PAPER • OPEN ACCESS

Phenomenological model of motility by spatiotemporal modulation of
active interactions
To cite this article: Dominik Schildknecht and Thomson Matt 2021 New J. Phys. 23 083001

View the article online for updates and enhancements.

This content was downloaded from IP address 131.215.251.168 on 01/08/2021 at 00:05

New J. Phys. 23 (2021) 083001

https://doi.org/10.1088/1367-2630/ac1144

PAPER

O P E N AC C E S S

Phenomenological model of motility by spatiotemporal
modulation of active interactions

R E C E IVE D

16 April 2021

Dominik Schildknecht ∗ and Thomson Matt ∗

R E VISE D

Division of Biology and Biological Engineering, California Institute of Technology, Pasadena, CA 91125, California, United States of
America
∗
Authors to whom any correspondence should be addressed.

24 June 2021
AC C E PTE D FOR PUBL IC ATION

5 July 2021

E-mail: dominik.schildknecht@gmail.com and mthomson@caltech.edu

PUBL ISHE D

30 July 2021

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.
Any further distribution
of this work must
maintain attribution to
the author(s) and the
title of the work, journal
citation and DOI.

Keywords: protein-based active matter, phenomenological description, molecular dynamics simulations
Supplementary material for this article is available online

Abstract
Transport at microscopic length scales is essential in biological systems and various technologies,
including microﬂuidics. Recent experiments achieved self-organized transport phenomena in
microtubule active matter using light to modulate motor-protein activity in time and space. Here,
we introduce a novel phenomenological model to explain such experiments. Our model, based on
spatially modulated particle interactions, reveals a possible mechanism for emergent transport
phenomena in light-controlled active matter, including motility and contraction. In particular, the
model’s analytic treatment elucidates the conservation of the center of mass of activated particles
as a fundamental mechanism of material transport and demonstrates the necessity of memory for
sustained motility. Furthermore, we generalize the model to explain other phenomena, like
microtubule aster–aster interactions induced by more complicated activation geometries. Our
results demonstrate that the model provides a possible foundation for the phenomenological
understanding of light-controlled active matter, and it will enable the design and optimization of
transport protocols for active matter devices.

1. Introduction
Transport at micron length scales is essential in technologies such as microﬂuidics [1, 2] and many
biological processes, including cell motility [3, 4], cell division [5], and intracellular material transport
[6, 7]. While in most technological applications, transport arises as the response of a system to externally
applied forces, biological systems rely on molecular self-organization to achieve material transport. Because
the biological systems are intrinsically out of equilibrium, transport can not be explained by linear response
theory [8]. This property makes these systems fascinating to study and much more challenging to
understand. Indeed, there have been various in vivo and in vitro studies trying to address biological
transport phenomena at the micron length scales. However, elucidating biological transport mechanism
remains challenging due to the non-linear, self-organized nature of transport and the ‘molecular
complexity’ in biological systems [3–7].
In order to understand the physics of biological systems in more detail, so-called active matter was
introduced. Active matter systems continuously transform energy to power various intrinsic processes such
as self-propulsion in particle-based active matter or motor-protein movement and polymerization in
protein-based active matter (see, e.g. reference [9] for a review). One area of active matter research focuses
on the behavior of different classes of active Brownian particles [10–14]. These systems have been
examined, for example, to understand phenomena such as the emergent phase separation arising from
repulsive interactions [15–17]. More recently, spatiotemporal modulation of the single-particle velocity
(representing the activity in these systems) was introduced [18–21], enabling the construction of
microﬂuidic devices through self-assembly [22].
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Figure 1. Sketch for the model outlined in this paper: Particles can be thought of as ‘mini-asters’ already consisting of a large
number of microtubules and motors, averaging to an isotropic point particle. Particles can be activated (blue or light blue) or
inactivated (white). Particles outside of the activation region (yellow) lose their activation state in a characteristic time of λ−1
(hence displayed in light blue). All activated particles interact with each other through a spring potential if their pairwise distance
is larger than rc and smaller than Rc . Intuitively, the interaction between particles occurs because microtubules of mini-asters
overlap, and when the kinesin is activated to cross-link, these overlapping microtubules pull on each other in a telescoping-like
movement to form an attractive interaction [33].

In general, particle-based active matter systems focus on the emergent dynamics of individual agents,
modeling the dynamics of interacting populations of molecules, cells, or organisms. In this area, active
Brownian particles successfully describe the emergent phenomena, even though their interactions are
predominantly repulsive [17]. However, the predominantly repulsive and short-range nature of particle
interactions in these models limits the self-organization capability making it challenging to assemble
structures with long-range order, like the mitotic spindle, that occur in cells. In contrast, protein-based
active matter systems, realized experimentally by mixtures of microtubules and motor proteins [23–25],
spontaneously organize structures including contractile networks, microtubule asters, and nematic phases
that exhibit long-range order. Using these protein-based active matter systems, one can systematically
analyze how self-organization can lead to structures such as vortices and asters. Furthermore, the complex
organizational behavior observed in these systems inspired interesting modeling approaches that rely on a
hybrid between hydrodynamics and active nematicity [26–29]. Self-organization phenomena occurred both
in experiments and models [24, 25, 30, 31], but because the chemical reactions happen everywhere, they are
challenging to isolate and inspect in detail. To focus on the relevant mechanisms, localization of the
chemical reactions is imperative. The required localization was recently achieved by introducing
light-activated reversible linking between the kinesin motors, leading to a spatially conﬁned contraction of
the microtubule network [32].
The excellent spatial control of the contractile microtubule network was then used to understand how
motility can arise in biological systems. In particular, Ross et al [32] demonstrated that the directed motion
of asters could emerge through the spatiotemporal variation of kinesin motor activation. Speciﬁcally, the
size of the light-activated region determines the size of the aster, and the activation pattern’s trajectory
through space controls the asters’ trajectory. Furthermore, the authors of reference [32] analyzed systems
beyond isolated asters to understand the aster–aster interactions. They achieved this interaction by linking
two aster-forming regions by a thin connection, leading to the merger of the two asters in a region where
asters would otherwise not form. Therefore, these experiments provided many insights into the physics of
material transport and contractile networks and laid the foundation for the applications of such systems.
However, the underlying physical phenomena are not yet well understood, so that a theoretical model is
required to deepen our understanding of motility in biological systems.
This paper aims to address this knowledge gap by introducing a phenomenological model of material
transport in spatiotemporal-activated contractile networks by a particle-based description. Our model is
based on spatiotemporal control over interactions between the particles. In particular, we will consider
attractive harmonic interactions motivated by continuum descriptions [33, 34]. We then use a simple limit
of the model to show that the fundamental mechanism of transport can be understood in terms of the
2
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conservation of the center of mass of activated particles. Furthermore, we demonstrate that in our model,
memory in the form of retained activation is required to describe the experimentally observed long-term
stabilization of asters [32]. In particular, we will express the linear dependence between the speed of the
activation region and the trailing distance of the aster in microscopic parameters. In addition, aster-aster
interactions are simulated using the linking of two aster-forming regions by an activation ‘bridge’, leading
to qualitatively similar results between our phenomenological model and the experimental results. In
particular, we also observe the exponential decay of the aster–aster distance with time, analogous to the
experimental results [32].

2. Model
Here, we propose a coarse-grained model of the experimental system that collects small clusters of
microtubules and motors into N point-like particles in two dimensions, which neglects the sub-structure of
each cluster [33]. For simplicity, a sketch of the model is provided in ﬁgure 1. In this model, a particle j is
described by its position xj , velocity v j , and activation state pj , which is either 1 or 0 for activated or
inactivated particles, respectively. The interactions arise in our model, since microtubules of one particle
overlap with the microtubules of neighboring particles. If the two particles are in an activated state, then the
kinesin motor is expected to bind the microtubules together leading to an effective attraction by the kinesin
moving in opposite directions on the (pre-polarized) microtubules of different micro-asters. Therefore, only
activated particles interact and their effective one time-step equation of motion is
xi (t + Δt) = xi (t) + Δtv i (t),
v i (t + Δt) =

F (a)
i


Δt  (a) 
F i {xj }j ,
mi
⎡

⎢
⎢k


⎢
{xj }j = −∇i ⎢
⎢2
⎣


i=j
|xi −xj |>rc
|xi −xj |<Rc

(1a)
(1b)
⎤
⎥
⎥
pi pj (xi − xj ) ⎥ .
⎥
⎦
2⎥

(1c)

These equations arise as an explicit Euler update for the Newtonian equations of motion. These equations
can be contrasted to the typical description of drag-dominated systems, which neglect the inertial term
[35, 36]. Indeed, we will observe in our results that the effective mass of emergent structures can grow so
that the inertial term should not be neglected. Hence, the term is kept, and the update rule equation (1b) is
derived from an explicit Euler update for the velocity of a particle with drag γ under the inﬂuence of a force
F: v i (t + Δt) = (1 − γΔt/mi )v i (t) + Δt/miF. In this standard update, the ﬁrst term requires a time step
so that 1  γΔt/mi , since otherwise, the explicit Euler scheme is divergent. For large drag, this requires
very small time steps. However, the ﬁrst term’s effect is merely to diminish the velocity exponentially fast.
Therefore, we can use the separation of time scales to remove the ﬁrst term in the large drag limit, where
the velocity decays instantaneously. While equation (1) arises from Newton’s equations in conjunction with
time-scale separation, the equations are indeed equivalent to neglecting the inertial term [35, 36]. However,
in this interpretation, the factor Δt/mi in equation (1b), should be replaced by γi−1 .
In equation (1c), it is evident that the only force in our model is an active force F (a) , but one could also
incorporate additional thermal forces F (th) here. In particular, F (th) could be modeled by a Gaussian random
process with zero mean and correlations Fμ(th) (t)Fν(th) (t  ) ∝ Tδμν δ(t − t  ) where the subscripts denote
vector components, and T is the temperature [35]. However, as demonstrated in reference [32] (in
particular ﬁgure 1(c) and supplementary information 2.10), diffusion does not affect the formation of
asters, but only their decay once no more light activation is provided. Hence, for this paper, where we want
to describe the emergent motility in microtubule aster systems, no additional thermal forces will be used.
Therefore, we only incorporate one force, namely the active force F (a) , which depends on the set of all
position vectors {xj }j . The force is derived from a spring potential with spring constant k and vanishing rest
length. Using the spring potential to describe the active interactions is in agreement with both the
experiment [32] and continuum-based theoretical descriptions [33, 34]. The interaction only affects particle
pairs with pairwise distances between rc and Rc . The upper truncation Rc ensures that arbitrarily distant
particles do not interact. For this paper, where we only treat localized activated particles, the upper cutoff is
mostly irrelevant, so that we use Rc → ∞. However, if larger systems with more complicated activation
3
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Figure 2. Time evolution of the activated mass ma (t) and its moving average ma (t) for a system with u = 0.2. The curve is
annotated with illustrations of the conﬁgurations: the particles are color-coded according to their velocity, where violet indicates
standing still, blue moving slow, and yellow moving fast. The activation region is highlighted in faint yellow. Furthermore, inset
(b) additionally depicts the particle velocities, illustrating the merging process. It should be noted that the depletion of particles
to the left of the activation area in (b) and (c) is due to the history of the system: in these areas, the activation already occurred
and particles are absorbed in the aster. Hence the trace of the activation area can be seen in the data as depletion areas.

patterns are considered, the upper truncation Rc has to be chosen more carefully. Additionally, a small lower
truncation rc is enforced in the simulations to avoid numerical instabilities.
Finally, spatiotemporal control of activity is introduced in the following way: a particle j becomes
activated at time t if xj ∈ A(t), where A(t) describes the activation area due to the external stimulus, such
as the light-activation pattern in the experimental system [32]. In the most elementary version of the
model, a particle will deactivate immediately after leaving A. However, later in this paper, the inﬂuence of
retained activity will be analyzed. There, the deactivation is not immediate but is instead governed by a
Poisson point process, leading to an exponential decay of the probability of being activated with activation
decay rate λ. The elementary model is retrieved for λ → ∞ so that each particle’s memory becomes
inﬁnitely short, and they indeed deactivate immediately after leaving A.
In this paper, the discussion is restricted to two experimentally analyzed situations [32]: ﬁrst, A consists
of a single circle with radius r moving in a straight line with velocity u. Second, A consists of two stationary
circles with radius r separated by a distance of 2l, connected by a small connection of width w.

3. Analysis of the emergent aster motility mechanisms
First, we focus on the moving circle protocol, which has experimentally led to a motile aster following the
activation circle [32]. For the numerical integration of the model, the following (non-dimensional) values
are used if not speciﬁed differently: the system consists of 4960 particles in a square-shaped box with an
area of 42 . The box is co-moving with the activation area with radius r = 0.5, and particles are added and
removed from the simulation to keep a constant density of 310 particles per unit area. In particular, the
particles are added in the (non-activated) boundary region that appears new to ﬁeld of view of the
simulation, and removed from the area that falls out of the ﬁeld of view of the simulation. In addition,
activated particles that are close are fused, in order to ensure a constant number of particles, eventhough
the mass of all particles in the ﬁeld of view is increased. This system is integrated for 1000 time steps with
Δt = 0.01. For stability, a lower truncation of rc = 5 × 10−3 is used. The mass of each particle and the
spring constant are mi = k = 1 for simplicity (leading to γ i = 100 in the formulation of equation (1b) in
terms of drag). Initially, the situation without memory (λ → ∞) will be discussed.
3.1. Aster motility and breakup for memoryless particles
The typical time evolution of such a system is presented in ﬁgure 2 for the ﬁrst 500 time steps. Speciﬁcally,
the time dependence of the mass of activated particles ma is shown, annotated with illustrations of the
conﬁgurations. At the beginning of the simulation, the mass inside the initial circle A(t = 0) is activated,
which contracts to form a massive core, as observed in the inset (a) of ﬁgure 2. In analogy with experiments

4
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Figure 3. In (a), the analytic calculation is exempliﬁed: the faint circles indicate the path of the activation pattern, and the yellow
circle is the activation area at time t. Due to symmetry, the aster travels at half the speed of the activation region. In (b), the
breakup time τ b from simulations as a function of activation-pattern velocity u for various spring constants k is compared to the
theoretical limit. Inverse proportionality can be observed for all k, where the curves for larger k asymptotically approach the
theoretical limit given in equation (3).

[32], the massive core will be referred to as an aster. Subsequently, material in front of the aster is newly
activated, fusing with the aster leading to an increase in ma and an effective mass transport by shifting the
center of mass (cf inset (b) in ﬁgure 2). This process is sustained until the aster becomes too massive to be
moved by the newly activated material. Finally, the aster leaves the activation area and breaks apart, as seen
in the inset (c) in ﬁgure 2, which leads to a rapid drop in activated mass.
We will observe that such breakup events occur for various values of system parameters. However, the
time at which they occur can vary strongly. To quantify the breakup behavior, the time until the ﬁrst
signiﬁcant drop in activated mass is considered. Intuitively, the longer it takes until the rapid drop occurs,
the more stable is the mass transport. Here, the breakup time τ b is deﬁned as the ﬁrst time that the
activated mass ma decreases signiﬁcantly. Formally,
τb = min t
t>0

d
ma (t) < 0 ,
dt

(2)

where ma is the (centered) moving average of ma . The moving average is required due to ﬂuctuations arising
in simulations. A window size for the moving average of tw = 0.5 was used, but variations of the window
size only affected the results marginally.
For an intuitive understanding of the fundamental mechanisms of aster motility and the breakup time,
the sketch in ﬁgure 3(a) can be considered, which illustrates the moving activation pattern. In the limit of
very large spring constants, the timescale for contraction is much faster than the timescale associated with
moving the activation pattern. In this limit, the collision of the aster and the newly activated mass sickle is
instantaneous so that no activated particle is lost and all activated mass is accumulated at a single point.
Because the system’s momentum vanishes, the center of mass remains invariant, and all mass is collected at
the center of (activated) mass. For a constant density of particles, the center of mass is at the center of the
area that was activated at any previous time. According to the geometry presented in ﬁgure 3(a), the center
of mass’s velocity is, therefore, half of the activation area’s velocity. Without memory, the breakup occurs
5
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immediately once the center of mass leaves the activation area A, therefore,
τb = 2

r
u

(3)

so that the aster travels exactly d = 2r before breaking apart1 . For smaller spring constants, the aster will lag
behind the center of mass, leading to an earlier breakup. Therefore, the expression in equation (3) is an
upper limit for the breakup time of memoryless particles.
This prediction is indeed validated by the simulation results for ﬁnite spring constants presented in
ﬁgure 3(b). Here, the curves converge to the theoretical limit for increasing spring constants. Furthermore,
all τ b curves exhibit the inverse proportionality with respect to the velocity, generalizing the prediction of
equation (3) to ﬁnite k.
3.2. Sustained aster motility by inclusion of memory
While the simulation results presented in ﬁgure 3(b) can be well understood in the theoretical framework, it
is not representative of the experiments [32]. Speciﬁcally, the aster remains stable even after it leaves the
activation area. This discrepancy between our simple calculation and the experiment can be explained as in
the experiments the disassociation of motors is not instantaneous upon exiting the optical activation area.
In our model, we can introduce such retained activation by deactivating particles in a Poisson point process,
which surmounts in a ﬁnite (rather than inﬁnite) activation decay rate λ. Therefore, the particles do not
deactivate immediately upon leaving the activation area A, but their probability of being activated decreases
exponentially with a time constant λ−1 .
Before this extended model is simulated, the effect of activation retention will be demonstrated in the
limit of inﬁnitely strong interactions, similar to the calculation leading to the breakup time τ b in
equation (3). In the initial phase, the aster contracts and stays inside the activation area A. In this phase, the
behavior of the system is independent of the value of λ since the particles cannot deactivate while in A.
Because of the inﬁnitely strong interactions, all mass is collected by the aster. Therefore, the aster’s mass
increases linearly with a rate of 2ruρ, where 2ru is the newly activated area per unit time, and ρ is the area
mass density, i.e. the mass per unit area. After the initial phase, where the aster is in the activation area A,
activated particles continuously deactivate with rate λ. Then, assuming that the aster does not reenter the
activation area, the mass is described by the differential equation
d
m(t) = −λm(t) + 2ruρ,
dt
m(t = τb ) = (π + 4)ρr2 ,

(4a)
(4b)

where the initial condition equation (4b) arises due to the mass in the initial circle and the linear growth
that happens until τ b . Equation (4) has the solution
m(t  τb ) =

2ruρ rρ
+
[(4 + π)rλ − 2u] e−λ(t−τb ) ,
λ
λ

(5)

describing an exponential convergence to the asymptotic limit m(t → ∞) = 2ruρλ−1 after the aster leaves
the activation area. Since m(t) > 0 for all times t > 0, the aster will not decay completely, but it will remain
to have a ﬁnite mass. Therefore, we have shown that activation retention can lead to a (quasi-)stable aster,
such as those observed in the experiments [32].
Furthermore, also the experimental observation of linear scaling of the distance between the aster and
the activation area [32] (the so-called trailing distance) can be understood: one can consider the aster’s
position x(t) for times t > τ b , which can be computed by considering a small time window Δt, where the
aster fuses with the newly activated sickle at the common center of mass. Then, the aster’s position at time
t + Δt is
m(t)x(t) + Δm xSickle (t)
,
(6)
x(t + Δt) =
m(t) + Δm
where Δm = 2ruρΔt is the mass of the sickle, xSickle (t) = (t + Δ2 t )u + π2 r is the center of mass of the sickle,
and m(t) is the mass of the (growing) aster. Therefore, the aster’s position fulﬁlls the differential equation




x(t + Δt) − x(t)
dx
2ruρ
2r
= lim
−x ,
(7)
=
ut +
Δt→0
dt
Δt
m(t)
π
1

In ﬁgure 3(a), the aster would have already broken apart.
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Figure 4. Including memory in the model is necessary for the description of stable asters. In (a), the geometry of the trailing
aster is sketched, highlighting the result obtained in equation (8) in the limit of k → ∞. In (b), the breakup time τ b is shown for
k = 1 as a function of the activation-pattern velocity u and the activation decay rate λ. The solid line represents equation (9) and
separates the quasi-stable from the stable region. It can be observed that for long memory (smaller λ), the system can enter a
more stable phase increasing the aster’s stability since τ b increases. It should be noted that the darkest color indicates τ b  10 as
no breakup occurred during our simulations.

with the boundary condition x(τ b ) = 2r. Equation (7) can be solved analytically under the assumption that
the aster does not reenter the activation area so that the solution in equation (5) for m(t) is valid at all times
t  τ b . While the complete solution to equation (7) is not very insightful, the long-time limit of trailing
distance, i.e. the distance the aster is behind the center of the activation circle, has the simple form
u 2r
(8)
lim [ut − x(t)] = − ,
t→∞
λ
π
which is in excellent agreement with experimental results presented in ﬁgure 2(c) of reference [32]. In
particular, we also observe a linear dependence between the trailing distance and the activation region
speed. Even more so, our model predicts that the proportionality constant is λ−1 . Hence, the linear ﬁt in
ﬁgure 2(c) of reference [32] can be used to estimate λ−1 ≈ 2 min, which is slightly larger than the value
expected in reference [32] (λ−1 reference [32] ≈ 30 s), but still comparable in size.
It should be noted that equation (8) is only valid if λu − 2rπ > r, so that the aster does not reenter the
activation area. This condition can be reformulated as a (lower) critical velocity condition


2
u> 1+
rλ,
(9)
π
differentiating between a stable and a quasi-stable aster in the following sense: if equation (9) is fulﬁlled, the
aster trails at a constant distance behind the activation area, and the aster is indeﬁnitely stable in this
simpliﬁed treatment. This situation is sketched in ﬁgure 4(a). However, if equation (9) is violated, the aster
can reenter, and the calculation leading to equation (8) is no longer valid since m(t) no longer has the
simple solution presented in equation (5). In this situation, we expect that the aster oscillates around the
activation area’s trailing edge by gaining mass, therefore leaving the activation area, then losing mass, and
therefore reentering the activation area. Because the aster will momentarily lose mass (upon leaving the
activation area), we describe this regime not as stable but as quasi-stable.
7
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Irrespective of the regime, we have shown that even for small activation retention, the aster persists.
Furthermore, given a large enough velocity, the aster trails the activation area. Both these observations are
in agreement with the experimental observations [32]. Up to now, no differentiation between a quasi-stable
and a stable regime has been reported. Direct experimental conﬁrmation based on the activated mass is
challenging since the experiments are not sensitive to the activated mass but to light absorbed by the
microtubules. However, future experiments might be able to differentiate the two regimes based on the
trailing distance, which, in one case, increases linearly with velocity, and in the other case, should oscillate
around r.
Additionally, the experiment observed a maximal velocity of the activation area A, after which no aster
is formed, which is not observed in the simple calculation. This difference can be understood in the
following way: if the timescale for aster contraction is longer than the illumination time, then the aster
cannot form. In our model calculation, however, the contraction is instantaneous due to the assumption of
inﬁnite interaction strengths. Therefore, this assumption has to be relaxed.
Analogous to the previous section, the approximation of inﬁnitely strong interactions can be relaxed
using simulations. An example for the simulation of a stable aster is provided in the supplemental material
(https://stacks.iop.org/NJP/23/083001/mmedia)2, demonstrating that a stable aster can be formed in our
model. To further quantify the behavior, we use the breakup time τ b as deﬁned in equation (2), to measure
the system’s stability for systems with ﬁnite spring constants. We present the simulation results of τ b (u, λ)
for a system with k = 1 in ﬁgure 4(b), where we additionally overlay a solid black line for the condition
equation (9), distinguishing stable from quasi-stable asters. While equation (9) was derived for k → ∞, the
underlying τ b data seems to indicate that this condition is a good approximation even if k becomes ﬁnite.
Above the solid-black line, only quasi-stable asters exist, and the mass drops immediately upon asters
leaving the activation zone. Hence, the breakup time describes the ﬁrst time the aster leaves the activation
area so that τ b is independent of λ. In contrast, for stable asters trailing the activation area, the breakup
time τ b can be considerably longer, but not inﬁnite as for the inﬁnite interaction strength case. Indeed, the
now ﬁnite aster contraction velocity competes with the activation pattern velocity, which makes asters less
stable at higher velocities, which can be observed in our data as well as the experiment.

4. Description of the aster–aster interaction geometry
As a second example for the applicability of our model, we apply it to simulate the aster–aster interaction.
In analogy to the experimental setup probing the aster–aster interactions [32], we consider a geometry as
sketched in ﬁgure 5(a). The purpose of this geometry is to form initial aster is the two large circular areas
which then interact via the connecting ‘bridge’ that facilitates the merger.
This interaction geometry is simulated with the model presented in equation (1), for 20 × 103 particles,
with a time step of Δt = 5 × 10−3 , and λ = 0 so that once activated particles always remain activated.
Otherwise, identical simulation parameters as for the previous simulations are applied. Furthermore, an
activation circle radius of r = 0.5, a bridge width w = 0.25, and a half-center distance l = 1.5 are used.
Snapshots of the system (ﬁgure 5(b), additional videos with different l in the supplemental material)
demonstrate that this activation pattern leads to the merger of two asters as observed in the experiment
[32].
To quantify this behavior and to compare it with the experiment, we want to determine the aster–aster
distance as a function of time. To measure the pairwise distance between aster cores, we construct the
histogram of the x-components of all particles at a ﬁxed time t. We then ﬁt the histogram with the
(heuristic) function





(x + x0 )2
(x − x0 )2
(10)
+
exp
−
+ Cχ[−x0 ,x0 ] (x),
h(x) = A + B exp −
σ2
σ2
for the parameters A, B, C, x0 , and σ. The parameter A denotes a constant background, and the term
proportional to C determines an additional contribution to the linking bridge. In this linking bridge term,
χ[−x0 ,x0 ] is the characteristic function of the interval [−x0 , x0 ], which returns 1 for arguments in the interval
from −x0 to x0 and 0 otherwise. The term proportional to B denotes the two peaks arising from the asters.
Here, we used that the center of the system is aligned with the origin of the simulation. It should be noted
that the ﬁt cannot be used in the ﬁrst time step since the asters have not yet formed.
The results for the aster-to-aster distance 2x0 using this ﬁtting procedure are presented in ﬁgure 5(c) for
several different activation-function distances l as a function of time. This ﬁgure can be compared with
2
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Figure 5. Simulation of the model for interacting asters. In (a), the geometry of the simulation is depicted, illustrating the
parameters r, w, and l. In (b), illustrations of the system conﬁguration are displayed, illustrating the time evolution of the system
for r = 0.5, w = 0.25, and l = 1.25. Here, particles are again colored by their velocity, ranging from violet if they are at rest to
yellow for the highest velocity particles. Finally, in (c), the separation between the asters as a function of time is shown for several
different separations of activation circles 2l. As observed experimentally [32], the aster-aster separation seems to decay
exponentially fast.

ﬁgure 2(e) from reference [32], where several qualitative agreements can be observed: Both in the
experiment and the model, the asters merge, indicated by a separation decreasing to 0. Furthermore, all
curves remain ordered by their initial distance, as observed in the experiment. Finally, the decrease of aster
separation seems to be exponential in the model and also seems to be exponential in the experiment, at
least at later stages. However, the experimental decay seems to be tapered off initially, not observed in the
model. This difference might arise due to a ﬁnite interaction range in the experiment, in contrast to using
9
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the limit Rc → ∞ in equation (1c) in the simulations. Nevertheless, a great phenomenological agreement
can be observed between the experiment and the simulations, also for the aster–aster interaction geometry.

5. Conclusions
In conclusion, in this paper, a novel point-like-particle model was introduced to describe the
phenomenology of light-activated microtubule-kinesin systems [32]. The model possesses sufﬁciently
elementary limits to derive analytic results while at the same time being versatile enough to include further
effects, such as retained activation. Our analysis of the model reveals that the transport arises due to the
conservation of the center of mass of activated particles, which can be shifted using the spatiotemporal
modulation of interactions, leading to a controlled mechanism for motility. Furthermore, the calculations
demonstrate that aster motility is limited due to the mass accumulation without introducing memory.
However, if the system is amended with memory in terms of activation retention, asters can persist, possibly
even indeﬁnitely. Therefore, including memory in this model is essential to describe experimental systems
adequately.
Additionally, simulations were used to verify the model and to analyze applications such as aster motility
or aster-aster interactions. For all applications, a good agreement with the phenomenology of the
experiments [32] could be observed. For example, we demonstrated how the linearly scaling trailing
distances arise for motile asters, and we observed the exponential velocity scaling during aster–aster
merging. These observations demonstrate our model’s applicability to gain insight into this novel class of
systems.
Hence, we have shown that the model proposed in this paper can be used to explain the phenomenology
of experiments, such as those presented in reference [32]. Therefore, protein-based active matter and our
interaction-based model are an ideal starting point for systematically analyzing microscopic effects
emerging from self-organization. Due to the model’s versatility, various other features could be analyzed.
For example, more realistic particle-particle interactions or the ﬁnite extent of particles could be analyzed.
Moreover, we limited our discussion to two possible activation patterns A, inspired by recent experiments
[32]. However, various other patterns could be imagined [22, 37], which could lead to exciting
light-activated matter systems.
In such situations, however, our model might require an extension to include ﬂuid dynamics. While we
could describe the phenomenology well for the situations described in reference [32], recent experiments
have studied the interaction between active matter and the surrounding ﬂuid [37]. If these interactions
become relevant, the phenomenological model presented here has to be amended with ﬂuid-matter
interactions. Nevertheless, we expect our model to serve as an intuitive guide for designing applications and
to enable rapid prototyping of novel systems.
Our implementation used several scientiﬁc libraries [38–41] and is available online [42].
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