
ScienceDirect

Available online at www.sciencedirect.com

Procedia Manufacturing 41 (2019) 407–414

©2019TheAuthors.PublishedbyElsevierB.V.
ThisisanopenaccessarticleundertheCCBY-NC-NDlicense(http://creativecommons.org/licenses/by-nc-nd/4.0/)
Peer-reviewunderresponsibilityofthescientificcommitteeofthe8thManufacturingEngineeringSocietyInternationalConference.


 

Available online at www.sciencedirect.com 

ScienceDirect 

Procedia Manufacturing 00 (2020) 000–000  
www.elsevier.com/locate/procedia 

 

2351-9789 © 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(https://creativecommons.org/licenses/by-nc-nd/4.0/) 
Peer-review under responsibility of the scientific committee of the 8th Manufacturing Engineering Society International Conference  

8th Manufacturing Engineering Society International Conference 

Low frequency vibration assisted drilling of PC1000 polycarbonate 
Unai Alonsoa, Borja Goirigolzarria, Txomin Ostrab, L.N. Lopez de Lacallea 

aUniversity of the Basque Country, UPV/EHU, Faculty of Engineering of Bilbao, Department of Mechanical Engineering, Alameda de Urquijo 

s/n, 48013 Bilbao, Spain 

b Tecnalia, Parque Tecnológico de San Sebastián Mikeletegi Pasealekua 7, San Sebastián, E-20009, Spain 

Abstract 

A challenge in drilling polymers is their very low melting point, especially when holes with a large length-to-diameter ratio are 
required. One opportunity to avoid chip accumulation is the use of low vibration assisted drilling. In the present work, the 
comprehensive knowledge acquired from the machining of metals is transferred to drilling of polycarbonate PC1000. The first 
research objective of this work was to evaluate if the kinematic models proposed in literature could predict the onset of 
discontinuous chip generation. To do so, a series of drilling tests were performed with a MITIS tool holder varying vibration 
amplitude and hole length. During the tests, thrust force and workpiece temperature were registered and, afterwards, hole diameter 
and surface roughness were measured. The results showed that a kinematic model can be useful to predict the onset of discontinuous 
chip generation. It was also concluded that surface roughness increases with vibration amplitude until the onset of chip breakage 
is reached. Furthermore, a correlation between temperature and surface roughness was detected. Regarding cutting forces, a 
relationship was observed between the thrust force signal amplitude and the amplitude vibration of the MITIS tool-holder. This 
correlation could be useful to calibrate other future designs of tool holders.  
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1. Introduction 

Polymers are being more widely used in mechanical applications due to their favourable ratio between weight and 
strength. In addition, such materials absorb very little moisture, resist acidic solutions and are good choice food contact 
or medical devices. PC1000 machine grade polycarbonate (PC) is a transparent amorphous thermoplastic, which offers 
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a high impact strength, a high elastic modulus and good electrical properties [1,2]. Due to these features, it is used in 
electrical/electronic applications. Polymer parts are often produced in a near-net-shape, but a drilling operation is often 
required in order to prepare the components for its assembly. 

A challenge in drilling polymers is their very low melting point, especially when holes with a large length-to-
diameter ratio are required. The selection of an optimized drill-bit geometry, cutting parameters and tool-cooling 
conditions can help to control the cutting temperature. However, due to the high ductility of the material, long chips 
are generated and can lead to problems in their evacuation from the hole. In fact, poor chip extraction is usually one 
of the main sources of high thermal input [3]. Besides temperature issues, long chips can also damage the hole resulting 
in poor geometrical tolerances and bad surface finish. 

One opportunity to avoid chip accumulation is the use of vibration assisted drilling [4].  Vibration assisted drilling 
is based on the superposition of an axial oscillation of the tool holder to the conventional movement of the tool. 
Depending on the magnitude of the amplitude and frequency of the vibration, two different technologies can be 
differentiated. The first approach is to generate ultrasonic oscillations with high frequency (<5 kHz) and small 
amplitude (<20 μm) by using piezoelectric actuators [5]. This way, chip thickness is varied, and breaking point are 
generated without extracting the tool from the workpiece material. The second solution is to generate a low frequency 
oscillation (<1 kHz) with a much higher amplitude (close to the feed per tooth). This last technology is much more 
extended and has shown to be effective for drilling of low conductivity metals such as titanium alloys [6,7]. However, 
there is a lack of knowledge regarding the possible applications of low vibration assisted drilling to polymers.  

In contrast to conventional drilling, the chip geometry does not remain constant but changes continuously as the 
tool rotates. In addition, there is no linear relationship between the selected feed per tooth and the resulting chip 
thickness. Thus, no direct dependence is to be expected between the process output variables (e.g. the cutting forces) 
and the feed. For basic understanding of low frequency vibration assisted drilling process (LVAD), it is therefore 
necessary to describe the corresponding tool-workpiece engagement conditions by means of a kinematic analysis.  

In this sense, previous works have developed models which allow the calculation of the undeformed chip shape 
and predict whether a discontinuous cut will be produced or not [5,6,8,9]. The kinematics of the vibration-assisted 
drilling process can be subdivided into a linear feed motion and an axial sinusoidal oscillation.  The resulting axial 
position of the cutting edge can be calculated with Eq. 1 based on the number of revolutions of the drill ().  

𝑧𝑧𝑖𝑖(𝜃𝜃) = −𝑓𝑓. 𝜔𝜔 + 𝐴𝐴
2 . 𝑠𝑠𝑠𝑠𝑠𝑠 (− 𝑖𝑖

𝑍𝑍 . 2𝜋𝜋. 𝐹𝐹𝑠𝑠 + 2𝜋𝜋. 𝐹𝐹𝑠𝑠. 𝜔𝜔) + 𝑠𝑠. 𝑓𝑓
𝑍𝑍     (1) 

Four parameters are enough to describe the movement of the drill: the feed (f), the teeth number (Z), the amplitude 
of the oscillations (A), the number of oscillations per revolution (𝐹𝐹𝑠𝑠). As is conventional drilling, the tangential cutting 
speed does not influence the overall geometry of the chip. The trajectories of each tooth pass are differentiated by the 
parameter “i” (“i” for the current tooth pass; “i + 1” for the previous tooth pass, etc.).  

The amplitude corresponding to the limit between continuous and discontinuous cutting is a matter of great concern 
in LVAD. To obtain its value, the cutting height has to be calculated by considering the difference between two 
successive trajectories (Eq. 2). The first term represents the average cutting height, equal to the feed per tooth. The 
vibratory parameters appear in the second term.  

ℎ𝑐𝑐 = 𝑧𝑧𝑖𝑖+1(𝜃𝜃) − 𝑧𝑧𝑖𝑖(𝜃𝜃) = 𝑓𝑓
𝑍𝑍 + 𝐴𝐴

2 [2. 𝑠𝑠𝑠𝑠𝑠𝑠 (− 𝜋𝜋
𝑍𝑍 . 𝐹𝐹𝑠𝑠) . 𝑐𝑐𝑐𝑐𝑠𝑠(2𝜋𝜋. 𝐹𝐹𝑠𝑠. 𝜔𝜔) − 𝜋𝜋

𝑍𝑍 . 𝐹𝐹𝑠𝑠]   (2) 

The chip fragmentation limit conditions are those in which the cutting paths intersect and ℎ𝑐𝑐 = 0. Under these 
circumstances, the limit fragmentation amplitude can be deduced: 

𝐴𝐴𝑙𝑙𝑖𝑖𝑙𝑙𝑖𝑖𝑙𝑙 = 𝑓𝑓
𝑍𝑍.|sin(𝜋𝜋

𝑍𝑍.𝐹𝐹𝑠𝑠)|
= 0.177𝑚𝑚𝑚𝑚          (3) 

It should be noted that, if the sinus term in Eq. 3 equals cero, no interrupted cut can be obtained despite the selected 
amplitude for the vibration movement. In that event, the trajectory of the two successive trajectories is parallel.  

 In the present work, the comprehensive knowledge acquired from the machining of metals is transferred to 
polymers. One of the objectives of the work is to evaluate if the previous kinematic model can predict the onset of 
discontinuous chip generation in PC1000 polycarbonate drilling. Moreover, the influence of vibration amplitude and 
hole length in the hole diameter and the surface roughness are analysed.  
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2. Experimental procedure 

The LVAD equipment used in the tests was a MITIS Sineholing® toolholder. In this device, the amplitude of the 
vibrations can be varied from 0 to 0.235 mm, but the frequency (number of oscillations per revolution) is set to 1.5 
rev-1.  All the drilling tests were performed in a 3-axis machine tool (KONDIA A6) and using a HSSE 5% Co twist 
drill with 6.2 mm diameter and a point angle of 135 (IZAR 1000). The drill was mounted to the vibratory tool-holder 
using a collet. Regarding the workpiece material, PC1000 engineering grade polycarbonate rods were used with a 
diameter of 40 mm and a total length of 100 mm. This is a transparent and amorphous thermoplastic which offers a 
modulus of elasticity of 2400 MPa and a heat deflection temperature of about 425 K.  

During the tests, thrust force was measured using a Kistler 9257B piezoelectric 3-component dynamometer which 
was mounted underneath the workpiece (as it shown schematically in Fig.1). Regarding hole quality, hole diameter 
was measured at 20 mm from the tool entrance using a three-point internal digital micrometer (Mitutoyo Borematic®, 
accuracy=0.001 mm). Surface roughness was also evaluated at the same hole depth by using a Taylor Hobson Surtronik 
S100-series tester and the following filter values: λs=2.5 m and λc= 0.8 mm. 

For some tests, workpiece temperature was also evaluated using a thermographic camera (OPTRIS PI 160). In these 
tests, all the holes were made at a distance of 10 mm from the part surface in which the camera was focused. No paint 
or emissivity-calibrated sticker was use and, for the temperature post-processing, emissivity was set to 1 (black body). 
This means that real temperatures should be smaller than those obtained. Nevertheless, the objective of these 
measurement was not to obtain the real temperature values but to observe qualitative differences between the tests.  

A first set of experiments was carried out in order to investigate whether Eq.3 can predict the limit amplitude for 
chip fragmentation. In these tests, the amplitude of the sinusoidal vibration was varied from 0 to 0.235 mm and the 
feed speed and cutting speed were maintained constant. In this first set of experiments, the drilled length was of 30 
mm. After observing the overall behavior of the process with the vibration amplitude, the effect of the hole length was 
analyzed in the second set of experiments. Three different vibration amplitudes were considered (0.05 mm; 0.17 mm 
and 0.235 mm) and four hole lengths were tested: 30, 40, 50 and 60 mm. The used machining conditions are 
summarized in Table 1. Three repetitions were done for each drilling parameter combination in order to increase 
statistic soundness.  

     Table 1. Cutting conditions. 

Parameter Value Unit 

Cutting speed (Vc) 30 m/min 
Feed (f) 0.25 mm 
Osc. per revolution (Fs) 1.5 (-/rev) 
Vibration frequency 38.5 Hz 
Vibration amplitude (A) 0/0.02/0.05/0.07/0.1/0.12 

0.145/0.17/0.19/0.215/0.235 mm 

Hole length 30/40/50/60 mm 
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Fig.1. Experimental setup.  

3. Results 

Based on the kinematic model described in the introduction, the limit amplitude (𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 ) for the machining 
conditions considered in the first set of experiments (Table 1) would be of 0.177 mm. This value is in accordance with 
the experimental results. Fig. 2, shows the chips obtained for four tests with different vibration amplitudes. Chip 
segmentation was not observed when the amplitude was under 0.170mm and it was firstly detected when a value of 
0.190 mm was applied. 

 

 

Fig. 2. Chip geometry for different vibration amplitudes. (a) 0.05mm; (b) 0.170mm; (c) 0.190mm; (d) 0-235mm.   

Fig. 3 shows the evolution of thrust force for one test in which no chip segmentation was produced (Fig.3a) and 
another one in which it did happen (Fig.3b). For the cutting conditions with chip segmentation, thrust force 
approximates zero at the end of each vibration cycle (when the chip is separated). There is also a significant difference 
in the amplitude of the evolution of the force during one vibration cycle (indicated as “Force amplitude in Fig.3b). In 
this regard, an approximately linear correlation was observed between the vibration amplitude and the amplitude of 
the thrust force (see Fig.4a). This result is in accordance with the kinematic model described in the introduction. As it 
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is derived from Eq.2, the uncut chip thickness (hcu) increases linearly with the vibration amplitude (A). Moreover, this 
correlation could be useful to calibrate other future designs of tool holders.   

 
a)  

 
b) 

 

Fig.3 evolution of thrust force. (a) Test with no chip segmentation; (b) test with chip segmentation.  

In order to have a better understanding of the process, force signals were analyzed in the frequency domain by 
performing a fast Fourier transformation (FFT). It was observed that the fundamental frequency (36.55 Hz) did not 
agree with the one imposed by the used machining conditions (38.5 Hz) and that can be obtained from Eq.4. This 
difference could be linked to the geometrical imperfections of the cams and to the stiffness of the different mechanical 
parts of the MITIS system.  

𝑓𝑓 = 𝐹𝐹𝑠𝑠·𝑁𝑁
60             (4)  

On the other hand, surface roughness increased with vibration amplitude until the onset of chip segmentation at 
0.190mm (Fig.4b).  This worsening of the surface finish could be linked to the increase in the process temperature. 
On the one hand, the friction produced by the tool tip and the margins should be higher due to the higher amplitude 
of the vibration movement upwards and downwards. On the other hand, chip evacuation improvement should not 
significant until chip segmentation happens.  

To further investigate the relationship between surface roughness and temperature, a set of experiments was carried 
out varying hole length (30.40 and 50 mm) and considering three different vibration amplitudes of the tool holder: 
0.05 mm; 0.17 mm; 0.235 mm). After the test, the maximum temperature value a depth of 15 mm was obtained using 
the post-processing software provided by OPTRIS. As it can be seen in Fig.5a, the highest temperature was registered 
for the machining conditions close to the chip fragmentation limit. Nevertheless, if all the results are considered (see 
Fig.5b), an approximately exponential relationship can be observed between temperature in the hole wall and the 
surface roughness. The progressive degradation of the polymer could explain this phenomenon.  
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a)              b) 

 
Fig. 4. (a) Thrust force amplitude evolution with vibration amplitude; (b) Average roughness evolution with vibration amplitude. Hole length: 

40 mm. 
 

a) b) 
 

   
  

Fig. 5. (a) Evolution of workpiece surface temperature with vibration amplitude; (b) Relationship between the temperature in the workpiece 
surface temperature and the mean surface roughness.  

 
Fig.6a shows the results of the roughness values for different drilling lengths. As it can be seen, a rise in the drilling 

length leads to an increase of the average surface roughness. This effect can be explained by two different phenomena. 
First, the temperature at the end of the drilling process should be higher when drilling length is increased (due to the 
longer tool-workpiece contact time). As a consequence, a higher level of softening of the polymer could lead to a 
worse surface finish. Moreover, build-up of plastic on the margin was more noticeable as hole depth increased.   

If the tests with the same hole lengths are compared, the conditions near the limit amplitude (0.170 mm) show the 
highest surface roughness. The results confirm the observations made at the first set of experiments. Regarding hole 
diameter, a decrease in the hole diameter was noticeable for deeper holes. This tendency could be link to the dilatation 
of polycarbonate during machining. Finally, it should be noted that hole diameter varies much less for the conditions 
with chip breakage (amplitude of 0.235 mm). Thus, the biggest advantages could be obtained when machining deep 
holes. Otherwise, a vibration assisted process might not be necessary.  
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a) b) 
 

     
Fig. 6.  (a) Evolution of average surface roughness with vibration amplitude and hole length; (b) evolution of hole diameter with vibration 

amplitude and hole length.  

4. Conclusions 

An experimental study has been performed to assess the influence of low vibration assisted drilling (LVAD) on 
PC1000 polycarbonate. Based on the obtained results, the following conclusions can be drawn: 

 A kinematic analysis of LVAD could be useful to predict the onset of discontinuous chip generation.  
 An approximately linear correlation was observed between the thrust force signal amplitude and the 

amplitude vibration of the MITIS tool-holder. This correlation could be useful to calibrate other future designs 
of tool holders.   

 For the analyzed machining conditions, an increase in vibration amplitude lead to higher surface roughness 
until the onset discontinuous chip generation. This increase could be linked to a higher temperature of the 
hole and to the softening of the polymer.  

 When holes with a large length-to-diameter ratio are to be drilled, a LVAD process with chip breakage can 
help to obtain a better overall hole quality in terms of surface roughness and diameter. 
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