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Catalytic microswimmers that move by a phoretic mechanism in response to a self-induced chemical gradient are often obtained by
the design of spherical janus microparticles, which suffer from multi-step fabrication and low yields. Approaches such as irregular
particle shapes, local excitation or intrinsic asymmetry are on the rise to facilitate manufacturing, but the effects on the generation
of motion remain poorly understood. In this work, single crystalline BiVO4 microswimmers are presented that rely on a strict inher-
ent asymmetry of charge-carrier distribution under illumination. The origin of the asymmetrical flow pattern is elucidated because
of the high spatial resolution of measured flow fields around pinned BiVO4 colloids. As a result the flow from oxidative to reductive
particle sides was confirmed. Distribution of oxidation and reduction reactions suggests a dominant self-electrophoretic motion mech-
anism with a source quadrupole as the origin of the induced flows. It is shown that the symmetry of the flow fields is broken by self-
shadowing of the particles and synthetic surface defects that impact the photocatalytic activity of the microswimmers. The results
demonstrate the complexity of symmetry breaking in nonspherical microswimmers and are leading the way towards understanding of
propulsion mechanisms of phoretic colloids of various shapes.

1 Introduction

The design of artificial active matter, i.e. particles that self-propel in a certain direction, is a challenging
yet promising subject with envisioned applications in a range of fields like environmental remediation[1,
2, 3], sensing[4] and biomedical engineering.[5, 6, 7] Due to the physical laws for fluid flow on the mi-
croscale, constant reaction throughput that dissipates energy and reaches out-of-equilibrium conditions
is required to induce active motion.[8] A synthetic realization are catalytic microswimmers, which typi-
cally drive catalytic peroxide degradation on their surface and consequently are understood to move by
an interplay of self-diffusiophoretic and self-electrophoretic forces, depending on the specific morphol-
ogy and reactions taking place.[9, 10] In a nutshell, interactions between the solute, the swimmer surface
and the substrate on which they are moving cause fluid flows around the colloids and subsequently ac-
tive motion. In order for a preferred motion direction to arise, the catalytic reaction needs to take place
asymmetrically over the surface of the microswimmer, which is often achieved by the fabrication of janus
particles.[11, 12] The understanding of the emerging flows around microswimmers is essential to eluci-
date their motion behavior, mechanism and interactions between active and passive colloids. Theoret-
ically, potential flow fields can be calculated as solutions of the Navier-Stokes equations.[13] If incom-
pressible flow is assumed, i.e. fluid motion is induced by solute-surface interactions, force multipoles that
result in pusher or puller-type swimmers are solutions of the equations. However, on the surface of cat-
alytic particles, compressible fluid flow may have to be considered, which gives rise to source multipoles
or neutral microswimmers, where the fluid motion is determined by chemical flows.[13, 14] Experimental
realization of self-induced flow fields around microobjects is challenging, and only few examples exist.[15,
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16, 17] For catalytic polystyrene-platinum (PS-Pt) spheres, Campbell et al. determined pusher-type flow
fields with current loops from the equator to the platinum pole of the particles.[15] However, catalytic
janus microparticles suffer from multi-step fabrication processes with low yield and reproducibility, which
is why alternative, scalable approaches with concepts for inherent asymmetry are being investigated.[18,
19] This arises the question about the corresponding flow conditions around these microswimmers. De-
spite a variety of experimental shapes for active matter, modelling beyond spherical or spheroidal ge-
ometries has barely been approached. Recently, we and others proposed single-component BiVO4 mi-
croswimmers that rely on charge-carrier separation due to a surface heterojunction between catalytically
active crystal facets. In different studies, BiVO4 colloids have shown great potential for the investigation
of the behavior of single microswimmers,[20] but also active assemblies and interaction with passive par-
ticles have been demonstrated.[21, 22] Considering that for such microswimmers neither the prediction of
expected flows by established theoretical models, nor their experimental resolution has been approached,
the understanding of the rise of active motion through facet selective oxidation and reduction reactions
lags behind their well-known janus-shaped counterparts.
Here, we develop an experimentally viable approach to determine flow fields around pinned single-crystalline
photocatalytic BiVO4 microswimmers with non-spherical geometry. In order to obtain comparable flow
patterns, we first optimize the synthesis of these particles with shape-directing surfactants. By particle
tracking velocimetry of passive gold tracer particles around pinned microswimmers, we are able to re-
solve flow patterns around the swimmers and relate these to the observed behavior under illumination.
By averaging flow fields of individual particles, we are able to distinguish common trends from effects re-
lated to individual particle morphology.

2 Characterization of BiVO4 Microparticles

BiVO4 is available in different morphologies from undefined crystals[23] to shuriken,[22, 20] and spheroids.[21]
While for bulk chemical reactions the morphologies of individual colloids is of less importance, to ensure
comparable hydrodynamic conditions, a low polydispersity is crucial. To achieve a homogeneous parti-
cle distribution, as a first step the synthesis of BiVO4 was optimized. Synthesis was carried out using
a hydrothermal reaction, where morphology of the resulting crystallites can be controlled by addition
of a capping agent.[24] A well known capping agent for BiVO4 are Cl– ions, which selectively adsorb
onto the {010} facets and reduce the surface energy. By that, growth of these facets is slowed down and
an increase in Cl– concentration by addition of NaCl results in larger exposed {010} facets.[25] It was
also reported, that sodium dodecyl sulfate (SDS) is selectively adsorbed on {110} facets of BiVO4.[26]
Therefore, SDS was applied as a possible capping agent for {110} facets of BiVO4. For optimisation, dif-
ferent concentrations of NaCl and SDS were tested and the effect is displayed in Figure 1a. It can be
seen, that an increase in SDS concentration causes the formation of thicker particles with larger exposed
{110} facets, while an increase in NaCl concentration leads to thinner platelets with preferential expo-
sure of {010} facets. Absorption spectra and X-ray diffractograms (XRD) confirm the monoclinic crystal
structure and yield a band gap of 2.49 eV (see Figure S1 and S2).
The active motion of the microparticles was investigated by speed and mean-squared displacement (MSD)
analysis under ultraviolet (UV) illumination (385 nm wavelength) in 0.1 wt% H2O2 solution. Under these
conditions, H2O2 is decomposed into water and oxygen in two separate half-reactions: Due to charge-
carrier separation on the BiVO4 surface, this reaction is assumed to be split into an oxidation on {110}
facets and a reduction on {010} facets, which can be shown by photodeposition experiments (see Fig-
ure S3).[23] In Figure 1b, the speed of individual single crystalline particles is shown as a combina-
tion of data scatter and a box plot. For comparison, it should be noted that the particles neither show
any active motion in dark, illumination-free conditions, nor under illumination in absence of H2O2. The
mean speed of their Brownian motion under these conditions was determined as (2.1± 0.5) µm s−1 and
(2.8± 0.3) µm s−1, respectively. Under illumination, we observe a tendency for the particles to reorient
themselves: While laying on {010} facets under dark conditions, the colloids rotate in respect to the sub-
strate under UV excitation by an angle α of up to 90°, which results in an upright position (see Figure

2



1b and Video S1). Once reoriented, the microswimmers move with a tendency for curved trajectories,
which is in agreement with observations of previously studied BiVO4 microswimmers with comparable
shapes.[20] A mean speed of (6.59± 2.89) µm s−1 can be observed. Analysis of the MSD of an exemplary
particle further confirms the active motion of the microswimmers (see Figure S4). Compared to earlier
presented morphologies, the activity and speed of these microswimmers is strongly increased, which can
be justified by the higher catalytic activity of the single crystaline structures.[20, 21, 22]

3 Flow Field Analysis

Prior to flow field analysis, the motion mechanism and resulting expectations for the fluid flow shall be
considered. The strong separation of reduction and oxidation reaction on the surface of these colloids
suggests a dominant self-electrophoretic motion mechanism. For bimetallic self-electrophoretic rods mov-
ing by H2O2 decomposition, fluid flows from oxidation to reduction site were predicted, which is in agree-
ment with a source dipole field.[27] If these considerations are transferred to the single crystalline BiVO4

particles under illumination, proton flows from {110} to {010} facets can be expected. Due to the up-
right orientation of the microswimmers under illumination, two proton sources and two proton sinks are
anticipated in the substrate plane where motion is observed, causing a source quadrupole (see Figure
2). However, to result in active motion, the flow pattern around the microswimmers is required to be
asymmetric. In janus particles or bimetallic rods, this is caused by different interaction potentials of the
individual, chemically different, hemispheres with the solutes.[9] The here discussed particles only consist
of a single component, namely BiVO4. Yet, different atoms are exposed on the different facets, which
could cause a dependence of the surface-solute interaction.[28] Additionally, synthetic surface defects
were identified in SEM images, which render the photocatalytic activity of each particle side unique (see
Figure S5). Furthermore, the illumination direction of the samples needs to be considered. In the con-
ducted microscopy experiments, samples were illuminated from the bottom through the objective with a
UV LED. Due to the high absorption coefficient of BiVO4 in the UV range, it can be assumed that par-
ticle sides which are oriented towards the substrate receive more light excitation and therefore photocat-
alytic activity than particles sides which are oriented towards the top of the sample.[29] In consequence,
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Figure 1: (a) (left) Scheme showing impact of increasing concentration of NaCl and SDS marked by arrows on crystal mor-
phology and (right) SEM images of BiVO4 particles synthesised at different concentrations of NaCl and SDS: top: 0.05 M
NaCl and 0.05 SDS, middle: 0.05 M NaCl and 0.005 M SDS, bottom: 0.2 M NaCl and 0.005 M SDS. (b) Speed box plot of
single crystalline BiVO4 microswimmers under UV illumination in dilute H2O2. Solid horizontal line shows median, dashed
horizontal line refers to mean. Grey markers refer to outliers, whiskers indicate interquartile range. The blue scatter shows
the individual speed values from which the box plot is created. On the right, microscope snapshots show particles in dark
conditions, where it can be seen that they lay flat on their {010} facet. Under illumination, upright motion with a ten-
dency for circular trajectories is observed. Scale bar is 10 µm.

3



(a)

H+/Fluid

Illumination

{010}

{110}

e-e-
h+h+

H2O2

O2 + 2H+

H2O2 + 2H+2H2O

(b)

Figure 2: (a) Separation of oxidation and reduction reaction leads to a proton flow from {110} to {010} facets on the col-
loid surface under excitation (λ = 385 nm). (b) Due to the single crystal morphology, two proton sources and two proton
sinks are present in the substrate plane where upright motion is observed.

we assume the self-electrophoretic motion mechanism to be induced by charge-carrier separation onto
different facets which leads to proton flows and oxygen gradients under illumination. Additionally, an
enhancement of the asymmetry by self-shadowing is expected.
Flow fields were obtained by particle tracking velocimetry (PTV). To ensure good visibility in optical
microscopy despite small particle sizes, gold nanoparticles were synthesized as passive tracers, which can
be tracked to reconstruct the fluid flow without modifying it significantly by themselves. The quasispher-
ical nanoparticles have a mean diameter of (250± 22) nm and did not show any catalytic activity to-
wards H2O2 decomposition (see Figure S6). For video recording, solutions of 0.2 wt% H2O2 were pre-
pared and BiVO4 microswimmers as well as Au tracer particles were added. The samples were applied
to a glass substrate and subsequently covered with a thin cover glass and sealed to prevent evaporation.
Under these conditions, the colloids were confined in samples with a height of h ≈ 30 µm. To inten-
sify fluid flows, microswimmers were pinned to the glass substrates using high light intensities in upright
(α = 90°) or inclined (0° < α < 90°) position which causes them to act as fluid pumps. For video
recording, the substrates were inserted in an inverted microscope and illuminated with UV light from
the bottom. In PTV analysis, the median speed and motion direction of the tracers was determined for
a rasterized display of the surrounding area of the pinned microswimmers (see Figure 6). Details on the
implementation can be found in Section 5. The tracer motion can also be seen in Video S2.
Flow fields of two exemplary BiVO4 microparticles can be found in Figure 3a and 3b. For illustration,
the original orientation of an upright and an inclined microswimmer have been added to the flow fields
as yellow particle sketches. Additional flow fields can be found in Figure S7. Comparison shows that
tracer velocities and motion directions vary between the individual flow fields, especially in the far field.
This observation is not surprising, as these microparticles are characterized by synthetic defects that
render a unique profile of the spatial resolution of photocatalytic activity for each microswimmer. Ad-
ditionally, the individual inclination angles towards the substrate influence the illumination of the par-
ticle facets. Yet, common trends can be determined. All of the analyzed microparticles exhibit inward
flows from their side ({110}) towards the top and bottom ({010}) facets, from where the fluid appears
to be pushed outward. These results are in agreement with expectations based on the production and
consumption sites of H+ ions (see Figure 2a). It becomes apparent that the source quadrupole, which is
caused by opposite {010} facets (along the x-axis) and opposite side faces with {110} facets (along the
y-axis) causes a flow field with similarities to a pusher-type force dipole, which indicates that the flow
field is overlaid by dominant hydrodynamic interactions. Similar observations have been obtained for
fluid flows around immobilized induced-charge electro-osmotic (ICEO) Au/SiO2 janus particles.[17] Due

4



to symmetry axes of the particles and the applied electric field, a quadrupolar fluid flow field is indicated
by theoretical considerations. Experimentally, this results in a flow pattern with force dipole similarities
whose symmetry is broken by the different polarizability of the two materials.[17]
More detailed information about the flow profiles around the differently oriented microparticles can be
obtained by analysis of velocities ux and uy along the x- and y-axes of the rastered coordinate system,
whose point of origin was placed in the center of the microparticles in each flow field. Therefore, analy-
sis of ux along the x-axis enables comparison of flow velocities between the two reductive {010} facets.
Equivalently, the difference between the oxidative {110} facets is characterized by uy along the y-axis.
Results for the upright oriented particle are shown in Figure 4a and 4b, and for the inclined particle in
Figure 4c and 4d. The velocities ux and uy were calculated from the respective flow fields by averag-
ing over two raster rows for ux and columns for uy. The area covered by the microparticle is indicated
by dashed lines in all plots. Interestingly, the tracer flow appears to be maximized at a distance of about
5 µm from the particle surface in all directions, independent of whether the microswimmers are attached
in inclined or upright position and along which axis the velocity is analyzed. At higher distances than
5 µm, the impact of self-induced flows by BiVO4 on the tracers decreases and their motion direction is
randomized by Brownian motion, which leads to a decrease of ux and uy towards 0 µm s−1. However, dif-
ferences in ux and uy between the upright and inclined particle are also observed. If ux is compared be-
tween the two colloids, it can be seen that mirrored profiles are obtained for the two reductive sides of
the upright particle (Figure 4a), with similar maximum velocities of ux ≈ 4 µm s−1 . For the inclined
particle however, this is not the case. While tracers are accelerated to similarly high velocities around
4 µm s−1 on its left side, which is oriented towards the glass substrate and therefore also the illumina-
tion source, lower values between 1 µm s−1 and −1 µm s−1 are obtained on the right side, which points
away from the substrate (Figure 4c). Likely, self-shadowing of the right particle side is responsible for
the difference observed here. Velocity profiles of uy along the y-axis look similar for both particles, with
differences of around 1 µm s−1 between the two oxidative sides of the colloids (Figure 4b and 4d). As ex-
citation from the bottom illuminates these side faces to the same extent independent of the inclination
angle, differences in velocity are likely caused by impacts of the unique shape of each particle on its cat-
alytic activity.
In summary, we find that analysis of the tracer velocities supports the prediction, that the asymmet-
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Figure 3: Flow fields of exemplary particles which are oriented in (a) upright and (b) inclined position. Flow direction is

shown by arrows and velocity is indicated by the color map with ux,y =
√
u2x + u2y. Inward flows towards oxidative {110}

facets and outward flows from reductive {010} facets can be identified for both particles.
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ric chemical field around single crystalline BiVO4 microswimmers is caused by a combination of charge-
carrier separation and self-shadowing. Note, that these analyses illustrate the flows around a three-dimensional
object in a two-dimensional field, and neglect influences stemming from additional oxidative particle faces
that are oriented towards the glass substrate and the top of the attached particles. Presumably, a simi-
lar trend of tracer flow from these oxidative to reductive particle faces is caused here, but further anal-
ysis would be necessary for confirmation. However, as the particles only perform motion within the x-
y-plane, analysis of two-dimensional fields gives an overview of the important flows necessary for mo-
tion. Also, it should be noted that the flow fields discussed here are obtained from pinned microparti-
cles. When the colloids are in motion, substrate-related flows are expected to impact the flow field.[16]
For experimental studies on spherical janus particle microswimmers (PS-Pt), flow fields with the same
trend in flow direction, but smaller amplitudes have been obtained for moving microparticles compared
to pinned ones.[15] If a similar effect can be expected for the here investigated microswimmers, the flow
fields do not only explain the presence of active motion itself, but also the frequently observed tendency
for circular trajectories. Enhanced fluid velocities with different amplitudes are caused along both, x-
and y-axis of the particle, which inevitably leads to a torque, especially for upright oriented particles.
Inclined microswimmers, however, are often seen to move along rather straight trajectories, which may
be caused by the absence of enhanced flow velocities along the self-shadowed side of the particles.
To extract common trends in flow direction, the flow fields of four individual BiVO4 colloids have been

(a) ux along x-axis, upright (b) uy along y-axis, upright

(c) ux along x-axis, inclined (d) uy along y-axis, inclined

Figure 4: Velocities ux along x-axis and uy along y-axis of (a), (b) upright and (c), (d) inclined oriented pinned BiVO4

microswimmer. Dashed horizontal lines mark the borders of the pinned colloids. Black solid lines represent the average
over two raster rows that intersect the particle center, upper and lower limits of grey colored area are the velocity values of
these two rows. One raster row has a width of 1.1 µm.
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averaged. To ensure comparability, only particles with similar size (5 µm) and upright orientation to-
wards the substrate (α = 90°) have been considered. The obtained mean flow field is illustrated in Fig-
ure 5. Here, it is clearly seen that the trend for the flow direction from oxidative to reductive sides is
confirmed. Standard deviations of flow speed magnitude and direction of the mean flow field given in
Figure S8 underline that, although different microswimmers cause varying magnitudes of flow speed
due to individual synthetic surface defects, comparable flow directions exist. This illustrates, that charge
carrier separation due to a surface heterojunction is indeed a sufficient source for an asymmetric chemi-
cal gradient around single crystalline BiVO4 microswimmers.
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Figure 5: Mean flow field obtained by averaging over the flow patterns from four individual particles with an average size
of 5 µm and an inclination angle of 90°. A common trend for flows from oxidative to reductive colloid sides is observed.

4 Conclusion

Within this manuscript we developed single-component BiVO4 microswimmers with increased activity
that rely on an inherent mechanism for charge carrier separation. The clear separation of charge carriers
onto different facets enabled us to predict a dominant self-electrophoretic motion mechanism originating
from a quadrupolar source field for the circular motion patterns observed under UV illumination in di-
lute H2O2 solutions. Particle tracking velocimetry of passive gold tracer particles allowed the illustration
of flow fields around individual pinned BiVO4 colloids with different size and inclination angles and the
confirmation of our conjectures on the motion mechanism. A common trend for inward flows towards ox-
idative facets and outward flows from reductive facets can be identified, which resembles the flow pro-
file expected for a pusher. We observe the flows to be asymmetrized by individual surface defects and
self-shadowing, resulting in an overlay of the source quadrupole with hydrodynamic effects. Herein we
demonstrated that the determination of flow fields can be a powerful tool to investigate and understand
the source of colloid motion with various shapes. We visualized that the origin of self-induced fields and
the resulting flows are connected by complex interrelations. The spatiotemporal resolution of flows around
moving microswimmers, possibly even in three dimensions[30, 31, 32, 33], will enable the profound un-
derstanding of motion and interaction behavior in future studies, which is the key to design microswim-
mers for desired applications such as the investigation of collective behavior and cargo transport.

5 Experimental Section

Synthesis of BiVO4 Microparticles :
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For the synthesis of single crystalline BiVO4 microparticles, a procedure by Xie et al. was adapted.[25]
In a 40 ml glass vial, 2.425 g Bi(NO3)3·5H2O and 0.585 g NH4VO3 were dissolved in 20 ml 2 M HNO3

under stirring and ultrasonication. After dissolution, the pH was adjusted to 2 with 25 wt% NH3. For
shape control, NaCl with final concentrations of 0.05 M and 0.2 M and sodium dodecyl sulfate with con-
centrations between 0.05 M and 0.005 M were then added. After stirring for 15 min, the dispersion was
transferred to a teflon-lined stainless steel autoclave and left to ripen for 2 h. Subsequently, the synthe-
sis was heated to 200 °C for 24 h. After cooldown to room temperature, the samples were washed with
deionized water and ethanol extensively and dried under air at 70 °C overnight.

Synthesis of Au Nanoparticles :
Au nanoparticles were synthesized by a seeded growth method. For the seed synthesis, 500 µl 1 wt% HAuCl4
were diluted in 50 ml deionized water in a two-necked 100 ml round bottom flask and heated to reflux.
Subsequently, 2 ml 1 wt% sodium citrate were injected into the solution which was then refluxed for 5 min.
After cooldown to room temperature, the seeds were stored under ambient conditions.
For seeded growth, a modified procedure from Liu et al. was followed.[34] In a 10 ml glass vial, 4.8 ml
deionized water and 25 µl 1 wt% sodium citrate were combined under stirring at 1000 rpm. Subsequently,
200 µl 1 wt% HAuCl4 were added, followed by 5 ml 30 wt% H2O2. Then, 5 µl Au nanoparticle seed solu-
tion were immediately injected and the solution was stirred for 5 min. For purification, the solution was
centrifuged and the supernatant discarded. The obtained Au nanoparticles were dispersed in 1 ml deion-
ized water and stored under ambient conditions.

Powder X-ray Crystallography (XRD):
XRD patterns were acquired using a Bruker 2D phaser in a 2θ range of 10°-100°, where symmetrical scans
were performed. The microparticles were dispersed in ethanol and drop-casted onto a silicon wafer.

Scanning Electron Microscopy (SEM):
For SEM imaging, dilute dispersions of BiVO4 microparticles in ethanol were drop-casted onto silicon
wafer pieces and attached to a specimen support with conductive carbon tape. Samples were dried overnight
and imaged on a Zeiss Ultra Plus microscope with an acceleration voltage of 3 kV.

Transmission Electron Microscopy (TEM):
For TEM imaging, dilute dispersions of Au nanoparticles in ethanol were drop-casted onto carbon-coated
copper TEM grids and dried under vacuum overnight. Images were taken on a FEI Tecnai F30 micro-
scope (300 kV).

UV-Vis Spectroscopy :
Absorption spectra were obtained on a Cary 600 spectrometer by placing a dilute dispersion of BiVO4

microparticles in deionized water in a quartz cuvette in an integrating sphere. Spectra were measured
between 350 nm and 600 nm.

Light Microscopy Experiments :
For speed analysis, BiVO4 microparticles were dispersed in deionized water and combined with dilute
H2O2 on cleaned 24 × 24 mm glass substrates. Therefore, 9 µl ml particle dispersion was combined with
1 µl ml of 1 wt% H2O2 solution, yielding a final concentration of 0.1 wt% H2O2. Analysis was performed
in an inverted Zeiss Microscope with a flexible Colibri 7 lightsource. Illumination with UV light (385 nm)
was focussed by a 63× air objective to an intensity of 5.6 W cm−2. Videos were recorded with 40 fps.
For flow field experiments, a total volume of 10 µl of 0.2 wt% H2O2 with BiVO4 microswimmers and Au
tracer particles was applied to a glass substrate and covered by a 18 × 18 mm cover slide. Subsequently,
the samples were sealed with nail polish and inserted in the inverted Zeiss microscope. Videos were recorded
under illumination with UV light that was focussed by a 63× air objective to 3.8 W cm−2 with a frame
rate of 40 fps.

Video Processing :
For speed and mean-squared displacement analysis of the microparticles, videos were converted to binary
images and particles were tracked as Gaussian blobs in each video frame by the Trackmate plugin of
the software ImageJ.[35] For data processing, a MATLAB script based on the open-source msdanalyzer
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class was used.[36] Mean speeds were calculated as the unweighted mean of at least 20 individual parti-
cle speeds over a time range of 15 s from different video recordings. The speed is defined as the overall
distance travelled by a particle in a given time.

Flow Field Analysis :
For obtaining the flow field near the immobilized microswimmers, the movement of intentionally added
Au nanoparticles was recorded with the already mentioned widefield microscope. Localisation of the tracer
particles in individual frames as well as the linking of these positions to trajectories over successive im-
ages was conducted with the algorithm by Crocker and Gier [37] using the TrackPy package. In order to
remove spurious trajectories, only trajectories with a minimum length of 10 frames were considered. Fur-
thermore, erroneous detections inside the microswimmer and particles stuck to it were eliminated by dis-
carding all particles inside a predefined polygon that covered approximately the area of the microswim-
mer. Subsequently, for every interrogation area in the grid the median of all displacement vectors was
calculated and assigned to that position. For grid points without measurement data, the flow field was
interpolated using a modified algorithm from the package PTVPy.
The mean flow field was obtained from four different microswimmers. For merging the corresponding
flow fields, the coordinate systems of these different measurements were transformed so that all microswim-
mers exhibited the same position and orientation. Next, the flow field was obtained via interpolation
from all trajectories similar to the already described procedure. In order to ensure that all microswim-
mers contribute an equal amount to the result, the corresponding measurements were weighted inversely
proportional to the number of recorded displacement vectors. For every interrogation area, the weighted
mean was calculated as well as the corresponding standard deviation (see Supporting Information).
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Figure 6: Raster model of PTV processing. In each raster point, the median flow speed and direction is calculated from all
tracer particle trajectories present.

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