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Fabrication and Characterization of a Magnetic 3D-printed

Microactuator

Florian Rothermel,* Simon Thiele, Chris Jung, Anna Krapf, Sven Erik llse, Benoit Merle,

Harald Giessen, and Alois M. Herkommer*

Conventional MEMS microactuators have, in recent years, been
complemented by 3D-printed actuatable microstructures fabricated via
two-Photon-Polymerization (2PP). Herein, a novel compact 3D-printed
magnetically actuatable microactuator with a diameter of 500um is
demonstrated, originally designed for micro-optical systems. It is fabricated
by incorporating a composite of NdFeB microparticles and epoxy resin into a
designated reservoir of the printed mechanical structure within a simple
post-processing step. The microactuator structure features mechanical
springs, allowing for continuous positioning with large displacement.
Mechanical studies by nanoindentation of IP-S bulk structures reveal a
viscoelastic material behavior, described by a two-element General
Kelvin-Voigt viscoelasticity model. The obtained material parameters are then
used to simulate and characterize the spring behavior of the microactuator.
Actuation experiments are conducted using an external microcoil. The
actuator displacement is measured for triangular current pulses with a peak
current of 106 mA and durations of 1 to 100 s, resulting in displacements of
69.1 to 88.9 um. Hysteretic behavior of the actuator is observed, attributable
to viscoelasticity and magnetic properties of the core material. Numerical
simulations of the experiment demonstrate this behavior as well. On-the-fly
demagnetization and the implementation of closed-loop control allow for both
high repeatability and precise positioning.

1. Introduction

Actuation at the microscale is often ac-
complished by conventional microelec-
tromechanical system (MEMS) actua-
tors. Using well-established semiconduc-
tor fabrication methods, they can be eas-
ily manufactured not only as prototypes,
but also in mass production. Typical actu-
ation methods rely on electrostatic, piezo-
electric, electrothermal, shape-memory,
pneumatic, hydraulic, or electromagnetic
effects.['?] Electrostatic actuators require
high voltages and achieve only small
forces and displacements. Larger forces
are possible with piezoelectric actuation,
which, however, is limited in displace-
ment as well. In contrast, electrother-
mal, shape-memory alloy, pneumatic,
and hydraulic actuators provide both,
large forces and large displacements,
but they generally suffer from lower
response times. Therefore, electromag-
netic actuation is particularly interesting,
as it allows for high forces and large
displacement, while it also enables fast
responses.[’!
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In recent years, classical fabrication of microactuators has
been complemented by additive manufacturing.[*! Stereolithog-
raphy (SLA) was used to fabricate a planar electrothermally ac-
tuatable microgripper, as well as an electromagnetic actuator.>!
Furthermore, fused deposition modeling (FDM) enables direct
3D printing of magnets and magnetically actuatable structures,
using magnetic composite materials.”"'%! The potential for fur-
ther miniaturization of actuators to attain overall sizes in the
sub-millimeter range is however limited by the resolution con-
straints of these methods. Therefore, two-photon polymerization
(2PP) by direct laser writing is of special interest for the fabri-
cation of actuatable 3D microstructures,''12] which find appli-
cations in biomedicine,>~'*] microgrippers,!*®!”! microrobotics,
and sensors.['*2*] The large advantage of this fabrication method
is its versatility, not only in terms of design freedom, but also re-
garding choice of printable photoresists. The latter enables so-
called 4D-printing, which means the ability to directly fabricate
mechanical structures consisting of stimuli-responsive materi-
als, e.g., hydrogels, poly(N-isopropylacrylamide)(pNIPAM), or
liquid crystal elastomers (LCEs). This has led to the demonstra-
tion of various microactuators that can be controlled via external
stimuli, such as temperature, 28] light,[?>-32] pH-value, or com-
binations of them.33-3¢] While these actuators are applicable for
many different scenarios, they are also often restricted by, e.g.,
requiring aqueous environments, high temperatures or special
setups for fabrication or for the actuation.

Other approaches focus on electrostatic or magnetic
actuation.['*3746] Especially the latter has been demonstrated
in various applications, since it offers several advantages, such
as easy integration into the 2PP fabrication process, remote
control by external magnetic fields, as well as biocompatibility.
The fabrication of such actuators is mainly achieved by directly
incorporating magnetic particles into the polymerizable pre-
cursor or by adding ferromagnetic materials in post-processing
steps, e.g., by deposition.***!] In other fabrication variants,
magnetic beads are added to the resin,*?#4647] which can
be oriented and aligned via external magnetic fields during
the printing process and thus, be directly connected to the
microstructure. Nonetheless, these methods interfere in some
way with the conventional 2PP fabrication method, such that it
sets limitations on its flexibility. Printing on special substrates,
e.g., optical fibers, could prove problematic, if the setup has
to be altered. Composite magnetic resins could limit further
functionalization of the microstructure, e.g., for microoptical
applications, since multimaterial-processes would be involved.
This issue can be addressed by a post-process incorporation of
magnetic materials. Metal layer deposition is a viable choice, but
the design-freedom is limited, as it cannot be selectively applied
to desired regions and therefore sacrificial protection structures
need to be implemented.

In this work, we present a magnetic microactuator, which con-
sists of a monolithic 3D-printable structure that can be function-
alized in a post-processing step by filling liquid composites of
two-component epoxy resins and Neodymium-Iron-Boron (Nd-
FeB) microparticles in dedicated reservoirs. The composite is
then magnetized after curing, leaving a permanent magnet em-
bedded in the mechanical microstructure. By implementing a
mechanical spring, the structure can then be actuated and ax-
ially displaced through external magnetic fields. This method
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and a similar actuator have already been demonstrated in previ-
ous work for the actuation of microoptical elements,[**! but aside
from that, we believe that applications in other scientific fields
are also possible, such as endoscopic micromanipulation. Many
applications require accurate positioning of the actuator, which
is often aggravated by system-inherent non-linearities. There-
fore, the behavior of the implemented system has to be known.
Herein, we characterize a magnetic 3D-printed microactuator by
first examining mechanical properties of the polymerized IP-S
resin through nanoindentation tests. As the polymer exhibits vis-
coelastic behavior, the material properties and resulting spring
characteristics are described using the generalized Kelvin-Voigt
(GKV) viscoelasticity model. To demonstrate the capabilities of
the actuator, we conducted actuation experiments to characterize
the displacement behavior of the actuator corresponding to time
varying magnetic fields. It is shown that the actuator displace-
ment has a non-linear and hysteretic behavior that is caused by
the viscoelasticity, as well as magnetic hysteresis of the external
magnetic field generation. We demonstrate how these shortcom-
ings can be counteracted by incorporating on-demand demagne-
tization and closed-loop control.

2. Results and Discussion

2.1. Actuator Design and Fabrication Method

The design of the microactuator is essentially comprised of two
components, which are merged in one monolithic 3D-printable
structure (Figure 1A). Three helical springs are used as mechan-
ically flexible component to hold a ring-shaped fillable reser-
voir. While one spring might be sufficient, it is better to have
more contact points for the reservoir to ensure stability during
the printing process. A rectangular cross-section was chosen for
the spring wire, since we found that the resulting spring stiff-
ness is better controllable through design. The stiffness is fur-
thermore dependent on other geometrical aspects, such as the
spring diameter and its number of turns, as well as the mechan-
ical properties of the polymerized resin, which depends not only
on the resin itself, but also on the writing parameters, i.e., the
degree-of-conversion (DC) as has been shown by others.[*3-52] An
experimental investigation of the spring design was conducted
to achieve deformations greater than 100 um with the expected
magnetic forces, but also an adequate spring stiffness to with-
stand environmental forces, such as gravitation. We found a
spring wire cross-section of 18 X 12.5 um? to be suitable for this
purpose. The reservoir of the actuator has the shape of a hollow
cylinder with an outer diameter of 500 pm, an inner diameter of
200 pm, an open top side and a perforated outer wall. The perfora-
tion with rectangular holes of size 25 X 30 um? augments the wet-
tability of the reservoir and reduces agglomeration of magnetic
particles at the outer wall during the filling procedure. Further-
more, small rectangular blocks are circularly distributed around
the center at the bottom of the reservoir, serving as additional cap-
illary structure. The flat surface in the center of the reservoir was
implemented as reference for the optical displacement measure-
ments. The final design has an an overall height of 650 pm.

As it is shown in Figure 1B, the fabrication of the microactu-
ator consists of four process steps. The mechanical structure is
printed using dip-in laser lithography (DiLL) with the proprietary
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Figure 1. Microactuator design and fabrication process. A) lllustration of the 3D-printed microactuator, which consists of a mechanical spring attached
to a permanent magnet. B) The fabrication process involves the 3D-printing of the mechanical structure via 2PP, as well as three post-processing
steps. First, sacrificial support structures are removed and the reservoir of the microactuator filled afterward with a NdFeB-epoxy-composite. Finally,
the composite is magnetized within a strong uniform magnetic field after curing. C) Images taken during the filling procedure. This is also provided as
video in the Video S2 (Supporting Information). D) Magnetic hysteresis measurement of the composite within reservoir geometries of equal volume.
E) Electron micrograph of a microactuator with filled reservoir. Digital microscope image of an array of microactuators of diameters 500 and 350 um.

Scale bars are 250 um.

photoresist IP-S (Nanoscribe GmbH & Co. KG) onto a micro-
scope cover glass substrate. Together with the actuator, three sac-
rificial support structures are fabricated that prevent damaging
of the springs during the development procedure. This damag-
ing is mainly caused by shear forces that occur when immersing
the structures in the developer liquid, as well as so-called stic-
tion of the delicate wires due to capillary forces when the liquid
evaporates. Therefore, the support structures are designed to con-
strain motions of the entire structure in all directions and prevent
stiction through a comb-structure that blocks the spring coils,
thus keeping them apart. To reduce the overall footprint of the
actuator and thus allow for printing on narrow area substrates,
the supporting structures are mounted within the gaps between
the spring feet. After development, the support structures are re-
moved by inserting a fine needle into an embedded eyelet and ap-
plying a pulling force until the adhesion to the substrate breaks.
This process is shown in the Video S1 (Supporting Information).
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Itis to note that supercritical drying could also be used after devel-
opment such that the sacrificial support structures are not neces-
sary. This was not tested, however, and using this method can also
set limitations on the usable substrates, whereas the proposed
method can be used even when printing on special substrates,
such as optical fiber tips.

In the next post-processing step, the reservoir is filled with
a ferromagnetic composite, which consists of a two-component
epoxy resin mixed with NdFeB-microparticles. The filling proce-
dure is shown in the image series in Figure 1C and also as video
in Video S2 (Supporting Information). A droplet of the composite
is brought in contact with the outer wall of the reservoir, where
capillary forces cause a flow into the reservoir. It is often required
to break and restore contact of the droplet, because either the
flow stops or the structure tends to move too far into the droplet
leading to contamination of the central surface or abrupt over-
filling. It is to note that the supporting structures have to be re-
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moved beforehand as they can cause undesired contamination
of the spring wires during contact with the composite droplet.
Furthermore, it is important that the composite viscosity is low
enough to ensure the capillarity, such that the mixing ratio be-
tween epoxy and microparticles has to be carefully chosen. In
an experimental evaluation, different mixing ratios of NdFeB-
microparticles with a typical grain size of 5um and a low viscous
epoxy resin were filled into 3D-printed reservoirs in order to find
the highest particle concentration viable for the described proce-
dure. We eventually chose a mixture containing 71.4 %wt. mag-
netic particles (weight-ratio 5:2), which is a compromise of the
achievable magnetic remanence and the applicability. Compos-
ites containing higher amounts of microparticles would increase
the remanence of the magnet and thus sensitivity of the actuator,
but are significantly more viscous or even paste-like and therefore
not applicable.

After the composite is cured, it is finally pulse-magnetized
within a strong homogeneous magnetic field with a peak flux
density of approx. 4 T, resulting in permanent magnetization. A
hysteresis curve of magnets of similar volume and equal mix-
ing ratio has been measured with a SQUID magnetometer and
is shown in Figure 1D. It can be seen that a magnetic field of 4
T is sufficient to achieve magnetic remanences >200 mT. This
remanence is comparable to reported values of permanent mag-
nets fabricated via micro-patterned molds.>3] During the mag-
netization process it is important to ensure that the samples are
oriented as intended, since oblique magnetization directions will
lead to undesired tilting when actuated. Once magnetized, errors
can hardly be corrected since the spring compliance allows the
magnet to evade a demagnetization field.

Fabricated microactuators are shown in the images in
Figure 1E. The left side shows a SEM-image of a single microac-
tuator with filled (unmagnetized) reservoir, where excess com-
posite is clearly visible at the right outer side, which originates
from the contact between droplet and reservoir during the filling
process. On the right side, a microscope image of an array of ac-
tuators is shown. The array consists of actuators of diameters 350
and 500 um. While only the latter is discussed here, it shows that
the microactuator is scaleable.

2.2. Mechanical Characterization

Mechanical microstructures fabricated by 2PP are typically de-
signed with the assumption of elastic material behavior. How-
ever, this assumption may not hold true in all cases, particularly
when precise positioning or structural stability under constant
load is required. This is because polymerized photoresins, simi-
lar to numerous other polymeric materials, display viscoelastic
behavior.*%5] The structures thus show typical characteristics
such as creep and relaxation when load is applied and subse-
quently removed.

Previous material studies of two-photon polymerized resins
by uniaxial compression tests or nanoindentation mainly fo-
cused on elastic parameters, e.g., Young’s modulus.[#8:49:51:52.56.57]
We therefore studied the viscoelastic properties of IP-S through
nanoindentation tests on 3D-printed blocks of size 400 pm x 400
pum X 25 um. An electron micrograph of one of those blocks is
displayed in Figure 2A. They were fabricated using the same
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writing parameters as for the actuator (see Experimental Sec-
tion). We chose two different laser powers (25 and 30 mW) to test
whether the viscoelastic properties are sensitive to differences in
the writing process. No significant change was observed (see Sec-
tion S2, Supporting Information), which is why only the mea-
surement and evaluation of the structures printed with 25 mW is
discussed here.

The nanoindentation tests to obtain viscoelastic parameters
were conducted in a similar manner as described by Lu et al.,%!
using a conospherical nanoindenter tip. The applied time-
dependent load profile P(t) consists of a ramp load segment with
constant load rate, followed by a holding segment which can be
expressed as:

P(t) = Py [t = H(t —t) - (t = t,)] 1)

with the constant load rate P, the start time of the hold segment
t, and the Heaviside-function H(t). Details are given within the
Experimental Section. The target indentation depth was chosen
small enough to ensure operation within the linear viscoelastic
regime. In Figure 2B, the mean value of seven indentation depth
measurements is plotted versus time. Every block was only mea-
sured once, nonetheless resulting in a highly repeatable mea-
surement with an overall standard deviation less than 12 nm.
During the hold segment, viscoelastic creep of the material can
be observed, leading to a depth change of approximately 17%.

To access the viscoelastic properties of the material, we fitted
the generalized Kelvin-Voigt (GKV) model to the measurement
data. Since a one-element GKV model, also known as standard
linear solid model, was insufficient for the description of the
data, we chose a two-element model as it is depicted in the in-
set of Figure 2B. More elements did not improve the fit qual-
ity by means of the coefficient of determination (R?). Details
about the mathematical expressions of the model are given in
Section S1 (Supporting Information). The fitted model exhibits
strong agreement with the measured data and yields the param-
eters for the elastic and viscous components. The resulting elastic
components are described by elastic moduli E; and viscous com-
ponents by relaxation times 7;, which were obtained by taking the
mean of the parameters of the separately fitted measurements.
The plotted fit curve corresponds to the behavior according to
these mean parameters denoted in the inset.

For evaluating the behavior of the spring structure, the result-
ing material parameters were passed to a mechanical finite ele-
ment simulation of the microactuator 3D-model. As illustrated in
Figure 2C, aload function F,, 4(t) was applied in axial direction of
the spring, resulting in an axial displacement. The load function
is of the same shape as P(t), with an initial ramp loading with ar-
bitrary targetload of 25 uN and a duration of 10 s until the holding
segment. In addition, we investigated on the influence of shape
deviations of the spring wire cross section. An increase of 0.5 and
1 pm in width and height of the rectangular cross-section was as-
sumed, which can be caused by the limited lateral and axial res-
olution given by the effective voxel. The resulting simulated dis-
placements versus time for the designed wire cross-section, as
well as the two deviations is plotted in Figure 2D. Due to the vis-
coelastic nature of the material, the spring also suffers from creep
that leads to a displacement increase of approximately 26.5% in
all three cases during the holding segment of 50 s duration. As it
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Figure 2. Mechanical characterization of the material and the spring of the microactuator. A) Electron micrograph of the polymerized IP-S blocks with
a size of 400 x 400 x 25 pm? used for nanoindentation studies. B) Nanoindentation measurements showing the mean indentation depth versus time.
Standard deviation is plotted as shaded region, but not visible due to highly repeatable measurements. The load profile consists of a ramp load to a
target displacement of 500 nm followed by a hold segment of 100 s. During the hold segment, viscoelastic creep can be observed. Measurements were
fitted separately using the generalized Kelvin-Voigt viscoelasticity model with two elements, which is depicted in the inset below the curves. The mean
viscoelastic parameters E; and ; of all fits were evaluated, which ultimately yield the plotted fit curve. C) Mechanical finite element simulation of the
3D model, using the viscoelastic parameters obtained from the nanoindenter measurements. The load function F .4 (t) is again a ramp load followed
by a hold segment. D) Simulated displacements versus time obtained from mechanical FEM simulations. These were conducted for the original spring
design with a spring wire cross-sections of 18 X 12.5 um?, as well as slight increases of the width and height by 0.5 and 1 um. The viscoelastic parameters
describing the spring behavior are again obtained by fitting a two-element GKV model. The fit yields the parameters given in Table 1.

Table 1. Viscoelastic parameters obtained from fitting a two-element GKV  2.3. Magnetic Actuation
model to the simulated spring behavior (shown in Figure 2D) with devia-

tions of the spring wire cross-section. . . . .
pring Actuation experiments were conducted using the experimental

setup illustrated in Figure 3A. A microcoil wound around an

Spring Wire Cross-Section ko INm™] ki INm™'] Ky [INm™] 71 [s] 72 Iron-Nickel(FeNi) tube core functions as electromagnet to attract
18 x 12.5 um? (Design) 0.24 0.64 0.69 441 5837  the magnetized composite inside the reservoir. We used a hol-
18.5 % 13 um? (+ 0.5 pum) 0.28 0.74 0.80 442 60.00  low instead of a bulk core in order to verify the applicability of
19 13.5 um? (+ 1 pm) 0.32 0.85 0.92 439 5789  the system in endoscopic implementations, utilizing 3D-printed

micro-optics.®! The attractive force between the electromagnet

and the permanent magnet leads to a displacement of the actu-

ator, which can be controlled by varying the coil current. Larger

can be seen, the spring stiffness is significantly affected by devi-  coil currents lead to larger magnetic field densities and thus to
ations of the spring wire cross section. larger exerted magnetic forces, depending on the permeability
The behavior of the spring can again be characterized with a  and saturation magnetization of the core material. Furthermore,
two-element GKV-model. Therefore, the simulated displacement ~ the magnetic force also non-linearly increases due to the dis-
data was fitted for the three shown variants to obtain the elastic =~ placement of the actuator, since the distance between the per-
components, now described by the spring constants k;, and the =~ manent magnet and the source of the external magnetic field,
viscous components. The resulting parameters are displayed in  i.e., the coil, decreases. This ultimately leads to a non-linear re-
Table 1. It is noticeable that the relaxation times of the spring  lationship between actuator displacement and coil current. The
for all variants are nearly the same as the ones of the material.  setup was also implemented and extensively studied by finite el-
Hence, it can be assumed that the structure itself does not affect ~ ement simulations, involving the magnetic, as well as the me-
the viscoelastic behavior. chanical viscoelastic aspects of the experiment. It is to note that
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Figure 3. Actuation experiments. A) Illustration of the experimental setup. The microactuator is printed onto a glass substrate and displaced by the
externally generated magnetic fields of a microcoil wound around an iron-nickel (FeNi)-tube core. B) Images and simulation of the microactuator during
actuation with a triangular coil current profile with a rise and fall time of 2.5 s. The scale bar is 100 um. A video of this experiment is provided in the Video
S3 (Supporting Information). C) Plot of the displacement measurement versus time during the actuation, as well as numerically simulated data. The red
circles highlight the displacement at the times specified in the images of the microactuator. D) Measured displacement plotted versus the applied coil
current for durations of the triangular pulse of 1,5, 10, and 100 s. A lowpass filter was applied to the displacement data of 10 and 100 s pulse duration
to filter sudden spikes at small displacements. Finite element simulations for pulse durations of T and 100 s are plotted as well. The arrows denote the
segments of a rising and falling current. The microactuator shows a non-linear and hysteretic behavior, depending on the coil current, as well as the

Displacement [um]

o

o

pulse duration.

we assumed a deviation of the spring wire cross-section of 0.5
um for the simulation, which shows a good resemblance of the
experimental results.

During the experiments, the actuator samples were observed
with a digital microscope. Figure 3B depicts images of a microac-
tuator at the specified times during actuation with a symmetric
triangular coil current profile of 2.5 s rise and fall times, with
currents ranging from 0 to 106 mA. The starting time of the tri-
angle pulse was denoted as t = 0 s. A video of the actuation is
also provided in the Video S3 (Supporting Information). Images
of a finite element simulation of the 3D-structure are also dis-
played within the same panel. The experimental results are in
good agreement with the simulations. It is to note, however, that
in contrast to the simulation, the microactuator shows slight tilt-
ing during the actuation experiment. This behavior was observed
in all samples, while the extent differed from sample to sample.
Therefore, it is likely that this results from distribution inhomo-
geneities of the NdFeB-microparticles inside the reservoir.

For the quantification of the microactuator displacement, a
chromatic-confocal distance sensor was setup in axial direction
in addition to the camera observation (see Figure S4, Supporting
Information). The measurement corresponding to the actuation
experiment displayed in the images can be seen in Figure 3C,
where the red circles highlight the displacement at the time speci-
fications of Figure 3B. Furthermore, the simulated displacement
is also shown within the same plot, again showing good agree-
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ment with the experiment especially during the rise time of the
coil current. At the peak current at 2.5 s, the actuator displace-
ment also reaches a peak at 74.6 um and afterward starts to de-
cline as the coil current decreases. From this point on, there is a
noticeable difference between the simulated and the measured
displacement. In the experiment, the structure shows a much
slower retraction and a constant displacement even after the coil
current is 0 mA. This is however not caused by plastic deforma-
tions of the spring but by the hysteretic behavior of the FeNi-
tube. The resulting magnetic field affecting the microactuator
is therefore slightly increased during the fall time in compari-
son to the rise time. Lastly, residual magnetization of the tube
results in a residual force and thus a constant displacement af-
ter the actuation. For the simulation, magnetic hysteresis was
not considered as a tradeoff between model accuracy and calcula-
tion time, which is why the effects are not observable. However,
there is still a slight offset at the end of the triangle pulse due
to the viscoelastic relaxation of the spring. This means that vis-
coelasticity on one hand and magnetic hysteresis on the other
are ultimately causing a hysteretic behavior of the microactua-
tor. Additionally, the viscoelastic effects and the aforementioned
displacement dependence of the magnetic force are affecting
each other and result in a non-linear behavior of the actuator
displacement.

The hysteresis of the actuator can also be seen in Figure 3D.
We measured the microactuator displacement during the

© 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 4. Experimental studies of demagnetization and repeatability. A) Displacement measurement where a constant coil current of 106 mA was
applied for five seconds, resulting in a constantly displaced actuator due to the tube core magnetization. Shortly after, an alternating current (AC)
demagnetization pulse with 10 s duration was applied. This pulse consists of a sine-wave with a Gaussian envelope, which is also observable in the
displacement measurement since the microactuator follows the varying magnetic field. Afterward, the microactuator is reset to its original position. B)
Repeatability measurement of 250 cycles, where one cycle consists of a 1s rectangular pulse followed by a 1's AC demagnetization pulse. Five of those
pulses are shown in the zoomed-in region on the right side. A residual displacement smaller than 5 um +can be seen 60 s after the last cycle.

actuation with symmetric triangle-pulses with a duration of 1,
5, 10, and 100 s. Numerical finite element simulations with 5
and 100 s are also included. It can be seen that the simulations
slightly underestimates the peak displacement in case of a short
actuation duration and slightly overestimates it in case of a longer
actuation duration. This model inaccuracy might be attributed
to a differing spring wire cross-section or deviations of the
material viscoelasticity parameters. The lower sites of the curves
correspond to a rising current and vice versa the upper sites to
a falling current, as it is depicted by the arrows. It can be seen
that there is a non-linear dependence between the displacement
and the coil current that does also depend on the duration of the
pulse. As a consequence, the measured displacement at the peak
current ranges from 69.5 ym with a pulse-duration of 1 s to 88.9
um with a pulse-duration of 100 s. This is due to the viscoelastic
creep that causes an increased displacement over time, leading
to a larger magnetic force and again to further displacement.
Since these two effects can amplify each other, it is possible that
larger coil currents or longer pulse durations result in collapse
of the mechanical spring. Differences between displacements at
rising and falling currents are increasing with pulse duration,
meaning that viscoelasticity is also influencing the hysteresis.
This is especially clear when comparing the two simulated
curves because they are not affected by the magnetic hysteresis.
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Eventually, this does also lead to differences in the remaining
offset, which of course is more severe in the experiment due to
the residual magnetization of the tube.

In order to clear the residual magnetization, we tested if an al-
ternating current (AC) demagnetization pulse could be applied
after actuation. Figure 4A shows the microactuator displacement
of this experiment. Here, we used a rectangular current pulse
with a constant coil current of 106 mA held for 5 s. Again, vis-
coelastic creep and relaxation can be observed during and after
the pulse. Interestingly, the microactuator also overshoots when
the current is switched on and off, followed by short regions of
damped oscillations. As expected, the actuator is constantly dis-
placed after the pulse, remaining at around 12.5 pm. Following
this, we applied an AC pulse to the coil consisting of a sine wave
with Gaussian envelope of 10 s duration. Since the microactua-
tor follows this current variation, it is also observable in the dis-
placement measurement. It can be seen that the displacement
reaches Oum after demagnetization and the microactuator suc-
cessfully returned to its initial position. It is worth mentioning
that a small residual magnetization of the tube might remain.
Its magnitude should however stay roughly the same every time
the pulse is applied, regardless of the current profiles applied be-
fore. Thus, this method can be used to set an initial state of the
actuator.

© 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 5. Displacement measurement of the microactuator during a step
actuation with and without implemented closed-loop control.

To further study the microactuator, we conducted a repeatabil-
ity measurement, shown in Figure 4B. We applied 250 cycles of a
1 s rectangular current pulse at 106 mA followed by a 1 s demag-
netization pulse. The zoomed-in view on the right side shows
5 of those cycles and as it can be seen, the short demagnetiza-
tion pulse duration is sufficient to strongly reduce the effect of
tube magnetization. However, by looking at the entire repeata-
bility measurement, it is obvious that viscoelasticity of the spring
causes a change in displacement of succeeding cycles. As a result,
there is a difference of approximately 16.7 um regarding the peak
displacement of the first and last cycle, while a difference of 10um
is already noticed after the first 30 cycles. This is caused by the
short duration of the cycles, which is shorter than the relaxation
time of the spring. It can be observed that the spring is recovering
after the 250 cycles, such that the actuator offset is already below
5pm after a waiting time of 60 s. Despite not being a long-term or
high repetition test, it can be observed that the actuator did not
fully retract to its original position. It is therefore possible that
the spring has already undergone plastic deformation.

Since the viscoelastic behavior poses a limiting factor regard-
ing accurate, fast and repeatable positioning, we implemented
a closed-loop feedback using a PI-controller. This is also a well-
established method for dielectric elastomer actuators (DEA) that
suffer from viscoelasticity as well.[%0-63] A displacement measure-
ment is plotted in Figure 5 for the two cases of a step with and
without feedback control. The target was set to 48 pm, which
was reached by the actuator after 2 s and constantly held during
the entire measurement duration. Hence, the viscoelastic behav-
ior of the microactuator is successfully compensated by the con-
troller. For the actuation without feedback, we used a step to an
approximate coil current that yields a comparable displacement
(see Experimental Section). A direct comparison is therefore not
valid, but it can be seen that a constant displacement was not
reached due to creep. Furthermore, overshooting and oscillations
can again be observed within a time frame of 100 ms after the step
occurred. As the sample rate of the distance sensor is not suffi-
cient to resolve these oscillations, they can not be compensated
by the controller. This means however that there is only a tech-

Adv. Mater. Technol. 2024, 9, 2302196 2302196 (8 of 11)

www.advmattechnol.de

nical limitation and reachable response times of the actuator can
be even shorter than what has been demonstrated.

3. Conclusion and Outlook

In conclusion, we presented the fabrication of a novel axially dis-
placing magnetic microactuator and thoroughly studied its char-
acteristics. For the first time, viscoelastic properties of the mi-
croactuator were extracted by nanoindentation tests of bulk IP-
S and numerical simulation of the 3D-structure. Both, material
and spring characteristics show good agreement with the gener-
alized Kelvin-Voigt model. Since our material studies focused on
structures fabricated with one specific parameter set, it could be
interesting for future work how the viscoelastic behavior changes
depending on the DC. This could then be used to further tweak
the microactuator design.

The viscoelastic properties obtained through the mechanical
characterization have been used in finite element simulations to
accompany actuation experiments, which helps to understand
the underlying processes. The numerical simulations showed
good agreement with the measured data. We showed that the ac-
tuation is influenced by viscoelasticity on one hand and by mag-
netic hysteresis of the core material on the other. This results in
a hysteresis and non-linearity of the microactuator displacement
in dependence of the coil current as well as the actuation dura-
tion. We demonstrated that these limitations can be overcome by
application of AC demagnetization pulses between actuations as
well as implementation of a closed-loop control. In this way, pre-
cise positioning and position holding was achieved. Moreover, a
response time of 2 s was demonstrated, limited only by technical
aspects. Further improvement could therefore be the implemen-
tation of an open-loop control, for example as it has been already
demonstrated for DEAs.[6263]

In comparison to other additive manufactured microactuators,
the herein presented one combines compactness and large de-
formations. With a diameter of 500 um, it is in a size range not
attainable with FDM even when accounting for the external mi-
crocoil. The range of motion can exceed 100 pm if higher coil
currents are applied. As it could be seen, however, small devia-
tions of the rectangular spring wire cross section lead to a sig-
nificantly higher spring stiffness. Future design studies should
therefore investigate these shape deviations e.g., though electron-
microscopy measurements, allowing for a more accurate predic-
tion of the microactuator displacement. In addition, the numer-
ously observed tilting of the fabricated actuators due to inhomo-
geneous particle distributions inside the reservoir might be cir-
cumvented by separation of the reservoir into three chambers. By
filling these chambers separately, we expect a balanced distribu-
tion and thus magnetic force exerted on the magnet.

The demonstrated microactuator was designed for axial mo-
tion and allows for large displacement with precise positioning. It
is thus particularly interesting for, but not limited to applications
in the field of 3D-printed microoptics, e.g., scanning, autofocus,
or zoom. The fabrication method offers great flexibility toward
the actuator design, enabling implementation of more sophisti-
cated mechanical designs that can even be fabricated and actu-
ated on optical fiber-tips for endoscopic applications. Following
this, we believe that this actuation method facilitates novel de-
signs in the field of 3D-printed microgrippers and -robotics.
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4. Experimental Section

2PP Fabrication: The microactuators as well as the blocks for the
nanoindentation tests were 3D-printed using the Photonic Professional
GT2 (Nanoscribe GmbH & Co. KG). The proprietary resin IP-S was used
for all structures. The 3D-models were sliced and hatched prior to printing
with a slicing-distance of 0.2 pm and a hatching distance of 0.5 um. They
were fabricated with a 25X microscope objective with a numerical aperture
of 0.8 and a long working distance of approximately 0.8 mm. For the writ-
ing process, a laser power of 50 % (corresponding to 25 mW) and a galvo-
scanning speed of 100000 um s~ was mainly used. Several blocks for the
nanoindentation test were also printed with a laser power of 60 % (corre-
sponding to 30 mW). Polymerized structures were developed in PGMEA
(AZ EBR Solvent, Microchemicals GmbH) for 12 min and afterward rinsed
with isopropyl alcohol for 2 min and carefully dried with an air-blower.

The microactuators were printed onto a microscope cover glass with a
measured thickness of approximately 155 um. The blocks for nanoindenter
measurements were printed onto a polished silicon substrate.

Microactuator Post-Processing:  For the removal of sacrificial support
structures and filling of the magnetic composite, a micromanipulator
setup consisting of a motorized X-Y-Z-stage and two cameras for obser-
vation in x- and y-direction was used. The magnetic composite consists of
NdFeB-microparticles (MQFP-14-12, Magnequench GmbH) with a typical
grain size of 5 um and a two-component epoxy resin (Epox 200G + Haerter
120L, DD Composite GmbH) with a viscosity lower than 780 mPa s. The
particles and the epoxy resin are mixed in a weight ratio of 5:2 using a vi-
brating test tube shaker for 60 s. A piece of fiber was then used to gather
droplets of the composite and fill the reservoir. The composite was then
cured for at least 24 h. Afterward, the composite was magnetized within a
uni-form magnetic field of approximately 4 T using a custom magnetiza-
tion coil and an industrial pulse-magnetizer (MC2K10, MAGSYS magnet
systeme GmbH).

SQUID Measurements: Six static structures were 3D-printed onto a
single substrate. These structures had the same reservoir volume as the
microactuator and the reservoirs were filled with composite of equal mix-
ing ratio. AMPMS3 (Quantum Design GmbH) SQUID magnetometer was
used to acquire the hysteresis curve of the samples. As the measurement
yields the magnetic moment my,,, of all samples, the corresponding mag-
netic polarization J,, for a single reservoir was evaluated by:

Mmag

Jmag = 5 X 47 x 10747 )

sample X Vsample Xc

where N, is the number of samples, Vg, 0 is the volume of the reser-
voir and ¢ is a correction factor for the volume that accounts for overfilling
and was estimated to be 1.20. four samples broke during the process, leav-
ing only two for the measurement. However, other samples with slightly
different reservoir volumes were also measured that showed nearly the
same results (see Figure S5, Supporting Information).

In addition, the initial curve and magnetic hysteresis of the FeNi-tube
core were measured, which is shown in Figure S6, (Supporting Informa-
tion). A slight shift of the curves by approximately 70 Oe was noticed,
which might be due to demagnetization fields occuring during the mea-
surement. For the use of the measured initial curve in simulations, this
offset was subtracted.

Nanoindentation Tests: A G200 (KLA Corp.) equipped with a cono-
spherical diamond tip (Synton MDP, Switzerland) with a radius of 25 pm
was used for the nanoindentation studies of the bulk IP-S blocks. Prior
to each measurement, calibration of thermal drift and compliance were
performed. In total, 7 blocks were measured using a load rate of 500 mN
s™! until a target displacement of 500 nm was reached. Following this, the
load was held constant for 100 s and gradually reduced afterward.

Finite Element Simulations: Finite element simulations were con-
ducted in COMSOL Multiphysics, including the Structural Mechanics and
AC/DC modules. Mechanical simulations of the microactuator were con-
ducted assuming a linear viscoelastic material behavior defined by the
GKV model with the viscoelastic material parameters E; and 7; obtained
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though fitting of the nanoindenter measurements. From this simulation,
the spring characteristics were obtained by applying a ramp and hold load
profile (Equation (1)) with a target load of 25 pN, a ramp duration of 10
s and a hold duration of 50 s to the center surface boundary at the top.
The arbitrarily selected target load of 25 uN was derived from prior static
magnetic simulations, which provided an estimate of the expected mag-
netic force magnitude. The spring feet were defined as fixed boundary. A
free triangular mesh with a maximum element size of 13 um for the entire
geometry was chosen and found to be sufficient.

For the simulation of actuation experiment, a rotationally symmetric 2D
geometry model representing the experimental setup was implemented.
This included the permanent magnet inside the reservoir, the microcoil
with FeNi tube core, as well as a surrounding air domain. Magnetic field
generated by the coil, as well as the permanent magnet were calculated
through Ampres law. The magnetized composite inside the reservoir was
assumed to be a permanent magnet with a remanence of 215 mT accord-
ing to the hysteresis measurement. Regarding the FeNi-tube core of the
microcoil, the magnetic behavior follows the B-H-relation of the measured
initial magnetization curve. The magnetic body forces exerted on the per-
manent magnet was calculated through the Maxwell stress tensor. This
leads to its displacement defined by a moving mesh environment, which
obeys a set of relationships given by the two-element GKV-model:

h=hy+hy+h,
F=Fy=F=F

Fo = koho

dh,
Fi=k(h —
1 1<1+T1 dt>

dh
F, = kz<h2 +Tzd—t2>

where h is the total displacement and F the magnetic force with the sub-
scripts denoting respective elements. The spring constants k; and relax-
ation times t; correspond to the evaluated values shown in Figure 2D.
The mesh was refined, resulting in a very fine mesh inside the permanent
magnet, as well as in the gap between coil and the magnet with a maxi-
mum element size of 1 um. It was to note that the influence of mass had
been neglected in order to simplify the simulation.

Actuation Experiments: Actuation experiments were conducted us-
ing the same micromanipulation setup as for the microactuator post-
processing. The chromatic confocal distance sensor (CHRocodile S, Pre-
citec GmbH) with a measurement range of 300 pm was attached to the
Z-axis of the stage. An additonal setup consisting of a mechanical preci-
sion X-Y-stage holding the microcoil and a fixture for the substrate with
the microactuators was placed on the motorized X-Y-stage of the micro-
manipulator setup. This was necessary to enable the separation of the
alignment between the microcoil and the microactuator, as well as the
alignment between the microactuator and the distance sensor. To pre-
cisely align the microcoil with the actuator, a digital microscope (VHX7000,
Keyence Corp.) was used. After alignment of the microactuator and the
distance sensor, this study were able to simultaneously measure the dis-
placement and observe with a digital camera. An illustration of the setup
is shown in Figure S4 (Supporting Informations). As most microactua-
tor samples suffered from significant tilt during actuation and thus could
falsify measurements, the actuator showing the least amount of tilt was
chosen for characterization.

For the actuation, current profiles were applied to the microcoil using
an arbitrary waveform generator (DG 1022, RIGOL Technologies, Inc.). The
coil current was measured with a digital multimeter and limited to +106
mA with an external potentiometer to avoid damaging of both microcoil
and microacutator. The current behavior was measured with a constant
current at the upper limit for 400 s and noticed drops up to -2.7 mA proba-
bly caused by joule heating. As this effect was less significant for triangular
current profiles, a linear current over time relationship was assumed. The
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two-layered microcoil had a length of 5 mm and consists of 170 windings
in total. It was fabricated from isolated copper wire with a diameter of 50
um, which was directly wound around the FeNi-tube core, using a custom
winding setup. The tube core had a length of 20 mm, an outer diameter of
610 um and a wall thickness of 50 um. According to an EDX analysis, the
alloy of the tube was comprised of 45% nickel and 55% iron.

Closed-Loop Control: A current source was designed containing a pro-
grammable microcontroller board (Arduino Nano, Arduino) to implement
a closed-loop feedback for the actuation. The controller takes a ten-bit in-
put value corresponding to the target displacement, which was compared
to the measured displacement given by the distance sensor. Then, the
output coil current was internally calculated using an open source PID-
controller (AutoPID) library. It was found that a Pl-controller was sufficient
for this application, since the differential component did not significantly
improve the response. The proportional parameter K, and the integral pa-
rameter K; were empirically evaluated to achieve a fast response and re-
duced overshooting. To avoid strong jumps of the actuator, the integral
part was chosen larger than the proportional part, which ultimately led to
Kp =0.2 and K; = 16. The response time was ultimately constrained by the
scanning rate of the sensor rather than the speed of the Arduino board.
For comparison between the controlled and uncontrolled step, the 12-bit
value was read out corresponding to the output current during controlled
actuation until a more stable state was reached. This value was then used
for the step shown in Figure 5.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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