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Abstract: Polymethyl methacrylate(PMMA) is a polymer which is widely used in dental and biomedical
applications owing to its biocompatibility and ease of manipulation. The fabrication requirements for biomedical
applications make the processing difficult by conventional machining. Laser micro drilling is a thermal-based
non-traditional machining process which removes material by ablation and finds its usage mainly in the
aerospace, automobile, biomedical applications etc. In this work, Laser micro drilling on PMMA is performed
using spot diameter, feed rate and sheet thickness as the process parameters. The hole characteristics, Heat
Affected Zone (HAZ) and Hole circularity for the drilled holes are investigated. Regression Analysis was
performed to predict the values of HAZ and circularity as a function of the process parameters. Further, Teaching
Learning based Optimization is used to obtain the optimal values of the sheet thickness, spot diameter and feed
rate to achieve minimal HAZ and maximum circularity.
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I.  Introduction:

An implant is a medical device which is used to support a damaged biological structure, replace a missing
biological structure, or enhance an existing biological structure. Biocompatibility and bio-integration with the host
tissue are important considerations for the manufacturing of bio-implants[1]. Polymethyl methacrylate is a non
biodegradable polymer which is used for permanent mechanical bio-applications such as in bone tissue
integration, dental implants etc[2]. PMMA is also used as a biomaterial for bone cement, drug delivery systems,
bone substitutes, dental implants, contact and intraocular lens, vertebrae stabilization in osteoporotic patients, and
filler material for skull defects and bone cavities. Ease of manipulation, mechanical properties, low cost,
biocompatibility, aesthetics, low toxicity, excellent optical properties etc has made PMMA much more suitable
for biomedical applications[3,4].

Machining the implants by conventional machining methods becomes difficult due to the material-
specific and application-specific requirements[5]. Conventional machining methods like turning, drilling, milling
etc can result in surface defects which can lead to faster degradation of the implants. Laser micro drilling is one
of the widely used non-traditional machining processes, that can be used to fabricate features in the range of micro
and nano ranges on almost any material [6]. In this process, a laser beam is used to produce a range of features
like holes, periodic structures, channels etc by laser ablation. The excellent beam quality of the lasers results in
material processing and high precision for micro-manufacturing. Other advantages of laser micromachining
include high efficiency, compact installation size, easy integration and scalability[7]. Laser micro drilling finds its
applications in fields like acrospace, automotive, biomedical, micro-via hole drilling etc. [8,9]. Laser drilling may
be performed in different ways like trepanning, helical drilling, and laser percussion drilling in both continuous
and pulsed modes depending upon the diameter of the hole, and sheet thickness[10].

The hole quality of laser micro drilling is affected by several process parameters like the thermal and
optical properties of the material, process parameters like the feed rate, pulse repetition frequency, laser power,
pulse width, pulse duration, lamp current etc. The investigation of the effect of process parameters on the hole
quality has been carried out by many researchers. Mishra et.al [11] assessed the machinability of polymer matrix
nanocomposites with different carbon fillers to achieve minimal HAZ and hole taper with cutting speed, pulse
frequency, lamp current and air pressure as the parameters. Optimization is performed using Composite Response
Surface Methodology(CRSM) and two different metaheuristic techniques. The results indicate more accurate
results with the heuristic algorithms as compared to CRSM with an error of 12% and 15% respectively for hole
taper and HAZ. Ghoochani et.al [12] developed a model to predict the microchannel characteristics like depth,
width and profile with fluence, scanning speed, beam radius, pulse duration and the thermophysical properties as
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control variables during laser micro drilling of the biocompatible polymer Poly Ether sulfone using a CO; laser.
The validation of the experimental and theoretical results showed an average deviation of 8.1%. Teixidor et.al
[13] investigated the influence of the scanning speed, pulse repetition frequency, and Q-switch delay time on the
depth and width of the microchannels during micro channelling of PMMA using a nanosecond laser. The study of
the main effect plots showed a linear increase in the channel dimensions increasing Q-switch delay time, hence
average power and non-linear increase with increased scanning rate. Stepak et.al [14] performed the cutting
optimization of poly(L-lactide) (PLLA) and poly(L-lactide)/hydroxyapatite (PLLA/HAp) composite using
femtosecond fibre laser to reduce the heat accumulation effects by considering three different fluence and ablation
rates for rates. The results showed an increased cutting efficiency by using multiple, overlapped cuts. Prakash et.al
[15] conducted underwater laser micro channelling on PMMA with Nd: YAG laser system to reduce the
microcracking, HAZ zone and burr formation. RSM was used to develop a mathematical relationship between
lamp current, pulse width, pulse frequency, cutting speed as input parameters to determine channel dimensions.
The difficulty in achieving a surface finish with roughness less than ~1 um Ra for the features obtained by laser
micromachining due to the nature of light-matter interaction results in economical infeasibility of producing
implants by LMM[16].

The study of the literature shows the necessity of optimizing the process parameters to achieve good
dimensional accuracy and surface finish in order the make the LMM an efficient method for the fabrication of
biomedical implants. In this present work, Laser micro drilling is performed on PMMA to evaluate the heat-
affected zone thickness and circularity. A regression model is developed to predict the HAZ thickness and
circularity as functions of sheet thickness, feed rate and spot diameter. The developed equation is used for further
optimization using a Teaching learning-based optimization algorithm.

Il.  Experimentation:
PMMA is a non biodegradable polymer obtained from its monomer through free radical polymerization
techniques. It is a transparent polymer from the family of acrylate. The structure of PMMA monomer and polymer
are shown in figure-1:
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Figure-1 Structure of PMMA[17]

The physical and chemical properties of PMMA are listed in table-1:
Table-1 Properties of PMMA[18]

Property Value
Thermal Conductivity (W/(m. K)) 0.168
Density(kg/m3) 1170
Heat Capacity at Constant pressure(J/(kg.K)) 1466
Emissivity 0.9
Latent Heat of Fusion(kJ/kg) 500

PMMA worksheets of three different thicknesses 0.2, 0.3 and 0.5mm are made using 3D printing using
Prusa i3 bare upgrade. The machine uses a PMMA filament of 1.75 mm diameter and builds the sheets with a
layer height of 0.07mm. The sheets are further used for laser micro drilling with Nd: Yag Femto second Laser
Micro Machining system at Central Manufacturing Technology Institute(CMTI), Banglore. The micromachining
set-up consists of a laser drilling system consisting of the delivery head, a worktable to position the workpiece
and an optical system to achieve the focusing. The relative motion between the workpiece and the lasers is
obtained by fixing the laser and movable worktable. The system utilizes nitrogen as an assist gas. A CNC drilling
code is prepared with the required parameters to carry out the drilling of the holes in trepanning mode. The
micromachining system is shown in Fig-2:

I11.  Input parameters levels:

In this experimentation, three parameters are considered-sheet thickness, feed rate and the laser spot
diameter. The feed rate is considered the speed at which the laser beam interacts with the work material [19]. Feed
rate is an important factor as it controls the time of irradiation, a higher feed rate results in low irradiation time,
hence lowering the energy absorbed. This results in holes with low dimensional quality, channels with poor aspect
ratio and with lower HAZ. Also, the surface roughness increases with increasing feed rate[20-23].
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Fig-2: Femtosecond laser Micro Machining System at CMTI

Sheet thickness is another factor that affects the energy required for a laser beam to completely penetrate
through the workpiece and also influences the focal setting required for the minimum kerf size and accuracy of
the hole[24]. Also, an increase in the sheet thickness increases the depth of the drilled hole, thereby resulting in
holes with a higher aspect ratio. High values of aspect ratio influence the power requirements, recast layer
formation, penetration laser beam to produce the hole, taper formation of the holes etc[25]. The laser spot diameter
directly affects the area irradiated by the laser beam on the workpiece. As the spot diameter increases, the area
irradiated by the beam increases, and hence the amount of energy absorbed[26]. The spot diameter also has a
significant effect on the specific material removal rate, which decreases with increasing spot diameter[27].

The different levels of parameters used in the experimentation are shown in the table-3
Table 2: Parameter Levels

Parameter Level-1 Level 2 Level-3
Sheet Thickness(mm) 0.2 0.3 0.5
Feed Rate(mm/s) 0.1 0.5 1

Spot Diameter(us) 150 225 300

The hole diameters and the heat-affected zone thickness are measured using the Olympus 3D measuring
laser microscope LEXT OLS4000 available at CMTI Banglore, which is designed for 3D measurement,
nanometre level imaging, and roughness measurement. The magnification for the laser microscope ranges from
108x - 17,280x. In this study, the hole diameters are measured at the entry and exit of the hole. Two diameters d;
and d, are measured at 90° intervals for each hole at the entry of the laser beam. Similarly, d; and d4 are considered
at the exit. The average diameters at entry and exit are calculated as:

dentry = (@) @)
doxie = (2222) @

In this work, two-dimensional quality aspects i.e., Heat Affected Zone (HAZ) thickness and hole
circularity of the micro holes were considered. HAZ can be defined as the area surrounding the irradiated zone
on the workpiece which undergoes microstructural changes as the beam propagated through the workpiece. The
microstructural changes arise due to the repeating melting and solidification due to the pulsed mode of
operation[28]. There tends to be a decrease in the HAZ as the pulse duration is decreased, which can be represented
in fig 3:
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Fig -3: HAZ for different pulses[29]
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To measure the HAZ thickness, the maximum diameter for each hole is measured as dmax. The HAZ thickness(hy)
at the entry of the hole can be calculated as:

N g

Another performance measure considered in this work is hole circularity. The laser beam used for industrial
applications generally uses a Gaussian beam profile due to the greater penetrating capacity

offered by them. The Gaussian beam generally results in tapered holes, with different diameters at the entry and
the exit. The hole circularity is defined as the ratio of the minimum hole diameter to the maximum hole diameter.

C = (Dintleniryets @)

max(dentry.dexit)

Taguchi L9 Orthogonal array is used to design the number of experiments. Choosing Taguchi design
makes the experimentation economical by reducing the number of experiments required to solve the
problem and optimize the design. In this present work, the L9 array for 3 factors and 3 levels was
chosen. Table-3 shows the obtained values of HAZ thickness and circularity:

Table 3: Obtained values of HAZ

Sheet thickness(mm) Spot Diameter(pum) Feed rate ( HAZ(um) Circularity
mm/sec)

0.2 150 0.1 22.871 0.956671
0.2 225 0.5 49.389 0.949716
0.2 300 1.0 44.622 0.977989
0.3 150 0.5 47.750 0.441254
0.3 225 1.0 48.013 0.920726
0.3 300 0.1 43.526 0.981908
0.5 150 1.0 33.302 0.785474
0.5 225 0.1 47.500 0.910371
0.5 300 0.5 52.014 0.608321

A regression model was developed to predict the values of HAZ thickness and circularity as functions of sheet
thickness, spot diameter and feed rate using Minitab 17. The regression model helps to identify a relationship
between the dependent and independent variables by hypothesizing the relationship and using the parameter
estimates[30]. A general-order linear regression is given by
Y = Bos Xima BoXi + X1y BiiX? 14 X X1 Bij XiX; Q)
Where Y is the dependent or the response variable, X is the predictor variable. ;s are the regression coefficients
[31]. The method of least squares is used to obtain the coefficients of the regression equation[32]. The second-
order regression equations developed for HAZ thickness and circularity for PMMA are as follows:
HAZ = 25.8 — (202 = t) + (0.287 *d) + (3.7 * f) + (278 * t?) — (0.00035 * d?) — (7.9 = f?) +
(0.022 xt*d)+ (452t * f)

(6)

circularity = 0.715 — (3.11 = t) + (0.00727 * d) — (0.749 = f) + (3.01 = t2) — (0.000014 * d?)
+ (0.445 * f2) + (0.00025 * t * d) + (0.856  t * f)
(7

An increase in the HAZ thickness tends to reduce the hole quality with greater microstructural changes around
the irradiated zone on the workpiece. Also, uniformity in the hole diameter is desired at the entry and exit of the
hole which requires the circularity of the hole to be close to one. Therefore, optimization of the process parameters
is required to minimize the HAZ thickness and maximize hole circularity.

IV.  Teaching Learning Based Optimization(TLBO):

Teaching learning-based Optimization Algorithm proposed by Rao et.al in 2011[33] for the optimization
of design problems. The algorithm works based on a population of a group of learners in a classroom. The initial
best learner is considered a teacher. The algorithm has two phases- the teaching phase and the learner phase. In
the teaching phase, the learners learn from the teacher and in the learner phase the learners learn by interacting
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among themselves. The main idea behind the implementation of TLBO is that even though all the learners of a
class have an equal chance to learn from the teacher, the different capabilities of the learners give rise to different
probabilities of learning. The easy implementation, no requirement of specific algorithm parameters and faster
convergence makes TLBO an efficient method to solve constrained, large-scale, multi-objective, and dynamic
optimization problems[34]. The flow chart for the implementation of TLBO is shown in fig-4:

Initialize number of students
(population) and termination criterion

v
| Estimate the mean of each design variable |<—
v

| Selects the best solution (teacher) I

)

Change the solution based on best solution
Ynew = Kold + T (feeacher — (T )Mean)

Teacher Phase

s the new solution
better than existing?

> <

Student Phase

s new solution better
than existing?

<

Is termination
criteria sattisfied?

| Optimum objective function values |

Fig-4: Implementation of TLBO[35]

In this work, the following parameters were chosen to obtain the optimal parameters of sheet thickness, feed rate
and spot diameter to achieve minimal HAZ thickness and hole circularity ratio close to one:

. The lower bound and the upper bound were taken respectively as LB=[0.2,150,0.1] and UB=[0.5,300,1]
for the chosen parameter levels.

. number of variables m=3;

. population size n=50

. The maximum number of iterations is taken as Maxiter=50;

The regression equations obtained for HAZ thickness and circularity were considered as the objective functions
for TLBO. Optimization is performed using MATLAB R2021.Table-4 shows the optimal values of the parameters

obtained:

Table- 4 Optimal values obtained from TLBO
Thickness (mm) Spot Diameter | Feed Rate HAZ Thickness Circularity
(nm) (mm/s) (1m)
0.4 284.19 0.18 50.3 0.84

The corresponding values of HAZ thickness and circularity for the optimal parameter as obtained from the
regression analysis were 48.94 um for the HAZ thickness and 0.789 for circularity. The results show an error of
2.8% and 8.7% between the optimization and regression values.

V.  Conclusions:
The following are the conclusions made from the present work:

. Laser micro drilling is performed on PMMA with laser spot diameter, feed rate and sheet thickness as
parameters.
. L9 orthogonal array was considered for experimentation with Heat affected zone thickness as the

performance measure.
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The teaching Learning based algorithm for the obtained results shows that the minimal HAZ occurs for

thickness 0.4mm, spot diameter 284.19um and feed rate 0.18 mm/sec. The obtained value of HAZ thickness as
per PSO is 50.3um and circularity is 0.84

The corresponding value of HAZ and circularity as obtained by regression analysis is 48.94 um and

0.789 resulting in an error of 2.8% and 8.7% respectively.
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