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ABSTRACT 

       Boundary conditions are important for pattern formation in active matter. However, it is still 

not well-understood how alterations in the boundary conditions (dynamic boundary conditions) 

impact pattern formation. To elucidate the effect of dynamic boundary conditions on the pattern 

formation by active matter we investigate an in vitro gliding assay of microtubules on a deformable 

soft substrate. The dynamic boundary conditions were realized by applying mechanical stress through 

stretching and compression of the substrate during the gliding assay. A single cycle of stretch-and-

compression (relaxation) of the substrate induces perpendicular alignment of microtubules relative to 

the stretch axis, whereas repeated cycles resulted in zigzag patterns of microtubules. Our model 

shows that the orientation angles of microtubules correspond to the direction to attain smooth 

movement without buckling, which is further amplified by the collective migration of the 

microtubules. Our results provide an insight to understand the rich dynamics in self-organization 

arising in active matter subjected to time-dependent boundary conditions. 
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Different types of active matter are well known for their fascinating pattern formation in 

crowded conditions.1-5 Theoretical1, 6-8 and experimental studies9-21 suggest that the pattern formation 

is dependent on the local interactions among the individual units. Boundary conditions, e.g. geometric 

confinement, 10, 12, 13, 19, 25 and the environment, 26-29 also play a critical role in the organization of 

active matter. In particular, inducing asymmetry in the environment by a magnetic field,11, 26, 27 

mechanical field,29 flow field,25 or light9 can affect the pattern formation of active matters.  However, 

self-organization of active matter under dynamic boundary conditions has been receiving growing 

interest,30-35 in which new phenomena may emerge from the interacting dynamics of active matter 

and the time-dependence of the boundary conditions. Cytoskeletal filaments driven by motor proteins 

on a substrate are now a classic realization of active matter.13-25, 30 A deformable substrate would 

provide a means to modulate the boundary conditions for the gliding cytoskeletal filaments. Recently, 

we developed a system that allows the application of uniaxial stretching stimuli to microtubules 

driven by kinesin-1 on an elastomer substrate (Figure 1a, Figure S1).36 Our system allows the 

application of various modes of stretching to the gliding cytoskeletal filaments, which in turn 

facilitates manipulation of the dynamic boundary conditions. Here, by deforming the substrate 

through stretching and compression, we investigate the effect of dynamic boundary conditions on the 

pattern formation by gliding microtubules in crowded conditions.  

 

RESULTS AND DISCUSSION 

Application of single-step stretching: We first initiated the formation of a streaming flow of 

microtubules on a kinesin coated silicone elastomer substrate by absorbing microtubules at a surface 

density (ρ) above the previously determined threshold of ρ = 6 × 105 filaments per mm2 (Figures 1a-

c and Figure S1, Movie S1).20, 36 The streaming flow was fully formed two hours after the initiation 

of microtubule gliding. Then we applied a single stretching cycle where we elongated the substrate 

to a strain of 75% at a strain rate of 𝜀𝜀̇ = 0.012 s-1, and compressed it back to its original length at the 
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same rate (Figure 1d). After the stretching cycle, the wavy streaming pattern of the gliding 

microtubules was destabilized, and the streaming flow reorganized itself into a flow aligned 

perpendicular to the stretching axis (Figures 1e and 1f, Movie S2). The perpendicular alignment of 

the flow relative to the stretch axis developed over a timescale of a few minutes after the stretching 

cycle. After reaching a steady state the alignment remained stable for several hours when the 

microtubule density was higher than the critical density required to form the streaming flow. This is 

quantified by the time dependence of the nematic order parameter, S, obtained by analysing the time-

lapse fluorescence microscopy images (Figure 1g).20 For microtubule densities lower than the critical 

density, the perpendicular alignment decayed to a random state within minutes as we reported in our 

previous work36 (Figure 1g and Figure S3). To monitor the movement of microtubules in the highly 

dense streaming flow, we used Alexa488 (green) labelled microtubules mixed with TAMRA (red) 

labelled microtubules and observed the formation of the streaming flow. By monitoring the green 

microtubules we found that microtubules that deviated from a path aligned with the stream were soon 

entrained by collisions with nearby microtubules (Figure 2a, Movie S3, S4). Thus, the long-lived 

stability originates from the nematic interaction between the neighbouring microtubules.18 The 

nematic interaction may also catalyse the orientation process of microtubules forming streaming flow 

since the stretch induced orientation of microtubules was amplified with time, whereas it decayed 

after stopping the stretching in the absence of the nematic interaction (Figure 1g, 2b Figure S2, S3). 

However, even in the presence of the nematic interaction, the reorganization did not take place when 

the applied strain was smaller than 20% regardless of the strain rate in the range of 0.012 to 0.2 s-1 

(Figure S4). This result suggests that there is a critical strain, εc to amplify the orientation of 

microtubules by the nematic interaction. As reported in our previous work, the application of higher 

strain increased the number of perpendicularly oriented microtubules against the stretch axis just after 

stopping the compression process of the substrate (Figure S5).36 The amplification of the global 

orientation might have been driven by the small number of entities which were oriented by stretching 
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(Figure 2b, c). This hypothesis is supported by a Vicsek model-based simulation which is provided 

in the Supplementary Information (Figure S6, S7, Movie S5).   

To check that realignment was caused by the substrate deformation and not by the fluid shear 

flow caused by the substrate deformation, the substrate was replaced by a glass substrate in the gliding 

assay of microtubules.  The movable frame of the stretch chamber was moved back and forth at a 

speed equal to that used to stretch substrate at the strain of 75% and a strain rate of 𝜀𝜀̇ = 0.012 s-1. 

However, no changes in orientation were observed for the gliding microtubules, which confirms that 

the realignment of microtubules on the elastomer substrate is not resulting from fluid shear flow 

generated by the stretching/compression of the elastomer substrate (Figure S8). 

 

Application of cyclic stretching: Cyclic stretching (repeated cycles of ‘elongation of the elastomer 

substrate followed by compression back to the initial length’) stimulated a different response of the 

microtubules compared to that observed in a single stretching cycle. Cyclic stretching with a strain 

of 20% at a strain rate of 0.04 s-1 and a frequency of 0.1 Hz reorganized the streaming flow of 

microtubules into a unique zigzag pattern with two characteristic orientation angles of 64.7 ± 2.8° 

and 116.4 ± 1.1° (mean ± s.d., Figure 3a and Figure S9). Since pattern formation was not observed 

in the single stretching cycle experiment at a strain of 20%, the zigzag pattern formation under cyclic 

stretching must originate from the accumulation of small changes in microtubule alignment which 

are not detectable in the single stretching cycle experiments. The formation of the zigzag patterns 

was not affected by changes in the stretching frequency within the range of 0.1 Hz to 1 Hz (Figures 

3b to 3d and Figure S9, Movie S6). The distance between two consecutive bending points of the 

zigzag track (half a wavelength) was broadly distributed (113 ± 57 μm and 99 ± 67 μm (mean ± s.d.) 

for high density and low-density areas of microtubules, respectively; n = 50, Figure S10). A 

comparison of the same field of view between before and after cyclic stretching shows that the initial 

distribution of microtubules appears to determine the wavelength of the zigzag tracks (Figure S11). 
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Since the microtubule streams are wavy on the length scale of the microtubule trajectory persistence 

length (measured to be 386 ± 81 μm), the distance between bending points is of similar magnitude. 

The zigzag pattern of the microtubules exhibited prolonged stability and retained their orientation 

angles (Figure S12, Movie S7). This indicates that the nematic interaction between microtubules also 

plays an important role in maintaining the zigzag pattern as observed in the long-lived perpendicular 

orientation of microtubules in the single-step stretching experiments. In vitro experiments below the 

critical density of microtubules showed that the alignment with the characteristic angles was not as 

prominent as observed in the high microtubule density conditions although small peaks were 

observed around the two characteristic orientation angles in the angular distribution of microtubules 

(Figure S13). Such weak response of microtubules to mechanical stimuli was also observed in the 

single stretching cycle experiment (Figure 1g, Figures S4), which suggests that streaming reinforces 

the realignment process of microtubules (detailed discussion is available in the Supplementary 

Information).  

Since it is conceivable that the stretching/compression cycles do not only affect the 

microtubule organization but also the distribution of kinesin on the surface, we imaged the GFP-

kinesin after the formation of the zigzag patterns and found that the uniform distribution of kinesin 

motors was maintained (Figure S14). We attribute this to the strong bonds between the surface, the 

anti-GFP antibody, and the GFP-kinesin, which make it more likely that unbinding and rebinding 

between kinesin-microtubule occurs during the deformation of the elastomer substrate. 

 

Mechanism of orientation of microtubules: The orientation of gliding microtubules is determined 

by the leading tip, because the middle and tail of the microtubule follow the tip along the kinesin 

attachment points to the surface.37 On a smooth and static kinesin-coated surface, the movement of 

an individual microtubule is a persistent random walk with a trajectory persistence length of 386 ± 

81 μm, because the large stiffness of the microtubule permits only small thermal fluctuations of the 
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tip direction as the microtubule advances.38 This behaviour can be reproduced in Brownian Dynamics 

simulations,39 which include the force-induced detachment of kinesin motors from the microtubule. 

40 As our previous study has shown experimentally and in Brownian Dynamics simulations,36 a 

gliding microtubule aligned with the stretch axis will remain straight and aligned during the stretching 

phase (although the motors will detach and reattach to accommodate the substrate strain), while it 

will buckle during the compression phase. The tip of the buckled microtubule will now be oriented 

under an angle to the stretch axis, and the microtubule will glide in a new direction. Microtubules 

aligned perpendicularly to the stretch axis will experience the same process in reverse, because the 

strain in the perpendicular direction is reversed in sign but smaller (depending on the Poisson ratio) 

(Figure 4a, Figure S15). Buckling followed by stretching will largely maintain the orientation of the 

tip according to the stretch axis, so that overall a perpendicular orientation is preferred. This 

preferable orientation is amplified and stabilized for a long time due to another factor, nematic 

interactions between microtubules (Figure 1g, Figure S7). 

The emergence of zigzag patterns in cyclic stretching is surprising in the context of the above 

explanation, because an additional factor has not been described: During uniaxial stretching and 

compression, there are two directions along which the substrate neither expands nor contracts because 

the extension/compression along the stretch axis is precisely balanced by the compression/extension 

of the substrate perpendicular to the stretch axis (Figure 4b). These angles can be geometrically 

calculated to correspond to arctan (1/ν), where ν is the Poisson ratio. For ν = 0.43 at 20% strain, this 

corresponds to angles of 66.7° and 113.3° which matches the experimentally observed angles of the 

zigzag pattern (Figure 4c). Our Brownian dynamics simulations support this as well: At this relatively 

high Poisson ratio, microtubules aligned at angles other than the characteristic ones buckled (Figure 

S16). In contrast, a microtubule aligned at 66° against the stretch axis did not show such buckling 

(Figure S16). The preference for these deformation-free angles combined with the stabilizing nematic 

interactions explains the observation of zigzag patterns at low strain.  
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Interestingly, the disappearance of the zigzag pattern at higher strains (≥40%) likely originates from 

the strain-dependent Poisson ratio of the substrate material. At 40% strain, the Poisson ratio has 

dropped to 0.3 (Figure S15) with deformation-free angles of 73° and 107°. Yet, the system 

compromises on a 90° alignment instead of a zigzag orientation (Figure S17).  This abrupt transition 

merits further study in the future. Thus the zigzag pattern is present only in a narrow window, where 

the strain is large enough to destabilize angles other than the deformation-free angles and small 

enough so that the Poisson ratio is high and the system does not settle on perpendicular alignment.  

      

Application of radial stretching: Based on the above discussed mechanism of the pattern formation, 

we are able to design patterns. By indenting the elastomer substrate from the bottom with a  spherical-

shaped indenter tip (diameter: 1 mm) by 10 mm at a rate of 0.08 mm s-1, we applied radial stretching 

and returned the substrate to the undeformed state. A 3D view of the indented substrate and strain 

distribution are shown in Figure S18. As explained above, when the elastomer substrate is subjected 

to stretching at a high stretching strain, microtubules orient perpendicularly against the axis of the 

maximum principal stress. Judging from the shape and stress pattern of the indented substrate (Figure 

S18), the maximum principal stress axes should be radially distributed around the indenter tip as 

shown in the schematic diagram in Figure 5d but not toward azimuthal axes.41, 42 The perpendicular 

orientation against these radial stress axes during indentation resulted in the formation of vortex 

alignment of microtubules around the indenter tip (Figure 5a-e and Figure S19, Movie S8). However, 

at the periphery of the substrate, vortex formation was not prominently observed even after 30 min 

of indentation (Figure 5f, and Figure S19) since the local strain was below the critical strain εc (Figure 

S2b and S18). However, these non-oriented microtubules were finally incorporated into the large 

vortex, which resulted in the growth of the vortex with time (Figures 5f and 5g). The diameter of the 

vortex eventually reached 15 mm after 24 hours, which is 10 million times larger than the length of 

the individual microtubules. The growth of the vortex is again due to the nematic interaction between 
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microtubules which forces non-oriented microtubules to align along the orientated microtubules. The 

circular trajectories of the microtubules were sustained even after a part of the vortex was scratched, 

due to quick repair of the pattern by the neighbouring motile microtubules (Figures 5i and 5h). 

 

CONCLUSIONS 

 In conclusion, by applying mechanical stimuli to microtubules gliding on a deformable 

substrate, we investigated the effect of time-dependent boundary conditions on the pattern formation 

of active matter i.e., kinesin-driven microtubules. We found that the existence of orientation angles, 

which do not experience stretching or compression due to the Poisson ratio of the silicone elastomer 

substrate at 20% strain (ν = 0.43), creates dynamically stable gliding directions for the microtubules. 

All other gliding directions are unstable, and the microtubule orientations slowly converge towards 

either one of the stable angles, which makes repeated stretching and compression cycles necessary 

for the zigzag pattern formation. At high strains (≥40%) the Poisson ratio of the silicone elastomer 

substrate is smaller (ν ≤ 0.3), which increases the deformation free angles and leads the system to 

settle on perpendicular alignment. The nematic interactions between microtubules at high densities 

are critical for sharpening and stabilizing the process. The programmable reorganization of our rod-

like motile agents into different patterns reflecting the mode of stretching demonstrates the flexibility 

and adaptability of the active system to its dynamic environment. These findings highlight the rich 

dynamics in self-organization of active matter arising from the time-dependent boundary conditions.  
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MATERIALS AND METHODS 

Expression and purification of proteins: Tubulin was purified from porcine brain using a high-

concentration PIPES buffer (1 M PIPES, 20 mM EGTA, 10 mM MgCl2; pH adjusted to 6.8 using 

KOH). High-molarity PIPES buffer and BRB80 buffer were prepared using PIPES from Sigma.43 

Recombinant GFP-fused kinesin-1 consisting of the first 560 amino acid residues of human kinesin-

1 (K560-GFP-His6) was prepared by partially modifying previously reported expression and 

purification methods.44 In brief, after elution of kinesin from the Ni-NTA column in the original 

protocol, dialysis was performed to reduce the salt concentration in the kinesin elution buffer by using 

a dialysis tube (50 kD, 7.5 mm diameter; model Spectra/Por 6, Spectrum, Houston, TX). Then the 

kinesin was subjected to an additional microtubule affinity purification step as described in the 

original literature. The MAP4 fragment, which was used as isoform fragment polypeptides (PA4T) 

containing the microtubule-binding domain, was purified as described in literature.45  

 

Preparation of labelled tubulin and microtubules: Rhodamine- and Alexa488-labelled tubulin 

were prepared using 5/6-carboxy-tetramethyl-rhodamine succinimidyl ester (TAMRA-SE; 

Invitrogen) and Alexa488 succinimidyl ester (Invitrogen), respectively, according to a standard 

technique.46 The labelling ratio was 1.0 for both cases, and was estimated by measuring the 

absorbance of the protein at 280 nm and that of TAMRA and Alexa488 at 555 nm and 488 nm with 

a UV spectrophotometer (Nanodrop 2000c).  Rhodamine- or Alexa488-labelled microtubules were 

obtained by polymerising a mixture of rhodamine- or Alexa488-labelled tubulin (TT or AT) and non-

labelled tubulin (WT) (AT or TT: WT = 4:1; final tubulin concentration, 55.6 μM) using guanosine 

triphosphate (GTP) at 37 °C. The microtubule solution was then diluted with motility buffer (80 mM 

PIPES, 1 mM EGTA, 2 mM MgCl2, 0.5 mg mL-1 casein, 1 mM DTT, 10 μM paclitaxel and ~1% 

DMSO; pH 6.8).  
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In vitro gliding assay: A polydimethylsiloxane-based polymer substrate (6.8 × 5 × 0.05 mm3, L × W 

× T; Fuso Rubber Industry Co., Ltd) was fixed to the movable frame of the stretch chamber. The 

surface of elastomer substrate was exposed to plasma for 1 min by a plasma etcher (SEDE-GE; 

Meiwafosis Co., Ltd.) to obtain a hydrophilic surface. Anti-GFP antibody (Invitrogen) at 0.04 mg 

mL-1 (10 μL) was applied to the surface of the substrate (Figure S1d). After incubation for 3 min, the 

surface of the substrate was washed with 5 μL of casein solution (80 mM PIPES, 1 mM EGTA, 1 

mM MgCl2, ~2 mg mL-1 casein; pH adjusted to 6.8 using KOH) and incubated for 2 min. Then, 10 

μL of 200 nM kinesin solution in motility buffer was introduced and incubated for 3 min to bind the 

kinesin to the antibody at a density of approximately 400 molecules μm-2. The surface of the elastomer 

substrate was washed with 10 μL of motility buffer. Next, 10 μL of 5 μM microtubule solution was 

introduced and incubated for 3 min, followed by washing with 20 μL of motility buffer; 5 μL of 0.25 

μM isoform fragment polypeptide of MAP4 (MAP4 fragment; PA4T) containing a microtubule-

binding domain which induces weak attractive interaction among microtubule filaments to maintain 

the density of microtubules for a long time20 and incubated for 3 min, followed by washing with 20 

μL of motility buffer. Then, 100 μL of motility buffer supplemented with 10 mM ATP and 0.33 wt% 

methylcellulose (ATP buffer), which induces attractive interactions among microtubules due to the 

depletion force, was dropped on the cover glass (40 × 50 mm2; MATSUNAMI) on the bottom of the 

stretch chamber (Figure S1d). After closing the stretch chamber, humid nitrogen gas was passed 

through the chamber to remove any oxygen from the chamber. After passing the nitrogen gas for 30 

min, the stretcher part equipped with the elastomer substrate was lowered until it contacted the ATP 

buffer on the bottom cover glass to initiate motility of microtubules. The time of ATP addition was 

set as −125 min before application of stretching, and microscopic observation was initiated. The 

aforementioned experiments were performed at 23 °C.  
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Application of stretching stimuli: We used a stretch chamber to apply a stretching stimulus to 

moving microtubules.36 The stretch chamber was mounted on an inverted light microscope and was 

connected to a N2 gas line so that the stretching experiment could be conducted in an inert 

atmosphere.47, 48 The elastomer substrate attached to the movable frame was elongated to the specified 

length using a computer-controlled stepping motor (SGSP-13ACT-B0; Sigma-Koki) at the prescribed 

strain rate, which was then followed by compression back to its initial length. The stretching stimulus 

was applied to the microtubules in two different manners: single-step and cyclic stretching. In the 

single-step stretching experiment, the microtubules were subjected to single uniaxial stretching 

stimulus of different stretch strains (ε =10%, 20%, 30%, 50% and 75%) at a stretch strain rate of 

0.012 s-1 after 2 hours of ATP addition. At a stretch strain of 20%, the stretching stimulus was applied 

to microtubules at different strain rates (0.012 s-1, 0.04 s-1 and 0.2 s-1). In the cyclic stretching 

experiment, a uniaxial cyclic stretching stimulus was continuously applied to microtubules at the 

threshold stretching strain, εc =20%, at different stretch frequencies (0.03 Hz, 0.1 Hz, 0.5 Hz and 1.0 

Hz), except for a short pausing time (2 min) for image acquisition. 

 

Application of radial stretching: Radial stretching was applied to microtubules by employing an 

indentation chamber (Figure 5a-c). To apply radial stretching, we pressed a spherical-shaped  indenter 

chip connected with a stepping motor into the silicone elastomer surface (15 × 15 × 0.05 mm3, L × 

W × T; Fuso Rubber Industry Co., Ltd) fixed to the indentation chamber and then returned it back to 

the initial position by 10 mm and 𝜀𝜀̇ = 0.08 mm s-1. 

 

Microscopic image capture: The samples were illuminated with a 100W mercury lamp and 

visualised with an epifluorescence microscope (Eclipse Ti, Nikon) using an oil-coupled Plan Apo 60 

× 1.40 objective (Nikon) and a dry Plan Fluor 20 × 0.50 objective (Nikon). Filter blocks with UV-cut 

specifications (TRITC: EX540/25, DM565, BA606/55; GFP-HQ: EX455-485, DM495, BA500-545; 
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Nikon) were used in the optical path of the microscope to allow for visualisation of samples. Images 

and movies were captured using a CMOS camera (Neo sCMOS; Andor) connected to a PC. To 

capture a field of view for more than several minutes, ND filters (ND4, 25% transmittance) were 

inserted into the illuminating light path of the fluorescence microscope to avoid photobleaching.  

 

Image analysis for orientation of gliding microtubules: Movies of the microtubules captured by 

fluorescence microscopy were analysed using Adobe Photoshop CC and Image J, including “Image 

J plugin Orientation J” (http://bigwww.epfl.ch/demo/orientation/) and “MTrack J 

(http://www.imagescience.org/meijering/software/mtrackj/)”. We used Orientation J, which 

quantifies the anisotropy of microtubules by calculating the pixel intensity of a specified area (2560 

× 2160 pixels), to obtain circular histograms of the frequency of the angle between microtubule and 

the stretch axis. 

 

Calculation of the nematic order parameter, S: The nematic order parameter, S was calculated by 

using Equation (1).20  

 𝑆𝑆 =  
1
𝑁𝑁𝑀𝑀𝑀𝑀

���𝑅𝑅𝑖𝑖cos2𝛩𝛩𝑖𝑖

180

𝑖𝑖=0

�

2

+ ��𝑅𝑅𝑖𝑖sin2𝛩𝛩𝑖𝑖

180

𝑖𝑖=0

�

2

       (1) 

where NMT refers to total number of pixels involved to microtubules in a movie frame detected by 

sliding the Gaussian analysis window applied to the fluorescence intensity distribution over the entire 

image. 𝛩𝛩𝑖𝑖 is the local angle of a group of microtubules against the stretch axis, which was evaluated 

for every pixel of the image of microtubules based on the structure tensor. The range of 𝛩𝛩𝑖𝑖 was fixed 

from 0° to 180° based on the symmetry of horizontally aligned microtubules with respect to the 

stretching direction. Ri is the frequency at the angles 𝛩𝛩𝑖𝑖. S = 0 and S = 1 represents random and 

oriented alignment of microtubules, respectively. 
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Computer simulations: In this work, we performed two different computer simulations. One is a 

Brownian dynamics simulation of individual microtubules at low density (n =100) to visualize the 

morphology of microtubules aligned at different angles during cyclic stretching, which supports our 

theoretical considerations on the angle of no elongation/compression. Another is a Vicsek model 

based simulation to elucidate how the nematic interaction between microtubules affects their 

orientation at high density condition when it is biased by pre-oriented microtubules, which is 

mimicking the posterior orientation process of microtubules after finishing the application of 

stretching (Supplementary discussion). 

 

Brownian dynamics simulation (single microtubule / stretched surface interaction via kinesin): 

The method for Brownian dynamics simulations of the individual microtubules was adapted for this 

study from previous works.36, 39 Briefly, we simulated the three-dimensional movement of 

microtubules propelled by kinesin motors on compression of the substrate. The microtubules were 

subject to the constraint:                                                            

                                                                        𝑧𝑧 ≥ 0  (2) 

We consider the microtubules to be infinitely thin and inextensible semi-flexible bead-rod polymers 

with a bending stiffness of 11.0 pN∙μm2. The length of microtubules was set at 20 μm, corresponding 

to the most frequent value of the distribution of microtubule length in our experiment, and each 

simulated microtubule consisted of 40 rigid segments. Microtubule movement was simulated with 

Brownian dynamics under the constraint of fixed segment length. 

Kinesin motors were randomly distributed over the allowed surfaces by specifying the 

positions of the kinesin tails. The surface density of kinesins was set to 40 μm-2. The contraction of 

the substrate was simulated by changing positions of kinesin tails (𝑥𝑥𝑡𝑡𝑡𝑡𝑖𝑖𝑡𝑡,𝑖𝑖(𝑡𝑡), 𝑦𝑦𝑡𝑡𝑡𝑡𝑖𝑖𝑡𝑡,𝑖𝑖(𝑡𝑡)) with the 

following expressions: 
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𝑥𝑥𝑡𝑡𝑡𝑡𝑖𝑖𝑡𝑡,𝑖𝑖(𝑡𝑡) = 𝑥𝑥0,𝑡𝑡𝑡𝑡𝑖𝑖𝑡𝑡,𝑖𝑖 + 𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚
2

�1 − 𝑐𝑐𝑐𝑐𝑐𝑐(2𝜋𝜋𝜋𝜋𝑡𝑡)�𝑥𝑥0,𝑡𝑡𝑡𝑡𝑖𝑖𝑡𝑡,𝑖𝑖      (3) 

 𝑦𝑦𝑡𝑡𝑡𝑡𝑖𝑖𝑡𝑡,𝑖𝑖(𝑡𝑡) = 𝑦𝑦0,𝑡𝑡𝑡𝑡𝑖𝑖𝑡𝑡,𝑖𝑖 −
𝜈𝜈𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚
2

�1 − 𝑐𝑐𝑐𝑐𝑐𝑐(2𝜋𝜋𝜋𝜋𝑡𝑡)�𝑦𝑦0,𝑡𝑡𝑡𝑡𝑖𝑖𝑡𝑡,𝑖𝑖     (4) 

where 𝜀𝜀max is the maximum strain (0.2), σ is the Poisson ratio, f is the frequency of the stretching 

(0.1 Hz), 𝑥𝑥0,𝑡𝑡𝑡𝑡𝑖𝑖𝑡𝑡,𝑖𝑖 and 𝑦𝑦0,𝑡𝑡𝑡𝑡𝑖𝑖𝑡𝑡,𝑖𝑖 are the positions of kinesin tails without any strain. According to our 

measurement, the Poisson ratio was a function of strain (𝜀𝜀) and can be well described as: 

                                       σ(𝜀𝜀) = 0.5 − 0.45(1 − 𝑒𝑒−1.2𝜀𝜀)      (5) 

We set ν to 0.45 for the strain of 20% which is used in the experiment. If a microtubule segment came 

close to a kinesin motor tail within a capture radius (w = 20 nm),49 the kinesin motor was assumed to 

be bound to the microtubule segment, and the position of the motor head was specified on the 

microtubule segment. The bound kinesin acted as a linear spring between the motor head and tail 

with the spring constant of 100 pN μm-1 and with zero equilibrium length, and exerted a pulling force 

on the microtubule segment. The pulling force was divided into two forces which acted on the two 

beads located at either end of the microtubule segment where the kinesin motor was bound, under the 

condition that the total force and torque on the segment remained the same. 

The head of the bound kinesin motor moved toward the microtubule plus end with a force-dependent 

velocity expressed as 

                                                         𝑣𝑣(𝐹𝐹∥) = 𝑣𝑣0 �1 − 𝐹𝐹∥
𝐹𝐹𝑠𝑠𝑠𝑠𝑚𝑚𝑠𝑠𝑠𝑠

� (6) 

where v0 is the translational velocity without applied forces, 𝐹𝐹∥ is the component of the pulling force 

along the microtubule, and Fstall is the stall force of kinesin motors. v0 was set at 0.4 μm s-1; Fstall was 

set at 5 pN.50 

A kinesin motor bound to a microtubule was assumed to detach either when the pulling 

force exceeded the detachment force of 7 pN,40 or when the kinesin reached the microtubule plus end. 

We neglected spontaneous dissociations of kinesin motors from microtubules. The simulation result 

was visualized with ParaView (http://www.paraview.org/). 
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Figure 1. Preferential alignment of microtubules under uniaxial single-step stretching stimulus. (a) 

Schematic diagram showing the in vitro gliding assay of microtubules on an elastomer substrate (b, 

e). Time evolution of streaming flow formation of microtubules before and after the application of 

uniaxial stretching of 75% final strain at a stretching rate of 0.012 s-1. The time of application of 

stretching was set as 0 min.  The length and mean velocity of microtubules were 20.0 ± 10.0 μm and 

180 ± 20 nm s-1 (mean ± s.d.), respectively. Scale bars: 50 μm. (c, f) Circular histograms showing the 

distribution of the orientation angles of microtubules, Θ (0°≤Θ≤180°)  before and after the application 

of the stretching. (d) Definition of stretching strain; ε = 𝛥𝛥𝐿𝐿
𝐿𝐿0

× 100 (%) where L0 is initial length of 

substrate (6.8 mm) and ΔL is the change of length (mm) after applying strain. (g) Time course of the 

nematic order parameter, S at the high-density condition (ρ = ~6 × 105 filaments per mm2) of 

microtubules where streaming flow was observed and at the low-density condition (ρ = ~5 × 104 

filaments per mm2) when streaming flow is absent. The stretching strain and strain rate were 75% 

and 0.012 s-1. 
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Figure 2. Amplification of the preferential alignment of microtubules by nematic interaction between 

microtubules. (a) Derailment of an individual microtubule from the global orientation of the flow 

after a horizontal stretching stimulus. Time-lapse fluorescence microscopy images show the 

movement of a single microtubule (a green microtubule pointed at with a white arrow) while derailing 

from the global perpendicular orientation of the microtubules. The microtubule moves initially 

upward (0 s), and is beginning to move right after encountering another microtubule (20 s). However, 

the rightward movement (40 s) is quickly arrested by another interaction (50 s) and upward movement 

is restored (60 s, 70 s). Here, TAMRA and Alexa488-labelled microtubules were mixed at a molar 

ratio of 7.3:1 to visualize the behaviour of individual microtubules in a perpendicular alignment of 

microtubules.  Scale bar: 10 μm. (b, c) Schematic drawing to show amplification of microtubule 

orientation after stopping the application of stretching. b is showing a local alignment by nematic 

interaction between microtubules. c is a transition from the streaming flow to the perpendicularly 

oriented flow via nematic interaction. 
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Figure 3. Zigzag pattern formation of microtubules under cyclic stretching stimuli. (a) Fluorescence 

microscopy images showing the time course of the reorganization of a streaming flow of microtubules 

under uniaxial cyclic stretching stimuli at the threshold stretching strain, ε = 20% and the stretching 

frequency of 0.1 Hz. Scale bar: 50 μm. (b) Zigzag patterns of microtubules observed at different 

stretch frequencies of 0.1 Hz, 0.5 Hz and 1.0 Hz, at a fixed stretching strain of εc = 20%. Scale bar: 

200 μm. Those representative images were captured after 210 min, 60 min and 120 min of application 

of stretching when a steady state has been reached.  (c) Circular histograms showing the distribution 

of microtubules orientation angles before stretching and at different stretching frequencies of 0.1, 0.5 

and 1.0 Hz. (d) Mean orientation angles of gliding microtubules in zigzag patterns at different 

stretching frequencies. The orientation angles were measured after 120 min of cyclic stretching with 

20% strain.  
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Figure 4. Theoretical models of microtubule orientation under stretching. (a, b) Schematic diagram 

of the deformation of elastomer substrate during a single-step stretching (ε>εc) and cyclic stretching 

(ε<εc). The graphs indicate the methods to apply stretching. Red bars on the substrate indicate 

microtubules forming perpendicular orientation against stretching axis and zigzag pattern. The σ1 and 

σ2 are the first (maximum) and second principal stress, respectively. (c) Geometrical model to attain 

characteristic orientation angles during cyclic stretching. The schematic diagram is showing 

coordinate movement of kinesin after elongation of the substrate. L and L’ indicate the distance 

between two kinesins before and after elongation of the substrate. α is the angle between the 

horizontal line and the line connecting two kinesins before elongation of the substrate. Arctan (1/ν) 

at Poisson ratio, ν = 0.43 and ε =20% gives the characteristic angles 66.7° and 113.3° at which the L’ 

becomes equal to the L. 
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Figure 5. Emergence of a large vortex under radial strain at the substrate. Experimental setup used 

to indent the silicone substrate where gliding microtubules are forming streaming flow. Outer (a) and 

inner (b) view of the indentation chamber. Scale bars: 1 cm. (c) A schematic diagram showing the 

indenter part of the indentation chamber and (d) Orientation of microtubules predicted from the 

stretch direction after application of radial stretching. (e) Fluorescence microscopy image showing 

the formation of a large vortex from microtubules under radial stretching with the indentation depth 

of 10 mm at 𝜀𝜀̇ = 0.08 mm s-1. Scale bar: 1 mm. (f) Spatiotemporal orientation of microtubules at the 

periphery of vortex. Scale bar: 1 mm. (g) Time dependent change of the order parameter in Figure 

5f. (h) Time lapse fluorescence microscopy images showing the self-repair of the damaged part 

(scratched) of vortex of microtubules. Initially the boundary between the scratched and intact part of 

the vortex is marked by the black broken line which moves over time as the repair progresses (blue 

broken line). Scale bar: 250 μm. (i) Time overlaid image of Figure 5h. Scale bar: 250 μm. 
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