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Abstract

Drilling is a highly demanding machining process due to drill bit geometries complexity and the Article History
progressive material failure on the workpiece. When applied to living tissues the process assumes Received  22/03/2017
greater attention to ensure a minimally invasive procedure. Implant failure may occur as result of the Revised  10/05/2017
mechanical conditions created around the hole. Simulation of bone drilling could be used as Accepted  15/05/2017

methodology to optimize the process and parameters in order to reduce the bone damage and ensure
ideal drilling conditions. In this research, the effect of drill bit diameter on the generated stresses level
during drilling was analysed through numerical simulations and compared with experimental results.
An explicit dynamic program was used in the simulations of three dimensional elasto-plastic dynamic
finite element models. The numerical models were validated with drilling experiments on polyurethane
foam materials with similar properties to the human cortical bone. The results indicated that smaller
drill bit diameter leads to a decrease in the stress in foam materials for a constant feed-rate and drill
speed. The maximum stress occurred in the drilled zone and surrounding tissues. These findings could
be used as a reference for surgeons whenneed to choose ideal drilling parameters to reduce the
implant failure risk. DOI:https:/doi.org/10/24243/JMEB/6.1.151
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1 Introduction

Process efficiency and surface integrity during machining of bone tissue have become important issues in
medicine, due to the wide application of this procedure in different medical domains. Bone machining involves a wide
range of procedures including grinding [1], sawing [2] or drilling [3]. Although all of these procedures have an
important role in clinical practice, bone drilling is one of the most important surgical process in the medicine and is
widely performed in dentistry, orthopaedics, neurosurgery, ear surgery, among many others [4], [5]. The importance of
this subject for further evolution of the patient has motivated the investigation of bone machining and many recent
studies have been published [6]-[9]. Despite the efforts and the progress in this field, the implant failures and post-
operative complications continue to be a significant public health problem in the health care system [10], [11].
Recently, Elangovan and Allareddy [10] have provided detailed information on the nationally representative estimates
of hospital based emergency department visits attributed to dental implant failures in the United States. During the
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period of their studies (years 2008-2010), a total of 1200 emergency department visits were due to dental implant
failures. Its conclusions indicate that 31.7% of the visits were related to osseointegration failures and 30.4% were due
to post-osseointegration mechanical failures. According to the authors, two etiological factors that can lead to the
implant failures are tissue trauma (possibly from overheating the bone during placement) and mechanical overloading.
Thus, the importance of reducing the bone damage risk during drilling is becoming clearer and it is visible in the large
increase of recent published works.

It is currently known that the implant success depends on many factors, among which drilling parameters (drill
speed, feed-rate, drilling depth, drill bit geometry and so on) are especially important. According the researches Pandey
and Panda [12], drill diameter is the most significant parameter affecting the bone damage during perforation followed
by cutting speed and feed-rate. This is due to increased friction in the larger contact surface between the drill bit and
bone, which allows more heat generated by friction. These authors also conducted a literature review of all relevant
investigations carried on bone drilling and mentioned that the helix angle and point angles have a significant influence
on the strength of the cutting edge and efficient chip ejection through the flutes. According to them, the use of quick
helix or worm spiral with split point and large point angle (100°-120°) is suggested for efficient removal of the debris
and to minimize friction during bone drilling [13]. Therefore, it is critical to understand and explore appropriate drill
diameters to minimize bone damage with safe and efficient cutting.

In this paper, both experimental and numerical approaches were conducted in order to find more details about
drill bit diameter effects on strain and stress generation during bone drilling, as function of constant drilling parameters
(drill speed, feed-rate and hole depth). An experimental methodology using solid polyurethane foam materials
(Sawbones, Pacific Research Laboratories, Inc., Vashon. WA, USA) as an alternative for human cortical bone was
used, following the same experimental procedure of our previously published works [6], [8]. In this case, several tests
were conducted to evaluate the effects of the use of three different drill diameters (4, 5 and 6 mm). Numerically, three
different finite element (FE) models based on the three drill bit diameters were developed using a nonlinear transient
dynamic FE code. The FE models aim to simulate the drilling process, to predict induced strains and stress distribution
in the bone material throughout the process and to calculate the damage in the bone material. The FE models are based
on Lagrangian formulation with time explicit integration methodology.

2. FE Models of Drilling Process

In order to study the drilling process on the bone tissue under different drill bit diameters, three models of the
cutting tool were constructed with the 3D computer-aided design (with 4, 5 and 6mm of diameter, point angle of 118°
and helix angle of 30°). Afterwards, its IGES file formats were imported into the FE code using ANSY'S program, and
integrated with the bone model with a square shape (16x16x4 mm) to simulate the drilling process (Figure 1).Each
model was modelled using solid elements with eight nodes and the element size was defined under the point of view of
both accuracy and time efficiency forthe calculation. Based on previous meshes analyses [14]-[16], and our previous
studies [6], [8] two element sizes were considered in order to assure the mesh independent results, the calculation
accuracy and to reduce computational requirements (CPU, RAM and running time). Since the high stress gradients
would rise in the drilling region and its surrounding areas, a mesh discretisation was applied in this zone with an edge
length of 0.5 mm. While the remaining model, a low mesh density was enough with an edge length of 1 mm. The
overall FE models are shown in Fig 1.

Considering a conventional drilling operation, cutting tools have a rotary motion (drill speed) and feed
movement (feed-rate), while workpiece is fixed on the bottom during the drilling process. In order to study the drill bit
diameter effect, dynamic explicit analyses were carried out using a constant drill speed and feed-rate equal to 600 rpm
and 1.25 mm/s, respectively. Due the high computational effort, only a feed depth equal to 4 mm was simulated. Also
the thermal issues are not accounted in these models, due the numerical calibration obtained at distance equal to 3.5mm
to the hole edge perforation, and the drill thermal effect in this vicinity vanish.

To define the material model should be taken in consideration the strain-rate with dependency of the material
plastic curve. Following our previous studies, it was opted for the Cowper Symonds model to represent the bone block
[6], [8]. This model is often used to describe a non-elastic behaviour of the bone tissue allowing the element deletion
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and to "separate" the material virtually by failure strain criterion [17]-[19]. Cowper-Symonds material model as well as
the mechanical properties used in our numerical models have already been successfully applied and described [6],
[8].The drill bit was modeled as a rigid body in order to reduce the computing time and resources.

Drill bit @4 mm Drill bit @5 mm Drill bit @6 mm

Fig. 1 FE models for the three different drill bit diameters

The interaction between work piece and tools was modelled using the surface to surface contact eroding
algorithm. The use of this contact is recommended whenever solid elements involved in the contact definition are
subject to erosion due to failure criteria. Contact surface is updated as elements on free surface are deleted according to
material failure criteria, in this work considered as the Failure Strain equal to 0.05.The frictional contact between the
drill bit and block was modelled with a constant friction coefficient of 0.3, which had been used by other authors [20].
Also, time step size is automatically adjusted to satisfy the contact between different bodies and the program checks all
elements when calculating the required time step. The time end of the present FE models was 6s.

3. Experimental Model

The FE models validation was made using experimental tests with solid polyurethane foam materials. This
biomechanical test material was produced by Sawbones (Model #1522-27, 180%130x40 mm)and replicated the
properties of human cortical bone (with closed cell with density of 0.80 g/cm3). In order to validate the FE models,
three different drill bits were selected (4, 5 and 6 mm of diameter). All drills used in these experiments were
conventional HSS twist drill bits. Following the numerical drilling parameters, all holes were performed with a drill
speed of 600 rpm and feed-rate of 1.25 mm/s. A drilling depth of 30 mm was set for each diameter. The drilling tests
were performed using a CNC machine. Experiments were performed at room temperature without cooling as in real
orthopaedic surgery. The magnitudes of strain were controlled by the linear strain gauges (1-LY18-6/120, 120Q2 +
0.35% from HBM), which allowed the calculation of the corresponding profiles of stresses. The external surface of the
bone block was properly clean and instrumented with fifteen strain gauges. The strain gauges were glued and
positioned close to the drilling zone (approximately 3.5 mm between the edge of the hole and the strain gauge), as it is
shown in Figure 2. A Model P3 Strain Indicator and Recorder (Vishay Precision Group, Inc., PA, USA) was used to
collect the results. Recordings obtained from the one quarter Wheatstone bridge transducer allowed to read the strains
on different material positions along the time, for each used twist drill diameter (4, 5 and 6 mm).Regarding to
temperature in block surface, it has been demonstrated in previous studies that the temperature measurements, on the
block top surface at 3.5 mm from the drilled zone, represent small values with no interference in the strain
measurements [6]-[8]. The overview of the experimental setup used in this study is shown in Figure 2.

4. Results and Discussion
The influence of drill bit diameter on the strain and stress generation during drilling process was assessed in

the present study. In this section, the numerical results obtained for the three developed models are presented.
Validation of the numerical models was performed through the comparison with experimental outcomes.
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Fig.2 Experimental setup and strain gauges location

The obtained numerical results for the different drill diameters are compared, in terms of stress distribution
during different steps of drilling. Significant differences are founded, showing the importance of considering an
appropriate drill diameter in the drilling clinical surgeries. Figure 3 shows the von Mises stress distribution, chosen for
a time instant equal to 3.2 s of drilling. This time corresponds to the time required for the complete depth of the block
(4 mm), considering the feed-rate equal to 1.25 mm/s.

Drill bit @4 mm Drill bit @5 mm Drill bit @6 mm
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Fig.3 von Mises stress distributions (MPa) during drilling at time = 3.2 s, function of drill bit diameter

Figure 3 shows clearly the influence of drill bit diameter on the stress distribution. For the same time instant,
the results showed that the increase in von Mises stress increased with the increase in drill bit diameter. Since all the
other drilling parameters (drill speed, feed-rate, drilling time) are fixed, the explanation could be that the higher drill bit
diameter increases the contact surface between the tool and material, leading to an increase of accumulated friction
energy and, consequently, an increase of stress levels.

von Misses stresses for each step of drilling were also analysed. Figure 4 represents the typical curve of von
Misses stress versus drilling time, considering the FE model with a drill bit of 4 mm. A set of nodal points was selected
at a distance of 3.5 mm from the edge of drilled hole (according to the strain gauge position on experimental
procedure) and the mean values were evaluated.

Numerical results showed that the generated von Mises stresses increased with tool penetration, reaching a
maximum value when the drill bit penetrated completely the bone block (at time of 3.2 s). It can therefore be concluded
that greater drilled hole depth produces higher stress values in bone block. During drilling time, it was also verified for
the three FE models a similar trend between the von Mises stress generation and drilling depth. At the first second, drill
bit approaches the bone block and touches the work surface. Then, it continues penetrating into the block, where the
generated stress increases due to higher plastic work requirement and increase of friction between drill bit and work
piece. When the drill bit reaches the maximum depth of the block, generated stress starts to fall. Similar trends of von

138 £7\Rational

4yl Publication



M G. Fernandes et. al

Mises stresses distribution were observed by Isbilira and Ghassemieha in their investigations of Titanium Alloy drilling
[21]. Another aspect visible in the FE models is that maximum von Mises stresses are always located at the drilling
zone and its immediate vicinity. Specially the maximum von Mises stresses appear at the intersection of drill bit
helixes and hole margin, where the work material is undergoing higher equivalent strain.

12
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Fig.4 Evolution of von Mises stress with drilling time

4.1 FE models Validation

In order to verify the results of the developed FE models, average experimental values of linear strain (g,,)
and the calculated normal stress (o,,) from Hooke Law’s, in z direction, were obtained for 4 mm of drilling depth.
Also in the numerical model, the values of strains and stresses were obtained with an average from each component, in
the finite elements coincident with the strain gauge length position. This comparison is shown in the Figures 5(a) and
(b). Figure 5(a) represents the mean and standard deviation of strains at three different drilling times (1, 2 and 3 s), and
Figure 5(b) represents the mean of maximum normal stress obtained for the complete drilling depth (at 3.2 s). Both
graphs show the results in accordance with the three drill bit diameters.
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Fig. 5 Comparison of results: (a) strains at different times and (b) maximum stresses at 4 mm of depth
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Figures 5(a) and (b) show that FE models provide a good approximation for strain and stress levels at different
drill bit diameters. Figure 5(a) showed that the strains increase with drilling time, i.e. with tool penetration into the
bone block, reaching a maximum value at end of the drill process. In Figure 5(b), the discrepancy between experiments
and the FE models is less than 8%, as an average. This shows that the FE models can be used as a validated drilling
model, according the obtained deviation value, and due to the agreement between all results. Comparing the levels of
maximum normal stress for different drill bit diameters, it was observed that when the drill diameter was increased
from 4 mm to 5 mm the stresses increased 17.68% and when the drill diameter was increased from 5 mm to 6 mm the
stresses increased 14.8%.

5. Concluding Remarks

In this research,the effects of drill bit diameter on the stresses distribution during drilling were examined.
Three FE elasto-plastic dynamic models which include complex drill bit geometries, constitutive model appropriate for
high strain rate and drilling parameters were presented. Validation was carried out comparing numerical results and
experiments and good accuracy was found. In summary, the results indicate that the use of an increased diameter in
drill bit increases the contact surface between the cutting tool and the workpiece, which leads to a higher stresses level
on the material. For all drill bit geometries, the stresses increase with the tool penetration and, consequently, with
increasing of hole depth. It was verified that high stresses always appear at the intersection of drill bit helixes and hole
walls regardless of the drilling parameters.

This work being a continuation of our previous studies using dynamic 3D FE drilling models, but it is the first
one to predict the effect of drill bit diameter on stresses distribution during bone drilling with experimental validation.
The present research could help surgeons have a better understanding of relation between cutting parameters and bone
damage and the future consequences of inappropriate parameters. In advance, professionalscan thus better select the
drilling parameters.
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