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1. INTRODUCTION

For ultra-precision laser micromachining, the need to control the process is very high because the
operator has to make a host of complex decisions, based on trial-and-error methods, to set process
control parameters related to the laser, workpiece material, and motion system. In addition,
factors such as power fluctuations, intensity distribution, and thermal effects, not controlled by
the operator, also influence the machining process. Further, the problem of choosing the optimal
process parameters becomes more complicated when parts and features dimensions become
smaller (less than a few tens of microns), and the thermodynamic processes within machining
zone could significantly change the part geometry. To produce parts with nano/micro-scale
geometric quality, using laser micro-processing technologies, a thorough understanding of the
machining process and control of the entire system performance is essential. This paper
describes a method for geometric quality analysis and process control aimed at improving the
accuracy, precision, and surface finish of laser machined micro parts with dimensions less than
100 um using simulation of surface profile and analysis of the machining system performance.

2. DETERMINISTIC AND STOCHASTIC CONCEPT OF LASER MICROMACHINING

During the laser machining process, laser pulses are applied according to a prescribed toolpath
for material removal. Each laser pulse removes a certain amount of material. The geometry and
the volume of the material removed depend on the material and laser pulse characteristics.
Therefore, it is important to model and control the effect of each individual laser pulse in order to
control the accuracy and precision. The deterministic concept of laser micromachining
modelling, shown in Figure la, assumes that all machining parameters such as the pulse energy,
E, the frequency of laser pulses, f', the focal spot diameter, d, and the travel speed, v, are

constant. Therefore, the geometric parameters, d, v, and volume of the crater, and 2D and 3D

geometry of the spot overlaps, S*”, §°”, are constant. The final surface profile of the machined
part is a deterministic combination of n craters and is defined as

x Y.z ZP( X,V .z ,hl.,dl.) (1)

i=l...n
where x,y,z are the surface profile coordinates; x;,y;,z; are the crater center coordinates.
2D/3D spot overlap is a percentage of overlapped area/volume between two consecutive craters.
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Fig. 1. Schematic diagram of laser micromachining modelling.



Experimental results [1] indicate that all process parameters of laser micromachining are non-
deterministic. They are stochastic with certain mean value and variance. Based on these facts,
the stochastic concept of laser micromachining modelling is shown in Figure 1b. The proposed
concept is based on a realistic assumption that the variations within process parameters such as
pulse energy and travel speed cause variations in each crater’s geometry. Therefore, variations

within the travel speed, Vv, are a source of variation of 2D spot overlap, 5P , even if energy is
constant. If energy varies then the crater geometry and 3D spot overlap also have random

components, €.g. d h ,and S S3P . Likewise, the final geometry of the machined part is modeled
as a linear combination of deterministic, P(x, y,z), and stochastic, P(x, y,z), components:

x Y,z ZP( X, v,z h, d) (x v,z )+f’(x,y,z) 3)

i=l...n
Deterministic component is the ideal (desired) geometry of the machined part, and can be derived
from the deterministic modelling of laser micromachining. On the contrary, the stochastic
component represents a difference between ideal and actual (machined) geometry. Alternatively
speaking, it is the 2D/3D inaccuracy of laser machining.

3. GEOMETRIC QUALITY ANALYSIS AND PROCESS CONTROL

In order to analyze the final geometric quality and to implement proper control actions, a

comparison of ideal, ?(x, y,z), semi-actual, f’(x,y,z), and actual, P(x,y,z), geometries of the

machined part is performed. The ideal geometry is developed from the conformance of the laser

beam focal spot into the workpiece surface in accordance with the desired toolpath trajectory, to

serve as a reference point for the geometric quality analysis. The ideal geometry is calculated as
P(x,y.2)= Y B(¥ 57,7 hd) 4)

i=l...n
The semi-actual geometry, ls(x, y,z) , 1s a result of a simulation, which utilizes the parameters of
the actual dynamic performance of the laser machining system, e.g. actual variations within travel
speed and the statistical results from the machinability study. Therefore, it is necessary to

complete the two steps before simulation. The first step consists of the analysis of variations
within workpiece translation movement, by measurement of the non-uniformity of travel speed to

obtain v=v+7 and S*° =S +5?”. The second step is the statistical machinability study in

order to obtain d =d +d and h=h+h as a function of E. Experimental results show that each
of these parameters randomly fluctuates around the mean value for certain pulse energy and for a
particular material. Afterwards, the semi-actual geometry is calculated as

Plx,yz)= SR,y oz b+ d +d) ®)

i=l...n

The actual geometry, P(x,y,z), is obtained by measuring the machined part. Each surface
profile has a unique data structure in the form of a polygon register that allows geometric quality
parameter calculations with minimal loss of geometric information. Figure 2 shows the structure
of the geometric quality analysis and process control. In order to produce a machined part at
ultra-high accuracy, the appropriate correction of the toolpath trajectory and pulse energy must be
implemented based on the analysis of the difference between ideal and actual geometry.

To verify the performance, a micro-pyramid (height of 28.0 um, base area of 53x53 um, slope of
faces of 46.04°, peripheral area of 70x70 um) was machined with a pulse energy of 16 uJ by



removing nine layers of material. To improve the accuracy of micro-pyramid, appropriate
correction of the toolpath trajectory and pulse energy was applied. Figure 3 shows the ideal,
actual non-corrected and corrected geometries, and profiles correspondingly in the X-X and Y-Y
direction of the micro-pyramid. Table 1 contains the comprehensive analysis of these
geometries. It can be seen that the machining depth is a more complex parameter to control and
needs combined correction of toolpath and pulse energy simultaneously. Dimensional geometry
(base and peripheral areas) is more accurate and consistent and can be adjusted by using the
correction of toolpath trajectory only. Therefore, our control actions were primarily concentrated
on achieving the desired height. As a result, an error in height was reduced from 10.65 pm to 2.4
um. Also, the accuracy of peripheral area was improved from 71.25 +/- 0.55 pm to 70.2 +/- 0.6
um. Accordingly, the slopes of pyramid faces were improved from 55.7° to 49.1°. The
remaining inaccuracy is attributed to the agglomeration of burrs and heat-affected zone as a result
of instabilities within laser-material interaction and pulse energy.

4. SUMMARY AND CONCLUSIONS

A method for geometric quality analysis and process control has been presented. The method
improves the accuracy and precision of laser machined parts with microscale dimensions (< 100
um). Deterministic and stochastic concepts of laser micromachining have been introduced for
simulation of ideal and semi-actual geometries of a machined part. The geometric quality
analysis is based on a comparison of ideal, semi-actual and actual geometries. The process
control utilizes the results of geometric quality analysis and provides appropriate correction of
toolpath trajectory. Experimental results confirm the usefulness and reliability of this method.
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Fig. 2. Schematic diagram of geometric quality analysis and process control.

Parameters of geometry Table 1
height, um base area, pm peripheral area, um slope, degree
X—proﬁle| Y-profile | X-profile I Y-profile | X-profile | Y-profile | X-profile | Y-profile
ideal 28.0 53.0 70.0 46.04
non-corrected 38.1 39.2 52.1 53.2 72.8 71.7 55.64 55.84
corrected 30.2 30.6 53.2 52.3 70.8 69.6 48.63 49.48
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Figure 3. Ideal, actual non-corrected and corrected geometries and profiles of the micro-pyramid.



