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Abstract
Micromagnets have wide applications in MEMS and micromotors but there are still miniaturization limitations in current 
microfabrication processes for permanent magnets. A novel damage-free ultrashort pulsed laser machining process to manu-
facture complex shapes of Sm2Co17 micromagnets is proposed in this work. Laser process permits to further miniaturize the 
size of the resulting micromagnets achieving very small micromagnets. This can be achieved as micromagnets are submerged 
in a refrigerant fluid which is especially beneficial for magnets that are materials very sensitive to high temperature. The 
heat effect of laser cutting on the hard magnetic materials is drastically reduced thanks to the fluid. The detailed description 
of the manufacturing process is hereby presented. Results of several machining processes like milling and cutting and the 
magnetic characterization of the resulting micromagnets are shown. Complex segment shapes, with 65-μm thickness made 
in high-quality Sm2Co17 material, with good accuracy are achieved. It is demonstrated that no permanent degradation of 
the magnetic properties appears after laser machining.
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1  Introduction

Permanent magnets made of NdFeB and SmCo can reach 
high magnetic products, high remanence, and high coer-
citivity. Theses magnets are used in plenty of industrial 
applications: electric machines [1], mechanical damping 
[2, 3], braking [4], or contactless transmission [5] systems. 
In MEMS (Micro-ElectroMechanical Systems) [6–8] and 

micromachines [9–12], high-quality magnets of NdFeB and 
SmCo in micrometric size are required. Small micromag-
nets have been used in several small applications such as 
sensors [13], actuators [14–16], robotic manipulators [17, 
18], and medical devices [19], in particular, actuators [20, 
21] and wireless intrabody power transmission systems 
[22]. Not only small magnets are used, structures of mag-
nets with micrometric features, specific geometries, or mag-
netic multipole pattern distributions [23] are also required in 
MEMS applications [24]. The combined use of permanent 
magnets, micrometric high-quality ferromagnetic parts [25], 
and microinductors [26, 27] makes possible to achieve high 
specific power, torque, and force in MEMS devices.

Manufacturing of hard permanent micromagnets for 
micrometric scales can be approached by three ways [28]. 
First method is used to obtain bonded micromagnets by 
using composite and molds. Using magnetic powder and 
organic polymers, a nanocomposite of bonded magnet can 
be created. Through a UV-LIGA process, the mold can be 
created on a photo-patternable flexible polymer [29]. After-
wards, the composite fills the mold, the excess is scraped 
off, and then the mold is removed [30]. This process offers 
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magnets in a variety of small shapes, but the magnetic prop-
erties of the results magnets are much lower than a bulk 
sintered magnet. A second way for obtaining micromagnets 
is by deposition techniques. A layer of magnetic material 
with adhesive and antioxidation doping is deposited using 
techniques such as magnetron sputtering or triode sputtering 
over a silicon substrate [31, 32]. Good magnetic properties 
and accurate shapes are achieved using these procedures. 
Nevertheless, extracting the individual magnets from sub-
strates is not easy. The whole process requires long time 
processing, and it is costly. A third way to obtain individual 
micromagnets with high magnetic quality is machining 
sintered bulk magnets. Smallest magnets using mechanical 
machining methods have between 110 and 250 μm as char-
acteristic length. Further miniaturization is not possible as 
magnets are brittle materials, which is an important pitfall 
that makes difficult to manufacture smaller volume parts 
and intricate shapes [33]. Therefore, alternative methods 
for micromagnets manufacturing should still be explored.

Ultrashort pulsed laser machining has been widely used 
in recent years to perform machining processes of micromet-
ric structures and shapes in different materials like ceramics, 
metals, and polymers [34]. Pulsed laser machining has been 
applied in several microfabrication processes: drilling [35], 
milling [36], grooving [37], and cutting free microparts [38]. 
Laser machining is also a promising method to machine 
bulk magnets without exerting mechanical forces. As there 
are no mechanical forces, sample attachments can be eas-
ily done, preventing damages during part releasing process 
after machining. Some interesting works have demonstrated 
that is small sizes. For example, a Halbach cylinder with an 
8-mm outer diameter and 2-mm inner diameter assembled 
from individual parts has been achieved using laser pulsed 
techniques [39]. In addition, small Sm2Co17 magnets of 0.1 
× 0.3 × 2 mm dimensions have been also obtained by laser 
machining [40]. Those previous works show excellent results 
on the use of pulsed laser machining applied to permanent 
magnet microfabrication.

In this paper, we demonstrate a step forward in minia-
turization of permanent magnet microfabrication by using 
a special ultrashort pulsed hydro laser machining process. 
This process permits to cut the microparts accurately while 
having the parts cooled down by using refrigerant fluid [41, 
42]. This process is especially beneficial when processing 
hard magnetic materials as excessive temperatures can lead 
to irreversible damage in the material structure, partially 
or completely losing their magnetic properties. During the 
cutting processes, liquids in the laser processing zone are 
used, which greatly cool the workpiece and remove ablation 
products such as particles [43]. As a result, the processing 
speed can be increased while maintaining high precision 
and achieving significantly cleaner surfaces [44]. The use of 
liquid has four decisive advantages compared to processing 

in gas atmospheres: cooling, rinsing, chemical protection, 
and safety [45]. The cooling process during cutting works 
very efficiently since the heat transfer from the workpiece to 
the liquid is much greater than with gases [46]. Higher rep-
etition rates and pulse energies can be used for the machin-
ing, therefore allowing a high process speed. In addition, 
the fluid carries away the removed microparticles and nano-
particles and therefore cannot attach to the surface. Chemi-
cal interactions between the material and the atmosphere 
are also completely avoided, preventing from oxidations. 
To sum up, the advantages of ultrashort pulsed hydro laser 
machining process are as follows: contactless machining, no 
need of sample strong gripping, high quality, burr-free and 
sharp cutting edges with high precision, free from surface 
contamination, minimum heat input, machining of heat sen-
sitive materials. This process is extremely versatile as it can 
perform cutting, drilling, structuring, and functionalizing in 
one single process.

In this work, we demonstrate that using ultrashort pulsed 
hydro laser machining process for permanent magnets 
microfabrication permits to obtain micromagnets smaller 
than previous micrometric ones while preserving good 
magnetic properties. We present the target design, and 
the manufacturing process steps are detailed. Geometrical 
results of complex machined micromagnets and magnetic 
characterization of the micromagnets made in Sm2Co17 are 
shown.

2 � Materials and methods

The departure raw material selected for the micromagnet is 
Sm2Co17, discarding NdFeB. NdFeB magnets get oxidized 
and deteriorated if the protecting coating is removed during 
machining. Material coating thickness is very significant 
in micrometric size and most of conventional coatings for 
magnets like nickel, gold, or aluminum present typical thick-
ness in the range of 20–40 μm. Therefore, coating would 
imply that a large portion of the magnet is not hard magnetic, 
reducing the final part magnetic quality. On the other hand, 
Sm2Co17 does not required a coating; thus, there will be 
more portion of hard magnetic material. In addition, NdFeB 
is much more susceptible to high temperatures (Curie tem-
perature of Nd2Fe14B is 585 K vs 1093 K for Sm2Co17). 
Hence, Sm2Co17 seems a more reliable magnetic material 
compatible with the presented method while having high 
magnetic properties. In terms of magnetic properties, the 
machined micromagnet should have as closest as possible 
similar values as the original magnet, once magnetized. If 
not, this will mean that there is a heat affected zone on the 
material where the structure is damaged and thus, an opti-
mum magnetic performance will not be achieved in a final 
application device.
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The targeted geometry in this study is the microseg-
ment-shaped shown in Fig.  1. This is a typical shape 
needed, for example, in axial flux electric machines where 
individual magnets are used. The larger radius length of 
the segment is about 0.139 mm and shorter radius length 
size is 0.061 mm. Thickness specification is 0.065 mm. 
The volume of the segment is, therefore, 1.443×10−6 cm3 
and the mass of 0.012 mg. Such a small micromagnet has 
never been manufactured. To create this microsegment, 
the departure raw bulk material is a disk of 0.9-mm diam-
eter and 0.110-mm thick (grinded machined), as depicted 
in Fig. 1. 0.110 mm is the thinnest thickness that can be 
reached using conventional mechanical techniques. This 
raw part is made in Sm2Co17 (Recoma35E from Arnolds 
magnetics) with 1.19 T of remanence and a coercivity of 
880 kA/m. A SEM picture of the initial raw bulk material 
is shown in Fig. 2.

The micromagnets are manufactured using ultrashort 
pulsed hydro laser micromilling process. The laser milling 
system uses a commercial laser source (TRUMPF TrueMi-
cro 2030), operating at a wavelength of 1030 nm, with a 
pulse width of 400 fs, a maximum pulse energy of 100 
μJ, and a power of 20 W with liquid cooled part chuck, as 
shown in Fig. 3. Cutting speed is set 30 μm/s.

Water has been used as fluid. The height of the water 
layer is a few mm, typically 10 mm and was chosen follow-
ing recommendations published at [47]. Focus lens distance 
and height of liquid shall be in good agreement to focal-
ize the laser beam spot. The water is at room temperature. 
Moreover, it is important that the water cools within nano-
seconds as described and shown experimentally at [43, 48].

The laser milling system includes the laser source, mir-
rors, shutter, aperture, electronic laser power attenuator, 
a high precision galvanometer scanner, focusing lens, and 
high-precision XYZ linear stages. The beam spot, with a 
radius of about 8 μm, was formed by the focusing lens of 
70 mm. The high-precision linear stages and galvanometer 
scanner can accurately move in X, Y, and Z directions with 
0.1-μm position accuracy.

The main difficulty to face in the process is machin-
ing this size micropart without breaking or damaging the 
material, moreover, considering the fragility of the mag-
nets. Good quality of both machined faces is a goal to 
achieve. No debris, fractures, or burr are required features 
too in the microsegments as surface quality and accuracy 
in dimensions are fundamental parameters in further inte-
gration and assembling processes.

The machining process is depicted in Fig. 4 compris-
ing three steps. First step (A) aims to reduce the thickness 
of the raw material from 110 to 65 μm by laser surface 
milling. A next rinsing step (B) is required to remove any 

Fig. 1   Target magnet micro-
segment geometry (right) and 
bulk raw initial magnet (left). 
Dimensions in millimeters

Fig. 2   SEM picture of initial Sm2Co17 bulk raw material piece
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remaining particles from the disk with the target thickness. 
Last step (C) is the accurate cutting the microsegments by 
application of an automatic grooving process.

3 � Results and discussions

3.1 � Manufacturing results

From a full raw disk, eight machined microsegments 
were laser-cut without breaking the extra raw material, 
as shown in Fig. 5. This result indicates that Sm2Co17 
can be machined with a good chip separation and with-
out fractures. The cut groove width is measured in 15±5 
μm. After completion of the machining process, the raw 
material waste was easily removed from the final object, 
making possible to retrieve the eight microsegments in a 
clean and easy manner (see Fig. 5 and Fig. 6).

Figure  7 shows optical microscope images for two 
selected micromagnets separated from the initial disk mag-
net. They both show good-segmented shape in agreement 
with the design specifications. Lateral walls are almost 
perfectly straight, with a degree of more than 89° with 
respect to the horizontal plane, as shown in Fig. 7. Small 
curvature radii, < 10 μm, appear in the edges of the cuts.

Different micromagnet samples have been studied to char-
acterize the geometric parameters. A Digital microscope 
Olympus DSX 1000 with 3D profilometry capacity has been 
used. A 3D reconstruction of a machined sample is shown in 

Fig. 3   Ultrashort pulsed hydro 
laser micromilling schematic 
description

Fig. 4   Machining process: (A) 
surface milling, (B) rinsing, (C) 
cutting of microsegments

Fig. 5   Eight machined micromagnets (see red arrows) from the 
Sm2Co17 initial raw material disk
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Fig. 8. Inner radius, outer radius, thickness, and angle have 
been measured using IC measure software and shown in Fig. 9.

Thickness has been determined using two independ-
ent methods: 3D imaging reconstruction with the digi-
tal microscope, and directly measuring thickness with a 
lateral view of the micromagnets, as shown in Fig. 10. 
Micromagnets were manipulated using plastic tweezers 
to avoid any structural damage.

A summary of the geometric dimensions is given in 
Table  1. All dimensions are in good agreement with 
the design and within the targeted range of tolerance 
described in Fig. 2.

From a structural point of view, microsegment presents 
good consistency and rigidity. They were manipulated 
using plastic microtwezeers, gripping and releasing them 
easily without damage or chips generation during the 
manipulation. Flatness of top surface has been calculated 
in 0.005 mm from profile measurements. Perpendicularity 
of 0.006 has been calculated.

Fig. 6   SEM image of six Sm2Co17 micromagnets after removal two 
of them for characterization and removal of the raw material

Fig. 7   Optical microscope 
images of two segment 
Sm2Co17 micromagnets. Scale 
bars: 50 um (left) and 100 um 
(right)

Fig. 8   3D reconstruction of one laser machined segment Sm2Co17 
micromagnet

100 µm

Fig. 9   Top view of a Sm2Co17 micromagnet and geometric charac-
teristics. Scale bar: 100 μm
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3.2 � Surface roughness measurements and analysis

Analysis of the surface roughness has been done from SEM 
images and from surface roughness measurements obtained 
through digital microscope profilometer function.

Top surface of the magnet shows typical laser-induced 
periodic surface structures as shown in Fig. 11. The average 
surface roughness of this top laser treated surface is Ra = 
2.56 μm.

Lateral surface, after cutting, does not show significant 
melt debris. Cuts are straight and clean. As Sm2Co17 is 
highly resistant to corrosion and oxidation [49], no accu-
mulation of oxides is expected in this lateral surface. Lateral 
surface and bottom surface are shown in Fig. 12. Bottom 
surface is the same of the initial magnet since that side was 
not processed. This surface was finished by conventional 
grinding and its average surface roughness has been meas-
ured in Ra = 3.13 um.

3.3 � Magnetic measurements

Magnetometric studies have been performed for some micro-
segment magnets to determine if the laser cutting process 

generates thermal permanent damage, which would translate 
into decreased permanent magnet properties.

Microsegment magnets were magnetized in a magnetizer 
with a solenoid coils fixture. The fixture can generate up to 
5.5T of magnetic field in the center of the solenoid. This 
magnetic field is strong enough to fully magnetize Sm2Co17 
Recoma35E magnets. Micromagnets were hold on a support 
with adhesive tape and magnetized in the axial direction by 
applying a train of three consecutive 5.5-T pulsed fields.

The measurement of the magnetization level of the seg-
ments has been done by two independent methods: direct 
measurement of the axial magnetic field of the magnetic 
and BH curve measurement with a vibrating sample mag-
netometer (VSM).

In the first method, a measurement set up based on a Hall 
effect microsensor has been prepared for measuring the 
magnetic field of the microsegments along the axial direc-
tion. Distance between hall sensor and magnet top surface 
has been previously calibrated. Then, a set of magnetic field 
measurement versus distance has been obtained. Both the 
positive and negative poles are measured. The position of 
maximum magnetic field in the horizontal plane is detected. 
Once the maximum is detected, several measures of mag-
netic flux density are taken at different high values.

Fig. 10   Thickness measurement: profilometer microscope measure-
ment (top) and side view optical measurement (bottom) for one the 
segment Sm2Co17 micromagnets. Scale bar (bottom images): 100 
μm

Table  1   Design and measured 
dimensions. Equipment 
measurement error ±3 μm

Thickness (μm) Inner radius (μm) Outer radius (μm) Angle (°)

Target 65 175 400 20
Sample 1 63.372 173.54 402.64 21.22
Sample 2 63.684 176.32 405.78 19.28
Sample 3 62.421 172.34 398.56 20.76
Avg/dev 63.2±0.7 174.1±2 402±3.6 20.4±1

Fig. 11   SEM image of the top surface of one of the resulting 
Sm2Co17 micromagnets. Scale bar: 50 μm
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These measurements have been compared with the 
values given by simulations done in ANSYS Electronics 
Maxwell considering the shape of the micromagnet and 
the Sm2Co17 RECOMA 35E properties. The comparison 
between measurements and simulation is shown in Fig. 13. 
The results demonstrate that the magnetic saturation is 
reached in the magnets, which exhibits magnetic prop-
erties close to the original properties of the raw mate-
rial. The ratio between magnetic field measurement and 
expected magnetic field is 90% with a deviation of ±10% 
for the positive pole, while the ratio of the negative pole 
is 110%±10%. Based on these results, we can state that 

the heat-affected zone, if any, is neglectable as for the 
magnetic performance refers.

As a second mean of validation, the microsegments were 
measured in a VSM magnetometer to measure the magnetic 
properties of the material. The properties of the raw initial 
Sm2Co17 magnet disk have been also measured for the sake 
of comparison. The graph of Fig. 14 shows the magnetiza-
tion curves of one of the microsegments and the raw origi-
nal disk for comparison. The original disk has a saturation 
magnetization (Ms) value of 104.8 emu/g and remanent 
magnetization (Mr) value of 97.0 emu/g. The considered 
microsegment has a Ms value of 108.4 emu/g and Mr value 
of 97.2 emu/g. Taking into consideration that the relative 
error accompanying the magnetization measurement is 5%, 
the obtained values are approximately the same for both the 
initial whole magnet and the micromagnet obtained from it. 
Coercivity values could not be precisely determined due to 
the limitation in the maximum strength field of the equip-
ment (2.5 T), which prevented to fully demagnetize the sam-
ples (Fig. 12), which were saturated before mounting the 
samples in the VSM. However, coercivity for both samples 
can be extrapolated to about 26 kOe (Fig. 12) in good agree-
ment with values provided by the manufacturer for Sm2Co17 
RECOMA35E. These results support the efficiency of the 
applied process to fabricate micromagnets with no deteriora-
tion of the initial magnetic properties.

4 � Conclusions

An ultrashort pulsed laser machining process for precision 
manufacturing of Sm2Co17 micromagnets is proposed in 
this work. The laser machining process has a special fea-
ture very adequate for micromagnets based on the possibil-
ity of cutting microparts submerged in a refrigerant fluid. 

Fig. 12   SEM image showing bottom and lateral surfaces of a 
Sm2Co17 micromagnet. Inset: zoom image

Fig. 13   FEM simulation and 
measurements of magnetic 
flux density for microsegment 
magnet 1 as an example
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This is especially beneficial for magnets as it drastically 
reduces the heat effect induced by laser cutting on the hard 
magnetic materials, which are very sensitive to high tem-
perature (responsible of microstructural damage resulting in 
detrimental magnetic properties). A complex microsegment 
shape with around 65 μm in thickness has been fabricated 
starting from a Sm2Co17 disk that was initially manufac-
tured using classical mechanical means. The dimensions of 
the permanent magnets reported in this paper make them 
the smallest sintered Sm2CO17 micromagnets ever fabri-
cated without using costly lithography techniques. Preser-
vation of the magnetic properties after processing has been 
validated by measuring the magnetic flux density at differ-
ent distances from the surface and by measurement of BH 
curves. Therefore, this technique allows the manufacturing 
of permanent micromagnets for applications like MEMS 
or microactuators, with 2D-3 complex features in a custom 
height and shapes from bulk Sm2Co17 magnets.
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