CIRP Annals - Manufacturing Technology 74 (2025) 257261

journal homepage: https://www.editorialmanager.com/CIRP/default.aspx

Contents lists available at ScienceDirect

2025
Manufacturing
Technology

CIRP Annals - Manufacturing Technology T e

Enhanced Magnet-aided Laser Induced Plasma Micromachining (E-MLIP)

for Expanded Geometric Capabilities

Check for
updates

Rajiv Malhotra®*, AnandKumar Patel?, Kiarash Naghavi Khanghah”, Hongyi Xu”

2 Department of Mechanical and Aerospace Engineering, Rutgers University, USA

b School of Mechanical, Aerospace and Manufacturing Engineering, University of Connecticut, USA

Submitted by Alkan Donmez (1), Gaithersburg, USA

ARTICLE INFO ABSTRACT

Article history:
Available online 29 April 2025

Keywords:

Laser micro machining
plasma

monitoring

Laser Induced Plasma Micro Machining (LIPMM) focusses a laser inside a liquid to create plasma that is used
for micromachining with superior multi-material capability. This work subjects the plasma to a novel mag-
netic field to realize atypically simultaneous enhancement of feature resolution, feature depth and Material
Removal Rate beyond the limitations of LIPMM and Direct Laser Ablation. A new physics-based model is
established to uncover the mechanism behind this enhancement. Further, an acoustics-based approach is cre-
ated for quantitative in-situ prediction of feature dimensions while considering unknown phenomenological

disturbances in the material removal zone, a capability that lies beyond the state-of-the-art.
© 2025 The Author(s). Published by Elsevier Ltd on behalf of CIRP. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Laser micromachining via Direct Laser Ablation (DLA) is used for
manufacturing electronics, metamaterials, solar cells, implants, smart
materials, and microfluidics. In these applications the device func-
tionality and cost-effectiveness can be significantly enhanced by
simultaneously increasing feature depth, planar resolution (o 1/fea-
ture width), Material Removal Rate (MRR) and material window
beyond the optical and thermal limits imposed by DLA.

Laser Induced Plasma Micro Machining (LIPMM, Fig. 1a) focuses a
pulsed laser inside a dielectric liquid to create plasma and uses this
plasma to micromachine a workpiece submerged in the liquid [1,2].
Coupling the laser energy into the plasma rather than directly into
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Fig. 1. Working principle of E-MLIP compared to LIPMM & M-LIPMM.
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the workpiece accommodates reflective, transparent, rough, and high
ablation threshold materials that cannot be machined by DLA with
the same laser and optics hardware [1,3]. This enables cost-effective
expansion of the material window by enabling use of the same laser
and optics for diverse materials.

But, for the same process parameters and hardware, LIPMM and
DLA yield the same feature dimensions and MRR due to physical con-
straints [4], e.g., the optics limits the plasma size and thus the feature
dimensions. Magnetically assisted LIPMM (M-LIPMM) imposes a
magnetic field on the plasma and experimentally characterizes the
effects of the magnetic field’s magnitude on feature dimensions
[5-9]. But the field configurations used till date cannot increase fea-
ture resolution, depth, and MRR concurrently. DLA based on dual
pulses [10], near fields [11], magnetic fields [12], and liquid immer-
sion [13] has the same limitation. Bessel beam DLA resolves this issue
but only for transparent workpieces, thus sacrificing the multimate-
rial capability of LIPMM [14].

This paper creates an Enhanced Magnet-aided Laser Induced
Plasma micromachining (E-MLIP) process that augments the multi-
material capabilities of LIPMM by simultaneously enhancing the fea-
ture depth, resolution and MRR beyond the limits of DLA and LIPMM.
The novelty lies in imposing a spatially non-uniform magnetic field
with constant magnitude on the plasma. This is achieved by fixing
one magnet relative to the plasma and moving the workpiece to
remove material (Fig. 1b). In contrast, the state-of-the-art imposes a
spatially uniform magnetic field that is either time-varying (magnets
on workpiece, Fig. 1c) or time-constant (magnets on laser, Fig. 1d).
Experiments are performed to characterize the capabilities of E-MLIP.
A novel physics-based model is created to reveal why E-MLIP enhan-
ces geometric capabilities. An acoustic sensing approach is developed
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for in-situ quantitative prediction of feature dimensions in light of
disturbances during material removal, a capability that is beyond the
state-of-the-art.

2. Methods
2.1. Experimental methods

Fig. 1b illustrates the experimental setup for E-MLIP. The magnet
was fixed at 3 mm from the laser’s stationary focal spot. The work-
piece (Aluminum 6061) was submerged in the dielectric liquid inside
a container. The container was placed on a motion stage. Thus, stage
speed and laser speed are interchangeable here. An Acoustic Emission
(AE) sensor was mounted at a fixed distance from the focal spot with
its sensing element fully inside the liquid. Machining and signal col-
lection were coordinated by a Transistor-to-Transistor Logic (TTL)
signal. The signal acquisition rate was orders of magnitude greater
than the laser frequency. Table 1 lists additional experimental details.

Table 1
Details of experimental setup and process parameters

Laser 3 ns pulse duration, 526 nm wavelength, 100 pm spot diameter.
Laser speed S: 0.10—0.65 mm/s, laser pulse energy E: 20—50 m]J,
laser pulse frequency v: 5, 10, 20 Hz.

Liquid Deionized water, 2 mm thickness above workpiece
Magnet Permanent, rectangular, surface flux density of 0.7 Tesla.
AE sensor  Aquarian model AS-1, 1 Hz-100 kHz range, 40 nV/Pa.

Initial experiments machined holes for the magnet-plasma config-
urations shown in Fig. 2. The measured hole dimensions were used to
identify the optimal configuration for E-MLIP of microchannels. The
channels were machined using one laser pass and combinations of
laser speed, energy, and frequency listed in Table 1. The machined
channel’s width and depth were measured using a white light inter-
ferometer and averaged across ten cross-sections along its length.
The volumetric MRR was calculated as the product of channel width,
channel depth, and laser speed. LIPMM was performed with the
same process parameters. This enabled comparison of E-MLIP to
LIPMM and DLA as these two processes yield the same feature dimen-
sions for same process parameters and hardware [4,15].
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Fig. 2. Magnet-plasma configurations examined for E-MLIP.

2.2. Physics-based modelling

The plasma shape in E-MLIP limits the minimum width and maxi-
mum depth of the machined features. The plasma shape is governed by
the following physics [16]. Magnetic pressure deforms the plasma since
electromagnetically the plasma behaves like a mass of electrons in a
magnetic field. This alters the plasma’s density, temperature, and inter-
nal pressure as thermodynamically the plasma is like a gas. Laser-
driven ionization also contributes to plasma density, temperature, and
internal pressure. Electron density affects the plasma’s electromagnetic
properties and thus magnetic pressure. Plasma deformation alters the
magnetic pressure as the external magnetic field is spatially non-uni-
form. Also, the liquid exerts hydrostatic pressure on the plasma. Phys-
ics-based models of M-LIPMM [6] are limited to the motion of one
electron in a spatially uniform magnetic field. They cannot handle
plasma consisting of millions of electrons in unknown initial states
under the spatially non-uniform 3D fields in E-MLIP.

Our approach couples electromagnetic and mechanical models
(Figs. 3a-b) to understand the impact of magnet configuration on
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Fig. 3. Schematic of models developed in this work.

plasma shape (and thus feature dimensions). The electromagnetic
model treats the plasma as a spherical body (Fig. 3a) as observed in
past work for a Gaussian laser beam [1]. The plasma is assigned the
permeability and permittivity of iron to capture its paramagnetic
behavior [16]. The resulting magnetic pressure tensor on the plasma’s
surface (p,,) is

V.py =f+ eudS/ot (1)

where, fis volumetric force based on the Lorentz law, ¢ is dielectric
permittivity, x is magnetic permeability, S is the Poynting vector, and
t is time. The number, location, and magnetization direction of the
magnets was the same as in experiments. The magnet and water
domains were smaller than experiments for computational feasibil-
ity, with the domain sizes increased till convergence of the computed
magnetic field and pressure to eliminate spurious results. The plasma
diameter was the same as that of the laser’s focal spot, based on the
avalanche and cascade ionization mechanisms of breakdown for
nanosecond laser pulses [17].

The mechanical model predicts plasma deformation due to mag-
netic pressure. The plasma is treated as an elastic membrane subject
to the computed magnetic pressure p,,, constant isotropic hydrostatic
pressure py from the liquid (based on Bernoulli’s law), and constant
internal pressure p;. The p; is computed based on the ideal gas
assumption as

pr = pksTe (2)

where, electron density p is assumed constant at the breakdown initi-
ation value and is obtained from Vogel’s equation [17], kg is Boltz-
mann constant, and electron temperature T, (assumed constant) is
based on the calorimetric equation [18] and complete absorption of
laser energy by the plasma. These assumptions are motivated by our
focus on steady-state plasma shape as the limiting factor on feature
dimensions and are based on the observation of high plasma opacity
at breakdown initiation [19]. The membrane stiffness was orders of
magnitude greater than the pressure components as the membrane
is a modelling artifact that shouldn’t affect plasma deformation. This
model decouples plasma shape, electron density, and plasma perme-
ability as it focuses on steady-state plasma shape. Nevertheless, it sat-
isfies our goal of filling gaps in understanding the effect of E-MLIP
configuration on plasma shape by introducing a key modeling capa-
bility, i.e., plasma-scale deformation under non-uniform 3D magnetic
fields.

2.3. In-situ sensing and data-driven modelling

Unexpected phenomenological disturbances during machining
such as plasma instability, inconsistent debris removal, and bubbles
can affect the machined feature’s dimensions. Quantitative prediction
of feature dimensions in light of such disturbances, without offline
measurement or stoppage of machining, is key for scalable control of
E-MLIP. Direct measurement of disturbances is difficult due to the
small length and time scales involved. Physics-based models cannot
predict material removal [19,20] and regression over process
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parameters ignores unexpected disturbances [21]. In-situ sensing in
LIPMM can’t quantify feature dimensions [22]. In-situ sensing in DLA
is limited by non-quantitative classification [23], the need to stop
machining [24], and neglect of channel-to-channel variation in dis-
turbances [25]. Our approach uses acoustic waves (Fig. 1b) emitted
by the E-MLIP plasma for quantitative in-situ prediction of feature
dimensions [26]. The disturbances will affect the acoustic waves, e.g.,
via interaction with inconsistent debris ejection. The novelty lies in
combining information from acoustic signals with nominal values of
the process parameters to consider channel-to-channel variation in
disturbances during prediction of feature dimensions. This approach
contrasts with the use of only sensor signals as inputs in the laser
micromachining literature. [22—-26]

Fig. 3¢ shows our approach. The acoustic pulse train for a channel
(~ 100 s of pulses) is segmented into sampling windows with one or
more pulses. Features extracted from these windows by a deep Con-
volutional Neural Network (CNN) are fed to a deep Fully Connected
Neural Network (FCNN) along with the process parameters (laser
speed and pulse energy). The FCNN outputs the channel dimensions
averaged along the channel length. Separate models were created for
each laser frequency. The acoustic signals were split into windows
and each window and process parameter set was matched to the
channel depth and width to create training and testing datasets for
all the process parameter combinations. The loss function was Mean
Square Error (MSE). The layer width and depth of the FCNN, number
of layers of the CNN, and size of sampling window were tuned to
minimize the training MSE and to ensure that the testing MSE was
equal to or lesser than the training MSE (i.e., avoid overfitting).

3. Results
3.1. Impact of magnet-plasma configuration

Fig. 4a shows examples of elliptical holes machined by E-MLIP.
Figs. 4b-c compare the length (major axis), width (minor axis) and
depth of E-MLIP holes to the diameter and depth of the circular
LIPMM holes. E-MLIP with configuration 5 yields the greatest concur-
rent reduction in width and enhancement relative to LIPMM while
also increasing the hole length. This configuration was used to
machine microchannels with laser motion perpendicular to the mag-
net’s face so that the channel’s length aligned with the hole’s length.
This is based on the following rationale. A channel consists of over-
lapping holes, wherein each hole is machined by a laser pulse. Align-
ing the channel length to the length of E-MLIP holes will reduce
channel width relative to LIPMM since the magnetic field reduces
each hole’s width. Further, channel depth will increase since the
magnetic field increases each hole’s depth.
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Fig. 4. (a) Elliptical E-MLIP holes with magnet-plasma configuration 5 (b-c) Change in
hole dimensions with E-MLIP compared to LIPMM.

3.2. Enhanced geometric window and material removal rate

Fig. 5 compares the morphology of channels machined by E-MLIP and
LIPMM. For LIPMM at 5 Hz laser frequency (Fig. 5a) an intermittent lack
of machining is observed at speeds of 0.20 mmy/s and above, even for the
highest laser energy. Thus, the maximum laser speed for LIPMM at 5 Hz
laser frequency is 0.15 mmy/s. Similarly, the maximum speed is 0.25 mm/
s for 10 Hz and 20 Hz frequencies respectively (Figs. 5b-c).

Figs. 5d-f show that E-MLIP does not cause intermittent lack of
machining even at the highest speed of 0.65 mm/s. Thus, the highest
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Fig. 5. Depth map of channels machined by (a-c) LIPMM (d-f) E-MLIP, where v: laser
frequency, S: laser speed, E: laser energy. Schematic of (g) Lack of machining in LIPMM
(h) Consistent machining in E-MLIP.

feasible laser speed for E-MLIP is 2.5—4 times greater than that for
LIPMM. M-LIPMM cannot achieve this enhancement [5-9]. For the
same laser speed, energy, and frequency the center-to-center dis-
tance between adjacent holes that constitute a channel is the same
for E-MLIP and LIPMM. The length of elliptical E-MLIP holes is larger
than the diameter of circular LIPMM holes (Fig. 4) and is oriented
along the channel’s length. This increases the overlap between adja-
cent E-MLIP holes and ensures consistent machining (Fig. 5h-g). By
corollary, for a given laser energy and frequency E-MLIP allows
greater center-to-center distance, and thus greater laser speed with-
out intermittent lack of machining.

Figs. 6a-c show the change in channel depth and width for E-MLIP
relative to LIPMM (and thus to DLA). For the same process parameters
and hardware E-MLIP simultaneously increases depth by 10s-100 s
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Fig. 6. E-MLIP driven change in (a-c) feature dimensions and depth-versus-width geo-
metric window and (d) MRR, relative to LIPMM and DLA.
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of % and reduces width by 10 s of %. M-LIPMM [5—9] and existing DLA
variants [10—13] lack this capability. Further, Fig. 6d shows that E-
MLIP increases the MRR by 15—-400 % without compromising the
above enhancement of feature resolution and depth. Figs. 6a-c also
compare the depth-versus-width geometric window of E-MLIP to
LIPMM (and thus to DLA). It is clear that E-MLIP reduces the mini-
mum possible feature width by 30—50 % and increases the maximum
possible feature depth by 200—500 %. Overall, E-MLIP simultaneously
and significantly enhances feature resolution, depth and MRR relative
to LIPMM and DLA beyond the reach of the state-of-the-art.

3.3. Mechanism of geometric window enhancement

Fig. 7 shows the predictions from the physics-based model. Com-
paring the deformed and undeformed plasma shape along the chan-
nel depth and width directions (D and W), in Fig. 7a, yields the
following observations. First, for E-MLIP the concurrent increase in
plasma depth and reduction in plasma width is greatest for configu-
ration 5, which reflects the experimental effect of magnet configura-
tion on hole dimensions in Figs. 4b-c. Our model is further
qualitatively validated by noting that the predicted dependence of
change in plasma dimensions on magnet configuration (Fig. 7b) is
similar to experimentally observed dependence of feature depth and
width in Figs. 4b-c. While the assumptions in Section 2.2 limit our
model’s quantitative accuracy it still captures the impact of magnet
configuration in E-MLIP, which is the focus of this work.
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Fig. 7. Physics-based predictions of (a-b) Plasma shape and dimensions (c-d) Magnetic
pressure. D, W, L are depth, width and length directions.

Fig. 7a also shows that unlike E-MLIP there is no change in the
plasma depth for M-LIPMM, though plasma width reduces, as seen in
the literature. [5—9] The reason is revealed by Figs. 7c-d which show
the magnetic pressure on the plasma resolved along channel width
(pmw), depth (pyp) and length (pyy; ). Each magnetic field component
tries to expand the plasma. Because plasma is only partly compress-
ible its extension in one direction causes its compression in the other
directions. Since hydrostatic and internal pressure are isotropic the
plasma shape is driven by the competing effects of magnetic pressure
components. In E-MLIP (Fig. 7c) py; and pyp have similar magni-
tudes. Thus, the impact of pyy; on reducing plasma depth is strongly
countered by the tendency of pyp to increase plasma depth. The pyw
is much smaller and thus cannot counteract the tendency of py; and
pump to reduce plasma width. The result is width reduction and depth
increase of the plasma, and thus of the machined features, in E-MLIP.
In M-LIPMM (Fig. 7d) pp is higher than pyw and pyp. Thus, reduction
in plasma width and depth due to py;-driven expansion in plasma
length overwhelms the effects of pyw and pyp . The result is a

reduction in plasma (and feature) width without increase in depth in
M-LIPMM.

3.4. In-situ prediction capability

Fig. 8 compares the measured and predicted (from data-driven
model) dimensions for channels (i.e., instances) that were machined
with the same process parameters but had different dimensions due
to disturbances. Our predictions can differentiate between instances.
This implies the ability to capture the impact of disturbances for indi-
vidual features. This capability is lacking in physics-based or data-
driven models that use on the process parameters as inputs. This
model needs only one 5-pulse sampling window and less than one
second of inference time. The in-situ and quantitative nature of the
prediction will allow in-process control in the future. Note that the
testing MSE with only acoustic signals as inputs, as in the literature,
was 10 times higher than with our method. This demonstrates the
value of our approach of combining acoustic signals and nominal pro-
cess parameter values as inputs.
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Fig. 8. Predictions from in-situ sensing. Separate instances are channels machined
with same process parameters. Variance is along channel length.

4. Conclusions

The developed E-MLIP process possesses the unique ability to
simultaneously increase feature resolution (by 10 s of %), feature
depth (by 10s-100 s of %) and MRR (by 10s-100 s of %) relative to
LIPMM and DLA. The mechanistic model reveals that anisotropic
magnetic pressure drives this advance. The acoustics-based model
enables novel in-situ prediction of feature dimensions in light of
unknown disturbances. Our initial work has also observed that E-
MLIP in a direction parallel to the magnet’s face increases feature
width and reduces feature depth. Our future work will pursue path-
dependent magnet rotation to account for this observation during E-
MLIP of non-straight-line features and will explore the impact of the
magnetic field magnitude in E-MLIP.
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