¥ ROYAL SOCIETY
PP OF CHEMISTRY

Soft Matter

View Article Online

View Journal | View Issue

Catalytically propelled 3D printed colloidal

\ '.) Check for updates ‘
microswimmerst

Cite this: Soft Matter, 2020,

16, 10463 Rachel P. Doherty, Thijs Varkevisser, Margot Teunisse, Jonas Hoecht,

Stefania Ketzetzi, Samia Ouhajji and Daniela J. Kraft (=) *

Synthetic microswimmers are widely employed model systems in the studies of out-of-equilibrium
phenomena. Unlike biological microswimmers which naturally occur in various shapes and forms,
synthetic microswimmers have so far been limited almost exclusively to spherical shapes. Here, we
exploit 3D printing to produce microswimmers with complex shapes in the colloidal size regime. We
establish the flexibility of 3D printing by two-photon polymerisation to produce particles smaller than
10 microns with a high-degree of shape complexity. We further demonstrate that 3D printing allows
control over the location of the active site through orienting the particles in different directions during
printing. We verify that particles behave colloidally by imaging their motion in the passive and active
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states and by investigating their mean square displacement. In addition, we find that particles exhibit
shape-dependant behavior, thereby demonstrating the potential of our method to launch a wide-range
of in-depth studies into shape-dependent active motion and behaviour.
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1 Introduction

Shape and motion in synthetic and biological microswimmers
are intimately connected. Theoretical and numerical studies on
anisotropic swimmers predicted that any breaking of the
particle or patch symmetry perpendicular to the propulsion
direction induces an instability and leads to chiral motion."
In two dimensions such chirality results in circular motion,””
while in three dimensions a concho spiral has been predicted
by simulations.’ Besides steering self-propulsion, a recent
theoretical study proposed that the anisotropic shape of bio-
logical microswimmers may have an additional function. That
is, swimmers with a non-uniaxial shape experience torques that
align them in viscosity gradients, providing an alternative
mechanism to active alignment by other, energy-consuming,
mechanisms such as flagella.® Anisotropy is also expected
to influence the interactions and collective behaviour of
microswimmers.*”® For instance, the torques and alignments
experienced by active rods and dumbbells have been theoreti-
cally predicted to affect’ or even suppress'®!' the fascinating
motility-induced phase-separation into a dilute gas-like and
dense cluster phase seen in active spheres.'*™* Moreover,
anisotropic microswimmers may align or reflect upon collision,
segregate, or assemble into aligned fronts and microrotors."?
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active particles, can be employed as model systems to test
these predictions and gain quantitative insights into the
motion of biological microswimmers. They self-propel at low
Reynolds numbers by converting energy available in their
local environment into directed motion. This is achieved by
exploitation of an intrinsic asymmetry, most commonly an
anisotropic platinum patch which catalyses hydrogen peroxide
decomposition,®®?! introduced into the material properties of
the microswimmers.

Systematic investigation of shape-dependant behaviours
requires a robust method to synthesize particles with diverse
and complex shapes. Currently the vast majority of synthetic
microswimmers are synthesized by either chemical or evaporation

Fig. 1 SEM images of various 3D printed particle shapes as obtained by
two-photon polymerisation. (a) A spiky sphere, (b) a starship, (c) a spiral,
(d) a helix, (e) a trimer and (f) 3D benchy boat.
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techniques.'®'”" These methods, while having advantages, also
have limitations in terms of shape availability, restricting studies
to predominantly spherical or rod-like colloids. The straight
trajectories that are associated with a spherical shape are rather
an exceptional case in view of the many possibilities for achieving
other types of motion.

Already, the limited number of studies on shape-dependent
motion of synthetic particles have provided interesting insights
into the effect of shape. One such study showed that L-shaped
particles exhibit circular trajectories.”” More recent experi-
ments on select anisotropic shapes or patches confirmed
some of the predictions in 2D**7® and found unexpected
motion patterns such as non-cylindrical helices®” in 3D.
Still, the current limitations in particle design prevent a
systematic comparison with theory. The lack of comparison
in turn hinders the disentangling of the shape-dependent
contribution to the trajectories of microswimmers, their taxis
in a complex environment and their collective behaviour. These
insights from active model systems are relevant for under-
standing the motility of biological microswimmers and for
example in the prevention of the formation of bacterial colonies
and biofilms.

A promising technique to overcome these limitations is two-
photon polymerisation (2PP). 2PP has been established as a
very powerful tool to 3D print microstructures with a great
deal of flexibility in terms of shape and symmetry and allows
the formation of structures with sub-micron resolution.”®™*
Moreover, in addition to complex shape diversity, 3D-printing
also provides freedom in terms of active patch location as
the user can decide how a particle is oriented relative to the
substrate on which it is printed and hence the location of the
active patch during sputter coating, ultimately allowing addi-
tional control over the resulting active motion.

Despite the fields of active matter and 3D micro-printing
being both fully established, the combination of these two
domains has been barely touched upon. The potential of 2PP
to create microswimmers with a wide range of geometries is
immense, allowing the production of particles with almost any
desired shape, see Fig. 1 and ref. 32 and 33. Existing publica-
tions that combine 3D micro-printing and active matter
have, thus far, focused on printing active particles that are
either larger than 10 microns or have relatively simple
shapes.’*?° These include 3D-printed microtorii,>® bullet-
shaped particles®® and particles with serrated tails.** In addi-
tion to these studies, which use local fuel-based propulsion,
other studies produced helical swimmers propelled by an
external magnetic field.>’®° The use of external fields is,
however, not practical in many applications which require
autonomous motion of the particles themselves.

In this paper, we will demonstrate the versatility of 3D
microprinting to create microswimmers with complex shapes,
overcoming the current limitations in synthesizing complex
colloids and allowing the disentanglement of the shape-
contribution to active motion. Answering how symmetry and
shape couple to motility and motion patterns, is of significant
value in understanding synthetic and biological active systems

10464 | Soft Matter, 2020, 16,10463-10469

View Article Online

Soft Matter

alike, individually and collectively. Additionally, from an engi-
neering perspective, it will, ultimately, allow greater control
over active systems.

2 Experimental
2.1 Particle fabrication

3D printed active particles were prepared by the method
summarised in Fig. 2. A commercially available 3D microprinter
(Photonic Professional GT, Nanoscribe GmbH) which utilises 2PP
was equipped with a 63x oil-immersion objective (Zeiss,
NA = 1.4) and used to print the 3D structures in dip mode. The
structures were designed in Autodesk Inventor and processed by
Describe. Large arrays of particles were printed onto fused-silica
substrates cleaned with isopropanol using the commercial photo-
resist IP-Dip. This combination of photoresist, substrate and lens
was chosen to give the highest possible resolution available. The
number of particles that can be printed per unit area, is limited
only by the size of the particle, as the user can decide where each
particle is placed on the substrate. Issues of scale-up are currently
being addressed by a number of groups, for example by exploiting
a femtosecond projection approach®® and 3D light interference
technology.*!

After printing, the structures were developed by submersion
for 30 min in propylene glycol methylether acrylate (PGMA)
followed by gently dipping into isopropanol (IPA) five times.
The structures were subsequently left to dry in air. After drying,
the structures were coated with a catalytically active 5 nm layer
of Pt/Pd (80:20) using a Cressington 208HR sputter-coater. The
sample was rotated during deposition to improve homogeneity
of the resulting layer. After sputter-coating, excess Pt/Pd was
removed from the substrate with a cotton bud without disturb-
ing the printed structures. The substrate was then submerged
in MilliQ water and sonicated for 10 minutes releasing the
particles from the substrate. After sonication the substrate was
removed and the particle solution was centrifuged and concen-
trated by removal of the supernatant. During this process a
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Fig. 2 A schematic of the method used to prepare 3D-printed colloidal
microswimmers. (a) CAD drawing of the particle design, (b) two-photo
polymerisation setup in dip mode where the objective is submerged into
the photoresist, (c) SEM image of the 3D printed particle array after
development, (d) sputter coating with Pt/Pd, (e) detachment of particles
from substrate in water by ultrasonication, (f) active motion in a hydrogen
peroxide solution.

This journal is © The Royal Society of Chemistry 2020
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significant percentage of particles are lost, probably due to
van der Waals interactions between particles and the container
wall. We are currently looking at ways to mitigate this
problem, such as by adding a stabilising agent to the particles.
We have also observed that using only glass containers
throughout processing leads to a significantly higher yield of
particles.

2.2 Imaging

Scanning Electron Microscopy (SEM) images were taken with a
Thermo-Fisher ApreoSEM either of an array, directly after
printing and sputter-coating, or after removal of the particles
from the substrate, in which case the resulting particle solution
was deposited onto a SEM stub and allowed to dry in air.

Brownian and active motion measurements were performed
on a Nikon Eclipse Ti-E bright-field light microscope with a
60x long working distance objective (NA = 0.7). Measurements
of Brownian motion were taken in MilliQ water and active
measurements in a freshly prepared aqueous solution of
10% (v/v) hydrogen peroxide using a sample holder with an
untreated borosilicate glass coverslip (VWR, 25 mm, No. 1) at
the base. All active measurements were taken in the dark and
during the first hour of exposure of the particles to hydrogen
peroxide solution to ensure that the measurements were con-
sistent and not significantly affected by hydrogen peroxide
depletion. A 30 s movie was taken of each particle at a frame
rate of 18.92 fps, unless stated otherwise.
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2.3 Data analysis

Particle tracking was performed using the Trackpy algorithm™*?
which is a python implementation of an algorithm originally
created by Crocker and Grier.*® For the spherical-like particles
TrackPy was used as is. The helical particles were initially fitted
with a rectangle prior to tracking with an adapted version of
Trackpy. This was achieved by converting the original images
into binary images, based on local intensity differences, with
the adaptiveThreshold function in the OpenCV python pack-
age. A rectangle was then fitted to the contour of the helix in
each frame. The centre of mass of this rectangle was then used
as the particle coordinates to allow tracking.

Mean-square displacement (MSD) profiles of the particles
were calculated using the obtained trajectories. Translational
velocities were calculated from the MSD profiles following the
method outlined initially by Howse et al>*’ and developed
further by Bechinger et al.'® by treating the system as if it is
two-dimensional. This assumption can be made because the
particles quickly settled to the surface of the container and
always propelled parallel to the surface. Active particles are
expected to exhibit three regimes:'® A first short-term Brownian
regime, where At < 1., with 7, as the inverse of the rotational
diffusion constant D,, a mid-term active regime, where At ~ 1,
and finally a longer-term second Brownian regime, where
At >» t,. For reference, 7, for a sphere with a diameter of
4 pm is 49 s. The translational diffusion constant for our active
particles, D, was calculated by performing a least squares fit
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Fig. 3 Active spherical-like particles. (a) SEM image of an array of different sized particles, inset: a dried particle after sputter-coating with Pt and removal
from the substrate. (b and c) Examples of 30 s trajectories showing the behaviour of 3D printed and Pt coated sphere-like particles, (b) in their passive
state in water, (c) in their active state in 10% hydrogen peroxide. Starting points of the trajectories were moved into the origin. (d—f) Behaviour of a single
spherical-like microswimmer measured for 23 minutes. (d) Shows the trajectory of this microswimmer. MSD profiles are shown in (e) linear plot and
(f) log—log plot. The lines (green and purple) and the blue box highlight the three different regimes that are expected for an active particle.
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with MSD = 4DAt + 2V?A¢* in the mid-term active regime, where
At is the lag time and V is the particle velocity. Initially both
vV and D were left open in the fit. To ensure that the fit captured
the mid-term directed motion of the particles, only lag times
between A¢ =1 and 2.5 s were used. This range in lag times was
determined by examining the log-log plot of the MSD. Here, we
were able to observe that the active regime was established after
1 s. The weighted average of the diffusion constants from the
initial fits was then used to recalculate the velocity of each
particle by refitting the MSD with the above equation and the
obtained value for D. We note that employing this approach
for anisotropic microswimmers requires the assumption that
D is isotropic for simplicity.**

3 Results and discussion
3.1 Spherical particles

To investigate and demonstrate the feasibility of preparing
active colloidal particles by 2PP, we started by printing the
simplest colloidal shape, a sphere. To begin, the size limit of
our 3D microprinter was investigated by printing spherical
particles over a range of 1-10 pm in diameter. This allowed
us to determine the smallest “spherical” size that could still be
printed, see Fig. 3a. Below 4 um, it was difficult to print
particles that were even close to being spherical. This is due
to the extended shape of the printing voxel in the direction
along the writing beam and a slight embedding of each print
into the substrate, which is necessary to connect the print to
the substrate and stabilise it. A compromise between sphericity
and size was made and we determined that the lower size limit
for spheres printed by this method is 4 pm. A SEM image of a
single sphere-like particle is shown in the inset of Fig. 3a. The
brighter patch on one side of the particle is due to the platinum
coating. The particles exhibit a small degree of surface rough-
ness due to the nature of the additive printing method, which
can be reduced by minimizing the distance between layers.
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Subsequently, a large array of 4 pm sphere-like particles
were printed, coated with platinum and transferred from the
substrate into water. In water, these particles exhibited Brownian
motion, which can be seen from the trajectories in Fig. 3b,
confirming that the particles are behaving as colloids. In 10%
hydrogen peroxide the catalytic reaction at the Pt patch induces
the widely employed self-propulsion of our 3D printed particles.
Fig. 3c shows the trajectories of active particles. The difference
between the passive trajectories in water and those in hydrogen
peroxide solution show that through a simple coating procedure
3D printed colloids can be made active. The active motion is
clearly seen in the longer persistence length observed for the
active particles compared to the passive Brownian particles; the
active particles cover greater distances during the same amount
of time as the passive particles and the motion is considerably
more directed.

As active colloidal motion is characterised by the interplay
between propulsion and random thermal fluctuations, hence
the term active Brownian motion, the activity of a particle can
also be quantified by measuring the mean-squared-displacement
(MSD). Active particles are initially expected to behave as Brow-
nian particles in the short-term, move with directed motion in the
mid-term, and random Brownian motion again at longer time
scales, where the motion reverts to a random walk.'® The MSD
curves, shown in Fig. 3e and f, of the active motion of a single
4 pm microswimmer shows behavior consistent with that of an
active colloidal system. The MSD is calculated from the trajectory
of a 23 minute video (see Fig. 3d) with a frame rate of 5 fps, and, as
expected, shows three regimes. The log-log plot, Fig. 3f, was fitted
to a powerlaw, (Ar?) = A(At)" for the different regimes, where 7 is
the exponent and characteristic of the type of motion observed for
each regime. For Brownian and active regimes exponents of 1 and
2 are expected, respectively. The short term regime exhibited
an exponent of 1.51 + 0.03, which is higher than expected"®
and might be due to the limitation of the lower frame rate used in
this measurement. The mid-term active regime has an exponent
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Fig. 4 Active behaviour of 3D-printed helices. (a and c) SEM images of the helix arrays taken at a 45° tilt. (a) Upright helices and (c) lying-down helices.
(b and d) lllustrate the sputter-coating direction of these particles, respectively. (e)-(j) show active trajectories of helical microswimmers of (e and f)
clockwise and (g and h) anticlockwise end-coated helices, and (i and j) side-coated helices in 10% hydrogen peroxide. The top row shows an example
trajectory and corresponding helix. The bottom row shows multiple trajectories of individual particles. See also Movies S1 and S2 (ESI¥).
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of 1.868 + 0.002, confirming the active nature of this micro-
swimmer. Finally, the beginning of the long term randomisation
regime is also visible in Fig. 3f, but could not be fitted in a
reliable manner. From the MSD, we also determined the average
velocity of our sphere-like microswimmers and found it to be
0.5 4 0.1 um s~ . The value that we measure here is slightly lower
than values previously measured in the same hydrogen peroxide
concentration above similar glass substrates with smooth 2.7 ym
TPM (3-(trimethoxysilyl)propyl methacrylate) spheres,”> in line
with the inverse speed-size scaling found by Ebbens et al.*® The
2.7 um TPM particles exhibited a speed of 1.05 + 0.09 um s~ .
We would, therefore, expect 4 um spheres to swim with a speed
of 0.7 um s~' in comparison to 0.5 + 0.1 pm s " which we
measured here. The slight reduction in the observed speed could
be the result of multiple factors such as the non-perfect particle
sphericity, surface roughness,”” particle material, and Pt coating.*5™°

3.2 Anisotropic particles

Once we established that active colloidal particles can be
prepared by 3D printing, we printed more complex structures.
Examples of potential microswimmers are shown in the SEM
images in Fig. 1. Here, the true advantage of using a 3D
microprinter can be seen. It becomes very simple to build
complex details and anisotropy into the particles, such as
spikey spheres, boats, spaceships or more conventional shapes
like trimers. The boat, known as 3DBenchy®" (short for bench-
mark), is designed with a large array of challenging geometrical
features, such as portholes and an open cabin, that provide a
challenge to 3D printers with the aim of testing and bench-
marking them. As can be seen in Fig. 1f our 3D microprinter
successfully prints these fine details. All the examples in Fig. 1
are either below 10 microns in size or approaching this. As can
be seen in the images the resolution of the fine features that
can be printed by 2PP is of the order of 100 nm. We also
observed a high fidelity between particles and prints, which
adds another advantage to this method. This could allow more
precise analysis and quantification of active motion as fine
details in the data will be less obscured by broadening effects
due to polydispersity in size and shape.

To demonstrate shape-dependant active motion, we printed
10 um tall and 4 pm wide helical particles. The design is shown
in Fig. 2a. The helix was designed by extruding a cross that is
twisted 360° in either a clockwise or anti-clockwise direction
over the length of the helix. We consciously choose to print the
helical particles upright, such that the active patch would be
later located on the end of the particle, see Fig. 4b. A SEM
image of an array of clockwise helices can be seen in Fig. 4a.
Even in the absence of an active propulsion, this particle shape
has a coupling term between translational diffusion along its
long axis and rotational motion around it.>> An active propul-
sion force along the long axis should therefore lead to a
pronounced rotation around the same axis.

We printed both clockwise and anticlockwise helices, each
of which showed strongly directed motion along their long
axis and a small degree of randomisation (see Movie S1, ESIT).
The trajectories of active clockwise and anticlockwise helical

This journal is © The Royal Society of Chemistry 2020
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particles, in 10% hydrogen peroxide, are shown in Fig. 4f and h,
respectively. Unexpectedly, the helices also exhibit slight cur-
vature in opposite directions. We speculate that this circular
motion occurs as a result of the interaction of one side of an
anisotropic helix with the underlying substrate. The substrate,
parallel to which active particles swim, has been shown to
have a strong effect on active motion,*>**** and might induce a
torque in opposite directions for the different chiralities.
During self-propulsion, the helices not only translated but
also rotated, as can be seen by a change in their scatter pattern
in bright field microscopy, see Fig. 5a. To identify any coupling
between the translational and rotational motion we calculated
both the translational and rotational speeds around the long
axis of individual active particles. The translational speeds were
obtained by fitting the MSDs of individual particles for lag
times between 1 and 2.5 s assuming an isotropic diffusion
coefficient. The thus obtained average translational speed of
the active clockwise and anti-clockwise helices agreed within
error and were found tobe 1.5 £ 0.3 pm s~ *and 1.5 £ 0.3 um s,
respectively. We speculate that the spread observed in the
measured translational velocities of individual particles, see also
Fig. 5b, is due to either local variations in the substrate*>>** or
slight differences in the Pt coating.**">° The average diffusion
coefficient was D = 0.012 4 0.011 pm* s~ . The large spread in
this value presumably stems from the domination of propul-
sion over diffusion at these time scales and particle sizes. It is
further in line with our observation that passive helices show
very little diffusion. Interestingly, the speed of spheres with
equal cross section as the helices along the direction of motion
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Fig. 5 Investigation of the translational vs. rotational velocities of active

clockwise helical microswimmers. (a) Shows frames taken from a movie
of a helix to illustrate the rotational motion of the helix in the active
state. The arrows in the images indicate where the same spiral inter-
cepts the edge of the particle image and shows how this point moves
with time. (b) Translational vs. rotational velocities of the clockwise
helical particles. Black points are data, the line is a linear fit determined
by least squares fitting, with slope 2.1 + 0.1 pm rad™* and y-axis
intercept of 0.25 + 0.08 pm s~ %,
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was significantly lower, 0.5 + 0.1 um s~ ', indicating a speed
enhancement induced by the helical shape.

The rotational velocities around the long axis were measured
directly from the videos as follows: The helical structure of the
particles results in diagonal lines that are clearly visible in the
bright field videos (see Fig. 5a and Movie S1, ESIt). As the helix
is formed out of an extruded cross that rotates 360° over the
length of the helix, see Fig. 1d and 2a, the time taken for one
full rotation can be measured by measuring the time it takes for
4 diagonal lines to pass a specific point on the edge of a
particle. The progression of one such diagonal line, over the
course of 5 seconds, is illustrated by the arrow in Fig. 5a. When
plotting the translational and rotational velocities of the active
clockwise helical microswimmers, we found a coupling
between the two velocities, see Fig. 5b, where each point
represents an individual particle. The data was fitted with a
linear function using a least squares approach, which yielded a slope
of 2.13 & 0.1 um rad " and a y-intercept of 0.25 + 0.08 um s~ . As
discussed above, this coupling is expected for the helical shape of
the microswimmers, where the propulsion-induced translational
motion along the long axis is coupled to a rotation around this axis.
In addition, a torque around the long axis is likely to be present
because the platinum inevitably coats the four angled parts of
the helix at the top of the particle. When hydrogen peroxide is
decomposed here, this will result in a force at a 45° angle to the
long axis of the helix that causes the helix to rotate around
the long axis. The shape-induced coupling between translation
along and rotation around the long axis in combination with a
propulsion force that not only leads to translation but also
increases rotation leads to much faster speeds than were observed
for spheres with the same cross section.

3.2.1 Active patch location. In addition to shape diversity,
another significant advantage of 3D printing is that it allows
selection of the location of the active patch. Current methods
typically create this active catalytic patch by coating a substrate
with a solution of colloidal particles, prior to sputtering them
with Pt. This forms a sub-monolayer of particles with
uncontrollable orientation for non-spherical particles. These
randomly oriented particles are then sputter-coated with plati-
num, allowing little control over the location of the active
patch. In contrast, 3D printing allows the user to decide the
orientation of the particles relative to the substrate on which
they are printed, and thus the location of the active patch. The
freedom to choose the location of the active patch adds an
additional element of control over the active motion of 3D
printed particles. Moreover, 3D printing on a substrate allows
choosing the spacing between particles. Sufficiently large
spacing between particles prevents inhomogeneities in the
platinum patch caused by shadowing during coating by a
varying number of closely-packed nearest neighbours, which
will be present in a sub-monolayer of particles dried from
solution. In turn, particles can also be printed in such a way
as to use shadowing effects during coating to control the
catalytic patch further.

To illustrate the consequences of having different patch
locations we printed the helical structures again but this time
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lying down, see SEM image in Fig. 4c. These particles are
subsequently sputter-coated from above, creating an active
patch on the side of the helix (see Fig. 4d). These helical
particles swim very differently from the end-coated particles
described in Section 3.2.1 (see Movies S1 and S2, ESIY). Firstly,
they swim perpendicular instead of parallel to the long axis of
the helix, see Fig. 4e, g and i. Secondly, they do not show the
coupling between the translational and rotational motion seen
previously. Finally, the curvature of the trajectories, see Fig. 4j,
is comparatively much more pronounced. This rather well
defined curvature is due to the active patch being at an
approximately 45° angle to the short axis of the particle, as
the coating occurs on the helical part of the particle. This
means that the translational force, applied when the active
patch decomposes hydrogen peroxide, is at an angle to the short
axis and therefore pushes the microswimmers in circles. The
average translational speeds of the side coated helices was found
to be 1.4 + 0.4 um s, which is similar to the speeds found for
end-coated helices. Apparently, the larger active patch area on the
side-coated helices roughly compensates the higher friction terms
associated with motion along the short axis.

4 Conclusions

Our results demonstrate that 3D microprinting overcomes
current limitations in the fabrication of active microswimmers
with complex shapes and controlled patch location. It opens
the door to studying and quantifying shape-dependent motion
of active microswimmers, their interactions and collective
behavior, but also navigation in complex environments that
rely on alignment through shape-induced torques. These par-
ticles might also be employed to gain a better understanding of
the propulsion mechanism, and help in the understanding
of biological microswimmers and active matter. Ultimately, it
will allow a greater control and design of the behavior of
synthetic microswimmers, useful for applications in therapeutic
diagnostics and drug delivery.
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