurrence of tool breakthrough and re-entry was defined 

manually based on the magnitude of the assessed process signals, which were low-pass filtered 

in the post processing phase. The required manual detection could jeopardise the feasibility of 

their approach in an industrial environment, where monitoring systems are required to operate 

online without slowing down the process. The lack of description of aspects related to signal 

processing could also suggest that the authors did not attempt to create an algorithm to automate 

signal processing and feature recognition, but treat their work as a fundamental study focusing 

on making observations between process incidences and changes in signals recorded by various 

sensors, as well as allowing for an estimation of the interlayer gap width, which as discussed 

earlier is a parameter which majorly influences the stack drilling process.  

2.3.4 Monitoring of workpiece damage 

Although extensive work has been carried out on detection of material failure using AE 

(Behrens et al., 2016; Gutkin et al., 2011; Strantza et al., 2017), relatively little research has 

been conducted on online monitoring of workpiece damage in manufacturing processes. One 

of the few studies in this area was conducted by Karimi et al. (2012), who assessed the effect 

of delamination on both thrust force and AE during drilling of composite materials. According 

to their results, both push-out and peel-up delamination bring about an increase in the AE 

amplitude. Moreover, in the case of push-out delamination, the thrust force was also found to 

decrease, but in a stepwise fashion, with each step corresponding to the opening of an additional 

crack. More recently, Karimi et al. (2015) studied the occurrence of matrix cracking, fibre pull-

out and delamination in composite drilling. These phenomena were all found to be major 

sources of AE, which the authors used as the input for a monitoring system designed to identify 

and distinguish them. Through time-frequency analysis carried out by fast Fourier transforms 

and wavelet packet transforms, specific frequency ranges were identified for friction (0-

62.5 kHz), matrix cracking (62.5–125 kHz), delamination (187.5-250 kHz) and fibre breakage 

(312.5-375 kHz). Although the data analysis was carried out offline, it is reasonable to assume 

that an online system could be designed that uses a similar methodology, i.e. recognising 

workpiece damage by assessing the spectral component of the AE signal during certain stages 

of the drilling cycle. The fact that the occurrence of workpiece damage does not require 

instantaneous detection, unlike tool position monitoring where events have to be recognised 

immediately, would make this approach practical for assessing if workpiece damage has 

occurred within a drilling cycle. 
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2.3.5 Other relevant applications 

Relevant findings were also reported on applications that are not directly related to drilling of 

aerospace stacked structures. Eschelbacher et al. (2019) developed a process monitoring 

strategy based on recording AE to recognise different workpiece materials during milling of 

wood and wood-based materials. The strategy was based on defining dominant frequency 

bands for the cutting of different materials, and by comparing them to the recorded AE, after 

conversion in the time-frequency domain via short-time Fourier transform. Different 

thicknesses of the same material were however found to result in different dominant frequency 

bands. To address this, the authors proposed a two-stage strategy in which the workpiece 

material is first identified by monitoring of the frequencies’ normalised amplitude, and at a 

later stage its thickness is estimated based on the frequencies’ absolute amplitude. In their off-

line tests, the authors claim that workpiece detection occurred within 0.4 s from the start of 

machining. However, it is unclear whether the same pre-processing and decision-making 

algorithms could be used online within a similar time frame, the main concern being the 

requirement for high speed sampling (800 kHz) and data processing. Furthermore, the impact 

of tool wear on the generated AE was not assessed. This could influence the recorded signal, 

though not to the same extent as for the cutting of CFRP and metals, and hinder the reliability 

of the process monitoring strategy. 

Lukyanov et al. (2017) developed a monitoring system with a torque threshold for deep-hole 

drilling, to facilitate chip disposal and avoid premature tool breakage. It is not clear whether 

the torque was directly or indirectly measured. During the drilling cycle, when the torque 

exceeded the defined threshold, which was based on the torsional strength of the tool, the 

machine tool halted machining and retracted the drill to allow for chip removal before restarting 

the downwards feed motion. The authors observed that although the use of higher feeds resulted 

in a faster linear speed, it also increased the number of times the torque threshold was exceeded 

and, consequently, the tool had to be retracted. Thus, according to the authors, a trade-off in 

the selected feed velocity is required to minimise the drilling cycle time. Implementing a 

similar monitoring strategy on an adaptive drilling system could potentially yield significant 

improvements in terms of tool life, especially when machining hard materials, such as titanium.  

Min et al. (2011) developed a monitoring system capable of detecting tool-workpiece contact 

to measure tool length and determine the Z-position of the workpiece in micro end-milling 

using tools between 100 µm and 500 µm in diameter. According to the authors, the AE-based 
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system was capable of detecting tool-workpiece contact using the data acquired from the AE 

sensor within 60 ms. The system was tested using a continuous approach, where the tool was 

fed towards the workpiece with a constant velocity of 1 mm/min, and an incremental approach, 

in which the tool progressed in increments of 1 µm, after which tool movement was stopped 

for 200 ms to allow for sufficient signal processing time. Although the former approach greatly 

reduced the time required to establish the workpiece datum, it yielded more extensive 

workpiece surface damage. This was the result of the time required to process the data and, 

thereupon, make the decision about whether contact had been established or not, during which 

the tool continued moving towards (or into) the workpiece. In the case of the latter approach, 

the dwell time of 200 ms was sufficient to analyse the recorded AE signal and make the 

decision as to whether carry on with another 1 micron step or, because contact had been 

identified, abandon any further movement. The authors also observed an increase in contact 

detection accuracy when carrying out experiments on workpieces with higher elastic modulus, 

which they believe is due to the stronger AE signals being produced when deforming hard 

materials. The negative aspect of workpiece damage is less of a concern when trying to 

establish tool engagement in drilling, as the damaged material would be directly underneath 

the tool and, thus, would be machined away straight after contact detection. For this reason, 

the use of dwell times to allow any monitoring system to analyse the data before carrying on 

with a tool movement would be of significantly less benefit, as long as the impact does not 

cause any damage to the tool or the workpiece beyond the hole perimeter.  

In the field of adaptive control, Oyelola et al. (2020) developed an adaptive control system for 

the machining of Ti6Al4V when postprocessing components manufactured by directed energy 

deposition. In their work, the forces recorded by a 3-axis dynamometer were fed to a 

microcontroller which used proportional integral derivative (PID) control to adapt the feed rate 

and spindle speed of a CNC machining centre, to minimise subsurface deformation of the 

workpiece material and minimise machining chatter. Similar studies were carried out for other 

manufacturing processes, such as welding (Kershaw et al., 2021) and turning (Fallah and 

Moetakef-Imani, 2019). 

In the area of biomedical applications, Hsu et al. (2001) developed a bone drilling system 

capable of discriminating between layers of different tissue, by monitoring the electric current 

consumed by the drilling spindle, i.e. indirectly measuring the cutting torque. In the proposed 

monitoring system, stable thresholds are specified, so that when a sudden drop in the signal is 

recorded, i.e. when the tool enters a layer of softer tissue, power supply to the drill is cut off, 
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thereby limiting the damage to nearby areas which are not meant to be removed. More recently, 

Schwarz et al. (2015) designed a monitoring system that uses a resistance-sensitive sensor 

integrated into the drill bit used for implant osteotomy, with the aim of preventing the drill 

from cutting into softer tissue. The sensor slightly protruded beyond the tip of the drill and, 

thus, allowed the system to detect whether the drill was about to penetrate into softer tissue, in 

which case the power to the drilling unit was cut-off. Although the authors’ idea appears to be 

highly effective with regards to drilling soft material such as bone tissue, integrating a sensor 

into the tip of the tool would be detrimental to the tool’s capability to remove aerospace 

materials, which are significantly harder. This is because the area where the sensor is located 

will most likely not exhibit any cutting teeth and, therefore, will not be able to remove the 

material. 

2.4 Systems available on the market 

Apart from the process monitoring systems reported on in the previous sections, which have 

been primarily designed and used in an academic context, certain companies have been 

providing process monitoring systems for industrial applications. Unfortunately, most of the 

manufacturers tend to only highlight the capabilities and advantages of their products, while 

being very careful in disclosing information about the devices’ actual functioning and 

limitations. Thus, relatively little information could be gathered on the details of the process 

monitoring techniques used in the products reviewed. 

Techna-tool developed a TCM unit, 'TC-USB’ (Techna-Tool, 2018), capable of measuring true 

power consumption (i.e. total power consumption minus idle consumption) of a machine 

spindle or axis drive. Based on the power consumption recordings, the company claims that 

the system is able to predict whether the tool is either new, worn-out or broken, and to stop 

operation if required. As shown in Figure 20, the monitoring system appears to be based on 

stable thresholds which, when exceeded, trigger either a ‘blunt’ or ‘broken tool’ alarm. The 

figure also suggests that the supervision window begins after a finite amount of time has 

passed. This start delay could help avoid the triggering of false alarms due to increases in power 

consumption as a result of spindle switch-on. The unit is also equipped with an accelerometer, 

to verify whether the experienced vibrations by the spindle fall within a pre-defined range. If 

the recorded vibration falls outside this pre-defined range, the system outputs a fault that 

immediately stops the machine. Based on the true power consumption measured on the spindle, 
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the system allegedly is also able to trigger a similar reaction if the job setup is not carried out 

correctly (e.g. due to a missing tool or an already machined workpiece).  

 

Figure 20: TC-USB unit and power consumption monitoring example (Techna-Tool, 2018). 

According to its manufacturer, the process monitoring system ‘Genior Modular’ developed by 

ARTIS (Artis, 2019) is capable of capturing and processing digital signals recorded directly 

from a machine’s control unit, carrying information about the power consumption of both 

spindle and feed drives. Allegedly, the system can be integrated into various machines and 

expanded to accommodate additional sensors or control modules, thanks to its modular nature. 

In addition to displaying the measured signals online, its monitoring algorithm can 

automatically stop the machine if power consumption thresholds set for the recorded signals 

are exceeded. Similarly, Nordmann Tool Monitoring (Nordmann, 2020) proposes different 

process monitoring units and sensors for tool monitoring applications. Based on the monitored 

signals and required system reactivity, the monitoring unit can use stable and dynamic 

thresholds to quantify tool wear, detect tool failure and control workpiece measurements.  

The latest generation of electric portable drilling units for automated drilling applications is 

capable of some basic adaptive drilling capabilities (Fives, 2020; Lübbering, 2020; Seti-tec 

Desoutter Industrial Tools, 2020). According to the manufacturers’ specifications, the drilling 

units are capable of adjusting the cutting parameters when drilling different layers of a multi-

material stack by measuring the current flowing in the motor(s) driver and comparing it against 

pre-specified thresholds, which have to be set by the operator prior to usage.  

Overall, as shown by the reviewed products, it is extremely difficult to gain information on the 

functioning and effectiveness of the process monitoring systems currently used in industry. In 

particular, very little details could be gathered on which features are extracted from the signal, 

or how they are processed and analysed. From the available information, it appears however 
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that all the reviewed products utilise simple time domain analysis to carry out process 

monitoring. Given that it is essential that the monitoring system responds to variations in the 

process within a timeframe that allows for counteractions to be taken, simple time domain 

signal processing and decision-making methods are preferred over computing-intensive 

frequency domain transformations to ensure satisfactory reactiveness of the system. 

2.5 Conclusions 

The literature review revealed that machining of materials commonly used in aerospace stacked 

structures, i.e. aluminium, titanium and CFRP, is characterised by different cutting 

mechanisms. For this reason, the recommended cutting parameters vary greatly. Drilling multi-

material stacks with the same cutting parameters throughout the drilling cycle is thus not 

desirable. Instead, utilising specific cutting parameters for each of the different material layers 

a stack comprises would lead to substantial gains in terms of both borehole quality and tool 

life. The literature review has also revealed several challenges related to drilling of multi-

material stacks which would benefit from further investigation. 

The literature agrees that for some sensors, particularly accelerometers, microphones and AE 

sensors, the best location for placing them is on the tool holder, as it results in a constant 

distance between sensor and cutting point. Additionally, the literature suggests that some 

measurement approaches, albeit producing very accurate results that can greatly aid 

fundamental studies on manufacturing processes, are not believed to be suitable for industrial 

applications due to cost or practical constrains. These include, for example, directly measuring 

thrust force and torque using dynamometers and image-based techniques. 

Process monitoring techniques were found to be aided by frequency and time-frequency 

domain analysis. However, the analysis in either of these domains are currently believed to 

require excessive computing resources for it to be viable in online monitoring systems capable 

of detecting process incidences and initiating corresponding reactions in quasi real time. This 

was further evidenced by the substantial gap between academic studies, which often involve 

sophisticated time-frequency analysis tools, and commercially available process monitoring 

systems, the majority of which appear to rely on relatively simple time domain analysis 

combined with decision-making algorithms based on thresholds. A reduction of this gap in 

response to technological developments in the area of computing, thereby enabling frequency 

and time-frequency domain analysis in online process monitoring using relatively affordable 
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equipment, is possible. However, literature supporting speculation to this regards has not been 

found.  

Finally, the literature review revealed several gaps in the existing knowledge which strengthen 

the motivation for this research work: 

1. Research aimed at investigating interlayer burr formation when drilling stacked materials 

exhibits two major shortcomings. Firstly, the actual width of the interlayer gap throughout 

the drilling cycle was not directly determined, thereby making it difficult to correlate a 

particular gap width to a certain burr height. Because of the setups used in previous 

research, which in many cases involved large plates as workpieces, the established 

relationships between gap width and burr size are specific to the particular setups rather 

than generic and universally applicable. Secondly, the stacks were drilled with the two 

layers in direct contact, and no publication was found where an interlayer medium was 

applied prior to drilling, such as the sealants commonly used in wing box assemblies that 

are needed to prevent fuel leakage. However, in order to achieve one-way assembly, the 

separation of the two layers between drilling the boreholes and inserting the fasteners must 

be avoided, which means that the sealant has to be applied at the stack interface prior to 

clamping and drilling. The presence of this sealant film is likely to affect the width of the 

interlayer gap, consequently resulting in the possibility that it influences burr formation. 

Research is therefore required to allow for an assessment of the impact of interlayer gap 

width on burr formation in a one-way assembly scenario. 

2. When drilling CFRP/metal stacks, the literature recognises the interface between the 

composite and metal layer as the region most vulnerable to severe damage. However, some 

key aspects related to the cutting at and the resulting quality of the interface between stack 

layers still need to be addressed. Due to the difficulty in inspecting the complex tool-work 

interaction, little research has been carried out on the physics governing interface drilling. 

Tool point angle and interlayer gap width were identified as two factors directly affecting 

interface drilling, as these determine the distance over which the drill’s cutting edges are 

simultaneously engaged in both the materials. The impact of either on stack interface 

quality has however not been investigated.  

3. If adaptive drilling is carried out on stacked assemblies, another gap in the knowledge arises 

from the lack of information regarding the point at which the cutting parameters should be 

switched over during material transition. In all the reviewed studies on drill position 
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monitoring in stack drilling, with the exception of Renganathan et al. (2015), the authors 

failed to clearly define the drill position relative to the interface where the parameters are 

changed over, i.e. whether it is the chisel edge breaking through the upper layer, the cutting 

edges being fully engaged in the lower layer, or somewhere in-between. As this is believed 

to play a crucial role, research needs to be conducted to establish a relationship between 

parameter switch-over position and borehole quality.  

4. In the case of publications related to process monitoring, many authors failed to 

appropriately justify the selection of the SFs used in the proposed solutions. Additionally, 

only a few studies seem to have assessed the effect of tool wear on the selected SFs, which, 

based on the findings of those who did, is essential for ensuring a high reliability of the 

adopted process monitoring technique throughout a tool’s life. Thus, fundamental research 

aimed at correlating features of recorded signals to borehole and tool condition, as well as 

the assessment of the validity of these correlations throughout the life of a cutting tool is 

required to develop a reliable adaptive drilling system.  

5. The majority of the reviewed studies on incidence detection during stack drilling were 

conducted on large CNC machining centres, whereas only one paper was found to report 

on this aspect using one of the portable handheld drilling unit typically operated in the 

aerospace industry. Therefore, a gap in the knowledge arises from the question of whether 

the understanding gained from those studies using machining centres can be reliably 

transferred to drilling using portable equipment. The research to be carried out during this 

PhD will consequently provide an insight about how transferrable the already existing 

knowledge (gathered from large CNC machines) is to other (smaller and portable) 

machining equipment.  

6. Although some of the automated drilling units available on the market are equipped with 

process monitoring systems which their manufacturers claim provide some basic adaptive 

drilling capabilities, their effectiveness and reliability in a robust scientific context is 

unknown. Research will thus be conducted to investigate and evaluate the process 

monitoring strategies employed by different manufacturers. This information will be useful 

not only to assess the capabilities of the products currently on the market, but also to aid 

the development of more advanced process monitoring strategies.   
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Chapter 3: Experimental setup 

3.1 Workpiece material and clamping jig 

Three different workpiece materials were used to form the stacks investigated in this research: 

Aluminium 7010, Titanium Ti6Al4V and CFRP. As evidenced by the literature review, these 

materials are commonly used in the aerospace industry to form stacked structures. The 

properties of the three materials are listed in Table 2. 

Table 2: Al 7010, Ti-6Al-4V and CFRP specifications. 

Al 7010 

Condition T651 tempered 

Chemical Composition (%wt) Al 87.9-90.6 Zn 5.7-6.7 Mg 2.1-2.6 Cu 1.5-2.0 Zr 0.1-0.16  

Elastic Modulus 70 GPa 

Tensile strength  570 MPa 

Thermal conductivity  150 W/(mK) 

Ti6Al4V 

Condition Annealed 

Chemical Composition (%wt) Ti 87.6-91 Al 5.5-6.75 V 3.5-4. 5  

Elastic Modulus 110 GPa 

Tensile strength  950 MPa 

Thermal conductivity  7.0 W/(mK) 

CFRP 

Manufacturing method Autoclave cured 

Matrix material Epoxy 

Fibre volume 60% 

Stacking sequence [45°, 135°, 0°, 0°, 45°, 135°, 0°, 0°, 90°, 0°]4s 

Nominal ply thickness 0.254 mm 

Number of plies 40 [enclosed within two M21/1080 glass cured plies] 

The material was supplied in 50 mm x 50 mm coupons. Although the use of large plates would 

have been more representative of aerospace assembly operations, it would have resulted in a 

significant loss of control over the interlayer gap width, not only at different borehole locations, 

which would vary substantially along the length of the component, but also throughout each 

individual drilling cycle. The decision to conduct the experiments using small coupons was 

thus based on the intention to ensure that a pre-set gap width not only can be achieved 

accurately prior to drilling, but that it can also be maintained throughout the drilling cycle and 
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for all boreholes drilled. Calculations revealed that the maximum deflection of the stack during 

a drilling cycle was in the order of 2-3 µm, based on a thrust force of 650 N, determined 

experimentally. Despite the setup being an artificial scenario, the fundamental information 

gathered with regards to the relation between interlayer gap width and burr size can be applied 

to the drilling of larger components, where the interlayer gap is subject to change during a 

drilling cycle, the more the further the hole is located away from the clamping point, as 

observed by Melkote et al. (2010). 

The stack combinations used for the various experimental assessments are listed in Table 3. 

The majority of the experiments were carried out on CFRP/Aluminium stacks, which given 

their widespread use in aerospace assembly applications was selected as the principal 

combination to be investigated. Other stack combinations were also used in some of the 

experiments, as they were found to be better suited to the investigation of the parameters of 

interest. The literature review revealed that burr formation is associated with the drilling of 

metals and does not normally occur when cutting CFRP, thus Aluminium/Aluminium stacks 

were selected as the workpiece material for the assessment of the impact of interlayer gap width 

on interlayer burr formation (Chapter 4). The challenges associated with the cutting of 

CFRP/Titanium stacks, particularly during interface drilling, made this stack combination 

suitable for the investigation of tool point angle and interlayer gap width on interface quality 

(Chapter 5). 

For most experiments, both the top and bottom stack layers had a thickness of 10 mm. In 

Chapters 5 and 6, which focus on the impact of process parameters on interface borehole 

quality, thinner bottom layers were used. It was assumed that this would minimise the amount 

of abrasion of the upper composite layer as a result of the upward-travelling metallic chips 

generated during cutting of the lower layer, which would have made the impact of the 

parameters of interest (i.e. interlayer gap width and parameter changeover position) on 

interface borehole quality less visible. 

The drilling jig used for this research work is shown in Figure 21. A custom-made vice 

comprising a lower steel base (‘vice rest’) and an aluminium frame containing a square cut-out 

(‘vice frame’) was used to clamp the coupons by tightening two M8 screws. The vice rest 

allowed the bottom layer of the stack to rest on a 5 mm wide shoulder on either side, leaving a 

40 mm wide strip below the centre of the stack to permit breakthrough of the drill. For the 

research investigating the impact of interlayer gap width (Chapter 4 and 5), shims (i.e. thin 
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metal strips serving as spacers) were placed in between the two layers to achieve the required 

gap. 

 

Figure 21: Stack clamping jig. 

3.2 Tools and cutting parameters 

Several tungsten carbide tools were employed throughout the research, based on the stack 

composition, drilling equipment used and availability. The specifications of these are listed in 

Table 3. The majority of the experiments were carried out using tools with a diameter of either 

6 mm or 6.35 mm (1/4 inch), which is the most common size used in wing-box aerospace 

assembly (Bagshaw, 2018). When assessing the impact of certain process parameters (i.e. stack 

clamping force, parameter changeover position) on interface quality, tools with a larger 

diameter (14 -15 mm) were used, in order to produce boreholes which could be inspected with 

the metrology equipment available. Although some of the tool geometries exhibited a 

countersink section, only the cylindrical portion of the tools was used, i.e. no countersunk holes 

were drilled. 

With the exception of some of the experiments outlined in Chapter 7, where tool wear tests 

were carried out in dry condition to increase the wear rate, all the cutting tests were carried out 

with a water-based coolant (5% concentration), which was either Accu-Lube LB-4000 

(Viscosity at 40°C: 9 mm2/s,  Density at 20°C: 0.90g/cm3)  or Blaser Blasocut BC 25 MD 

(Viscosity at 40°C: 49 mm2/s,  Density at 20°C: 0.95g/cm3), depending on availability. The 

cutting parameters, i.e. cutting speed and feed rate, were selected based on industrial practice, 

and are included in Table 3.
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Table 3: Workpiece and tooling details for the experimental work. 

Stack 

combination 

Tool 

Manufacturer 

Tool 

Coating 
Tool Geometry 

Cutting speed 

(m/min) 

Feed rate 

(mm/rev) 

Chapter 

No. 

Al/Al 
(10+10 mm) 

Sandvik Uncoated Ø12.7 mm, 140° point, 40° helix, enlarged chip flutes, four-facet with notches 55 0.039 4 

CFRP/Ti 
(10+10/5 mm) 

Walter 

Walter 

Walter 

Walter 

Uncoated 

TiAlCrN 

TiAlN 

TiAlN 

Ø6 mm, 118° point, 31. 5° helix, enlarged chip flutes, four-facet with notches 

Ø6 mm, 140° point, 30° helix, standard chip flutes, six-facet 

Ø6 mm, 150° point, 30° helix, enlarged chip flutes, four-facet with notches 

Ø6 mm, 180° point, 30° helix, enlarged chip flutes, four-facet with notches 

40 

40 

40 

40 

0.1 

0.1 

0.1 

0.1 

5 

CFRP/Al 
(10+6 mm) 

Walter TiAlCrN Ø15 mm, 140° point, 30° helix, standard chip flutes, six-facet 57/95 0.038/0.16 6 

CFRP/Al 
(10+10 mm) 

Walter 

Ham 

Uncoated 

Diamond 

Ø6 mm, 118° point, 25° helix, enlarged chip flutes, four-facet with notches 

Ø6.35 mm, 155° point, 20° helix, enlarged chip flutes, four-facet with notches, with pilot 

40 

40 

0.1 

0.05 
7 

CFRP/Al 
(10+10 mm) 

Unimerco Diamond Ø6.35 mm, 130° point, 30° helix, enlarged chip flutes, four-facet with notches, with pilot 120 0.05 8 

CFRP/Al 
(10+10 mm) 

Walter 

Ham 

Uncoated 

Diamond 

Ø6 mm, 118° point, 25° helix, enlarged chip flutes, four-facet with notches 

Ø6.35 mm, 155° point, 20° helix, enlarged chip flutes, four-facet with notches, with pilot 

40 

20 

0.1 

0.05 
9 
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3.3 Machine tools  

Three different machine tools were used in the research: a CNC machining centre and two 

Airbus-loaned portable electric drilling units. The machining centre was used for the 

fundamental research investigating the impact of process parameters on interface borehole 

quality. The research was later moved onto the drilling units as they allowed for a more accurate 

representation of the industrial application. The machining centre was also used in those 

experiments which required the drilling of a substantial number of boreholes (> 100), as the 

setup for the portable drilling unit only allowed drilling of a few boreholes per hour. An 

assessment on the degree of transferability of results between the machining centre and the 

automated portable drilling units is presented in Chapter 7. 

The machining centre (Takisawa MAC-V3, equipped with a Semer Anlagen Technik minimum 

quantity lubrication system) is shown in Figure 22. To mimic the coolant supply of the portable 

drilling units, the air supply was reduced to its limit (1 bar) during the experiments, to allow 

large drops of coolant to be sprayed directly onto the tool, realising a flow rate of approximately 

2 l/h. It is worth noting that, in contrast to the portable drilling units, the machining centre does 

not provide through-tool coolant supply, thereby making it necessary to supply the fluid 

externally. Given the small depth-to-diameter ratio of the drilled boreholes (< 3.5×D) this was 

not considered to be problematic. To replicate the suction system equipped in many portable 

drilling units, an industrial vacuum cleaner (Vacmaster Power 38 HEPA/VK1638SWC, 1.6 

kW, 240 Air Watts) was incorporated into the experimental apparatus. Assuming the suction 

system was operating at its nominal flow rate (60 l/sec), using a nozzle with a 30 mm diameter 

results in a theoretical air flow speed of approximately 80 m/sec. The location of the coolant 

and suction nozzle are shown in Figure 23. 
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Power 

Spindle drive motor: 5.6 kW 

X-Y feed motor: 0.85 kW 

Z feed motor: 1.2 kW 

Machine capacity 

Table size: 600 x 400 mm 

Table x-y travel: 510 x 400 mm 

Spindle z travel: 300 mm 

Other 

Spindle speed: 30 – 6000 rpm 

Rapid traverse velocity: 4000 mm/min 

Controller: MDSI Open CNC 

Figure 22: Takisawa MAC-V3. 

  

Figure 23: Machining centre auxiliary equipment; [left] coolant-supply unit control box, [right] coolant-

supply and suction nozzles.  

The two portable electric automated drilling units used in the research were a Seti-tec éVo 

Light EDU® and a Fives Light-eADU®. The Fives Light-eADU is shown in Figure 24. The 

main spindle is driven by an electric motor, which also provides the feed motion via a fixed-

ratio gear box. This means that a change of the spindle driver settings (i.e. spindle speed) will 

also change the feed velocity (in mm/s). The spindle speed can be easily changed via the drive 
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unit of the Light-eADU, which effectively controls the speed of the electric motor. The feed 

rate (in mm/rev) in contrast is constant, as it is determined by the gear ratio of the gearbox, and 

can only be changed by manually replacing individual gears. The end-of-stroke and retract 

positions are set by manually adjusting the position of a rear and front stop, respectively. In 

order to facilitate chip breakage and evacuation (Seeholzer et al., 2019) and reduce thrust force 

and torque (Hussein et al., 2019) the unit is equipped with a vibration-assisted drilling module 

(MITIS). Chip suction is provided by connecting the ad hoc inlet, shown in Figure 24, to an 

industrial vacuum-cleaner. To allow for fixing on the workpiece clamping fixture, an 

expanding concentric collet is located on the nosepiece of the drilling unit. The Light-eADU is 

connected via a reinforced cable to a control box which powers the unit and supplies it with 

coolant and compressed air, used for both through-spindle coolant supply and operation of the 

concentric collet. The control box accommodates the driver of the motor, control board, coolant 

pump and pneumatic management system, and communicates via USB to a PC used to set the 

cutting speed and lubrication strategy via the ‘eADU communications’ software. One of the 

software’s interfaces is shown in Figure 25. Further specifications on the drilling unit are 

provided in Table 4. 

 

Figure 24: Fives Light-eADU electric drilling unit.  



77 
 

 

Figure 25: Fives eADU communication software. 

The second drilling unit used was a Seti-tec éVo Light EDU, shown in Figure 26. Its  

specifications are listed in Table 4. The main difference between this unit and the Fives Light-

eADU is that it is equipped with two three-phase electric motors. The rotation of the main 

spindle is determined by the primary motor, which from here on for ease of clarification is 

referred to as the ‘spindle motor’, whilst the feed velocity and direction derive from the 

combination of the spindle motor and the secondary motor, from here on referred to as the ‘feed 

motor’. As a result of its two-motor design, both the spindle speed and feed velocity can easily 

be changed individually via the drilling unit’s motor controllers. An example of the Seti-tec 

software’s interface is shown in Figure 27.  

 

Figure 26: Seti-tec éVo Light EDU electric drilling unit (Airbus, 2019). 
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Figure 27: EVO V2.0.14 software interface. 

Table 4: Seti-tec éVo Light EDU and Fives Light-eADU specifications. 

 Seti-tec éVo Light EDU Fives Light-eADU 

Power 

Nominal power spindle motor 3 kW 900 W 

Voltage max 48 V 350 V 

Current max 70 A 14 A 

Motor/spindle speed ratio  0.79:1 2:1 

Machine capacity 

Spindle speed range 500 – 8000 rpm 375 – 4500 rpm 

Torque 2.2 Nm up to 6500 rpm 1 – 4 Nm 

Vibration-assisted drilling 0.15mm @ 5 osc/rev (Mitis) 0.1mm @ 2.5 osc/rev (Mitis) 

Other 

Feed mechanism Dedicated feed motor Mechanical gear connection 

Coolant supply Through spindle Through spindle 

Feed velocity/rate 0.5 – 13 mm/s 0.03, 0.05, 0.08, 0.10, 0.16 mm/rev 

Motor controller Embedded in control unit Embedded in control unit 

Software EVO V2.0.14 eADU Communication 

 

To carry out drilling tests with the portable drilling units, a rig was designed and manufactured, 

see Figure 28, which comprised a supporting frame to allow for the clamping of the drilling 

unit and a two-axis machine table. The entire jig was mounted on a steel table and encased by 

an aluminium/Perspex enclosure. The top plate of the supporting frame contained a borehole 

to accommodate the drilling unit’s concentric collet as well as two pockets to provide access 



79 
 

to the tightening screws of the stack-holding clamping vice. An industrial vacuum cleaner 

(Numatic Charles CVC370) was incorporated into the experimental rig to provide chip suction. 

When drilling with the tools of diameter 6 mm and 6.35 mm, it was decided to drill 5 boreholes 

in each of the 50 x 50 mm coupons, to meet a balance between coupon utilization and avoiding 

overlapping. 

 

Figure 28: Bespoke experimental rig for testing with portable drilling units. 

3.4 Borehole quality inspection 

To assess the quality of the boreholes produced, four quality indicators were identified: 

borehole diameter, surface roughness, burr height and damage ring. The borehole diameter was 

measured with a coordinate measuring machine (LK G90C, Renishaw TP20 touch trigger 

probe). For each diameter measurement, five points along the borehole circumference were 

recorded. To verify whether the borehole exhibited variations in diameter along the axial 

direction, multiple borehole diameter measurements were taken at different z-heights. The 
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surface roughness of the borehole wall was measured with a surface roughness tester (Hommel 

Waveline W5, Probe T1E, 2μm/90°). For each borehole, three surface roughness measurements 

were taken. Burr height was measured using a contactless profilometer (Nanofocus µscan), 

which performed two line scans across the centre of the borehole, at 0° and 90°, thereby 

measuring the burr height in four locations, i.e. 0°, 90°, 180° and 270°. To quantify the surface 

damage on the CFRP surface, images were taken with an optical microscope (Jenoptik Progress 

C10 Plus), and the damage factor was determined as the ratio between the maximum extent of 

any visible damage (e.g. delamination, fibre pull-out and matrix thermal degradation) and the 

nominal borehole diameter. The equipment used to assess the quality of the produced boreholes 

is shown in Figure 29. Unless otherwise specified, the standard error was used as the statistical 

measure displayed in the graphs in which the results are presented, and each measurement was 

repeated three times. 

 

Figure 29: Equipment used for borehole quality measurements; (a) coordinate measuring machine, (b) 

contactless profilometer, (c) optical microscope, (d) surface roughness tester. 

3.5 Equipment used for process signals acquisition 

A variety of sensors were used to record different process signals during the drilling tests. To 

measure the thrust and torque, a 2-component piezo-electric dynamometer (Kistler 9271A) was 
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used. The dynamometer was fixed underneath the clamping rig and rested on a steel plate. To 

measure AE and vibration acceleration, an AE sensor (Kistler 8152B121) as well as three 

accelerometers (Kistler 8640A10) oriented in different directions were used. When carrying 

out the experiments, the accelerometers and AE sensor were placed at two different locations, 

see Figure 30. For the experiments discussed in Chapter 7, the accelerometers and AE sensor 

were placed on the workpiece side, on a steel plate fixed in between the dynamometer and the 

moving table. As evidenced in the literature review, placing the sensors on the workpiece side 

can potentially result in substantial variations in signal magnitude, as a result of the varying 

distance between the cutting point and sensors (Klocke, 2011; Shuaib, 2018). However, placing 

the sensors on the tool side was not possible on the machining centre as the rotating tool holder 

is not a suitable location to fix wired sensors, and the distance between the tool point and the 

spindle head was considered to be too large. For the experiments discussed in Chapter 8, in 

which the Seti-tec éVo Light EDU was used, the sensors were bolted to a small steel mounting 

block which was attached to the unit’s housing. In order to improve the signal transfer between 

mounting surface and sensor (Theobald et al., 2008), silicon grease was applied between the 

AE sensor’s mounting surface and measuring tip. 

 

Figure 30: Sensor mounting locations. 

Figure 31 shows a schematic of the data acquisition chain. The dynamometer was connected 

to a charge amplifier (Kistler 5006), whereas the accelerometers and the AE sensor were 

connected to dedicated couplers (Kistler 5108A and Kistler 5125B respectively). While the 

accelerometer couplers were simply used to power the sensors and amplify their outputs, the 

AE coupler also calculated the Root-Mean-Square (RMS) of the output signal through an in-
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built converter (1.2 ms time constant). The outputs of the charge amplifier and couplers were 

recorded by a data acquisition card (NI 6356) connected to a computer. The software used for 

data recording and analysis were Labview and DIAdem, respectively, by National Instruments. 

 

Figure 31: Data acquisition chain. 

The Seti-tec éVo Light EDU control unit is equipped with a measuring system using current 

transducers capable of recording the current flowing through the spindle and feed motor 

controllers. During each drilling cycle, the signals are processed and displayed with an update 

rate of 100 Hz. An example of the output data from the unit’s software is shown in Figure 32. 

Due to the lack of information available regarding the type and parameters of the various signal 

processing stages performed on the raw signal, it was decided to modify the data acquisition 

system in such a way that the output from the current transducers can be directly extracted, 

prior to any signal processing. This provided three benefits: Firstly, it enabled recording the 

current signals with substantially higher sampling rates. This allowed for an assessment on the 

impact of sampling rate on the accuracy and reliability of a process monitoring system. 

Secondly, it enabled the acquisition and analysis of data prior to tool-workpiece engagement 

and during tool retraction, something that is not possible with the built-in software as the data 

is automatically segmented to only include that portion of the drilling cycle during which the 

cutting edges are engaged with the workpiece. Thirdly, recording all signals via a single data-

acquisition system allowed for more straightforward comparisons and correlations between 

signals recorded by different sensors, thereby reducing timing errors that would have 

negatively affected the synchronisation between signals. 
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Figure 32: Feed and spindle current processed signal from Seti-tec software. 

Figure 33 shows the EDU control board after disassembly of the control unit. Inspection of the 

control board revealed a total of four current transducers, two measuring the current flowing 

through the spindle motor controller (CASR 25-NP) and two measuring the current flowing 

through the feed motor controller (CASR 6-NP). Two current transducers are used with each 

three-phase motor in what is known as the 'two wattmeter' or 'Blondel' configuration, which 

enables the measurement of total electrical power, regardless of variations in voltage, current 

and loading. The voltages applied by the controller to two of the motor phase windings are 

measured with reference to the third phase, and the currents flowing through those windings 

are measured by the current transducers. Thus, the controller can compute the electrical power 

applied to the load in order for it to be capable of flexible control schemes such as constant 

power, speed or torque, given the relationship between those quantities. The mechanical power 

available at the tool is effectively the electrical power with all the varied losses subtracted, thus 

it is fair to say that the linear relationship between motor torque and current can be used to 

good advantage, and each quantity can be derived from the other using the motor's torque 

constant (Kt). For the purpose of indirectly measuring the thrust force and torque, the recording 

of only one of the motor current’s phases was considered sufficient. Thus, the output of one of 

the current transducers for both the spindle and feed motor was fed to the external data 

acquisition system. 

The voltage signature outputs of the current transducers exhibit exceptionally low impedance; 

an external data acquisition system with its long cabling would therefore present an additional 

load to the current transducers which would cause measurement errors, both in the 

manufacturer’s original data acquisition system and the external one. To overcome this issue, 

a 'buffer' or 'envelope follower' was constructed for each current transducer, using a general 

purpose operational amplifier (op-amp) exhibiting a high input impedance and a relatively high 
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current-driving output capability. The output voltage of the buffer accurately follows that of its 

input (the 'envelope') whilst presenting negligible load to the current transducer and being 

capable of supplying signals to the external data acquisition system without interference. The 

outputs of these amplifiers are then fed out of the control unit via two additional connectors, 

shown in Figure 34. All the additional hardware required for the modification is shown in 

Figure 33. 

   

Figure 33: Modification to éVo Light EDU control board.  

           

Figure 34: Additional connectors implemented on the control unit to output spindle and feed current 

signals. 
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3.6 Validation of the bespoke modification on the portable drilling unit 

To validate whether the modification carried out on the Seti-tec éVo Light EDU actually does 

allow for direct measurement of the feed and spindle current flowing through the motor 

controllers, five boreholes were drilled into a CFRP/Al 7010 stack (thickness 10+10 mm) with 

the drilling unit, whilst also measuring the thrust force and torque directly using a 

dynamometer. 

The raw current signals were sampled at a rate of 100 kHz for both the feed and spindle motor 

controllers, via the modified measuring system, are shown in Figure 35. Since these were 

measured via the modified measuring system presented in section 3.5, these will be referred to 

as ‘University of Manchester (UoM) signals’ from here onwards. Both the signals were found 

to oscillate about 2.5 V with an output voltage ranging between 0.345 V and 4.625 V, as 

specified in the current transducers’ datasheet (LEM, 2015). To allow for comparison with the 

Seti-tec processed output (i.e. manufacturer’s output), some signal processing operations were 

performed on the UoM feed and spindle current signals. Firstly, the signals were offset to 0 V. 

Secondly, a root-mean-square conversion with an interval width of 30 points was performed 

on the signals, which were subsequently passed through a 5 Hz Butterworth digital low-pass 

filter. Finally, to allow for a direct comparison, both the UoM feed and spindle current signals 

were under-sampled to simulate a sampling rate of 100 Hz, which is equal to the display update 

frequency of the Seti-tec signals. The resulting UoM processed signals are shown in Figure 36. 

    

Figure 35: UoM raw feed and spindle current signals.  
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Figure 36: UoM processed feed and spindle current signals. 

To convert the units of the spindle and current signals from volts to amperes, the Seti-tec output 

was used as a reference. The processed UoM feed and spindle current (in volts) were plotted 

against the Seti-tec outputs (in amperes), as shown in Figure 37. It can be observed that both 

the UoM spindle and feed current signals appear to be correlated linearly to their respective 

Seti-tec signal. The calculated scaling function for the feed current signal resulted in a lower 

coefficient of determination (R2) than that calculated for the spindle current signal, which can 

be explained by the combination of two factors. Firstly, according to the manufacturer’s 

datasheet, the overall accuracy of the current transducer for the feed controller is ± 0.1 A. 

Within a drilling cycle, the average measured feed current was approximately 0.5 A, thereby 

suggesting a considerable source of measurement error for both the Seti-tec and UoM readings. 

In contrast, the overall accuracy of the current transducer for the spindle controller was 

± 0.25 A, which is substantially smaller than the average measured spindle current (approx. 

12 A). Secondly, as shown in Figure 32, the relatively low resolution of the Seti-tec analogue-

to-digital conversion resulted in a large quantization error in the feed current signal, which was 

substantially lower than the spindle current. This would have further reduced the accuracy of 

the Seti-tec feed current data. The presence of an offset in the case of both the spindle and 

current scaling functions, see Figure 37, is the result of the Seti-tec system compensating for 

the current required to keep the electric motor running without a load. The purpose of this is to 

allow an estimation of the current flowing through the feed and spindle controllers which is 

necessary for material removal, effectively permitting an indirect estimation of the thrust force 

and torque. 

The derived scaling functions were applied to both the UoM spindle and feed current signals, 

and the scaled curves are shown in Figure 38. This shows that the scaled UoM curves follow 
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closely the Seti-tec ones, with a root-mean-square error (RMSE) equivalent to 1.4% and 1.1% 

of the maximum recorded current for the feed and spindle current signals, respectively.  

    

Figure 37: UoM feed and spindle currents plotted against Seti-tec outputs. 

    

Figure 38: Scaled UoM feed and spindle currents compared to Seti-tec signals. 

The same procedure was repeated for the remaining four boreholes and the determined 

coefficients for the various computed linear relations are listed in Table 5. To avoid having to 

carry out an ad hoc correlation for each individual borehole, a set of standardised linear 

coefficients were determined by averaging each gradient (m) and y-intercept (q) for all the 

drilled boreholes. The resulting linear functions were found to be y = 21.4x – 0.4 and 

y = 63.0x – 4.6 for the feed and spindle current, respectively. These ‘averaged’ linear functions 

were then used to scale the recorded signals for each of the boreholes drilled. The resulting 

RMSE between the UoM scaled curves and the reference Seti-tec ones for both the ad hoc and 

average approach are listed in Table 5, while Figure 39 illustrates the scaled signals using the 

average approach. As shown by both the numerical and graphical results, the difference 

observed is relatively small, thus linearly scaling the signals using the standardised average 

coefficients is believed to be suitable. 
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Table 5: Linear coefficients for each borehole and RMSE for both ad hoc and average linear scaling 

(Seti-tec/UoM). 

Linear relation coefficients 
 Hole 1 Hole 2 Hole 3 Hole 4 Hole 5 
 m q m q m q m q m q 

Feed 
Current 

21.1 -0.3 21.1 -0.3 22.3 -0.4 22.2 -0.4 20.3 -0.3 

Spindle 
current 

62.7 -4.8 63.1 -4.7 63.3 -4.7 63.1 -4.4 62.9 -4.5 

Root-mean-square error (Amps) 
 Hole 1 Hole 2 Hole 3 Hole 4 Hole 5 

Scaling Ad hoc Average  Ad hoc Average  Ad hoc Average  Ad hoc Average  Ad hoc Average  

Feed 
Current 

0.012 0.013 0.011 0.012 0.009 0.010 0.010 0.011 0.011 0.013 

Spindle 
current 

0.233 0.340 0.298 0.305 0.175 0.179 0.320 0.415 0.271 0.277 
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Figure 39: Feed and spindle currents with average linear scaling. 
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After having achieved an adequate scaling for the UoM feed and spindle current signals, a 

similar assessment was carried out to evaluate the degree of correlation between the motor 

currents and the thrust force and torque measured by the dynamometer, thereby allowing for 

an evaluation of the feasibility of indirectly measuring the thrust force and torque by 

monitoring the currents flowing through the motors’ controllers. For this, a similar procedure 

to the one presented earlier was carried out. Firstly, the thrust and torque signals measured by 

the dynamometer were processed to exibit a dynamic behaviour which is comparable to that of 

the scaled feed and spindle current signals. This enabled an assessment of the correlation 

between signals recorded by different sensors. Figure 40 shows the correlation between the 

processed UoM feed and spindle currents and the thrust and torque measured by the 

dynamometer. It appears that both the UoM spindle and, to a lesser extent, the feed current are 

correlated linearly to the torque and thrust, which suggests that an indirect estimation of the 

thrust force and torque based on the current flowing through the motor controller is possible. 

The computed scaling functions were then applied to both the UoM spindle and feed current 

signals. Figure 41 shows that the indirectly measured UoM thrust force and torque follow 

closely the dynamometer’s ones, with an RMSE equivalent to 2.7% and 0.9% of the maximum 

recorded current for the thrust and torque signals, respectively.  

Similarly to the correlation between the UoM and Seti-tec motor currents, the linear 

conversions from motor currents to thrust force and torque was performed by both directly 

determining the linear coefficients for each borehole and performing a standardised scaling. 

The applied linear relationships based on the average of the linear coefficients were 

y = 634.6x – 165.3 and y = 3.38x – 3.32 for the thrust and torque, respectively. The resulting 

RMSE between the UoM indirectly measured thrust force and torque and the reference 

dynamometer forces for both the ad hoc and average approach are listed in Table 6. Figure 42 

depicts the UoM indirectly measured thrust force and torque obtained using the standardised 

approach compared to the dynamometer signals. The resulting errors are larger than the 

equivalent ones for the correlation between UoM and Seti-tec motor currents (Table 5), which 

can be explained by the fact that in this case the two assessed signals were actually being 

measured by two fundamentally different sensors (i.e. current transducer vs. piezo-electric 

dynamometer). Nonetheless, from the results it appears that applying a linear conversion based 

on the determined standardised linear coefficients is a suitable approach to indirectly measuring 

the thrust force and torque with reasonable accuracy.  
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Figure 40: UoM feed and spindle current plotted against dynamometer thrust force and torque. 

 

Figure 41: UoM indirectly measured thrust force and torque compared to dynamometer reference thrust 

force and torque. 

Table 6: Linear coefficients for each borehole and RMSE for both ad hoc and average linear scaling 

(Dynamometer/UoM). 

Linear relation coefficients 

 Hole 1 Hole 2 Hole 3 Hole 4 Hole 5 
 m q m q m q m q m q 

Thrust   
(N) 

601.0 -148.7 639.9 -170.2 662.6 -177.1 642.5 -167.1 626.9 -163.3 

Torque 
(Ncm) 

3.5 5.4 3.3 4.3 3.4 2.9 3.4 2.4 3.4 1.7 

Root-mean-square error 
 Hole 1 Hole 2 Hole 3 Hole 4 Hole 5 

Scaling Ad hoc Average Ad hoc Average Ad hoc Average Ad hoc Average Ad hoc Average 

Thrust   
(N) 

10.7 11.3 9.8 10.0 7.1 7.6 8.5 8.7 9.4 9.6 

Torque 
(Ncm) 

1.5 3.4 0.9 1.3 0.7 0.9 1.1 1.3 1.0 1.6 
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Figure 42: Thrust and torque current with averaged linear scaling. 
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Chapter 4: Influence of interlayer gap width on interlayer burr 

formation 

The literature review revealed that, although various studies have investigated the interlayer 

burr formation process, it is still unclear how this is influenced by the interlayer gap width. 

This aspect is of particular importance for one-way assembly, which demands that the 

generated interlayer burr fits within the specified tolerance, as no interface deburring operations 

can be carried out after drilling. Moreover, a fundamental understanding of how the interlayer 

gap width is affected by the stack clamping force and how it affects borehole quality is essential 

for determining appropriate parameters for the aerospace stack drilling process, without which 

other aspects of this research project might not be fully understood. Thus, this chapters aims at 

establishing a relationship between interlayer gap width and burr height when drilling 

Aluminium/Aluminium stacks in the presence of sealant at the interface. To achieve this, 

initially, the correlation between interlayer gap width and clamping load applied is determined 

and, subsequently, the effect of the interlayer gap on interlayer burr formation is investigated. 

4.1 Correlation between interlayer gap width and clamping load 

The experiments were carried out on stacks comprising two layers of aluminium 7010-T651, 

each with a thickness of 10 mm. Figure 43 illustrates the composition of the stack, the definition 

of the interlayer gap width as well as the location of the exit and entry interlayer burrs. 

 

Figure 43: Stack composition. 
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The coupons were clamped using the custom-made vice described in Chapter 3. As this set of 

experiments was conducted on a standard three-axis vertical machining centre (Takisawa 

MAC-V3), the upper plate of the vice was modified by adding a recess to accommodate a 

pressure ring, which was included to mimic the so-called nose piece used in aerospace portable 

drilling units. Two load cells (Omega LCWD-2K) using a strain indicator (VPG Strain 

indicator P3) were incorporated into the vice to determine the axial clamping load applied to 

the stack through the pressure ring when tightening the M8 screws, see Figure 44.  

 

Figure 44: Vice with load cells and pressure ring used to clamp the stack with pre-set clamping forces;  

(a) labelled image, (b) cross section view with pressure ring location. 

In order to establish the relationship between clamping load and resultant interlayer gap width, 

a coordinate measuring machine (LK G90C) was used to determine the actual thickness of the 

stack, i.e. coupons plus polymeric sealant (PR1782-C12). After having clamped the stack in 

the vice with a layer of sealant at the interface, the distance between the stack’s top and bottom 

surfaces was determined. Clamping loads ranging from 100 N to 3,000 N were applied, and 

three different measurements were taken per clamping load, each time removing and 

reapplying the sealant layer. The thickness of the interlayer gap width was then determined as 

the difference between the measured total stack thickness (i.e. including sealant layer) and the 

combined thickness of the two aluminium coupons (i.e. without sealant), which had been 

determined prior to this test.  
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The measurements reveal that an increase in clamping load brings about a noticeable reduction 

in the interlayer gap width, as shown in Figure 45. This can be attributed to sealant movement 

within the interlayer as well as to some of the sealant being progressively squeezed out of the 

stack with increasing clamping force. In the case of the smallest clamping load, i.e. 100 N, the 

gap width was around 0.3 mm, which was reduced to 0.1 mm once the clamping load had been 

increased to 500 N. When applying the maximum load of 3,000 N, the gap width was reduced 

to approximately zero, indicating that almost all of the sealant had been squeezed out from the 

gap. The relationship between clamping load and gap width can be represented by the equation 

shown in the figure, in which x represents the clamping force width and y the interlayer gap 

width. 

 

Figure 45: Interlayer gap width of stack with sealant in relation to clamping force. 

4.2 Interlayer burr formation investigation 

The drilling experiments were carried out using shims (i.e. thin metal strips serving as spacers) 

of thicknesses similar to the interlayer gap widths measured when applying clamping loads 

ranging from 100 N to 3,000 N. These shims served three purposes. Firstly, they made sure 

that the interlayer gap width could be set to pre-defined values representative of the range of 

clamping forces investigated (0 mm, 0.1 mm, 0.2 mm, 0.3 mm, 0.4 mm). Secondly, they 

ensured that no sealant was squeezed out from the interface during the drilling cycle in response 

to the thrust force, which would have resulted in a change of the interlayer gap width. Thirdly, 

the presence of shims prevented changes of the interlayer gap width as a result of variations in 

the amount of sealant applied.  
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Prior to clamping, a sufficiently large quantity of sealant was applied to the bottom plate of the 

stack to cover 80-90% of the plate’s area, and two narrow metal shims were placed in between 

the two layers along two opposite edges of the stack. The stack was then placed inside the vice 

and the two screws connecting the vice’s rest and frame were tightened to provide the total 

clamping load. One borehole was then drilled at the centre of each coupon. The drilling tools 

used were two-fluted twist drills manufactured by ProCorp/Sandvik with a diameter of 

12.7 mm (specifications listed on Table 3, page 73). The procedure was repeated using shims 

of different thicknesses to represent different interlayer gap widths. Two coupons were drilled 

for each pre-set interlayer gap. 

After separation, the plates were washed in dichloromethane for around 60 seconds, which was 

sufficient to dissolve the sealant without having to apply any force to the part, thereby 

potentially damaging the burr. It was decided to measure the height of the exit interlayer burr, 

i.e. the burr on the bottom surface of the top layer, which is considered the main contributor to 

the overall interlayer burr formation in stack drilling (Zhu et al., 2018).  

A visual assessment of the scan profiles obtained from the contactless profilometer revealed 

that a burr of traditional shape, i.e. a ridge of material adjacent to the borehole wall and 

protruding out from the surrounding material, was only present in a very few of the samples, 

most commonly those which were drilled without pre-set interlayer gap. For the majority of 

the samples, a much less uniform accumulation of material of varying height and width around 

the borehole was observed. In some cases there was actually no accumulation of material 

whatsoever but a rounded off borehole edge, suggesting that the removal of some material must 

have taken place. This removal was particularly noticed in the case of boreholes that were 

drilled with larger interlayer gaps, as the borehole edge profiles in Figure 46 show. 

This made it very difficult to quantify any burr height, because as defined by ISO 13715 

(International Standards Organisation, 2017) and Ko and Dornfeld (1991) a burr is a protruding 

feature, and in many cases the only protruding features identified were bulges of material in 

the vicinity of the borehole, but not directly located at the edge. The graph shown in Figure 47 

therefore refers to a ‘maximum surface level’ rather than a burr height, in order to quantify the 

maximum height of any material accumulation around the borehole, but not necessarily directly 

adjacent to it, and protruding out from the original workpiece surface. From the graph it can 

clearly be seen how actual burrs were mainly measured around boreholes that were drilled 

without pre-set interlayer gap. In contrast, for the other experiments the recorded maximum 
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surface levels are quite constant and could well be a measure of the surface roughness of the 

shot-peened coupons as opposed to that of a burr formed on the borehole edge. 

 

Figure 46: Typical borehole edge profiles when drilling stacks with different interlayer gap widths. 

 

Figure 47: Average maximum surface level with different pre-set interlayer gap widths. 

The separation of the plates after drilling often revealed significant swarf ingress in the 

interlayer gap, as can be seen in Figure 48, which shows the coupon’s bottom surface of the 

top layer around two boreholes drilled with an interlayer gap width of 0.3 mm. A large amount 

of chips of varying size, ranging from tiny microscopic particles to large chip segments, 

accumulated around the borehole on both the top and bottom plate. The largest portion of the 
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swarf was typically located near the borehole edge, but in many cases smaller chip particles 

were found up to several millimetres away from the hole. Although it is reasonable to assume 

that some spreading of the swarf took place during the separation of the two plates – these were 

pulled apart in opposite directions – the extent of this cannot be quantified.  

 

Figure 48: Accumulation of swarf around the borehole on the bottom surface of the top layer (interlayer 

gap width 0.3 mm). 

Based on a visual assessment of the boreholes using an optical microscope, an example of 

which is shown in Figure 49, it appears that some abrasive action must have taken place around 

the material adjacent to the hole edges. From the images it can be seen how the area adjacent 

to the borehole is covered with small scratch marks, which are believed to be the result of chips 

having penetrated into the interlayer gap and then being dragged around the hole by the rotation 

of the drill. In addition, substantial workpiece material abrasion at the borehole edge has 

occurred on the bottom surface of the upper layer, to the extent that the edge of the hole has 

the appearance of a chamfer or fillet. This implies the presence of considerable pressure 

between chips and workpiece material, and it is possible that the elevated process temperatures 

will have promoted this abrasive action as a result of thermal softening of the aluminium. It is 

thus believed that chip ingress and subsequent chip movement in the stack interface is the 

reason for the almost complete absence of any traditional burr in the case of pre-set interlayer 

gaps. 
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Figure 49: Surface damage of the material adjacent to the borehole for both interlayer surfaces. 

To gain a better understanding of the cause for this material abrasion around the borehole edges, 

the extent of interlayer damage at both the upper and lower interlayer surfaces was assessed in 

more detail. Figure 50 shows the profile scans of one of the holes drilled. The two blue curves 

represent the edge profile of the exit of the borehole on the bottom surface of the top layer, 

whereas the red curves represent the edge profile at the hole entrance on the top surface of the 

bottom layer. It can clearly be seen that the two profiles show significant differences, inasmuch 

that the borehole edge on the bottom surface of the top plate has been completely rounded off. 

The radii along the edges of these holes were measured to be approximately 50-70 µm. The 

step in the blue profile, adjacent to the borehole edge, coincides with the clearly visible dark 

ring around the hole shown in Figure 49. The borehole’s edge in the bottom plate, despite some 

rounding, exhibits a noticeably smaller radius, of approximately 10-15 µm. Similar differences 

were observed for all holes inspected, and these are believed to be a result of the direction of 

chip flow (indicated by the two dashed lines). With the tool moving into the stack, the chips 

flow in opposite direction to the feed, i.e. in this case upwards. As a consequence, they will 

flow over the borehole’s edge in the bottom plate, thereby causing some abrasion and edge 

rounding. They will then flow further upwards, where some of them appear to get caught by 

the borehole edge on the underside of the top plate. Some will even manage to penetrate into 

the interlayer gap, where they are then being spun around by the rotating tool and, as a result, 

scrape over the interlayer surfaces, leaving behind scratch marks and, eventually, grinding 

away the burr that might have formed during tool exit from the top layer.  
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Figure 50: Profiles of the interlayer surfaces in close proximity to the borehole (interlayer gap width 

0.3 mm). 

The thrust force and torque were consulted to find further evidence of this hypothesis. Typical 

examples of these are shown in Figure 51. The point where the drill reaches the stack interface, 

i.e. where it exits the top layer and is about to enter the bottom plate, can be clearly identified 

by the abrupt drop and then sudden rise in the thrust force, particularly in the case of a stack 

with a 0.3 mm interlayer gap. An increase in the torque signal dynamics when the tool is 

engaged in the bottom layer was also observed, in particular when drilling a stack with a 0.3 

mm interlayer gap. This is believed to be in response to the chip ingress in the interlayer gap 

and the scraping of the chips over the interlayer surfaces, as a result of the rotating motion of 

the tool. In contrast, a change in the torque amplitude could not be observed. Neither were there 

any changes with regards to the thrust force.  

    

Figure 51: Thrust and torque recorded when drilling a stack with different pre-set interlayer gap widths; 

no interlayer gap (left) and with 0.3 mm interlayer gap width (right). 
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As a result of the drilling tool geometry and the cutting conditions utilised, both of which were 

in-line with current industrial practice, it was noticed that the chips generated were relatively 

thin, which would have made it easier for them to enter the interlayer gap. The thin chips also 

resulted in extensive chip nesting, which would have constrained the chip flow along the drill 

flutes, thereby increasing the chance of chips becoming entrapped in the interlayer gap and, 

consequently, abrading the newly formed burr. 

To further validate the assumption made in the previous section, a second set of experiments 

was conducted, in which the drilling cycle was stopped once the tool’s cutting edges got fully 

engaged with the second stack layer. The aim was to replicate the interval during which the 

exit interlayer burr is fully formed, i.e. drilling of top layer plus initial engagement with the 

bottom layer, whilst preventing any potential removal of the freshly formed burr by drilling 

through the bottom layer thereafter. This set of experiments was carried out using a stack 

without pre-set interlayer gap (i.e. gap width 0 mm) and one with a 0.4 mm gap width. In 

addition to this, a further experiment was conducted using a single layer, to allow for the 

comparison between a constrained (i.e. stack interlayer) and unconstrained (i.e. single layer) 

condition.  

In contrast to the burrs observed when drilling through an entire stack, the burrs produced when 

stopping the drill’s progression shortly after entering the bottom layer exhibited a more 

traditional profile. Moreover, not continuing drilling through the bottom plate also revealed 

that the presence of a pre-set interlayer gap results in a substantial increase in interlayer burr 

height, see Figure 52. Drilling a single layer, thereby creating the largest possible “interlayer” 

gap width, resulted in the largest exit burr. These observations confirm that during the previous 

experiments interlayer burrs were indeed formed and that these grew in height with the 

interlayer gap width, which is in agreement with previous research (Jie, 2013; Melkote et al., 

2010), but that these burrs were then eroded away by the upwards-travelling chips during the 

subsequent drilling of the bottom layer.  
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Figure 52: Burr height measurements for drilling of top stack layer plus initial engagement with bottom 

stack layer at different interface conditions. 

4.3 Summary 

The research presented in this chapter provides an understanding of the influence of interlayer 

gap width on interlayer burr formation when drilling Aluminium/Aluminium stacks with 

sealant being present at the interface. Pre-load clamping of stacks causes the sealant to be 

squeezed out from the stack interface. Increasing the clamping load results in an increase in the 

amount of sealant being squeezed out and, thus, in a reduction of the interlayer gap width. For 

the small-sized coupons used, a clamping force of 3,000 N was sufficient to reduce the 

interlayer gap width to zero, indicating that almost all sealant had been displaced. 

In drilling, the size of the burr strongly depends on the space available for the burr to protrude 

into. Introducing a pre-set interlayer gap to a stack results in a substantial increase in interlayer 

burr height as opposed to drilling a stack with no interlayer gap. Similarly, drilling single layers 

results in larger exit burrs when compared to the interlayer burrs formed in stacks drilled with 

a pre-set interlayer gap. The presence of an interlayer gap can however be detrimental to the 

burr size, as a result of two phenomena: the sliding action of the upwards-travelling chips over 

the borehole edges, in combination with some of the chips entering the gap and being spun 

around by the rotating tool. This abrasion is considerable at the borehole edge of the upper 

layer (i.e. exit interlayer burr), but less pronounced at the edge of the bottom layer (i.e. entry 

interlayer burr). This is attributed to the fact that the former represents a greater obstacle to the 

chip flow and, hence, experiences a more intimate workpiece-chip contact. The abrasive action 

of the chips intensifies with an increase in the interlayer gap width, as this provides more space 
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available for the chips to enter the interface and, thus, erode the burr. Hence, larger interlayer 

gap widths can not only result in the complete removal of the interlayer burr, but can also lead 

to a substantial rounding of the borehole edge, which could jeopardise the quality of the 

workpiece as it affects the geometry of the borehole. 
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Chapter 5: Influence of tool point angle and interlayer gap 

width on interface quality 

As evidenced by the literature review and the research presented in the previous chapter, 

drilling of a stack’s interface region, i.e. when the tool’s cutting edges are simultaneously 

engaged with different stack layers, is considered to be a highly complex operation. Two 

factors that directly affect interface drilling are the tool’s point angle and the interlayer gap 

width, as these determine the distance of travel along the tool’s axis over which the drill’s 

cutting edges are simultaneously engaged in both the materials. To investigate the impact of 

these two parameters on borehole quality, with a focus at the interface region, several 

experiments were conducted, the results of which are presented in this chapter.   

5.1 Influence of tool point angle on CFRP interface quality 

The experiments were carried out on CFRP/Titanium stacks, with the CFRP layer on top. The 

thicknesses of the CFRP throughout all experiments was 10.4 mm; the thickness of the titanium 

layer was 10 mm for the first set of experiments, where the focus was on the impact of tool 

point angle on interlayer borehole quality, and 5 mm for the second set, which focused on the 

impact of interlayer gap size on interlayer damage. The motivation for reducing the thickness 

originated from the research presented in the previous chapter, where it was observed that the 

presence of very large interlayer gaps (in excess of 0.1 mm) resulted in substantial damage at 

the interface. Bearing in mind that the previous research was carried out on 

Aluminium/Aluminium stacks, it was assumed that the drilling of CFRP/Titanium stacks 

would have led to significantly more damage, as a result of the softer nature of the top layer, 

in this case CFRP, and the considerably harder and more abrasive nature of the chips produced 

when drilling into the bottom layer, in this case titanium. In order to limit the abrasion of the 

CFRP by the titanium chips and thus prevent excessive damage to occur on the top layer, it 

was decided to significantly reduce (by 50%) the amount of titanium chips flowing through the 

existing borehole by halving the thickness of the titanium layer to 5 mm. 

In the first set of experiments, two-fluted tungsten carbide twist drills with four different 

geometries were used. Figure 53 shows images of their tip geometries, and Table 7 lists the 

tools specifications. These tool geometries were selected in order to cover the widest possible 

range of point angles whilst maintaining other important geometric features, such as for 
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example their helix angle and point geometry, as closely as possible. The observations made 

by Shyha et al. (2011) gave reason to believe that the different coating conditions were not 

going to affect the resulting borehole quality. For each tool geometry, three drills were used. 

Throughout the tests, tool usage was limited to only a very small number of boreholes (9) to 

ensure that tool wear did not reach a level where it would noticeably affect cutting performance. 

Nonetheless, the extent of tool wear was regularly checked using an optical microscope 

(Jenoptik C10 Plus). For reasons of comparability it was decided to run all drilling tests with 

one set of cutting parameters. 

 

Figure 53: Tip geometries of the tools used in the drilling tests. 
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Table 7: Workpiece and tooling details. 

Stack 

combination 

Tool 

Manufacturer 

Tool 

Coating 
Tool Geometry 

Cutting 

speed 

(m/min) 

Feed rate 

(mm/rev) 

CFRP/Ti 
(10+10/5 mm) 

Walter 

 

Walter 

 

Walter 

 

Walter 

Uncoated 

 

TiAlCrN 

 

TiAlN 

 

TiAlN 

Ø6 mm, 118° point, 31. 5° helix, 
enlarged chip flutes, four-facet with 
notches 

Ø6 mm, 140° point, 30° helix, 
standard chip flutes, six-facet 

Ø6 mm, 150° point, 30° helix, 
enlarged chip flutes, four-facet with 
notches 

Ø6 mm, 180° point, 30° helix, 
enlarged chip flutes, four-facet with 
notches 

40 

 

40 

 

40 

 

40 

0.1 

 

0.1 

 

0.1 

 

0.1 

 

Figure 54 shows a typical example of the interlayer (i.e. exit) surface of the CFRP layer, for 

the four different tool geometries under investigation. The first observation to be made is that 

the width of the damage zone around the borehole is fairly uniform, regardless of the tool 

geometry. This is in contrast to drilling single layer unidirectional CFRP, where the damage 

zone typically exhibits an elliptical shape, with the main extension in the direction of the fibres, 

as observed by Fu et al. (2018). Moreover, the appearance of the damage is noticeably different 

to that resulting from drilling single layer CFRP, so much so that the colour of the damage zone 

indicates thermal degradation rather than purely mechanical damage, e.g. delamination or fibre 

pull-out. This is due to the fact that the majority of the damage observed in this experiment is 

not caused by the cutting of the CFRP, but is a result of three phenomena related to the 

subsequent drilling of the titanium layer underneath the CFRP. Firstly, as observed by both Xu 

and El Mansori (2016) and Brinksmeier and Janssen (2002), the upwards-travelling titanium 

chips not only cause extensive erosion due to their shape and sharp serrated edges, see Figure 

55, but they also contribute to thermal damage, as part of the heat stored within the chips is 

released to the CFRP layer surrounding the tool. Secondly, the cutting heat generated when the 

drill begins to engage in the titanium layer, illustrated as stage 1 in Figure 56, does not disperse 

into the titanium due to its poor thermal conductivity, but instead accumulates at the stack 

interface. A portion of this heat then migrates into the CFRP layer, thereby causing thermal 

softening and degradation of the matrix. The relatively higher thermal conductivity of the tool 

material (80 W/mK for cemented tungsten carbide, as opposed to 7 W/mK for titanium) makes 

it likely that the cutting tool provides an additional passageway for some of the cutting heat to 
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migrate into the CFRP. Once the drill tip is fully engaged in the titanium layer, illustrated as 

stage 2 in Figure 56, a significant portion of the cutting heat is still transferred into the underside 

of the CFRP layer, both via the tool and directly at the periphery of the borehole. Lastly, as a 

result of the high temperatures generated when drilling the titanium, the tool experiences 

thermal expansion, which causes its margins to progressively rub over the already drilled CFRP 

borehole surface, thus promoting both abrasive and thermal damage.  

 

Figure 54: CFRP interface damage of the holes drilled using tools with different geometries. 

 

Figure 55: Titanium chips formed by different tool geometries; (a) tool B; (b) tool C; (c) tool A; (d) tool D. 
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Figure 56: Accumulation of cutting heat at CFRP interface and heat migration from the titanium layer 

into the CFRP layer. 

To provide further evidence for the aforementioned explanations, some boreholes were drilled 

into a CFRP/CFRP stack, where the tool was retracted once its cutting edges had fully broken 

through the upper layer. This scenario was designed in order to replicate that part of the 

CFRP/Titanium stack drilling process where the drill is only engaged with the top CFRP layer, 

thereby eliminating any detrimental effect that might arise from the drill’s engagement with 

the bottom titanium layer whilst at the same time providing support to the top CFRP layer. The 

bottom surfaces of the boreholes drilled with this setup, two of which are shown in Figure 57, 

exhibit damage whose width is not uniform but instead extends in the direction of the fibres (at 

45° in this case). Moreover, the damage area does not show any of the scratches or burn marks 

observed before when drilling CFRP/Titanium stacks. These two observations provide 

evidence that the thermal damage observed in Figure 54 is indeed to be attributed to that part 

of the drilling cycle that occurred after the tool had completed drilling the top composite layer 

and had started to penetrate into the lower titanium layer. 
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Figure 57: Interface damage on the top layer of CFRP/CFRP stack. 

A second observation that can be made in connection with Figure 54 is that the boreholes drilled 

with tools A (118° point angle) and D (180° point angle) exhibit significantly larger composite 

interface surface damage than those drilled with tools C (150° point angle) and, to a slightly 

larger extent, tools B (140° point angle). The corresponding damage factors were found to be 

1.29, 1.14, 1.16 and 1.50 for tool geometries A, B, C and D, respectively.  

Heisel and Pfeifroth (2012) observed that an increase in point angle leads to an increase in exit 

damage when drilling CFRP, which they attribute to the greater chip thickness and the higher 

forces at the periphery of the tools. With regards to this research, looking at the results obtained 

from tools B, C and D, the difference in the extent of damage on the CFRP layer at the stack 

interface is in agreement with Heisel and Pfeifroth, inasmuch that an increase in tool point 

angle increases the extent of damage. However, tools A do not follow this trend, as the damage 

recorded is significantly larger than that observed for tools B and C. This suggests that another 

phenomenon must be affecting the outcome. Since the research conducted by Heisel and 

Pfeifroth was only concerned with drilling single layer CFRP, the results obtained from this 

research indicate that the introduction of a titanium layer underneath the CFRP has a profound 

impact on the interlayer borehole quality. This can be related to the fact that the drilling of 

titanium is characterised by the generation of considerable heat energy that as a result of the 

material’s poor thermal conductivity remains in the vicinity of the borehole. Part of this heat, 

as alluded to before, migrates into the CFRP layer, where it causes substantial thermal damage. 

The tool point angle directly affects the amount of cutting heat generated, inasmuch that a 

decrease in tool point angle results in an increase in the length of the drill’s cutting edges and, 

consequently, an increase in the drilling torque and cutting temperature. Further to this, the tool 

point angle also affects the chip shape, which again is attributable to the change in cutting edge 

length. An increase in the tool point angle will reduce chip width but increase chip thickness, 



110 
 

whereas a decrease will lead to a thinner but wider chip. The images taken of the chips, as well 

as the torque signals recorded, clearly demonstrate that both extremes, i.e. very wide but thin 

as well as narrow and thick chips, are difficult to evacuate from the borehole through the drill’s 

chip flutes. The shapes of the chips collected when using tools B and C, see Figure 55 (a) and 

(b), exhibit either a much tighter fold-up or are severely crushed and/or compressed, which 

suggests that these chips were exposed to substantial compressive forces during the evacuation 

process through the drill’s flutes. This is supported by the recorded torque curves, see Figure 

58. In the case of tools A and D, a strong rise in amplitude combined with a rise in fluctuation 

towards the latter part of the drilling through the titanium layer indicate significant chip 

jamming. The torque curves for tools B and C instead show a smooth and stable torque 

amplitude, suggesting that the flow of chips was hardly obstructed. As a consequence of the 

obstructed chip flow in the cases of tools A and D, which meant that the chips resided within 

the drill’s chip flutes for a considerably longer period of time, a relatively larger part of the 

heat stored within the chips – compared to the scenario characterised by a smooth chip flow –

was released to their surroundings, i.e. the tool and the neighbouring borehole material, the 

upper part of which was CFRP. Moreover, the movement of densely compacted chips within 

the drill flutes would have resulted in strong friction between chip, tool and borehole, which 

would have caused additional heat to be generated, thereby further increasing the thermal 

damage on the CFRP layer. 

For all the assessed tools, the thrust force and torque produced when drilling CFRP were found 

to be significantly lower than those recorded when drilling titanium, which can be attributed to 

the softness of the former and, therefore, the lower cutting energy required for material 

removal. The results also show that tools exhibiting smaller point angles generated a larger 

torque, which is the result of the increase in cutting edge length with decreasing point angle. It 

was also observed that the change in thrust force and torque during transition from CFRP to 

titanium becomes more abrupt as the drill point angle increases. This is due to the fact that 

larger point angles result in shorter interface drilling times, i.e. the time during which the tool’s 

cutting edges are simultaneously engaged in the cutting of both the upper and lower layer (see 

Figure 56, stage 1), and during which the forces generated are a combination of the cutting of 

the two different materials. This was also found to be the reason why the rate of change of the 

thrust force and torque as a result of tool-workpiece engagement and disengagement is larger 

with an increase in drill point angle. When using tools D and – to a lesser extent – tools B and 

C the thrust force exhibits its highest amplitude during the initial engagement with the titanium 
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layer, after which it gradually decreases. This can be explained by the untwisting of the tool 

during initial engagement with the workpiece through the chisel edge, which results in a slight 

elongation and, thus, a sudden increase in thrust force (Hoff, 1986). This is then followed by a 

slight relaxation as a result of the system comprising tool, workpiece and machine tool reaching 

equilibrium, bringing with it a shortening of the drilling tool and, consequently, a drop in thrust 

force (Spur, 1961). Another factor that would have contributed to the reduction in thrust force 

is the increase in cutting temperature with an increase in drilling depth, leading to thermal 

softening of the titanium, as suggested by Zeilmann and Weingaertner (2006).  

Cutting of the CFRP was characterised by strong fluctuations in the thrust force, which is 

attributable to the stacked nature of the material. Considering the interfaces between adjacent 

plies as soft spots, the engagement of the tool tip with these soft spots results in an instantaneous 

decrease in the thrust force, as the tool tip moves from one unidirectional ply to the next. The 

results obtained from this research suggest that there is a relationship between the tool point 

angle and the extent of which the thrust force fluctuates whilst the drill is penetrating through 

the CFRP material, such that the amplitude of these fluctuations was higher for tools with larger 

point angles. This can be explained by the fact that the point angle dictates the number of ply 

interfaces (i.e. soft spots) that the tool tip is engaged with at any one time. In the case of tools 

D (180° point angle) the tip is engaged with only one single ply interface, whereas the tip of 

tool A (118° point angle, resulting in a tip height of approximately 1.8 mm) is simultaneously 

engaged with up to 7 plies.  

In order to substantiate this claim, the thrust force signals recorded during a period of the 

drilling cycle where the tool tip was fully engaged in the material were analysed in the 

frequency domain, by conducting a fast Fourier transform. The results are shown in Figure 

59 (a), looking at a frequency range of 0 to 200 Hz, and Figure 59 (b), which zooms in to a 

range around the dominant peak at 14 Hz, which is the ply engagement frequency. This 

corresponds to a period of 0.07 s, that is equal to the time taken for the drill to move through 

one CFRP ply (thickness 0.254 mm) with a feed velocity of 215 mm/min, as was used for these 

tests. The curves in Figure 59 (b) clearly show that the tools with the largest point angle (i.e. 

tools D, 180°) caused the strongest fluctuation of the thrust force, followed by tools C (150°), 

and then tools B (140°) and A (118°). However, it is pertinent to note that tools B actually 

showed slightly smaller fluctuations at the frequency of interest (i.e. 14 Hz) despite possessing 

a larger point angle compared to tools A. The reason for this is yet not fully understood, but 

could be attributable to the difference in point geometry (4-facet with notches in the case of 
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tools A, 6-facet in the case of tools B). Nonetheless, considering the time domain, the amplitude 

of the thrust force fluctuations follows the above-mentioned trend, as it increases with an 

increase in point angle.  

 

Figure 58: Thrust force and torque generated by the assessed tool geometries. 

 

Figure 59: Thrust force signal frequency domain analysis; (a) 0-200 Hz spectrum, (b) 10-18 Hz spectrum. 

5.2 Influence of tool point angle on titanium interface quality 

Measuring the height of the entry interlayer burr on the top surface of the titanium layer 

revealed average values ranging from 57 µm to 84 µm, see Figure 60. It was observed that, 

overall, an increase in tool point angle brings about an increase in entry interlayer burrs. A 

possible explanation for this is that during material engagement the sudden rise in thrust force 

is more pronounced for tools with larger point angles, as for a given increment in the axial 

direction a larger radial portion of the tool tip is fed into the material. In other words, the tool 

tip plunges into the material more suddenly, whereas for a tool with a smaller point angle this 

engagement happens more progressively. The larger the thrust force during tool entry, the more 
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plastic deformation will take place in the material directly underneath the tool tip, thereby 

resulting in the formation of larger burrs. 

Some degree of tool skidding is also likely to take place during material transition, when the 

chisel edge breaks through the CFRP and pushes against the upper surface of the titanium layer. 

In the case of a drill with a small point angle (118°), the damage resulting from tool skidding 

is rectified as the cutting edges get progressively engaged with the workpiece and thereby 

remove initial damage that may have been formed (including burrs). As the point angle 

increases, the capability of the tool tip to remove previous damage diminishes, because the 

distance the tool travels in axial direction between initial engagement and when the cutting 

edges are fully engaged decreases, to the point where in the case of tools D (180°) the entire 

tool tip gets engaged at once. The consequence of this is that any damage that was caused 

during initial tool engagement could not be removed by subsequent portions of the tool’s tip, 

which explains why the tools with a point angle of 180° produced significantly larger burrs 

compared to the other tools investigated. 

 

Figure 60: Average entry interlayer burr on the top surface of the bottom titanium layer. 

The measurements of the entry and exit borehole diameters, see Figure 61 (a), appear to be 

related to the tool point angle, so much so that an increase in tool point angle results in an 

increase in borehole diameter. This can be explained by the findings made by Spur (1961), who 

observed that the not perfectly symmetrical geometry of drilling tools results in the formation 

of a small radial force, which leads to the bending and, consequently, tumbling of the drilling 

tool. This in turn causes an increase in the diameter of the boreholes produced. As alluded to 
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before, an increase in tool point angle results in a larger thrust force, which will further 

contribute to the radial force caused by the asymmetry of the tool, thereby leading to more 

pronounced tumbling of the tool, resulting in larger borehole diameters. Except for tools B, 

where the entry diameter was slightly smaller than the exit diameter, all other tools created 

boreholes that exhibited a smaller entry than exit diameter. This can be explained by the fact 

that despite tungsten carbide having a similar coefficient of thermal expansion as titanium, its 

thermal conductivity is almost ten times higher. As a consequence, the tool heats up and 

expands more rapidly than the surrounding titanium whilst it progresses through the material 

and, thus, produces boreholes of increasingly larger diameter. The relatively longer chisel edge 

in the case of tools B will have caused more pronounced skidding during tool entry as compared 

to the other tool geometries, which explains the larger entry than exit diameter, an observation 

that is in agreement with Heinemann (2012).  

The lowest surface roughness, quantified by the arithmetic mean roughness Ra and total height 

of roughness profile Rt, of the boreholes drilled into the titanium layer was produced with tools 

B and, to a slightly lesser extent, tools C, see Figure 61 (b). In contrast, tools A and D resulted 

in substantially higher surfaces roughness values. These results correlate with the dynamics of 

the recorded cutting torque, shown in Figure 58, inasmuch as larger oscillations in the torque 

signal coincide with an increased surface roughness. The correlation between oscillations in 

the torque signal and surface roughness can be explained by the occurrence of substantial chip 

clogging, as observed in the case of tools A and D, which causes the drilling process to become 

increasingly unstable, resulting in poorer surface finish. Tools B instead exhibited the most 

stable cutting process, brought about by the steadiest chip evacuation, as shown by the small 

dynamic component in both the thrust force and torque, and thus produced the boreholes with 

the lowest surface roughness. 

 

Figure 61: Borehole quality measurements of titanium layer for different tool geometries; (a) borehole 

diameter, (b) surface roughness. 
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5.3 Influence of interlayer gap size on interface quality 

In the second set of experiments, four different interlayer gap widths were created, by using 

shims of thicknesses 0.05 mm, 0.1 mm, 0.2 mm and 0.3 mm. Tools of type B (140° point angle) 

were used for these tests, as they were found to result in the most stable cutting process during 

the first set of experiments.  

Photographic images of the interface CFRP surface around the borehole after drilling with 

different pre-set interlayer gap widths are shown in Figure 62. These show a ring of damage, 

similar to a corona, along the borehole’s edge, characterised by erosion of the CFRP. With an 

increase in interlayer gap width, this damage ring increases in width, from approximately 

0.5 mm in the case of the smallest interlayer gap (0.05 mm) to around 3 mm when drilling a 

stack with an interlayer gap width of 0.3 mm. This erosive damage on the CFRP layer is the 

result of some of the upwards-travelling hot titanium chips penetrating the interlayer gap and 

then being spun around by the rotating tool. Increasing the interlayer gap width eases the 

ingress of titanium chips into the stack interface, allowing a growing amount of chips to 

accumulate between the two layers, thus leading to more pronounced damage as they scrape 

over the surface. The aforementioned damage due to abrasion is further exacerbated by the 

CFRP’s low degradation temperature, which with approximately 160⁰-200⁰ (Fu et al., 2018; 

Merino-Pérez et al., 2016) is significantly lower than the cutting temperatures typically found 

when drilling titanium. These, depending on the cutting parameters, vary between 400⁰ and 

800⁰ (Lazoglu et al., 2017; Patne et al., 2017; Zeilmann and Weingaertner, 2006). With the 

cutting temperature this high it is reasonable to assume that the temperature of the titanium 

chips as they travel through the drill flutes is still significantly higher than the CFRP’s 

degradation temperature, thereby further contributing to the observed extensive damage.  

 

Figure 62: CFRP interface damage for different interlayer gaps. 

It is pertinent to note that chip flow in drilling is considered as a stochastic process (Mathew 

and Vijayaraghavan, 2016), meaning that the flowing of chips in the tool flutes, and with it the 
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overall process stability, can change considerably between drilling cycles despite the process-

defining parameters remaining unchanged. For this research, as a consequence, it means that 

the variation in interface quality observed between samples drilled with identical experimental 

parameters at times was quite significant. For example, Figure 63 shows two boreholes drilled 

into a stack with a 0.1 mm pre-set interlayer gap width. While the borehole on the left represents 

what is considered to be a typical interlayer surface for this tool operating with the set 

parameters – based on the other boreholes produced – the borehole on the right exhibits 

significantly greater surface damage. This is the result of chip jamming inside the tool’s flutes, 

which caused not only a greater amount of chips being pushed into the stack interface and 

causing abrasion, but also a larger amount of heat having migrated into the surrounding CFRP 

layer, further promoting heat-related damage. Variations in borehole quality between tests 

carried out with the same experimental conditions were observed more frequently in the case 

of larger interlayer gaps, which is understandable as larger interlayer gaps make it easier for 

chips to penetrate into the interface. These chips then further disrupted the chip flow, causing 

a chain reaction, leading to additional chip clogging and yet more chips being pushed into the 

interface, ultimately resulting in further workpiece damage.   

 

Figure 63: Variation in CFRP interlayer surface damage within two boreholes drilled with the same 

parameters. 

Although some noticeable differences in average entry interlayer burr height were recorded on 

the titanium layer in relation to the pre-set interlayer gap width, as shown in Figure 64, a clear 

trend between interlayer gap width and burr height cannot be identified. Drilling a stack without 

or with only a very small interlayer gap (0.05 mm) resulted in the largest burrs, whereas the 

introduction of a gap of at least 0.1 mm caused the burr height to be considerably reduced. 

When drilling Aluminium/Aluminium stacks (Chapter 4), chip ingress in the stack interface 

was found to result in abrasion of the borehole edges, leading not only to the complete removal 
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of the exit interlayer burr, but also to some reduction of the entry interlayer burr height. The 

use of titanium as the bottom layer in these experiments might explain why the extensive 

erosion observed in Chapter 4 did not take place here, as a result of its significantly higher 

strength and hardness as compared to aluminium. In other words, the entry burrs formed were 

strong enough to withstand excessive erosion and, thus, did not get completely abraded by the 

upwards-travelling chips. Further research however is required to allow for a more in-depth 

assessment of the correlation between interlayer gap width and interlayer burr formation when 

drilling stacks comprising titanium layers. 

 

Figure 64: Entry interlayer burr height in titanium for different pre-set interlayer gaps. 

5.4 Summary 

This chapter presented an investigation on the influence of tool point angle and interlayer gap 

width on interlayer borehole quality when drilling CFRP/Titanium stacks. The observed 

damage on the CFRP interlayer surface was found to be caused by the drilling of the titanium 

layer below and can be attributed to the upwards-travelling titanium chips as well as heat 

accumulation in the tool and the stack interface. Tools exhibiting a fairly stable titanium cutting 

process and chip evacuation were found to produce significantly better boreholes than tools 

that were found to exhibit – on average – a less smooth chip flow and, as a consequence, poorer 

process stability. In the titanium interlayer surface, an increase in tool point angle results in 

larger entry burrs. This is due to the positive correlation between tool point angle and thrust 
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force, as well as the increased capability of tools with low point angles to remove damage 

generated by surface skidding during initial tool entry. 

The introduction of a pre-set interlayer gap promotes the ingress of upwards-travelling titanium 

chips into the stack interface, thereby leading to extensive abrasive and thermal damage of the 

CFRP interlayer surface. The wider the interlayer gap, the easier it becomes for titanium chips 

to penetrate the interface and, consequently, the greater the composite interlayer damage. 

Although the introduction of a pre-set interlayer gap appears to result in a slight reduction in 

the entry interlayer burr in the titanium layer, which could be caused by the abrasion of upwards 

travelling titanium chips, a clear relationship between interlayer gap width and interlayer burr 

formation in the titanium surface could not be established.  
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Chapter 6: Influence of parameter changeover position on 

interface quality 

The realisation of adaptive drilling on multi-material stacks requires cutting parameters to be 

switched over when the tool transits between two layers of different materials. When 

employing traditional drilling tools, the fact that these exhibit some shape of conical point 

geometry results in the position at which the cutting parameters are changed to be at any point 

during the interface drilling phase, i.e. when the cutting edges are engaged with two different 

layers simultaneously. As evidenced by the literature review, there is a lack of understanding 

on how this position affects the borehole quality. Thus, this chapter reports on the experimental 

work carried out to determine the impact of parameter changeover position on interface 

borehole quality, with a focus on CFRP/Aluminium stacks. 

6.1 Parameter changeover positions 

For the research presented in this chapter, the cutting parameters and cooling strategy were 

changed over when the drill transitioned from CFRP to aluminium, using the parameters listed 

in Table 8. Whilst the CFRP was drilled dry, the aluminium was drilled with coolant. The 

cutting fluid supply was switched on 1 mm before the tool’s chisel edge broke through the 

CFRP layer, to ensure that some of the externally-supplied coolant was able to reach the drill 

tip by the time it engaged with the bottom layer. The cutting speed and feed rate in contrast 

were changed at three positions relative to the interface, see Figure 65. Position 1 refers to the 

cutting speed and feed rate being changed over when the tool’s chisel edge made contact with 

the aluminium layer. This results in the final part of the CFRP layer being drilled with the 

aluminium-specific cutting parameters. Positions 2 and 3 refer to the changeover of cutting 

parameters taking place when half of the tool tip (position 2) or the entire tool tip (position 3) 

was engaged in the lower layer, meaning that half of the interface region or none of it, 

respectively, was drilled with the aluminium-specific parameters. To ensure that once the 

changeover depth was reached, the entire remainder of the borehole was machined with the 

aluminium-specific parameters, a dwell time of 100 ms in the feed motion was introduced. 

Furthermore, to prevent tool wear affecting the results, a new tool was used for each different 

changeover position, and the tool condition was checked with a digital optical microscope after 

every two holes drilled. For each changeover position, a total of eight boreholes were drilled. 
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To evaluate the condition of the borehole at the stack interface, three quality parameters were 

assessed: diameter, damage factor and burr height.  

 

Figure 65: Changeover positions investigated. 

Table 8: Workpiece and tooling details. 

Stack 

combination 

Tool 

Manufacturer 

Tool 

Coating 
Tool Geometry 

Cutting 

speed 

(m/min) 

Feed rate 

(mm/rev) 

CFRP/Al 
(10+6 mm) 

Walter TiAlCrN 
Ø15 mm, 140° point, 30° helix, 
standard chip flutes, six-facet 

57/95 0.038/0.16 

 

6.2 Borehole diameter 

The measurements of the average borehole diameters at entrance and exit of each of the stack 

layers are provided in Figure 66. The first observation made is that all boreholes drilled were 

noticeably larger than the nominal tool diameter (15 mm). A second observation is that the 

interface diameters of the aluminium boreholes were found to be consistently slightly larger 

than the interface diameters in the CFRP layer, regardless of the changeover position. It is 

likely that two phenomena contributed to this. Firstly, the difference in elastic modulus between 

aluminium and CFRP, which leads to different amounts of elastic recovery (Ashrafi et al., 

2014; Brinksmeier and Janssen, 2002; Shyha et al., 2011). Secondly, the possibility of tool 

skidding occurring when the tool engages with the lower layer, i.e. wandering of the tool tip 

on the workpiece surface when it first establishes contact. This would result in a slightly larger 

entrance diameter in the aluminium and, to a lesser extent, exit diameter in the CFRP. Further 

evidence for the occurrence of tool skidding during interface drilling is given by the fact that 

the borehole diameters at CFRP entry and aluminium exit (i.e. away from the interface), where 
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tool skidding is highly unlikely to occur, were found to be significantly smaller than their 

corresponding interface diameters.  

With regards to the effect of changeover position on borehole diameter, Figure 66 shows a 

decrease in interface diameter, particularly in the CFRP layer, the later the parameters were 

changed with respect to the interface. This is believed to be a result of the position of the chisel 

edge when both the cutting speed and feed rate were increased. When changeover occurred in 

position 1, the parameters were changed over as the chisel edge made contact with the lower 

aluminium layer, suggesting that tool skidding might have occurred with a relatively high feed 

rate. Tool skidding is related to the thrust force, which to a great extent is created by the chisel 

edge (Klocke, 2011). In the case of changeover positions 2 and 3, the parameters were instead 

changed over after the chisel edge was already engaged with the aluminium layer. This resulted 

in the chisel edge and half of the drill tip (in the case of position 2) or the full height of the drill 

tip (position 3) to experience material transition at a significantly lower feed rate and, thus, 

lower thrust force. Lower feed rates therefore appear to result in a less pronounced tool run-

out when transitioning between stacks comprising CFRP and aluminium, which in turn yields 

interface diameters closer to the nominal tool diameter. 

 

Figure 66: CFRP and aluminium borehole diameters in relation to parameter changeover position. 

6.3 Interlayer damage factor 

The average interlayer damage factors at the CFRP interface surface for different changeover 

positions are shown in Figure 67, whilst Figure 68 depicts the typical interface damages on the 

CFRP layer surface. Overall, the resulting interface damage is small for all changeover 

positions investigated, suggesting the adequacy of the combination of tool and cutting 
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parameters, and the small scatter in the results implies that the drilling cycles were stable. 

Whilst the measured damage factor is similar when performing the parameter changeover at 

positions 1 and 2, it is lower at changeover position 3. This can be attributed to the fact that 

when the parameters are changed over at position 3, the cutting speed and feed rate are 

increased once the drill has cleared the CFRP layer. Consequently, the tool breaks through the 

composite layer with a substantially lower feed rate and, thus, reduced thrust force, which is 

directly correlated to the delamination at borehole exit (Feito et al., 2018; Qiu et al., 2014; Xu 

et al., 2014). The similarity of results obtained from changing the parameters over at positions 

1 and 2 suggests that the outer cutting edge corners are the tool feature that mostly influences 

the resulting CFRP layer damage. It is possible that the chisel edge, as a major contributor to 

the thrust force (Klocke, 2011), initially causes some damage in the form of delamination, but 

that this damage is then removed by the cutting edges prior to full breakthrough of the 

composite layer. 

 

Figure 67: Interlayer damage factor at CFRP interface in relation to cutting parameter changeover 

position. 
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Figure 68: CFRP interface surface for different changeover positions. 

6.4 Interlayer burr formation 

Figure 69 shows the interlayer burr heights at the entry of the lower aluminium layer for 

different changeover positions. The generated interlayer burr height appears to be strongly 

correlated to the changeover position, inasmuch as the deeper inside the material the cutting 

speed and feed rate are increased, the larger the burr. This can be explained by the low feed 

rate employed when drilling the CFRP layer, which results in a significantly longer cutting 

edge path and engagement time when compared to drilling the aluminium layer. As a 

consequence, when the interface is machined with a low feed rate (i.e. changeover positions 3 

and, to a lesser extent, 2), higher temperatures occur at the cutting point due to the significantly 

greater amount of friction energy generated. The increase in temperature in turn leads to an 

increase in the plastic flow of the aluminium during the burr formation process, as a result of 

the thermal softening of the workpiece material.  

 

Figure 69: Interlayer burr height at entry of aluminium layer. 
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6.5 Summary 

The research presented in this chapter serves the purpose of providing an understanding of the 

impact of parameter changeover positions on interface borehole quality. When drilling 

CFRP/Aluminium stacks, adapting the cutting parameters and cooling strategy based on the 

workpiece material being machined at any point of time was found to result in a stable cutting 

process and to generate boreholes that exhibit only small interface damage, as by doing so each 

layer is machined with its optimal parameters. This provides further evidence to the 

effectiveness of adaptive drilling. 

When transitioning from CFRP to aluminium, tool skidding resulted in a slightly larger 

entrance diameter in the aluminium and, to a lesser extent, exit diameter in the CFRP. The later, 

relative to the interface, the cutting speed and feed rate are increased, the smaller the interface 

diameter, particularly in the CFRP layer. The surface damage of the CFRP at the interface is 

smallest if the cutting speed and feed rate are increased once the entire drill tip has broken 

through the CFRP layer, as in this case any delamination caused by an increase in feed rate 

whilst machining at the interface is avoided. Interlayer burr height is strongly correlated to the 

changeover position, so much so that the later the cutting speed and feed rate are increased, the 

larger the burr. Machining at the interface using a low feed rate characteristic for drilling CFRP 

results in more heat energy being generated and, thus, higher temperatures, which consequently 

promotes workpiece material flow during the burr formation process. 
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Chapter 7: Process signals characterisation  

The literature review revealed a shortage of fundamental research aimed at correlating signal 

features to the occurrence of process incidences relevant to adaptive drilling, as well as 

assessing the validity of these correlations throughout the life of a cutting tool. It is also unclear 

whether the understanding gained from previous studies on process monitoring of drilling of 

stacked assemblies, which was conducted on large CNC machining centres, can be reliably 

transferred to aerospace drilling operations, in which small portable automated drilling units 

are used to generate the majority of boreholes. Thus, this chapter aims to establish relationships 

between stack drilling process incidences and process signals using different machining 

equipment, and to assess the validity of these relationships at different stages of tool wear. 

The relevant process incidences to enable adaptive drilling when cutting a two-layer multi-

material stack are illustrated in Figure 70: (1) tool engagement, which is when the tool first 

makes contact with the first layer of the stack; (2) material transition, which is when the tool 

moves from the first to the second layer of the stack, and (3) tool disengagement, which is 

when the tool breaks through the second layer of the stack. To gain an understanding on the 

suitability of a range of signals with regards to the identification of these process incidences, a 

number of initial experiments were conducted on a large CNC machining centre. These were 

followed by experiments aimed at establishing the degree of transferability of signals between 

machining centres and portable drilling units, as the latter are typically used in many aerospace 

assembly operations.  

 

Figure 70: Investigated process incidences. 
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7.1 Process signals characterisation at different tool life stages 

The experiments were carried out on CFRP/Aluminium stacks, and three twist drills of the 

same geometry were employed for this research, see Table 9. Sixteen boreholes arranged in a 

4x4 matrix were drilled into each of the stacks. When drilling these holes, thrust force, torque, 

AE and vibration acceleration were recorded. To extend the tool life under investigation 

without increasing the number of boreholes drilled into the coupons, a CFRP dummy plate was 

used to wear out the drilling tools. This meant that after a borehole was drilled into the stack 

fixed in the clamping jig, 10 holes, each 15 mm deep, were drilled in the CFRP dummy plate. 

Thus, holes 1, 12, 23, etc. were drilled into the stack, whereas holes 2-11, 12-22, etc. were 

drilled into the dummy plate. A total of 111 holes were drilled with each of the tools, which on 

average resulted in a tool flank wear length vB of approximately 0.3 mm, see Figure 71 and 

Figure 72. One of the three tools employed was later used to drill more holes to further 

investigate the effect of tool wear on the AE signal.  

 

Figure 71: Comparison of wear for different tools.  

 

Figure 72: Tool tip aging after 111 holes. 
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Table 9: Workpiece and tooling details 

Stack 

combination 

Tool 

Manufacturer 

Tool 

Coating 
Tool Geometry 

Cutting 

speed 

(m/min) 

Feed rate 

(mm/rev) 

CFRP/Al 
(10+10 mm) 

Walter 

 

Ham 

Uncoated 

 

Diamond 

Ø6 mm, 118° point, 25° helix, 
enlarged chip flutes, four-facet with 
notches 

Ø6.35 mm, 155° point, 20° helix, 
enlarged chip flutes, four-facet with 
notches, with pilot 

40 

 

40 

0.1 

 

0.05 

 

7.1.1 Thrust force and torque 

A typical example of the recorded thrust force and torque is shown in Figure 73. The thrust 

force was found to rapidly increase as a reaction to tool engagement. As the cutting edges begin 

to engage with the workpiece, the torque experiences a more gradual increase, which stabilises 

once the tool tip is fully engaged in the workpiece material. While drilling the CFRP layer, 

both the thrust force and, to a lesser extent, the torque were found to oscillate with a relatively 

low frequency. This is attributed to the stacked nature of the workpiece, as observed in Chapter 

5. Furthermore, when drilling the CFRP layer, both the thrust force and torque were found to 

be significantly lower than when machining aluminium, due to the softness of the CFRP matrix, 

making the identification of material transition unambiguous. 

During drilling of the aluminium layer, the thrust force experiences a gradual increase with 

depth. This could be a result of the increasing volume of chips within the drill flutes, as well 

as the increase in friction due to a larger portion of the tool’s margins being in contact with the 

borehole wall, in turn leading to a greater resistance in the feed direction. This gradual increase 

was not as pronounced in the torque, which instead initially remains fairly constant. It is 

pertinent to note that, throughout the tests, strong fluctuations in both thrust force and torque 

were recorded towards the end of the drilling cycle. These are believed to be a result of chip 

jamming, which becomes increasingly likely the deeper the tool penetrates into the workpiece. 

When the chisel edge breaks through the lower layer, the thrust force and torque rapidly drop 

to zero. Tool retraction is characterised by a noticeable increase in the dynamic component of 

both the thrust force and the torque. This is a result of the rubbing between the chips adhered 

to tool and the borehole edge, as well as between the upwards-travelling tool and the CFRP 

fibres protruding out into the borehole as a result of incomplete shearing and partial fibre pull-

out, as observed by Sobri (2017). Overall, the thrust force was consistently found to be more 
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responsive to the process incidences than the torque, which can be attributed to the chisel edge, 

which is the part of the tool to first engage (or disengage) with each stack layer, generating 

around 70% of the thrust force (Klocke, 2011). 

 

Figure 73: Recorded thrust force and torque during a drilling cycle. 

The evolution of the thrust force and torque throughout the tool life is shown in Figure 74. Both 

thrust force and torque increased substantially with growing tool wear for all the three drills 

employed. During drilling of the CFRP layer, the continuously increasing rounding of the 

cutting edges as a result of abrasion wear led to a linear increase in the thrust force and torque. 

Apart from the previously mentioned oscillations, resulting from the stacked nature of the 

composite, when drilling CFRP both thrust force and torque did not experience any sudden 

variation within individual drilling cycles, even at the stage where the tool exhibited significant 

wear. This is believed to be due to the machining of the CFRP resulting in very tiny, almost 

powder-like chips, which are easily removed and thus do not disrupt the chip flow inside the 

drill flutes, thereby resulting in a stable cutting process. In contrast, cutting of the aluminium 

layer was characterised by an increase in both the frequency of occurrence and the magnitude 

of sudden oscillations due to chip clogging with tool wear. This can be attributed to the larger 

chip size, longer distance to be travelled by the chips to escape the flutes and workpiece 

material adhesion to the drilling tools, which is typical for dry drilling of aluminium, especially 

at relatively low cutting speeds (Klocke, 2011). The observed workpiece adhesion gives rise to 

built-up edge formation, which further affects the chip size and chip flow. The growth in tool 
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wear would have promoted workpiece material adhesion due to the associated rise in cutting 

temperatures, thereby promoting the aforementioned phenomena.  

Interestingly, from Figure 74 it can be observed that the proportional increase in thrust force 

with tool wear when drilling CFRP (300%) is significantly higher than that observed when 

drilling aluminium (50%). With regards to the torque signals, an increase of around 150% can 

be observed when the drill is engaged in the CFRP layer. However, when engaged in the 

aluminium layer, determining an overall increase in the torque magnitude is less 

straightforward due to the frequently occurring chip clogging, which causes the torque signal 

to become highly dynamic. Nonetheless, considering the first second of engagement between 

the tool and the aluminium layer, i.e. the period during which chip clogging is unlikely to occur, 

an increase in torque of at least 300% was observed.  

 

Figure 74: Progression of thrust force and torque with tool wear. 

7.1.2 Acoustic emission 

An example of the raw and RMS-converted AE signal is shown in Figure 75. Tool engagement 

results in a substantial increase in AE, which stabilises once the cutting edges are fully engaged 

in the CFRP. Similarly to the thrust force and torque, the AE signal during drilling of the 

composite layer is characterised by high stability. During material transition from CFRP to 

aluminium, a substantial drop in the AE signal magnitude was observed, which remained at 

this lower level – except for a few bursts – for a period of around 2 to 3 seconds. The higher 

AE magnitude observed when drilling CFRP can be explained by the higher stiffness of the 

composite, which during material removal results in the generation of more elastic energy for 

the same amount of impact when compared to aluminium (Min et al., 2011, 2008), ultimately 

generating a stronger AE signal. Furthermore, according to Klocke (2011), the strong AE 
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magnitude characteristic of drilling CFRP is also a result of crack initiation and propagation 

during the brittle fracture of the carbon fibres. Drilling of aluminium, in contrast, is 

characterised by plastic deformation and less crack initiation and propagation, thus leading to 

lower AE. However, with an increase in the drilling depth, chip clogging becomes more likely, 

and its occurrence often leads to sudden spikes in AE. Interestingly, these spikes were found 

to correlate to rises in the thrust force, torque and acceleration, which suggests that all the 

signals assessed are strongly affected by chip clogging. Tool disengagement was often 

characterised by an increase in AE. It is possible that this is due to plastic deformation of the 

material underneath the tool tip and crack propagation, both associated with burr formation, as 

a similar increase was not observed when exiting the CFRP layer, which as a result of its nature 

is not characterised by burr formation during tool exit in the traditional sense (Xu et al., 2018). 

 

Figure 75: Recorded AE during a drilling cycle. 

With regards to the drilling of the top CFRP layer, an increase in tool wear appeared to result 

in a gradual decrease of the AE, as shown in Figure 76. When analysing the average RMS 

signal over the number of holes drilled, see Figure 77, a low frequency oscillation can be 

observed, which is believed to be the result of the setup and how the experiments were 

conducted. Holes were drilled in a 4x4 matrix into the stack (i.e. four rows, each one comprised 

four holes), and the AE was often found to gradually decrease from the first to the last hole of 

each row (e.g. from hole 1 to hole 4). When drilling the first hole of the next row (e.g. hole 5), 

the AE signal was found to be higher than when drilling the last borehole of the previous row 

(e.g. hole 4), but often still lower than when drilling the first hole of the previous row (e.g. hole 
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1). This can be explained by the varying distance between the sensor location and the drilling 

site, as observed by Shuaib (2018). Furthermore, as the workpiece acts as a medium for the AE 

waves, the presence of one (or more) borehole(s) can also affect the workpiece’s dynamic 

properties, and consequently change the way AE propagates. 

 

Figure 76: AE RMS signal during drilling of the CFRP layer with increasing tool wear. 

 

Figure 77: Progression of the average AE RMS signal during drilling of the CFRP layer with an increase 

of the number of holes drilled (extended drilling tests). 
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7.1.3 Acceleration 

An example of the recorded vibration accelerations is shown in Figure 78. Although some 

variations in the signal magnitude in all the three directions were observed, with the x-direction 

being the most sensitive to the drilling process, the accelerations in all three directions appear 

to be highly correlated. Drilling of CFRP was found to generate stronger acceleration than 

drilling of aluminium in stable conditions (i.e. without chip jamming). Similarly to AE, 

material transition was characterised by a drop of the acceleration magnitude. During the first 

2 seconds after the transition period, the acceleration signal remains at a lower level than that 

characteristic of CFRP drilling. Akin to the other recorded process signals, peaks were 

observed during the final stages of the drilling of the aluminium layer, and the frequency of the 

occurrence of these was found to increase with the number of boreholes drilled. These peaks 

could be attributed to a deteriorating chip flow, which is promoted by tool wear (Heinemann 

and Hinduja, 2012). Tool disengagement and retraction cause a sudden increase in the 

acceleration, which in the case of the former could potentially be due to burr formation, often 

leading to the saturation of the three acceleration signals.  

With regards to the drilling of the CFRP layer, tool wear appears to have resulted in a slight 

reduction in the acceleration signal, as can be seen in Figure 79. Similarly to the AE signal, a 

correlation was found between borehole position and acceleration magnitude, due to the 

varying distance between the sensor and the signal source. Like in the case of the AE sensor, 

it is not possible to define a clear relationship between tool wear and acceleration during 

drilling of the aluminium layer, due to the strong vibration caused by frequent chip jamming. 

Overall, since the acceleration signal exhibits a strong correlation to the AE signal, it appears 

that the monitoring of both signals in the time domain would produce redundant data that does 

not add substantial benefit to a process monitoring system for adaptive drilling of the assessed 

stack combination. 
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Figure 78: Recorded acceleration during a drilling cycle. 

 

Figure 79: Progression of the average acceleration RMS signal during drilling of the CFRP layer with an 

increase of the number of holes drilled. 

7.2 Investigating the effect of different machine tools on process signals 

To assess the suitability of sensors and process signals for the equipment the adaptive drilling 

system is intended for, as well as to allow for establishing a degree of transferability of signals 

between a large CNC machining centre and a small portable drilling unit, a second set of 

experiments was carried out.  

For this, three Ham drills with pilot section (see Table 3, page 73) were used. For each tool, 15 

holes were drilled with the Fives eADU before drilling another 15 holes with the machining 
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centre (Takisawa MAC-V3). Five boreholes were drilled in each coupon, which means in total 

six coupons per tool were used. The experimental parameters used in the drilling tests are 

provided in Table 3 (page 73). To replicate the suction and coolant supply of the portable 

drilling unit, the machining centre was equipped with an MQL unit and external suction, as 

shown in Figure 23 (page 75). The location of the dynamometer, AE sensor and accelerometers 

was the same for the two different machine tools, i.e. on the clamping jig. To allow for a direct 

comparison between process signals recorded when drilling with two different pieces of 

machining equipment, the experiments were designed in a way to avoid significant wear. 

According to the images in Table 10, none of the drills experienced noticeable wear after 

having drilled 30 holes, allowing for a direct comparison between process signals recorded 

when drilling with the two different pieces of machining equipment. The behaviour of the thrust 

force and torque recorded during the experiments further supports this, as no noticeable 

increase was recorded with an increase in the number of drilled holes.  

Table 10: Tool wear assessment. 

 New After ADU drilling After CNC machine drilling 

Drill 1 

  

Drill 2 

  

Drill 3 
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Two examples of the smoothened thrust force and torque are shown in Figure 80, one from the 

machining centre and the other from the drilling unit. Because the drilling unit was equipped 

with a vibration-assisted drilling module, the additional axial oscillations meant signal 

smoothening was necessary for the thrust force and torque signals, as these exhibited a strong 

dynamic component. The thrust force and torque during drilling of the CFRP layer were found 

to be fairly similar between the two different machines, although the machining centre exhibits 

a slight reduction in both the thrust force and cutting torque with an increase in drilling depth. 

This can be explained by the fact that, with an increase in drilling depth, the external coolant 

supply of the machining centre becomes less efficient as it becomes increasingly difficult for 

the cutting fluid to reach the drill tip, unlike in the case of the through spindle coolant supply 

of the drilling unit. This leads to an increase in the cutting temperatures and, consequently, the 

softening of the CFRP matrix, thereby reducing the thrust force and torque required to machine 

the material. 

During drilling of the lower aluminium layer, the thrust force and torque exhibited a more 

substantial difference. The thrust force and, to an even greater extent, the torque experience a 

substantial increase halfway through the drilling of the lower layer when using the machining 

centre, whereas they remain stable throughout the drilling cycle when using the portable 

drilling unit. This can be attributed to chip clogging, which is more likely to happen on the 

machining centre than on the portable drilling unit for three reasons. Firstly, the portable 

drilling unit benefits from vibration-assisted drilling, which has been found to aid chip 

breakage and evacuation (Li et al., 2019; Seeholzer et al., 2019). Secondly, the portable drilling 

unit’s through-spindle coolant supply facilitates chip evacuation (Klocke, 2011). Thirdly, 

although the same vacuum cleaner provided chip suction for both machine tools, applying 

suction through the nosepiece of the portable drilling unit is believed to be more efficient due 

to the sealed suction path. 
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Figure 80: Recorded thrust force and torque using portable drilling unit and machining centre. 

To isolate the AE generated by the cutting process from other AE sources, the signal recorded 

with the spindle and feed drive running and the tool rotating in air was measured for the two 

machine tools. This was found to be, on average, 0.027 V and 0.45 V for the machining centre 

and the portable drilling unit, respectively. These values were then subtracted from the recorded 

AE signal during each drilling cycle. The compensated AE RMS signal is shown in Figure 81. 

When drilling the CFRP, the AE generated when using the machining centre was found to be 

significantly larger than that recorded when using the drilling unit, whereas during drilling of 

the aluminium layer the AE signals were similar. This can be explained, to some degree, by 

the difference in eccentricity in the tool rotation (‘tool tumbling’) due to the different tool 

clamping mechanisms, which was found to be 20 µm for the portable drilling unit and 30 µm 

for the machining centre, both measured at the start of the drill flutes. This difference can be 
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explained by the less constrained tool clamping provided by the drill chuck used in the 

machining centre as opposed to that provided by the portable drilling unit, where the tool is 

threaded into a tool holder fixed onto the end of the spindle. However, as this difference is 

believed to be too small to fully explain the observed difference in AE when cutting the CFRP 

layer, it is reasonable to argue that the portable drilling system in its entirety, i.e. sealed suction, 

through spindle coolant supply and vibration-assisted module, will have collectively affected 

the tool-workpiece interaction and, thus, the generation of AE. 

Towards the end of the drilling cycle, a rapid but brief increase in the AE signal was noticed 

just after tool disengagement when using the machining centre, while a spike in the signal was 

observed straight after the beginning of tool retraction when using the portable drilling unit. A 

possible explanation for the former is the larger extent of burr formation as a result of the 

hindered chip evacuation and continuous cutting, whereas the latter is believed to be a result 

of the machine’s mechanical triggering of tool retraction i.e. a limit switch having been 

triggered. When using the machining centre, tool retraction is instead initiated by monitoring 

the z-stage position, thereby preventing contact between moving parts.  

 

Figure 81: Recorded AE RMS using portable drilling unit and machining centre. 

As detailed in the previous section, the accelerations in the three recorded directions are highly 

correlated. Thus, for clarity only the acceleration RMS signal in the z-direction is shown in 

Figure 82. Similarly to the AE signal, the acceleration recorded during drilling of the upper 

CFRP layer was significantly higher when using the machining centre than when using the 
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portable drilling unit. The acceleration signal exhibited a similar magnitude during drilling of 

aluminium for both machine tools, and tool retraction was characterised by the same 

occurrences reported on when analysing the AE signal. The strong correlation between the 

acceleration and AE observed in these experiments further strengthens the argument that 

monitoring only one of these signals appears to be sufficient for a process monitoring system 

for drilling of aerospace stacks.  

 

Figure 82: Recorded z-acceleration RMS using portable drilling unit and machining centre. 

7.3 Summary 

The research presented in this chapter established relationships between process incidences and 

process signals recorded from a variety of sensors and determined the degree of transferability 

of signals between a large CNC machining centre and a small portable drilling unit. 

Significant differences in thrust force, torque, AE and acceleration were observed when the 

tool transitions from CFRP to aluminium, thereby making these signals suitable for material 

transition detection. The thrust force was found to be the most responsive signal to tool 

engagement, material transition and tool disengagement, which makes this signal particularly 

suitable for a highly responsive adaptive drilling system. Acceleration signals were found to 

exhibit similar behaviours in the three directions assessed. Because the acceleration generated 

from the drilling process appears to be strongly correlated to the AE, the monitoring of only 

one of these signals appears to be sufficient for detecting the occurrence of the investigated 

process incidences. For both AE and acceleration, varying the distance between the sensor and 
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the machining site results in variations in the recorded signals. Sensors to be included in process 

monitoring systems for adaptive drilling should therefore be located in places where they can 

maintain a constant distance to the machining point. 

All recorded process signals were found to exhibit some differences when switching from a 

CNC machining centre to a portable drilling unit, which are believed to be the result of the 

latter’s ability to improve chip evacuation by vibration-assisted drilling, sealed suction and 

through spindle coolant supply. For that reason, to ensure that the data recorded in the following 

chapters is representative of the industrial application, the research was carried out using a 

portable drilling unit.  
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Chapter 8: Investigation on the feed and spindle current signals 

According to the findings of the previous chapter, the directly recorded thrust force and torque 

were found to be highly valuable process parameters, as they exhibited strong correlations to 

the occurrence of all three process incidences of interest. However, they are considered 

impractical to implement in commercial process monitoring systems due to the sensors’ 

fragility and high cost. To address this, the research presented in this chapter includes an 

investigation on the effectiveness of indirectly measuring the thrust force and torque generated 

by aerospace ADUs based on the current flowing inside the feed and spindle motor driver, 

using a modified portable drilling unit’s control box, the details of which can be found in 

section 3.6. For this part of the research, the machining setup, i.e. machine tool, tool and cutting 

parameters, were selected to represent industrial practice, which initially required an 

investigation as to how these industrial parameters affect the other recorded process signals, 

i.e. thrust force, torque, AE and acceleration. 

8.1 Impact of the utilisation of industrial parameters on process signals 

The experiments were carried out with a Seti-tec éVo Light EDU, with the cutting parameters 

listed in Table 3 (page 73) and the accelerometers and AE sensors placed on the tool side, as 

shown in Figure 30 (page 81). For the three drills employed, five boreholes were drilled in each 

coupon with the portable drilling unit, and after every coupon was drilled 95 boreholes were 

machined on a CFRP dummy plate to introduce wear to the drilling tool. A total of 1005 

boreholes per tool were drilled. 

Typical examples of the thrust force and torque recorded using this setup are shown in Figure 

83. These show that the presence of the low-frequency vibration-assisted drilling module in 

combination with the relatively high feed velocity (300 mm/min) resulted in strong dynamic 

oscillations in both the thrust force and torque. In the case of the torque, some negative values 

were recorded during cutting of both the CFRP and aluminium layer, thereby suggesting the 

presence of a force acting against the clockwise rotational motion of the drill as a result of the 

tool’s axial oscillation. Nonetheless, as shown in the figure, smoothening the signals with a 

window of 50 milliseconds (5000 datapoints) revealed a very stable drilling cycle, with clear 

transitions following the engagement of the two sections of the stepped tool in the different 

workpiece layers. This suggests that, if a process monitoring system based on time domain 
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features extracted from the directly recorded thrust force and torque is to be implemented on a 

drilling unit equipped with a vibration-assisted drilling module, low-pass filtering could be 

beneficial to minimise the strong dynamic component and ease the identification of certain 

parameters, such as the slope of the signals.  

   

 

Figure 83: Raw and smoothened thrust and torque signal. 

The RMS AE signal recorded for a typical drilling cycle is shown in Figure 84. When compared 

to the experiments presented in Chapter 7, which were carried out with the sensor on the 

workpiece side, for this set of experiments the sensor was placed on the portable drilling unit. 

When the machine was switched on (at 1.2 s on the graph), the recorded AE increased 

substantially, even though the tool was rotating in air and was not engaged in cutting of the 

workpiece. After tool-workpiece contact, the engagement between the tool and the composite 
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layer resulted in a slight increase in AE, albeit to a significantly lower extent if compared to 

that recorded when the sensor was placed on the workpiece side, shown in Figure 81. A less 

pronounced variation in AE was also observed for the other process incidences. This is believed 

to be caused by the shorter path between the machine’s gearbox and the sensor, which results 

in the meshing of the gears within the ADU to be the more dominant source of AE as compared 

to the tool’s cutting action. Nonetheless, throughout the experiments the occurrence of the 

various incidences resulting from the progression of the tool through the stack was always 

followed by a slight but noticeable change in the AE RMS magnitude. Specifically, the AE 

gradually increases as the tool progresses into the stack, before starting to progressively 

decrease when the tip of the first diameter breaks through the lower aluminium layer, thus 

initiating tool exit from the stack. 

 

Figure 84: Acoustic emission RMS signal. 

Figure 85 shows the mean AE signal calculated during cutting of the CFRP layer over tool life, 

for each of the three tools used. Tool wear does not seem to majorly affect the generated AE, 

which suggests that if AE is to be used as a process signal for a condition monitoring system, 

the decision-making algorithm would not require adjustments based on the tool condition. 

These results outline a different picture to the one drawn from the experiments previously 

carried out in this research, where it appeared that increasing wear resulted in a decrease in AE, 

albeit with substantial oscillations (see Figure 77, page 131). This can be explained by the 

different sensor location, the impact of which on the signal was investigated further. 
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Figure 86 shows a comparison of the percentage variation from the mean value calculated over 

the five boreholes drilled in each coupon of the AE signal generated during cutting of the CFRP 

layer. The red circles represent the tests where the sensor was placed on the workpiece side, 

whilst the blue circles represent the tests where the sensor was placed on the tool side. Placing 

the sensor on the tool side resulted in substantially more consistent measurements compared to 

when the sensor is placed on the workpiece side, which can be explained by the fixed sensor-

to-signal-source distance. These reduced variations in the recorded signal allow for an 

improved accuracy and reliability of the process monitoring system. Moreover, placing the 

sensor on the tool side would reduce the chance of the signal experiencing variations due to the 

occurrence of events which are not directly linked to the drilling cycle, for example the 

simultaneous drilling of different boreholes in other locations of the stack. For this reason, to 

ensure the effectiveness of the process monitoring system, it is recommended that the sensors 

are placed on the tool side, if possible. 

 

Figure 85: Progression of average AE during cutting of the CFRP layer with tool wear. 
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Figure 86: Comparison of the percentage variation from the mean value of the AE RMS signal between 

the drilling tests carried out with the sensor placed on the tool and on the workpiece. 

Figure 87 shows the accelerations after RMS conversion in the X and Z direction for a typical 

drilling cycle, whilst Figure 88 shows the signal average over tool life. The acceleration in the 

Y direction was not measured in this set of experiments due to the limited number of inputs of 

the data acquisition card, to allow for the measurement of the ADU’s feed and spindle current. 

Overall, the acceleration signals were found to be strongly correlated to the AE ones, which is 

in agreement with the results of the previous experiments.  

As shown in Figure 88, a peak in both the AE and acceleration in Z direction was observed 

when drilling the third coupon using the second tool. This suggests a direction sensitivity of 

the AE sensor, which was oriented in the same direction as the Z-axis accelerometer. Similarly 

to the AE signal, the acceleration was not found to be majorly affected by the number of 

boreholes drilled. A possible explanation for this is that the vibrations generated by the spinning 

of the electric motors and the gearbox within the ADU are strong enough to cover signal 

variations resulting from a change in cutting mechanisms in response to tool wear. Nonetheless, 

each of the process incidences of interest resulted in a noticeable change in the acceleration 

magnitude, throughout the tool lives. Given the observed strong correlations between the AE 

and acceleration signal, accelerometers are considered to be more suitable sensors for a process 

monitoring system to detect tool engagement, material transition and tool disengagement, due 

to their lower cost and the lower sampling rate required. 
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Figure 87: X and Z acceleration RMS signals. 

 

Figure 88: Progression of average acceleration in X and Z directions during cutting of the CFRP layer 

with tool wear. 

8.2 Assessment of feed and spindle current signals 

The feed and spindle current raw and processed signals recorded from the modified measuring 

system outlined in sections 3.5 and 3.6 are shown in Figure 89. Both the feed and the spindle 

raw signals oscillated around 2.5 V with an output voltage ranging between 0 V and 5 V. The 

raw signals were processed by: (i) performing an offset correction so that they oscillated about 

0 V, (ii) calculating the root-mean-square with an interval width of 30 points, and (iii) passing 

the result through a 5 Hz Butterworth digital low-pass filter. The feed current signal was found 

to be substantially lower than the spindle current signal, which can be explained by the 

significantly smaller motor used for the feed drive. As shown in Figure 89 the occurrence of 

each of the process incidences of interest results in a substantial change in the magnitude of the 
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processed signals, for both the stepped tool’s pilot section diameter and nominal diameter. 

According to Figure 89 the spindle raw signal becomes saturated when both tool diameters are 

engaged in the aluminium layer (i.e. between 6.25 s and 7.5 s). However, the processed signal 

does not flatten out at a specific value, because the raw signal comprises high frequency 

components which result in oscillations and are accumulated in the RMS conversion. This 

behaviour was confirmed for the boreholes which were drilled with the tools exhibiting the 

most wear (i.e. after 1000 holes), where the thrust force and torque, and consequently the feed 

and spindle current, were highest.  

 

Figure 89: Feed and spindle current signal, raw and processed. 

The evolution of feed and spindle current signals throughout tool life is shown in Figure 90. 

Similarly to the observations made on the directly recorded thrust force and torque in section 
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7.1.1, the magnitude of both feed and spindle current signals increased substantially as the tools 

wore out. Throughout the tests, the feed current, but not the spindle current, exhibited a low 

frequency oscillation, which can be attributed to the use of the vibration-assisted drilling 

module. During the first few drilling cycles, the cutting of the aluminium layer was 

characterised by sudden spikes in both the feed and spindle current, especially towards the end 

of the drilling cycle. It is believed that this was caused by an unstable chip evacuation during 

the running-in period of the tools, which is fairly common for coated twist drills and is brought 

about by the initial surface roughness of the chip flutes as a result of the coating process 

(Heinemann and Hinduja, 2012).  

The drilling of both the CFRP and aluminium layer is characterised by a gradual increase in 

the feed and spindle current with an increase in the number of boreholes drilled, most likely a 

result of the progressive rounding of the cutting edges. The relative increase in the feed and 

spindle current recorded during cutting of the CFRP layer throughout the tool life was 16% and 

23%, respectively, which is lower than what was observed for the drilling of the aluminium 

(increases of 28% and 52%, respectively). Overall, the proportional increase of the feed and 

spindle current was found to be substantially lower than that observed in the directly recorded 

thrust force and torque analysed in section 7.1.1. This is because, whilst the directly recorded 

thrust force and torque are solely due to the cutting action, inasmuch as they are equal to zero 

prior to and after the drilling cycle, the feed and spindle signal also include components which 

are not directly linked to material removal, such as the actuation of motors that make the tool 

rotate and move in axial direction whilst the tool is not engaged in any cutting.  

Despite some oscillations during cutting of the aluminium layer, the overall behaviour was 

found to be very similar for all the three drills employed in this research. Hence, to avoid 

unnecessary repetition in the time-frequency domain analysis and part of the significant 

features assessment presented in the following pages, only the results for a single tool are 

shown. 
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Figure 90: Progression of feed and spindle current with tool wear. 
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The time-frequency power spectra, obtained by computing the short-time Fourier transform 

(50 ms time resolution equivalent to 5000 datapoints; rectangular window; 20% overlap) for 

the feed and spindle current signals at four different tool wear stages are shown in Figure 91. 

As a result of the reduced pre-trigger size (200,000 datapoints instead of the 300,000 used for 

the other experiments), 100,000 zeros were prepended to the signal recorded after 300 holes to 

synchronise it with the other drilling cycles, which explains the very flat spectrum recorded for 

the first second in the feed and spindle current signals observed. 

The dominant frequency for the feed current signal when cutting the stack was 200 Hz, which 

increased to 500 Hz (+150%) during tool retraction. These frequencies appear to be directly 

related to the feed velocity, which was 5 mm/s during cutting and 12.5 mm/s (+150%) during 

tool retraction. Similarly, the dominant frequencies for the spindle current signal were 600 Hz 

during cutting and 30 Hz (-95%) during tool retraction, which corresponds to the change in 

spindle speed from 6000 rpm during drilling to 300 rpm (-95%) during tool withdrawal.  

The fact that the relative variation in the feed and spindle velocity is exactly the same as the 

variation of the dominant frequency of the respective motor current signal suggests that the 

dominant frequency is related to the rotation of the electric motors or some other component 

within the gearbox. To further assess this, the rotational frequency of each of the gears during 

cutting of the stack was calculated. The rotational frequency of the feed gear, for example, was 

calculated based on the rotation of the spindle (6000 rpm, equivalent to 100 Hz), the pitch of 

the leadscrew (1.5 mm) and the feed rate (0.05 mm/rev), which resulted in: 

 B>CCD ECFG  =  BHI'ADJC × �KL�Mℎ − NOO� PQ�OKL�Mℎ  =  100 × �1.5 − 0.051.5= 96.7 WX 

(3) 

This is because the feed gear has to spin in the opposite direction to the spindle gear, to slow 

down the axial advancement of the tool, which would otherwise be solely driven by the 

leadscrew’s pitch, and hence achieve the specified feed rate.  
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Figure 91: Spectrogram for current signals; (a) feed current, (b) spindle current. 
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The calculated speeds of all the gears within the gearbox are presented in Figure 92. It is 

important to point out that the calculation of some gear ratios and rotational speeds was possible 

on an approximate basis only, as this had to be done based on drawings of the gearbox obtained 

from documents and images taken during an on-site setting up of the device; a full list of parts 

was not available, neither was a full disassembly of the unit possible. Nonetheless, the 

rotational velocities and tooth engagement frequencies of most of the gears are in the range of 

the dominant frequencies of the power spectra. In particular, the rotation of the planet gears 

appears to cause a dominant frequency, which is reasonable as they are considered as a major 

source of vibration. According to the drawings, as well as observations made during the on-

site setting up, the planet gears were simply supported by dowel pins pressed into the carrier, 

with the connection between gears and pin being a rather lose clearance fit.  

Throughout the drilling tests, no noticeable variations in the dominant frequencies of the feed 

and spindle current signals were observed between cutting of the CFRP and aluminium layers. 

Thus, monitoring predetermined frequency ranges does not appear to be an effective approach 

to determine the occurrence of the process incidences of interest, for which the use of time 

domain signal features appear to be more suitable. With regards to the effect of tool wear on 

the power spectra, the observed increase in the current signal for both the feed and spindle 

current was found to be evenly distrubuted across all frequencies. This can be explained by the 

gradual rounding of the cutting edges and resulting increase in thrust force and torque and, 

consequently, motor load. 

 

Figure 92: Gearbox schematic with the rotating speed of the different components during cutting of the 

workpiece. 
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8.3 Significant feature assessment  

To identify significant features that are strongly correlated to the process incidences of interest 

and study how these are affected by tool wear, a detailed assessment was carried out on the 

range and the gradient of the current signals. These two features were selected as, based on a 

visual assessment of the process signals, they appeared to exhibit variations in response to the 

occurrence of the process incidences of interest.  

Figure 93 shows the range of the feed and spindle raw signals, which was calculated as the 

difference between the signals’ maximum and minimum magnitudes within a time window of 

0.15 s. The range of both the feed and spindle current increases for the first time when the 

machine is switched on and the tool rotates and advances in air, peaking at 1.5 s during the 

acceleration to the specified velocities. The feed current signal only exhibits a small variation 

in its range after tool engagement and throughout the drilling of the CFRP, making the 

detection of tool-workpiece contact difficult. The transition of the tool into the aluminium layer 

results in a more noticeable, yet still rather small, change in the signal. The final section of the 

drilling cycle, where the tool penetrates through the aluminium layer and is most susceptible 

to chip clogging, is characterised by sudden increases in the signal range. These peaks become 

more common with tools exhibiting more extensive wear, as the likelihood of chip clogging 

increases. The feed current range then decreases gradually as the tool breaks through the 

aluminium layer and then dwells once it reaches the final z position, before rising again during 

tool retraction, which took place at the maximum allowable feed velocity (12.5 mm/s). 

Similarly to the feed, the range of the spindle current also rose rapidly during machine switch-

on. From initial tool engagement onwards, the range increased gradually, as the tool progressed 

into the workpiece material. In the case of the spindle current signal, substantial changes in the 

extracted feature were observed as a result of the three process incidences of interest. During 

cutting of the aluminium layer using tools which had drilled more than 300 boreholes, the range 

levelled off at 5 volts due to the saturation of the raw current signal, as shown in Figure 89. 

Tool exit is characterised by a decrease in the signal range, which becomes more pronounced 

when the outer cutting edges of the stepped tool break through the aluminium layer, as these 

are the main contributors to the drilling torque. The range then plateaus when the tool dwells 

after reaching the final Z position, as the spindle still rotates at the rotational speed set for 

cutting (6000 rpm), and only later drops once the spindle slows down to 300 rpm once tool 

retraction is initiated. 
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To ascertain whether the width of the time window has any noticeable impact on the changes 

in the feature ‘signal range’, the window size over which the feature was computed was 

changed to 0.05 s and 0.25 s. The results, shown in Figure 94, reveal that reducing the time 

window leads to a higher resolution of the signals’ range in the time domain. On the one hand 

this would increase the responsiveness of a system based on range monitoring, but on the other 

hand would result in high frequency oscillations which could lead to erroneous detection and 

a lower system accuracy. Increasing the time window has the opposite effect, as it decreases 

the resolution but increases the smoothness of the signal. 

Overall, although some information can be extracted from the range of both current signals, 

this feature seems to lack both significance and reliability for the detection of tool engagement, 

material transition and tool disengagement during drilling of multi-material aerospace stacks.  

 

Figure 93: Feed and spindle current range (time window: 0.15 s). 
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Figure 94: Feed and spindle current range using different time windows; (a) 0.05 s, (b) 0.25 s. 

The second significant feature investigated was the signal gradient, which was calculated using 

the forward difference quotient, which was then squared to increase the signal-to-noise ratio. 

The forward difference quotient was calculated by the data processing software (NI Diadem) 

and is defined as: 

 YAZ = YA[� − YA�A[� − �A                  �AZ = YA[� − �A2  (4) (Diadem, 2021) 

 Figure 95 shows the calculated gradient for the feed and spindle current, at four different tool 

wear stages. The figure clearly shows that all process incidences of interest resulted in a 

noticeable increase in the squared signal gradient, as a result of the substantial changes in signal 

magnitude between the different stages of the drilling cycle. The increase in the squared signal 

gradient becomes even more substantial with growing tool wear, as this requires an increase in 

the current provided to perform material removal for both the CFRP and aluminium layer. 

Consequently, as a result of the larger differences in signal magnitude between the different 

stages of the drilling cycle, the gradient during these transitions becomes larger. 
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A time delay was observed between the occurrence of the process incidences of interest and 

the corresponding peak in the signals’ gradient. This delay was substantially lower for the feed 

signal compared to the spindle signal. This is because the feed current is related to the thrust 

force, whose main contributor is the chisel edge, which is the first part of the tool to establish 

contact with and separate from the workpiece material during initial engagement and final 

break through, respectively. In contrast, the main contributor to the spindle current are the 

cutting edges, which originate from the chisel edge and lean backwards as a result of the tool’s 

point angle. Consequently, the change in load on the spindle motor drive as a result of tool 

engagement, transition or breakthrough will occur slightly later and less abruptly. The noisy 

behaviour in the spindle current gradient observed during cutting of the aluminium layer can 

be explained by the stochastic occurrence of chip clogging. The oscillations were particularly 

strong during the running-up period of a brand new tool, where the rough coated surface of the 

chip flutes appears to have deteriorated the chip flow, thereby resulting in sudden increases in 

the motor load. However, the gradient measured during cutting of the aluminium layer 

stabilises after the running-in period. Although squaring the gradient substantially eases the 

distinction between signal changes resulting from the occurrence of the incidences of interest 

and other variations, it makes it impossible to identify the direction in which these changes 

happened, i.e. an increase (positive) or decrease (negative) in the motor current. To retain this 

ability, the squared signal needs to be multiplied with the original gradient’s sign. 
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Figure 95: Feed and spindle current gradient (new, after 300, 600 and 1000 holes). 

In general, strong relationships were observed between motor current gradient and tool 

engagement, material transition and tool disengagement. To further analyse these relationships, 

a quantitative assessment on the most effective way to extract information related to the signal 

gradient at different stages of tool wear was carried out. For this, four different significant 

features were extracted from the feed and spindle current signals, which are: 

 SF1: Difference between the average signal magnitude during single-material cutting 

after full engagement of the second tool diameter and the average magnitude prior to 

the initial engagement of the first tool diameter. 

 SF2: Gradient of the signal between initial engagement of the first tool diameter and 

full engagement of the second tool diameter. 

 SF3: Gradient of the signal between initial engagement and full engagement of the first 

tool diameter. 
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 SF4: Gradient of the signal between initial engagement and full engagement of the 

second tool diameter. 

Figure 96 graphically illustrates what these represent for tool transition. The extracted 

features at different stages of tool wear for tool engagement, tool transition and tool 

disengagement are shown in Figure 97 to Figure 99. 

 

Figure 96: Gradient features extracted from the motor current signals. 

With regards to tool engagement considering the feed current, all features were found to 

increase with tool wear. The smallest variations were exhibited by SF1 and SF2, as they were 

computed over a much larger time window (i.e. greater number of datapoints) than SF3 and 

SF4. Although SF2 appears to be the feature least affected by the increase in tool wear, 

throughout the tests it exhibited an extremely small magnitude, which would make tool 

engagement hard to detect and prone to false detection. In contrast, SF3 and SF4 were 

characterised by substantially larger amplitudes. In addition, SF4 exhibited substantial 

variations during the final tool life stage, as the periphery of the cutting edges, the area most 

prone to abrasion wear, experienced substantial rounding. When cutting with a new tool, SF3 

exhibited the largest magnitude amongst all significant features, as it was only calculated 

during engagement of the first diameter, which as the main contributor to the thrust force 

requires a major part of the feed current generated. Consequently, a relatively large threshold 

could be used for detecting engagement when using SF3 extracted from the feed current, which 
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would ensure the incidence is detected rapidly after occurrence whilst at the same time avoiding 

false detection resulting from oscillations in the motor current due to other factors.  

Despite the substantially larger magnitudes as a result of the larger spindle motor, the spindle 

current SFs and feed current SFs exhibit quite similar trends overall. Tool wear did not appear 

to noticeably affect SF2, whilst SF4 exhibited even greater oscillations at earlier tool life stages 

than those observed for the feed current. This is possibly because the occurrence of chip 

clogging has a greater effect on the cutting torque than the thrust force, resulting in substantial 

spikes in the spindle motor load. In contrast, a slightly smaller magnitude was exhibited by 

SF3, which was found to be less affected by oscillations. 

The extracted significant features at different stages of tool wear for material transition are 

shown in Figure 98. An initial decrease was observed in SF1 and SF3 before the subsequent 

rise associated to tool wear, as a result of the effect of the tool running-in period on the thrust 

force and torque. Larger magnitudes were observed for SF3 when compared to tool 

engagement, particularly when drilling the first 200 boreholes. Similarly to what was observed 

for tool engagement, SF2 was only slightly above zero for the first 10 boreholes (i.e. 2 

coupons), which would make the detection of the process incidences of interest very prone to 

false detection. SF4 instead varied significantly throughout the tool life for all the tools used, 

sometimes even exhibiting negative values. This can be explained by the second tool step only 

minorly affecting the thrust force and consequently the feed current, which at this stage of the 

drilling cycle is instead subject to strong variations as a result of the presence of chips within 

the chip flutes. 

The extracted significant features at different stages of tool wear for tool disengagement are 

shown in Figure 99. All of the investigated SFs exhibited a negative amplitude, as the load in 

both the feed and spindle drive decreases when the tool breaks through the lower layer and 

exits the stack. The SFs experienced greater oscillations compared to tool engagement and 

material transition, as the increasing deterioration of the chip flow and resulting increase in 

friction between compacted chips inside the flutes and the borehole wall during this part of the 

drilling cycle significantly affects the feed and spindle motor loads. The features extracted 

during drilling of the first five boreholes, in particular SF3 and SF4, were found to vary 

noticeably, which is believed to be caused by the rather unstable chip flow during the tool’s 

running-in period. The stronger oscillations of SF3 and SF4 compared to SF1 and SF2 can be 

attributed to the smaller number of datapoints used to compute the former two. 
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Similarly to what was observed for the other two process incidences, SF1 and SF2 were found 

to be subject to less oscillations and exhibit lower magnitudes than SF3 and SF4. For the 

purpose of detecting tool disengagement, these oscillations over the tool’s life are not believed 

to be problematic as long as the magnitude of the SF stays well below zero, as this would allow 

setting a threshold with a negative reference value. The features extracted from the feed current 

signals were found to be once again more stable than those extracted from the spindle current 

as a result of the weaker impact of the chip flow on the thrust force than on the torque.  

Overall, despite the substantial oscillations observed during tool disengagement, SF3 appears 

to be the most suitable feature to be extracted from the feed and spindle motor current, as it 

consistently presented non-zero values for all the process incidences under investigation. 

Furthermore, extracting features from data recorded during engagement of the first diameter 

would substantially increase the responsiveness of the incidence detection. SF4 could however 

still be used as a means of confirming whether the detected incidence actually took place, in 

which case the respective transition of the second tool diameter would also produce a 

noticeable signal variation. 
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Figure 97: Tool engagement SF 1-4; (a) feed current; (b) spindle current. 
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Figure 98: Material transition SF 1-4; (a) feed current; (b) spindle current. 
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Figure 99: Tool disengagement SF 1-4; (a) feed current; (b) spindle current. 
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8.4 Summary 

This chapter presented the results of a detailed investigation on the suitability of measuring 

indirectly recorded thrust force and torque as process signals to detect tool engagement, 

material transition and tool disengagement, by means of monitoring the current flowing inside 

the motor controller of an automated drilling unit. 

Both the feed and spindle current showed a high correlation to the directly recorded thrust force 

and torque. A time-frequency domain analysis revealed no noticeable variations in the signals’ 

dominant frequencies when the tool transitions from the CFRP to the aluminium layer, thereby 

suggesting that a time-domain analysis represents a more suitable approach for the achievement 

of adaptive drilling. Out of the four significant features extracted from the feed and spindle 

current signal, the gradient of the signal between initial engagement and full engagement of 

the first tool diameter (SF3) is believed to be the most suitable, as it consistently represented 

non-zero values for all the investigated process incidences. Furthermore, performing feature 

extraction from data recorded during engagement of the first diameter would substantially 

increase the responsiveness of the incidence detection.  
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Chapter 9: Decision-making strategy design and assessment 

The research presented in Chapters 7 and 8 allowed for the identification of signal features and 

patterns that are related to the three process incidences of interest (i.e. tool engagement, 

material transition and tool disengagement), as well as providing an understanding of how these 

features are affected by tool wear. This chapter presents the design and development of a 

decision-making strategy to detect these process incidences. The strategy’s performance was 

assessed by comparing it to those used by commercially available drilling units that, according 

to their manufacturers, are capable of adaptive drilling. This assessment was carried out offline 

by feeding pre-recorded data to an analyser script, using process signals recorded under two 

different experimental conditions. This chapter also includes an investigation on the 

relationship between sampling rate and signal information richness, as well an assessment on 

how a reduction in sampling rate affects the efficacy of the decision-making strategies.  

9.1  Decision-making strategies design 

Three different decision-making strategies were assessed. The first two are representative of 

algorithms used in commercially available units, whilst the third one was developed by the 

author based on the findings presented in the previous chapters. All the decision-making 

strategies aimed at detecting the occurrence of the three process incidences of interest: tool 

engagement (i.e. when the tool first makes contact with the upper layer of the stack), material 

transition (i.e. when the tool moves from the upper to the lower layer of the stack) and tool 

disengagement (i.e. when the tool breaks through the lower layer of the stack). The occurrence 

of each incidence was taken relative to the chisel edge, i.e. the lowermost portion of the tool.  

Decision-making strategy A consists of a single threshold T0 per process incidence, which is 

kept constant throughout the tool’s life. When the magnitude of the recorded signal exceeds 

the threshold for tool engagement or material transition, the algorithm triggers the system to 

mark that particular point as where the incidence was detected. Likewise, in the case of tool 

disengagement, the incidence is detected when the signal falls below the specified threshold. 

To reduce the amount of user input, the thresholds for tool disengagement and tool engagement 

were set to the same value, as in both cases the tool transitions from cutting the workpiece to 

rotating in air, or vice versa. 
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In the case of decision-making strategy B, two thresholds for each incidence are defined: T0 for 

a new drilling tool and Tw = wT0 for a worn tool that has undergone hw drilling cycles. To take 

into account the changes in the signal as a result of tool wear, the thresholds for each incidence 

are linearly scaled, as a function of the number of already drilled boreholes, h, according to: 

 ��ℎ  =  ��  +  ��̂  −  ��  ×  �ℎ / ℎ^ (5) 

The system registers a process incidence when the monitored process signal crosses the 

respective threshold. Similarly to strategy A, the same threshold was used for tool engagement 

and disengagement. 

In view of the knowledge obtained in the previous stages of the research and presented in 

Chapter 7 and 8, it appears questionable as to how well these two strategies (A and B) are 

capable of maintaining a satisfactory accuracy and reliability throughout tool life. The research 

conducted during the course of this project has shown that signal features are subject to 

significant changes as a result of the unavoidable deterioration of the tool, which could result 

in delayed process incidence detection and/or false alarms. The identification of this 

shortcoming has therefore led to the design and development of a third decision-making 

strategy, C. Unlike strategies A and B, strategy C relies on monitoring the signal gradient, 

which throughout the tool life exhibits strong correlations to the process incidences of interest. 

Such a gradient-based approach has already been successfully employed in other 

manufacturing applications (e.g. Bakker et al., 2015b; Shuaib, 2018). In this decision-making 

strategy, the process signal’s gradient is computed using a 3-point backward finite difference 

stencil. To enhance the signal-to-noise ratio and intensify the variations caused by the 

occurrence of the process incidences of interest, the gradient was squared. To retain the ability 

to discriminate between positive (e.g. during tool engagement and material transition) and 

negative (e.g. during tool disengagement) signal variations, the squared signal was then 

multiplied by the gradient’s sign.  

The strategy relies on a parameter, T0, which is kept unmodified throughout the tool’s life, 

based on which two thresholds are defined to detect the three process incidences of interest. 

The first threshold is equal to T0 and is used for detection of tool engagement and material 

transition. The second threshold, used for tool disengagement, is equal to -kT0, with k being a 

pre-defined value that is constant for a combination of tool and material. As shown in Figure 

95 (page 156), chip clogging is increasingly likely towards the end of the drilling cycle and can 

result in rapid changes in process signals, which would cause a spike in the computed gradient. 
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Thus, k is normally set greater than 1 to prevent erroneous detection of tool disengagement, as 

a result of substantial rises in the signal gradient due to chip clogging. In addition, after each 

incidence is detected, the system needs to wait for a certain amount of time to allow for the 

gradient to drop below the threshold again, as otherwise the detection of the next incidence 

would be immediately triggered. It was therefore decided to allow for the tool tip to complete 

the transition into the next layer before restarting monitoring the signal, by computing a delay 

based on the height of the tip and the feed velocity. A limitation of this approach is that the 

layers need to be of a certain minimum thickness, below which the system cannot be given 

enough time to recover. 

9.2  Assessment of decision-making algorithms  

Two sets of previously recorded data during drilling of CFRP/Aluminium stacks were used for 

the assessment. The data recorded with two of the three twist drills used for the analysis 

presented in Chapter 7 was used for the first set. The experiments were carried out on a CNC 

machining centre. For each drill, 11 boreholes were drilled into the stack whilst recording the 

thrust force and torque. To acquire cutting force data representing different tool wear stages, a 

CFRP dummy plate was used for wearing out the drilling tools by carrying out 10 drilling 

cycles, each 15 mm deep, in-between each borehole drilled on the CFRP/Aluminium stack. 

Thus, boreholes 1, 12, 23, etc. were drilled into the stack, whereas boreholes 2-11, 13-22, etc. 

were drilled into the dummy plate. A total of 111 boreholes were drilled with each tool which, 

on average, resulted in a tool flank wear length vB of approximately 0.3 mm. The second set of 

data was recorded whilst using a portable electric drilling unit (Fives Light-eADU). A tool with 

a stepped geometry for aerospace stack drilling (see Table 3 on page 73) was employed. Two 

sets of six boreholes were drilled into the stack. In between those, 100 boreholes were drilled 

on a CFRP dummy plate to wear out the cutting tool.  

For the first set of experiments, the thrust force recorded by the dynamometer was used as the 

input signal to the decision-making strategies. For the second set of experiments, a voltage 

proportional to the current flowing through the motor controller was used as the input.  

The ability of a process monitoring system for real-time analysis depends on two factors: the 

amount of data presented to the system and the computing resources available to process the 

data. The amount of data fed to the system is affected by the rate at which the process signals 

are sampled. Computing resources are particularly restricted in portable drilling units, due to 
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economic considerations and the limited space available to safely store fragile hardware 

(Bagshaw, 2018). It thus felt appropriate to carry out an analysis to identify a suitable sampling 

rate for the decision-making strategy assessment which guarantees that enough information is 

acquired to accurately depict the drilling cycle in the time domain whilst minimising the 

required computing resources.  

Figure 100 shows the typical thrust force and torque recorded during a drilling cycle on a 

CFRP/Aluminium stack. The signals were recorded with a sample rate of 1 MHz, which is the 

maximum sampling rate of the data acquisition card used (NI 6356), and then repeatedly under-

sampled by a factor of 10 to simulate lower sampling rates. The graphs clearly show that no 

noticeable differences in thrust force and torque were observed when the sampling rate was 

decreased from 1 MHz to 100 kHz and then 10 kHz. Reducing the sampling rate even further 

to 1 kHz would have resulted in the majority of information still being accurately depicted, 

with the exception of some dynamic components of the thrust force and torque. In contrast, 

sampling at a rate of 100 Hz or 10 Hz, which is in the region of the sampling rates used by the 

majority of the online monitoring systems available on the market (Bagshaw, 2020), would 

result in a gradual loss of information in both the thrust force and torque signal. Based on this 

observation, the assessment of the decision-making strategies initially used signals sampled at 

a rate of 1 kHz, and then lower sampling frequencies to further assess the responsiveness and 

accuracy of the strategies, as presented in section 9.4. 

Prior to being fed to the different decision-making strategies, both the thrust force and the 

motor current were lowpass-filtered using a backwards-sided Gaussian filter with a sample 

length of 500 datapoints (0.5 s at a sample rate of 1 kHz). As suggested by Figure 83 on page 

141, smoothening the signal reduces the likelihood of false triggering as a result of signal noise.  
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Figure 100: Impact of sampling rate on cutting force signals. 

To set the parameters of the assessed decision-making strategies for the first set of experiments, 

carried out using the machining centre, the data recorded during cutting of the first and last 

borehole were analysed. Based on the characteristic values of the signal magnitude and gradient 

during the different stages of these two drilling cycles, the parameters listed in Table 11 were 

defined. For the second set of data, recorded when using the portable electric drilling unit, the 

parameters were initially scaled proportionally to the change in feed velocity between the CNC 

and drilling unit tests. Whilst decision-making strategy C succeeded in detecting the relevant 

process incidences, proportional scaling of the algorithms’ parameters resulted in erroneous 

detections for decision-making strategies A and B. Thus, the parameters for these two strategies 

were set by manually analysing the first and last boreholes of the second set of experiments, 

similarly to the machining centre tests.  

To assess the reliability and responsiveness of the decision-making strategies, an offline 

analyser script was developed in C++. For each of the drilled boreholes, the data stream from 

the recorded process signals was fed to the script, which for each of the three decision-making 

strategies output the time at which the process incidences were detected. This was achieved by 

comparing, in sequence, each of the processed signal datapoints to the thresholds of each 

strategy, which were calculated based on the parameters listed in Table 11. Due to the use of 
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different feed rates during the experiments, the time at which the process incidences were 

detected was then converted into a tool position in the z-direction, which was compared to the 

actual z-position of the respective incidence. For example, for a stack comprising two 10 mm 

thick layers, tool engagement would have occurred at a z-position of 0, whereas material 

transition and tool disengagement would have occurred at z-positions of -10 mm and -20 mm, 

respectively. The difference between the actual position where the incidence took place and 

the position where the tool was when the system identified the incidence, expressed in mm, 

will be referred from here on as the ‘delay’. 

Table 11: List of selected parameters for the decision-making algorithms. 

 Strategy A Strategy B Strategy C 

 CNC EDU CNC EDU CNC EDU 

T0, (Dis)Engagement 50 N 30 V 30 N 20 V 20 k (N/s)2 1081 (V/s)2 

T0, Material transition 320 N 250 V 200 N 200 V 20 k (N/s)2 1081 (V/s)2 

w, Worn-out scaling - - 2 1.5 - - 

hw, number of holes worn-out tool - - 110 111 - - 

k, Disengagement scaling - - - - 5 5 

The resulting delay for each of the assessed decision-making strategies for the first set of tests 

are shown in Figure 101. Strategies A and B detected tool engagement and material 

transition on average 1 mm after the chisel edge made contact and broke through the first layer, 

respectively. In contrast, strategy C detected tool engagement and material transition with a 

delay of about 0.2 mm. With regards to tool disengagement, strategies A and B detected the 

process incidence around 3 mm after the chisel edge broke through the aluminium layer, whilst 

strategy C resulted in a delay of less than 1 mm. Therefore, for all three process incidences, 

strategy C resulted in a substantially more accurate process incidence detection than strategies 

A and B. 

The higher responsiveness of strategy C compared to strategies A and B is explained by the 

different features being monitored by the decision-making algorithms. Figure 102 shows a 

typical example of the recorded thrust force’s raw and smoothened magnitude and gradient 

during a drilling cycle, together with the thresholds for each of the assessed strategies, for both 

a new and worn tool. As shown in Figure 102 (a), the amount of time required by the 

smoothened thrust force magnitude to reach each of the specified thresholds for Strategy A 

and, to a lesser extent, strategy B is substantially larger than that required by the gradient. For 

example, for the detection of the ‘material transition’ incidence, labelled as (2), the resulting 



170 
 

delays were 1.45 mm, 0.63 mm and 0.04 mm for Strategies A, B and C, respectively. This 

difference arises because of the signal magnitude being more sensitive to signal variations due 

to chip flow and tool wear, thereby forcing the selection of a more conservative threshold to 

avoid false detection and substantial filtering of the signal magnitude. Such filtering introduces 

a small delay as the high frequency content is filtered out of the signal, affecting the first and 

second order derivatives.  

Out of the 22 boreholes investigated, strategy A failed to detect material transition on five 

occasions, all of them when the tools exhibited extensive wear. As shown in Figure 102 (b), 

drilling with a worn tool resulted in significantly higher thrust force and torque as compared to 

a new tool. This increase is high enough for the smoothened thrust force applied while drilling 

the CFRP layer to already trigger the incidence ‘material transition’. The linear scaling applied 

in strategy B solves the problem, as the thresholds are gradually raised with an increase in the 

number of boreholes drilled, thereby taking into account the effect of growing tool wear on the 

thrust force and torque recorded. This approach also resulted in more responsive triggering 

than in the case of strategy A, where the use of a single, constant threshold forced a compromise 

between the optimal threshold for a new tool and a worn out tool. Nonetheless, it should be 

noted that to successfully employ strategy B, some input related to the tool wear state, like the 

number of drilled boreholes in this case, is required. This could pose a problem in case the tool 

is used to drill different stacks, in terms of both material composition and layer thicknesses, as 

this would cause it to undergo wear mechanisms at varying rates.  

Whilst the average delay in recognising tool engagement and material transition for strategies 

A and B was less than 1.5 mm, tool disengagement was recognised with a delay of 

approximately 3.4 mm. The reason for this noticeable increase is that in order to employ a 

unified threshold for both engagement and disengagement, the threshold needs to be 

substantially lower than the thrust force generated when cutting aluminium. To improve the 

system’s responsiveness a specific disengagement threshold could be added, but this would 

require another parameter to be defined by the operator. It is worth pointing out that, most 

likely, any change in operating condition at this stage, e.g. switching off coolant supply, 

variation in feed velocity or initiation of tool retraction, would not need to be initiated at a 

precise position along the borehole axis in order to prevent damage to the tool or workpiece, 

or both. This makes the detection of disengagement less crucial than the detection of 

engagement and transition. Moreover, in the case where a stepped tool is used, with the chisel 
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edge being the reference point, some time would be required to allow for the full tool tip to 

break through the stack anyway.  

 

Figure 101: Variation between incidence detection and occurrence (machining centre). Missed incidences 

are denoted in brackets. 
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Figure 102: Thrust magnitude and gradient with decision-making thresholds: (a) new (0 boreholes) and 

(b) worn tool (after 110 boreholes). 

The resulting delays for each of the assessed decision-making strategies for the second set of 

tests are shown in Figure 103. Overall, the results are similar to those observed in the tests 

carried out on the machining centre, supporting the before-made claim that both the thrust force 

and motor current are suitable parameters to detect the process incidences of interest. Albeit 

exhibiting a higher responsiveness when detecting material transition and tool disengagement, 

strategy C exhibits a similar reaction time to strategies A and B for tool engagement. It is 

believed that this is due to the softness of the CFRP layer. During transition and disengagement 

such a behaviour was not observed, which can be attributed to the greater hardness of 

aluminium, generating higher thrust force and torque and, thus, requiring a greater current flow. 
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Out of the twelve boreholes drilled in the second set of tests, strategies A and B failed to detect 

tool disengagement four times, again when the tools exhibited extensive wear. This is because 

when drilling with a worn tool, the motor current did not always rapidly drop to zero after 

breakthrough of the tool tip due to the deteriorated chip flow, which resulted in more densely 

packed chips inside the drill’s flutes, in turn generating more friction between tool and 

workpiece and requiring a greater motor current to keep the tool rotating. This was not a 

problem for decision-making strategy C though, as the rate at which the motor current 

decreased was strong enough to rapidly exceed the predefined threshold. 

 

Figure 103: Variation between incidence detection and occurrence (electric drilling unit). Missed 

incidences are denoted in brackets. 

9.3  Impact of lower sampling rates on the responsiveness of the decision-

making strategies 

The process signals used for the assessment presented in the previous sections of this chapter 

were sampled at 1 kHz. However, substantially lower rates are employed in the process 

monitoring systems available on the market (Bagshaw, 2020). Thus, to investigate whether 

recording the process signals with lower sampling rates would have impacted the 

responsiveness and reliability of the assessed decision-making strategies, the process signals 

recorded in the first set of experiments were under-sampled prior to being fed to the analyser 

script, to simulate a sampling rate of 100 Hz and 10 Hz. 

Figure 104 and Figure 105 show the difference in z-axis travel between the point where a 

process incidence was detected when using a sampling rate of 1 kHz and where it was detected 

when using a sampling rate of 100 Hz and 10 Hz, respectively. For all three process incidences, 
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using a sampling rate of 100 Hz resulted in a delay in detection of approximately 20 µm, which 

is around 1% of the tool point length (1.8 mm), see Figure 104. This small difference in the 

results obtained is believed to be a result of the low-pass filtering carried out on the process 

signals, which minimises the impact of high frequency oscillations whilst ensuring high 

correlation with the process incidences of interest. As a result of the low-pass filter employed, 

it is expected that using sampling frequencies greater than 1 kHz would not significantly 

improve the responsiveness of the decision-making strategies. Based on the assumption that 

detecting any of the incidences assessed with such additional delay will not cause major 

differences to the drilling process and the resulting borehole quality, using a sampling rate of 

100 Hz appears appropriate for the assessed monitoring strategies.  

In contrast, a sampling rate of 10 Hz was found to result in a substantially longer delay for all 

the process incidences of interest, up to 0.5 mm, which is equivalent to 28% of the tool point 

length, see Figure 105. An increase in the detection delay of such magnitude during material 

transition can significantly impact the quality of the stack interface, as evidenced by the 

findings presented in Chapter 6, and it is reasonable to assume that tool engagement and 

disengagement can also be affected. This suggests that recording the process signals with a 

sampling rate of 10 Hz affects the responsiveness of all the assessed decision-making strategies 

to such an extent that it is detrimental to the borehole quality.  

 

Figure 104: Variation in incidence detection (machining centre tests, signals under-sampled at 100 Hz). 

Missed incidences are denoted in brackets. 
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Figure 105: Variation in incidence detection (machining centre tests, signals-under sampled at 10 Hz). 

Missed incidences are denoted in brackets. 

9.4  Summary 

The research presented in this chapter allowed for an evaluation of a bespoke decision-making 

strategy which was developed based on the knowledge gained from the experimental 

assessments presented in the previous chapters. The decision-making strategy proposed was 

found to successfully detect the occurrences of tool engagement, material transition and tool 

disengagement when drilling CFRP/Al stacks on both a CNC machining centre and a portable 

drilling unit, with a significantly higher responsiveness and reliability than two of the systems 

currently available on the market.  

Both the thrust force and the current flowing through the motor controller of portable drilling 

units were found to be suitable inputs to a process monitoring system used for detection of tool 

engagement, material transition and tool disengagement. Recording the process signals with 

sampling rates of 100 Hz and 1 kHz was found to be suitable for the assessed decision-making 

strategies, whilst using a sampling rate of 10 Hz significantly decreased the systems’ 

responsiveness. For new tools, decision-making strategies based on comparing the process 

signal magnitude with constant thresholds can successfully detect the process incidences of 

interest. However, as tool wear increases, the system’s responsiveness and reliability decreases. 

Ultimately, if the relative increase in the monitored parameters as a result of tool wear is high 

enough, strategies based on constant thresholds become unreliable. Linearly adjusting the 

magnitude of the thresholds based on the tool wear state substantially increases the reliability 

and responsiveness of the decision-making strategy. Such an approach however requires some 
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measurement of tool wear, which is challenging when the same tool is used for drilling a variety 

of different stacks and is subject to different wear mechanisms at varying rates. Compared to 

these magnitude-based approaches, the use of a decision-making strategy based on gradient 

monitoring yields substantial improvements in terms of both reliability and responsiveness. 

After appropriate signal conditioning, it is possible to set gradient thresholds which not only 

allow for a substantially more responsive detection of the three process incidences of interest, 

but also achieve high accuracy when the tool is subject to increasing wear. 
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Chapter 10: Conclusions and suggestions for future work 

The literature review revealed a number of gaps in the knowledge related to the drilling of 

aerospace stacks, in particular with regards to the impact of interlayer gap width and tool 

geometry on interlayer burr formation and borehole quality, the effect of metal chip evacuation 

over composite boreholes, the impact of parameter changeover position in an adaptive drilling 

scenario, the selection of signals, SFs and sensor location for process monitoring, the effect of 

different machine tools on process signals and the assessment of the reliability and 

effectiveness of adaptive drilling strategies. This research has made a significant contribution 

to the generation of knowledge in all of these aspects, and this chapter will draw conclusions 

based on the research findings. Suggestions for future research work on the subject are also 

presented. 

10.1 Conclusions 

 Introducing a pre-set interlayer gap to a stack comprising aluminium layers results in a 

substantial increase in interlayer burr formation, as opposed to drilling a stack with no 

interlayer gap. However, the presence of an interlayer gap can ultimately be detrimental 

to the final burr size, as a result of two phenomena: (i) the sliding action of the upwards-

travelling chips over the borehole edges and (ii) some of the chips entering the gap and 

being spun around by the rotating tool. The abrasive action of the chips intensifies with 

an increase in the interlayer gap width, as this provides more space available for the 

chips to enter the interface and, thus, erode the burr. Hence, larger interlayer gap widths 

can result in the complete removal of the interlayer burr and even cause noticeable 

rounding of the borehole edge.  

 When drilling CFRP/Titanium stacks, the upwards-travelling titanium chips together 

with the heat accumulating in the tool and at the stack interface were found to be the 

cause of the damage on the CFRP interlayer surface. Therefore, tools that allow the 

chips to be evacuated effectively produce significantly better boreholes than those 

where the chip flow is problematic.  

 On the titanium interlayer surface, an increase in tool point angle results in larger entry 

burrs, as a result of the positive correlation between tool point angle and thrust force, 

as well as the increased capability of tools with low point angles to remove damage 
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generated by surface skidding during initial tool entry. The introduction of a pre-set 

interlayer gap promotes the ingress of upwards-travelling titanium chips into the stack 

interface, thereby leading to extensive abrasive and thermal damage of the CFRP 

interlayer surface.  

 Using specific parameters for each layer rather than a common set results in a stable 

cutting process and generates boreholes that exhibit only small interface damage, which 

provides further evidence for the effectiveness of adaptive drilling. When adapting 

cutting parameters and cooling strategy based on the material being machined in 

CFRP/Aluminium stacks, the surface damage of the CFRP at the interface is smallest 

if the cutting speed and feed rate are increased once the entire drill tip has broken 

through the composite layer. In such case any delamination caused by an increase in 

feed rate whilst machining at the interface is avoided. However, machining at the 

interface with low feed rates characteristic for drilling CFRP results in more heat energy 

being generated and, thus, higher temperatures, which consequently promotes burr 

formation in the metal layer.  

 Thrust force, torque, AE and acceleration were found to be suitable process signals for 

the detection of tool engagement, material transition and tool disengagement, with the 

thrust force being the most responsive to the occurrence of all three process incidences. 

Thus, its monitoring is recommended to realise a highly responsive adaptive drilling 

system. Acceleration signals were found to exhibit similar behaviours independent of 

direction and are similar in characteristics to the AE. Thus, the monitoring of only one 

of these signals appears to be sufficient for a process monitoring system capable of 

facilitating adaptive drilling. 

 For both AE and acceleration, varying the distance between the sensor and the 

machining point results in substantial variations in the recorded signals. Sensors to be 

included in process monitoring systems for adaptive drilling should thus be located on 

the tool side, so that they maintain a constant distance to the machining point. 

 The type of machine used for the drilling work has a noticeable impact on the data being 

generated and the stability of the actual drilling process, which makes the transfer of 

process-specific knowledge between different machines difficult. Substantial 

differences in thrust force and torque, AE and acceleration were observed when drilling 
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with a CNC machining centre and a portable automated drilling unit. These differences 

were particularly pronounced towards the end of the drilling cycle, where the portable 

drilling unit’s superior provision of chip evacuation led to a more stable drilling process 

and, consequently, more stable process signals.  

 Indirectly monitoring the thrust force and torque by means of measuring the current 

flowing through the motor controller of electric aerospace drilling units results in an 

accurate representation of the drilling cycle, as the feed and spindle current signals 

exhibit a good correlation to the directly recorded thrust force and torque throughout 

tool life.  

 The gradient of both the feed and spindle current is strongly affected by the occurrence 

of tool engagement, material transition and tool disengagement. When using stepped 

tools, extracting the gradient during transition of the first diameter is the most suitable 

way to reliably and responsively detect the occurrence of the process incidences of 

interest. 

 The proposed decision-making strategy based on gradient monitoring can successfully 

detect the occurrence of tool engagement, material transition and tool disengagement 

when drilling CFRP/Aluminium stacks on both a CNC machining centre and a portable 

drilling unit. The proposed strategy maintains its reliability and responsiveness without 

the need of readjustments regardless of the extent of tool wear, which significantly 

affects the process signals. Systems based on signal magnitude monitoring, in contrast, 

are characterised by a significantly slower responsiveness. Decision-making strategies 

based on stable magnitude thresholds become unreliable when exposed to signals 

generated by tools with growing wear, which can be remedied by linearly adjusting the 

magnitude thresholds based on the tool wear state. 

10.2 Suggestions for further research 

The research work presented in this thesis opens up various new opportunities for future 

research activities aimed at further improving both the fundamental understanding and 

technological development of the drilling of aerospace stacked structures. 

Interlayer gap width was found to substantially affect the drilling process of both 

Aluminium/Aluminium and CFRP/Titanium stacks. Although this research focused on the 
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most common stack compositions and layer thickness of wing-box assemblies, various other 

stacked structures are used in the aerospace industry. Further research should focus on 

establishing whether the knowledge obtained can be transferred to different material 

combinations and layer thicknesses. For example, tests could be carried out on 

Titanium/Titanium stacks, as this would allow for an assessment of the impact of interlayer 

gap width on both entry and exit interlayer burr for this workpiece material. 

When drilling stacked structures comprising a CFRP layer on top and a metal layer underneath, 

the research revealed that the resulting borehole quality of the composite layer is majorly 

influenced by the cutting of the metal layer. This made it difficult to determine the impact of 

the process parameters under investigation on the cutting of the composite layer. For this 

reason, further drilling tests could be carried out on stacked structures comprising only CFRP 

layers, or on multi-material structures where the composite layer is drilled last. This would 

avoid hot metal chips travelling through the already drilled CFRP borehole and consequently 

worsen the resulting borehole quality. This research could be further expanded by conducting 

experiments to assess whether the manufacturing process used to produce the CFRP (e.g. 

vacuum bag moulding, autoclave curing) has an impact on the resulting borehole quality, both 

during the drilling of the composite itself and also during the cutting of any subsequent material 

layers. 

This research assessed the effect of three parameter changeover positions on borehole quality. 

Other changeover positions and drilling strategies could be tested to further improve the cutting 

at the stack interface. For example, the parameters could be changed prior to the drill breaking 

through the upper layer or after the tool tip has fully engaged in the bottom layer, to ensure the 

entirety of the interface drilling phase is performed with constant cutting parameters. Other 

drilling strategies that could be investigated are to change the cutting parameters gradually, to 

avoid sudden variations in the thrust force and torque, and to employ a set of bespoke 

‘interface’ parameters to be used when the tool’s cutting edges are simultaneously engaged in 

two different materials. 

In the experiments carried out to assess the influence of tool point angle and parameter 

changeover position on interlayer borehole quality, some degree of tool skidding is believed to 

have taken place during material transition. Although tool skidding, also known as tool 

wandering, is a well-known phenomenon when drilling single layer workpieces (Amini et al., 

2017; Heinemann, 2012), its occurrence when drilling multi-material stacks was not reported 
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on in the literature. Therefore, research could be conducted to further investigate the impact of 

tool skidding on borehole quality. 

Due to the strong influence of chip jamming on both the AE and acceleration signals, often 

leading to their saturation, a detailed assessment of the impact of tool wear on these process 

signals was not possible for the cutting of the aluminium layer when drilling without a 

vibration-assisted drilling module. To overcome this, a reduction in the thickness of the 

workpiece or a selection of cutting parameters aimed at reducing the extent of chip clogging is 

suggested.  

During this research, substantially higher AE and acceleration were detected when drilling 

CFRP with a small portable drilling unit as compared to a large CNC machining centre. This 

was attributed to the significant differences in machining equipment. Further research could be 

carried out to identify what part of the machine is contributing to the observed change in the 

process signals. To achieve this, experimental tests could be performed in which the vibration-

assisted drilling module, internal coolant supply and chip suction of the portable drilling unit 

are individually switched off, as this would allow to isolate their impact on the recorded process 

signals. 

Even though this research focused on the assessment of different process signals and features 

to detect the occurrence of process incidences during drilling of multi-material aerospace 

stacks, the information gained could potentially also be used for the development of an adaptive 

control system, which regulates the cutting parameters to minimise borehole damage and tool 

wear. This could be achieved by designing a process monitoring system that makes use of the 

knowledge of relationships between process signals, tool wear and borehole quality. Based on 

the signal features extracted, such a system could be capable of not only adapting the cutting 

parameters to minimise the occurrence of workpiece defects, but also making an accurate 

estimate of the tool condition and the quality of the borehole produced. 

When using portable drilling units, the time-frequency analysis of the motor current signals 

revealed dominant frequencies that appear to be related to the machining hardware rather than 

the cutting process. Although such an approach does not appear to be suitable for the detection 

of the process incidences investigated in this research, it could prove very useful for 

maintenance monitoring of the machining equipment. Research could be carried out to 

investigate whether frequency and time-frequency domain analyses could be used to estimate 

the amount and type of machine wear, thereby allowing for the design and development of a 
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predictive maintenance system. For example, by monitoring the frequency content of the motor 

current signals, it could be possible to identify which component within the gearbox is 

exhibiting wear and needs replacing.  

The effectiveness and versatility of the proposed decision-making strategy based on gradient 

monitoring could be tested further by carrying out more offline tests using process signals 

recorded during experiments performed with different tools and cutting parameters, as well as 

on other stacked workpieces. Following on from these, the experimental apparatus could be 

modified to enable the portable drilling unit to change the cutting parameters after the process 

monitoring system detects a certain incidence. This would allow carrying out experiments 

online, which would be essential if such a process monitoring strategy was to be implemented 

in an industrial environment. Running drilling tests in a real production environment, where 

the signals would be affected by various disturbances typical of production processes, would 

allow for the assessment of the adaptive drilling system’s robustness. Furthermore, the 

performance of the proposed decision-making strategy, which is based on the monitoring of a 

single signal, could be tested against other strategies that instead rely on multi-sensor data 

fusion and employ deep learning algorithms, as the data gathered during this project could be 

used for further research on these fields.  
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