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Contents of supporting videos:
Video S1: Head on scattering from simulation.

Video S2: Head on scattering from experiment. Blue and green points
denote the centers of particles 1 and 2, respectively; blue and green arrows indicate
their velocity directions. White arrows represent particle orientations. Black points
and arrows mark the center of mass of the interacting particle pair. The transient
speeds of particle 1, particle 2, and the center of mass (labeled 3) are shown in each
frame. The inset (where applicable) displays the motion in the center-of-mass frame.

Video S3: Parallel scattering from simulation.

Video S4: Parallel scattering from experiment. Blue and green points
denote the centers of particles 1 and 2, respectively; blue and green arrows indicate
their velocity directions. White arrows represent particle orientations. Black points
and arrows mark the center of mass of the interacting particle pair. The transient
speeds of particle 1, particle 2, and the center of mass (labeled 3) are shown in each
frame. The inset (where applicable) displays the motion in the center-of-mass frame.

Video S5: Three colloids swarming. Particle motion is shown alongside the
transient speed profile. The inset displays the motion in the frame of particle 2.

Video S6: Boundary guided motion. Red and blue points denote the centers
of the active part and the full Janus particle, respectively. Red and black arrows
indicate particle orientation and velocity, respectively. Dashed white lines mark the
boundary of the dark band.



S1 Characterization of Janus colloids

Fig. S1 SEM image of a standard (a) and dumbbell hematite/TPM (b) particle showing the
definition of the size of TPM part rp (blue circle), hematite part r, (red circle) and the whole Janus
particle 73 (orange circle). Scale bar = 1 pm.

The morphology of the Janus colloids was characterized using SEM. Follow pre-
vious definition [1], the size of TPM part rp, hematite part r, and the whole Janus
particle ry were measured as shown in Fig. S1. Thus, d. = 2ry —r, —r}, can be deter-
mined for each Janus particles. The statistics of d. for different type of particles were
shown in Table S1.

In the framework of ionic-diffusiophoresis, particle velocity is determined by v =

ﬁ(’}f)z[ﬂf(l —3XA) + £¢%(1 — 2LA)] ¥<, where £ and 7 are the permittivity and
viscosity of the solution, f = (Dy — D_)/(D+ + D_), D4 and D_ are the diffusion
coefficient of the cations and anions, ( = kZBe% is the normalized ( potential, kg is
Boltzmann’s constant, T is the temperature, Z is the number of charge e carried by
a single ion, A\ = 1/ka is the Debye length x~! = (ske;T S~ Z2%¢)'/? normalized by the
radius of the particle a, c is the generated concentration field [2]. When Janus colloids
close to each other, the concentration field depends not only on the reaction of each
particle, but also on the configuration/arrangement of particles, which varies with
time. Therefore, when experimentally characterizing the mobility contrast p. /s, of
the Janus colloids during interaction, we neglect the concentration difference between
the passive and active face for simplicity and in line with the essence of our theoretical

model presented in Fig. la:

pa _ BG83 + 3G - FA
po o BGRET(1-30) + 52 (1 - 2N

(1)

The (-potential of hematite colloids in DI water {, = —27+3 mV was measured using
a zetasizer (Brookhaven Instruments NanoBrook 90Plus PALS). The (-potential of
the TPM part of different types of Janus colloid was determined by measuring the (-
potential of the homogeneously nucleated TPM formed during the synthesis. Without
dewetting, i.e., without adding HCl, ¢, = —43 =1 mV for the standard type. For
dewetted and dumbbell particles, i.e., with HCI, (; = —13 =1 mV. Therefore, the
corresponding pi,/ftp were list in Table SI.



Table S1 Characterization of hematite/TPM Janus colloids.

Type rp (1m) Ta (nm) ry (nm) de/Tp pa/ o

Standard  0.88£0.01 0.62+£0.01 1.1620.01 093+0.03 1.1440.04
Dewetted  0.87+£0.01 0414001 1.164+0.01 1.19+0.10 1.49+0.09
Dumbbell  0.82+0.07 0.754+0.13 1.394+0.14 1.46+0.12 1.49 + 0.09

Fig. S2 Determination of particle location (red point), orientation (o, white arrow), direction of
velocity (v, red arrow) and 6y, in microscope images.

S2 Distinguishing between bounding and
head-to-head dimer state
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Fig. S3 The angle between particle orientation and the center-to-center line #; and 62 during the
circling bounding state (a) and the head-to-head dimer state (b). The vertical dashed lines indicate
the period of bounding and dimer state.

The bounding state with particles circling around each other and the head-to-head
dimer state with particles’ passive face touching are well distinguished in ather-
mal simulation. With thermal fluctuation in experiments, they appeared similar yet
qualitatively different. Circling behavior exhibits non-zero angle between particle ori-
entation and the center-to-center line #; and 6, (Fig. S3a), and the angular velocity



w maintains its direction (Fig. 2h). In contrast, for a head-to-head dimer, 6; and 6,
fluctuated around zero (Fig. S3b), while w alternate in sign (Fig. 1j).

S3 Three-particle swarming with varying mobility
contrast and thermal intensity

Brownian dynamics simulations of three dancing Janus particles were performed with
varying mobility contrast and thermal intensity. Initial configuration was presented
in Fig. 3e. Particle 1 was assigned with parameters {d./rp, pa/pp} = {1.2, 1.2}. Par-
ticle 2 and 3 were assigned with d./r, = 1.2 and {ua/pp} = 3,4 and 5. Simulations
were performed with different thermal intensity, i.e., D/Dy = 0,0.05,0.25 and 0.5.
The resulting trajectories, MSD, probability distribution of 6, ,, autocorrelation func-
tion of particle orientation and velocity direction are summarized in Fig. S4 - S8,
respectively.
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Fig. S4 Trajectories of three-particle swarming with varying mobility contrast and thermal intensity.
Color coding is the same as in Fig. 3. Time progresses as color transitions from transparent to opaque.



plp =3.0 ,ua/up =4.0 ,ua/up =5.0
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Fig. S5 MSD of three-particle swarming with varying mobility contrast and thermal intensity. Color
coding is the same as in Fig. 3. Black lines indicate a slope of 2.
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Fig. S6 Probability distribution function of 6y , of three-particle swarming with varying mobility

contrast and thermal intensity. Color coding is the same as in Fig. 3.
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Fig. S7 Autocorrelation function of particle orientation of three-particle swarming with varying
mobility contrast and thermal intensity. Color coding is the same as in Fig. 3.
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Fig. S8 Autocorrelation function of particle velocity direction of three-particle swarming with
varying mobility contrast and thermal intensity. Color coding is the same as in Fig. 3.
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S4 Average speed of dancing particles

Table S2 Estimating average speeds of dancing particles.

Average speed (nms~1)

Particle

Transient speed  Short-time MSD  Full MSD
Particle 1 T£5 10+£3 3.2+0.1
Particle 2 6+3 8+2 3.3+£0.1
Particle 3 6+3 7T+2 3.24+0.2
Free particle 5+2 7T+1 6.0£0.1

There are three ways to estimate the average speed: averaged over transient speed,
fitting to the short-time MSD and to the full MSD. Each of them provide different
insights to the dynamics of an active colloid. Here, we discuss the average speed in
the three-particle slingshot experiment.

The transient speed of 3 dancing particles and the free particle were presented in
Fig. 4a. The averaged transient speed compares the mobility of particles, see main
text and Table. S2. For the free particle, the standard deviation of the transient speed
comes only from thermal fluctuation; while for the dancing particles, it also reflects the
acceleration due to inter-particle interaction. The standard deviation of the transient
speed of 3 dancing particles were greater than that of the free particle (2 pm/s); while
that of the particle 1 was the largest (5 pum/s). It confirms that the particle 1 was the
most susceptible to the inter-particle interaction, Fig. 4a and b. This is coincide with
the C, and C results that particle 1’s autocorrelation functions decayed the fastest
in short-time (< 1 s).

The MSD of the 4 particles were plotted in Fig. 3d. The full MSD follows [3, 4]:

V2T1% (2At _ 24t )

(Ar?) = 4Dy At + 3 +e wm —1 (S2)

TR

where Dy is the free translational diffusion coefficient and 7R is the characteristic time
scale in rotational diffusion. At short-time, the MSD follows:

(Ar?) = 4Dy At + §V2At2 , At < TR. (S3)

The average speed estimated using short-time MSD excludes the thermal fluc-
tuation leaving only the ballistic speed intrinsic to the particle [5]. For the dancing
particles, speed from short-time MSD also includes the instantaneous acceleration due
to the slingshot effect. By fitting the short-time MSD to Eq. S3 (Fig. S9a), average
speed of particles were summarized in Table. S2. Particle 1 had the highest aver-
age speed and largest standard deviation, which agrees with the estimation based on
transient speed.

12



The average speed obtained from full MSD characterize the ability of the active
particle translating across the space in the long run. For the dancing particles, it
reflects the mobility of the cluster as a whole. By fitting the full MSD to Eq. S2,
average speed of particles were summarized in Table. S2. The full-MSD speed of 3
dancing particles were the same and their MSD overlapped at long time-scale (Fig.
4d and Fig. S9b). It clearly confirms that 3 particles moved as a cluster.
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Fig. S9 Average speed of particles in 3 particle dancing experiments. The MSD results were replotted
from Fig. 3d. Short (a) and full (b) time MSD were fitted to Eq. S3 and Eq. S2, respectively. Color
code is the same as in Fig. 3, i.e., particle 1 (blue), 2 (orange), 3 (green) and free particle (red).

S5 Geometric invariance of trajectories under scaling
co/

We first examine the scenario where the initial orientation is tilted away from the
upper boundary (left panel of Fig. S10). Interestingly, when we compare trajecto-
ries with different combinations of ¢y and « but identical ratios cy/«, we observe a
remarkable geometric invariance.

Specifically, the trajectories for {cg, a/ap} = {0.1, 0.5} perfectly overlap with those
for {0.2,1} in geometric shape (Fig. S11a). However, the particle with lower activity
(a/ap = 0.5) traverses a shorter path within the same observation time compared
to the particle with a/ap = 1, indicating a proportionally slower translational speed
(Fig. S11b). Similarly, the trajectories for {0.1,0.1} and {0.5,0.5} exhibit identical
geometric configurations, with the former progressing more slowly along the same
spatial curve.

These observations suggest that the particle trajectories are geometrically invariant
when the ratio cp/« is held constant, differing only in the speed.

13



¢y =0.1mM ¢, =0.2mM cp=0.5mM
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Fig. S10 Athermal trajectories of Janus particle in concentration bands with initial orientation
tilted away from the upper boundary. From blue to cyan, pa/pp = 0.5,0.6,0.7,0.8,0.9,1.0,1.5,2.0.
All trajectories have the same time span.

S5.1 Scaling analysis

This geometric invariance can be understood through the scaling properties of the
governing equations. In the athermal limit, the particle motion is described by:

L v(r), (S4)

where the translational velocity is given by (Methods):

v(r) = —% () (T — nn) - Ve(r.) ds. (35)
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Fig. S11 Comparing trajectories of {co,a/a0} = {0.2, 1} (From blue to cyan, pa/pp =
0.5,0.6,0.7,0.8,0.9,1.0,1.5,2.0.) with those of {0.1, 0.5} (dashed white lines, corresponding pa/pp)
at short timescale (a) and long timescale (b). All trajectories have the same time span.

Here, the total concentration field ¢(rs) = Cgelf(rs) + Cext(rs) comprises the self-
generated field cgif o< a (determined by surface activity) and the external field coxs o
¢op (Methods).

When both « and ¢ are scaled by a factor k (i.e., ' = ka and ¢ = kcg), the
total concentration field scales linearly as ¢ = kc. Consequently, the velocity field
transforms as v/(r) = kv(r), and the governing equation becomes:

d

di; = kv(r). (S6)
To preserve the geometric trajectory, we rescale time as 7 = kt, such that dt =

dr/k. Substituting into Eq. S6 yields:

de _drdt Loy (S7)

dr — dtdr
Since the trajectory is the integral curve of the differential equation, Eq. S7 demon-
strates that the new particle with scaled parameters follows exactly the same geometric

path as the original particle, but requires time ¢’ = ¢/k to reach the same position.
This confirms the geometric invariance observed in simulations.

S5.2 Curvature scaling

The shape of the trajectory is characterized by its curvature , defined as the rate of
change of the tangent angle ¥ with respect to arc length s:

)

:‘i—g.

(S8)
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Recognizing that the angular velocity w = di¢/dt and the translational speed
v = ds/dt, we obtain the fundamental relation:

(59)

w
k= —
v

The angular velocity arises from the torque induced by the external field gradient.
From the expression (Methods):

w = —% ?{r x [p(rs)(I — nn) - Ve(rg)] ds, (S10)

we see that w depends on the cross product of the position vector r (lever arm ~
d.) and the tangential force density (proportional to pVcext). Since Veext o ¢/d
(Methods), the magnitude scales as:

w o de(pha — tp)| Veext| x co. (S11)

Conversely, acorrding to Eq. S5, the translational speed is dominated by the self-
generated field when the external gradient is moderate, giving v o< (i - Vcgeir) o< a.
Therefore, the curvature obeys the scaling law:

K= — o —. (S12)

The ratio cp/a determines the competition between external steering and self-
propulsion:

Strong confinement (cy > «a, k > 1): When the external field overwhelms self-
propulsion, the particle experiences rapid reorientation toward the band center. The
large curvature manifests as sharp turning near the boundary, followed by alignment
along the x-axis (center of the band), consistent with the trajectories observed toward
the top-right corner of Fig. S10.

Weak confinement (cyp < a, k£ — 0): When self-propulsion dominates, the tra-
jectory becomes nearly ballistic with gentle curvature. Particles with low mobility
contrast p,/p, exhibit particularly weak steering, resulting in trajectories that grad-
ually escape the band (lower left of Fig. S10), as the external field is insufficient to
overcome the self-propulsion and reorient the particle toward the center.

S5.3 Effect of initial orientation

As trajectories are integral curves of the governing equations, they depend sensitively
on initial conditions. Fig. S12 shows trajectories for particles initially oriented towards
the upper boundary (left panel), demonstrating that despite the distinct path mor-
phologies compared to Fig. S10, the geometric invariance and dynamical scaling with
respect to ¢p/a remain valid.
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Fig. S12 Athermal trajectories of Janus particle in concentration bands with initial orientation
tilted towards the upper boundary. From blue to cyan, pa/pup = 0.5,0.6,0.7,0.8,0.9,1.0,1.5,2.0. All
trajectories have the same time span.
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S6 Light boundary guided motion
S6.1 The optical setup
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Fig. S13 Schematic of the DMD coupled microscope.

The optical system for generating light fields is schematically shown in Fig. S13.
In the structured light path, illumination from a UV light-emitting diode (LED) is
first collimated and subsequently deliver onto a digital micromirror device (DMD,
DLP6500, Texas Instruments) to generate spatially patterned light. The modulated
wavefront is then relayed via a tube lens (focal length: 180 mm) to the back focal
plane of the 60 x oil objective (Olympus, NA = 1.4), which projects the patterned
illumination onto the sample plane.

We used the transmitting light path of the invert microscope (Mingmei MF53) to
observe particle dynamics. The white light provides the background illumination so
that the bright-field images can be collected by the same objective and delivered to a
camera (Ximea MQO042MG-CM) through a tube lens (focal length: 180 mm).

S6.2 Structured light

The light pattern reflected by the glass substrate is shown in Fig. S14a. The brightness
and gradient are shown in Fig. S14b. The width of the dark band is defined as the
distance between adjacent maximum and minimum of the gradient, as indicated by
red dashed lines in Fig. S14b and Fig. 5e. Six dark bands between lighted area have
the same width of 8.24 pm.

S6.3 Characterization of particle dynamics in the structured
light

Fig. S15 presents the raw data used to construct the probability diagram in Fig.
5i. The dimer model predicts that particles orient perpendicular to the boundary,
regardless of gradient strength. We therefore analyzed the orientation of dumbbell
particles at both 0.66 mW /em? and 1.09 mW /cm?. The distance from the band center

18
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Fig. S14 a, Image of the structured light pattern. b, Brightness profile (B, red) and its gradient
(0B/dy, blue). Red dashed lines indicates the boundary of a dark band. Black dashed line marks
gradient equals 0.

(y coordinate) was discretized into bins of 0.5 ym width. 6, is the averaged 6, within
each bin, plotted as blue filled circles in Fig. S15 and Fig. 5i.

For comparison, we analyzed the Brownian motion of the dumbbell particle with
structured light turned off, using the same method as above. The x, y and full MSD
are plotted in Fig. S16a. All MSDs follow a slop of 1, indicating unconfined Brownian
motion. Fig. S16b shows the orientation distribution of dumbbell particles in Brow-
nian motion, with no correlation between particle orientation and location. Notably,
particles under structured light behave distinctly differently from those in Brownian
motion.

The probability distribution of 8, for dumbbell particles within the dark band
is plotted in Fig. S17a. In contrast to freely self-propelling Janus particles, which
exhibit a narrow distribution of 6, , centered around 0 (Fig. le), particles within the
dark band show a broad distribution peaked at approximately 25°. For comparison,
the distribution of 6, , under Brownian motion (without structured light) is shown in
Fig. S17b, with no preferred angle between velocity and orientation. Analysis of 6y ,
confirms that particles within the dark band exhibit active motion, strongly guided
by the concentration gradient established by structured light.
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