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Optogenetic generation of leader cells 
reveals a force–velocity relation for  
collective cell migration

Leone Rossetti    1  , Steffen Grosser    1, Juan Francisco Abenza1,2, 
Léo Valon    3, Pere Roca-Cusachs    1,4, Ricard Alert    5,6,7   & 
Xavier Trepat    1,3,4,8 

During development, wound healing and cancer invasion, migrating cell 
clusters feature highly protrusive leader cells at their front. Leader cells 
are thought to pull and direct their cohort of followers, but whether their 
local action is enough to guide the entire cluster, or if a global mechanical 
organization is needed, remains controversial. Here we show that the 
effectiveness of the leader–follower organization is proportional to the 
asymmetry of traction and tension within cell clusters. By combining 
hydrogel micropatterning and optogenetic activation, we generate highly 
protrusive leaders at the edge of minimal cell clusters. We find that the 
induced leader can robustly drag one follower but not larger groups. By 
measuring traction forces and tension propagation in clusters of increasing 
size, we establish a quantitative relationship between group velocity and the 
asymmetry of the traction and tension profiles. Modelling motile clusters 
as active polar fluids, we explain this force–velocity relationship in terms of 
asymmetries in the active traction profile. Our results challenge the notion 
of autonomous leader cells, showing that collective cell migration requires 
global mechanical organization within the cluster.

Collective motion is a recurrent property of groups of self-propelled 
agents, including macromolecular assemblies, human crowds or robots 
swarms1–3. Although the coordination and function of these groups 
can emerge from interactions between identical constituents4,5, it is 
often mediated by specialized agents6. Small numbers of such agents 
can either disrupt or enhance group dynamics7–9, like in the case of 
animal groups guided by specialized individuals that act as leaders10,11. 
Similarly, collectively migrating cells during development, wound 
healing or cancer invasion are thought to be guided by leader cells12–20.

Leader cells are found at the front edge of migrating groups, have 
a protrusive and polarized phenotype and are identified by the activ-
ity of specific signalling pathways14,17,21–26. Conversely, the remaining 
cells are termed follower cells and are thought to be mechanically 
pulled and guided by their leaders through direct physical connec-
tions15,22,27–29. This description appears to capture many in vitro and 
in vivo phenomena. Epithelial cell sheets migrate by projecting 
multicellular outgrowths, with protrusive cells at their front13,23,25. 
During branching morphogenesis, long cell strands are tipped by 
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of forces within the group is needed. Addressing this long-standing 
problem requires direct measurements of the relationship between 
collective cell velocity and the underlying spatial distribution of forces, 
but such a force–velocity relationship has not been reported. To fill this 
gap, we used optogenetics to induce leader cells in minimal groups of 
controlled size. We show that the generation of a leader is insufficient 
to drive the migration of groups larger than two cells. To understand 
this behaviour, we performed a systematic study of the mechanical 
conditions that enable collective cell migration in clusters of increasing 
cell number. This analysis revealed that for every cluster size, collective 

lamellipodium-generating cells30,31. Border cells are small clusters of 
~8 cells that migrate during Drosophila oogenesis and have a polarized 
and protrusive cell at their front27,32. In some invasive tumours, strands 
of cells project out from a cluster following a single cancer cell or a 
cancer-associated fibroblast26,33–35.

Despite this extensive phenomenology, the fundamental mechani-
cal organization enabling leader–follower coordination is still unclear. 
Two main scenarios are possible. One is that the local mechanical action 
of a leader is sufficient to drive collective migration, regardless of 
the behaviour of its followers. The other is that a global organization 
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Fig. 1 | Optogenetic control of lamellipodium formation in cell trains. 
a, Scheme of the optogenetic system to control lamellipodium formation. 
OptoMDCK-Rac1 express two constructs: an activator of Rac1 fused to CRY2 and 
membrane-bound CIBN. On blue light illumination, CRY2 binds to CIBN, locally 
activating Rac1 and causing lamellipodium growth. b, Effect of photoactivation 
on a cell. 488 nm light is applied to the blue region every 3 min, inducing 
lamellipodium formation. Scale bar, 20 µm. c, Scheme of sample preparation: 
microcontact printing of polyacrylamide hydrogels (E = 18 kPa) with fibronectin 

lines (width, 20 µm) and incubation with optoMDCK-Rac1 yields samples 
containing hundreds of cell trains of different lengths. The substrates are 
prepared with fluorescent beads, making them apt for TFM. d, Representative 
microscopy images of cell trains. Scale bar, 20 µm. e, Scheme of the experimental 
protocol. Fields of view containing cell trains (Nc = [1, 4]) are imaged for 2 h every 
3 min without photoactivation; then, a subset of cell trains is photoactivated 
(blue regions) at every imaging interval, whereas other cell trains (white 
arrowheads) are left non-activated.
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cell migration requires an asymmetric distribution of traction forces 
on a multicellular scale. A model of the cell cluster as an active polar 
fluid establishes the relationship between migration velocity and the 
asymmetries of the underlying traction force field.

Generating leader cells using optogenetics
A hallmark of leader cells is lamellipodium formation by the activation 
of the small Rho GTPase Rac1 at their leading edge12,15,36. We reasoned 
that we could use optogenetics to locally activate Rac1 in cell groups, 
thereby creating leader cells on demand32,37,38. To achieve this, we gen-
erated stable lines of MDCK cells (optoMDCK-Rac1) expressing two 
constructs: CIBN-GFP-CAAX and TIAM-CRY2-mCherry; the former 
is targeted to the plasma membrane, whereas the latter is cytosolic 
and carries the catalytic domain of Tiam1, an activator of Rac1. On 
illumination with blue light, the two constructs bind with high affin-
ity, localizing Tiam1 at the membrane32,37,39–41 (Fig. 1a). Previous work 
has shown that Rac1 is activated within the illuminated region37. As 
expected, photoactivated optoMDCK-Rac1 cells form a lamellipodium 
(Fig. 1b) and focal adhesions (Extended Data Fig. 1a).

To study the mechanical coupling of leaders and followers, we 
engineered minimalistic systems that captured fundamental elements 
of collective motion. We used microcontact printing on polyacrylamide 
gels of uniform stiffness (18 kPa) to create fibronectin-coated lines 
20 µm wide and several millimetres long. We seeded optoMDCK-Rac1 
cells at a low concentration so that they attach to the lines either as 
single cells or in small linear groups (‘cell trains’) in media contain-
ing thymidine to halt cell division (Fig. 1c). Gels contained fluores-
cent microspheres so that traction force microscopy (TFM) could be 
performed42.

We imaged regions containing cell trains ranging in length from 
one to four cells (Nc = 1–4; Fig. 1d). We performed an initial baseline 
measurement of 2 h without photoactivation, acquiring mCherry 
and microsphere fluorescence, and then photoactivated a subset of 
cell trains. To photoactivate trains, we illuminated one of their edges 
with blue light, inducing lamellipodia formation. The photoactivation 
and imaging continued for 4–5 h (Fig. 1e), and the photoactivation 
region was periodically moved following the train motion (Fig. 2a and 
Supplementary Videos 1–4). At the end of each experiment, cells were 
detached from the gel and an image of the relaxed microspheres was 
acquired for TFM calculations.

A photoactivated cell can only lead one follower
Before any analysis, we reoriented the images so that the photo-
activated edge of the cell trains was always towards increasing 
coordinate y (Fig. 2a). We segmented and tracked both photoacti-
vated and non-photoactivated cell trains and calculated V(t), their 
centre-of-mass velocity. As expected, regardless of the cell number 
Nc, the non-photoactivated cell trains have average velocities sym-
metrically distributed around 0, showing no preferred direction 
(Fig. 2b (bottom row) and Fig. 2c). In contrast, the velocities of the 
photoactivated cell trains with Nc = 1 are biased towards the direction 
of the photoactivated edge and generally have larger magnitudes than 
the corresponding non-photoactivated cases, confirming our ability 
to generate moving cells. Although cell trains with Nc = 2 also move 

significantly biased towards the photoactivated edge, this directional 
bias is lost for Nc ≥ 3, with average velocities 〈V〉t not significantly dif-
ferent between the photoactivated and non-photoactivated cell trains 
(Fig. 2b (top row) and Fig. 2c).

To investigate the impact of photoactivation beyond the 
centre-of-mass motion, for each train we separately analysed the 
sequences of instantaneous velocities of the top and bottom edges, 
v+(t) and v–(t), respectively. We defined ‘coherent motion’ of a cell train 
as the case in which both top-edge and bottom-edge velocity medians, 
ṽ+ and ṽ−, respectively, were significantly non-zero and had the same 
sign. We then termed ‘directed motion’ as the case of coherent motion 
in the direction of photoactivation (ṽ+ > 0 and ṽ− > 0; Fig. 2d). Con-
versely, we categorized the opposite case as ‘antidirected motion’ 
(ṽ+ < 0 and ṽ− < 0). The cases that did not exhibit coherent motion 
were termed spreading (ṽ+ > 0 and ṽ− < 0) and contraction (ṽ+ < 0 
and ṽ− > 0).

By analysing all the photoactivated cell trains with this criterion, 
we found that a third of the single-cell trains exhibit directed motion, 
and no single cells are moving opposite to photoactivation (Fig. 2e). 
Consistent with our data on the centre-of-mass velocity, this effect 
is rapidly lost as Nc grows: the percentage of cell trains with directed 
motion decreases, and the percentage with antidirected motion 
increases (Fig. 2e). For Nc ≥ 3, photoactivated cell trains behave com-
parably with non-photoactivated trains; there is no increase in directed 
motion due to photoactivation (Extended Data Fig. 2a).

We checked whether this behaviour was due to an inability of 
photoactivated cells to generate a lamellipodium when connected to 
more followers. To do so, we measured lamellipodium growth caused 
by photoactivation. We found that for all the values of Nc, the photo-
activated trains display significant increases in lamellipodium size, 
and that this increase does not depend on Nc (Extended Data Fig. 1b,c). 
Moreover, the percentage of photoactivated top edges where ṽ+ is 
significantly larger than 0 is >50% for all the values of Nc (Extended Data 
Fig. 2b), supporting the fact that photoactivation induces protrusion 
formation for all the train lengths. We also tested whether the response 
of cell trains to photoactivation was influenced by their behaviour 
before photoactivation. We found that nearly all the trains that undergo 
coherent motion after photoactivation were initially either spreading 
or contracting, indicating that no directedness existed before photo-
activation (Extended Data Fig. 3).

Taken together, our experiments show that the induced leader 
cells are not capable of driving coherent motion of more than one 
follower.

Coherent motion requires asymmetric traction 
and tension fields
To identify the determinants of coherent group motion, we study the 
longitudinal traction forces Ty exerted by the cells on the substrate 
(Fig. 3a,b). As expected, for Nc = 1, cell tractions form a contractile dipole 
(Fig. 3b). Longer cell trains exhibit more complex patterns that are not 
simple superpositions of Nc dipoles, indicating that the cells in a train 
are not mechanically independent (Fig. 3b,c).

For different train lengths Nc, we computed the profile 〈Ty〉x,t aver-
aged over the train width x and time t. We compared these profiles 

Fig. 2 | Leader cell migratory efficiency decreases with number of followers. 
a, Representative cell trains during the photoactivation of a cell edge. Scale 
bars, 20 µm. b, Centre-of-mass trajectories for all the cell trains. The top row 
shows the photoactivated trains, and the blue curves represent the duration of 
photoactivation. The bottom row shows the control trains. The red lines are the 
average trajectories. c, Average migration velocities of the centre of mass of all 
the photoactivated and control cell trains. Statistical significance quantified 
by a two-sided Wilcoxon rank-sum test. For the two-sample tests, ** indicates 
P < 0.01 and * indicates P < 0.05. Box plots show the first quartile, median and 
third quartile. Range includes all the data points. Whiskers extend to the first 

adjacent value within the 1.5× interquartile range. Full P values are listed in 
Supplementary Table 1. d, Types of cell train migration based on the motion of 
the top and bottom edges. e, Motion of photoactivated cell trains according to 
the definitions in d. Magenta represents the percentage of trains that undergo 
collective migration in the direction of photoactivation (that is, directed 
migration), and green is in the opposite direction (antidirected migration). 
Percentages of directed migration are 32.6% (Nc = 1), 27.9% (Nc = 2), 9.5% (Nc = 3) 
and 6.0% (Nc = 4); the total sample sizes are n = 49, n = 61, n = 42 and n = 33, 
respectively. n = 292 cell trains examined over 59 independent experiments.
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Fig. 3 | Asymmetric traction and tension profiles drive the migration of cell 
trains. a, Scheme of cell–substrate traction and tension within a cell train.  
b, Representative fields of longitudinal traction forces for trains of different 
lengths. c, Representative kymographs of the longitudinal tractions. The cyan lines 
mark the beginning of the photoactivation intervals, and the white lines are the 
cell edges. Scale bars, 50 µm. d, Average profiles of the longitudinal component of 
the traction forces (top row) and of internal tension (bottom row), for cell trains 
undergoing coherent motion (red) and for other trains (grey). The shaded regions 
along the curves show the standard error of the mean. Averages are over different 

cell trains; number of cell trains n is indicated on the plot. e, Normalized traction 
quadrupole of trains exhibiting coherent movement (red) and other trains (grey). 
Box plots show the first quartile, median and third quartile. Range includes all the 
data points. Whiskers extend to the first adjacent value within the 1.5× interquartile 
range. P values are listed in Supplementary Table 1. f, Scatter plot of the average 
centre-of-mass velocity and normalized traction quadrupole in the cell trains and 
clusters (Fig. 4) exhibiting coherent motion. R = 0.66, P < 0.01. For clarity, in this 
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trains examined over 59 independent experiments.
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between cell trains that did and did not move coherently. Our data 
show that coherent motion occurs both in photoactivated trains 
(Fig. 2e) and, with a lower probability, in non-photoactivated ones 
(Extended Data Fig. 2a). Therefore, we binned our data in two groups, 
one of all non-coherently moving trains and another one of all coher-
ently moving trains, regardless of whether the coherent motion was 
directed or antidirected and whether the trains were photoactivated or 
non-photoactivated (Extended Data Fig. 4 shows the different group-
ings of these data). To compare the moving trains regardless of their 
direction of motion, we aligned the profiles with y > 0 in the direction 
of coherent motion.

The average traction profiles of trains that do not move coherently 
are symmetric, with tractions of equal magnitude concentrated at the 
train edges (Fig. 3d (top row), grey curves). With increasing train length, 
the tractions in the central region vanish, meaning that although the 
edge tractions are sustained in time, central tractions are transient and 
tend to cancel out. By contrast, in trains undergoing coherent move-
ment, 〈Ty〉x,t becomes asymmetric; the tractions at the trailing edge are 
lower in magnitude and extend further into the train, even reaching the 
central region (Fig. 3d (top row), red curves).

To quantify this mechanical asymmetry, we computed the 
time-averaged one-dimensional (1D) normalized traction quadrupole 
Q = (∫Tyy2dy)/(∫|Ty|y2dy), which is the normalized second moment of the 
traction field along the train axis with respect to the centre of mass43–46. 
Since we are considering the coherent motion of all the trains as being 
towards positive y, the quadrupole Q is negative for traction profiles 
like those of the trains undergoing coherent movement. Indeed, we 
found that in nearly all the trains undergoing coherent movement 〈Q〉t 
is negative, whereas in other trains it takes positive and negative values 
with equal probability (Fig. 3e).

We then studied the distribution of internal tension within the cell 
trains by calculating σ, the tension transmitted inside the cells by the 
cytoskeleton and between cells by cell–cell junctions. The internal ten-
sion balances the tractions at the cell–substrate interface and in a 1D 
system it is given by σ ( y, t) = ∫y

−LTy ( y∗, t)dy∗, where 2L is the length of 
the cell train29. Analogous to our calculation of 〈Ty〉x,t, we computed the 
ensemble averages of σ. We found that trains that do not exhibit coher-
ent movement have symmetric average tension profiles, whereas the 
trains that move coherently have an asymmetric tension profile with a 
broad peak located closer to the leading edge (Fig. 3d, bottom row).

We then wondered if the value of 〈Q〉t was related to the 
centre-of-mass velocity 〈V〉t. In Fig. 3a–e, we aligned all the data so that 
the coherent motion of trains was in the direction of increasing y. Now, 
however, to better visualize the relationship between velocity and 
traction asymmetry, we went back to considering trains moving with 
either positive or negative velocity, as they occurred in the experiments. 
Strikingly, for all the trains exhibiting coherent motion, 〈V〉t and 〈Q〉t are 
correlated. Faster trains have stronger traction asymmetries, resulting 
in tension that is more concentrated towards their leading edge (Fig. 3f).

Taken together, these results show that train movement is driven 
by the global spatial distribution of mechanical stress. Front–back 
asymmetries along the train are necessary for coherent motion, and 
stronger asymmetries drive faster motion.

Migrating 2D clusters and monolayer fingers
The directed migration of 1D cell trains is common in processes such 
as angiogenesis47, branching morphogenesis48 and collective cancer 
invasion through interstitial spaces49. In many other processes, cells 
migrate as either two-dimensional (2D) clusters or multicellular pro-
trusions from a cell sheet23. We, thus, asked whether the mechanical 
asymmetries observed in migrating 1D cell trains are also present in 
these 2D systems.

To this end, we patterned wider fibronectin lines (50 µm across) 
and seeded optoMDCK-Rac1 cells, obtaining clusters that are 2–3 cells 
wide (Fig. 4a–c). We selected clusters of 5–15 cells and photoactivated 

their top edge, applying the same experimental protocol and analysis 
used for the cell trains (Supplementary Video 5). Similar to longer 
trains, only a small fraction of clusters migrated coherently (~11%). We 
then computed the time-averaged traction profile 〈Ty〉x,t for clusters 
that did not move coherently and for those that did. Like in cell trains, 
the traction profile of the non-coherently moving clusters is symmet-
ric (Fig. 4e, grey curves). By contrast, in coherently moving clusters, 
tractions at the leading edge are higher in magnitude and those at 
the trailing edge extend further into the cluster (Fig. 4e, red curves). 
Accordingly, in these clusters, tension has an asymmetric profile with 
higher values towards the leading edge (Fig. 4g). Plotting the values 
of 〈V〉t and 〈Q〉t for the migrating clusters (Fig. 3f), we found that they 
behave similarly to the cell trains.

Next, we looked at multicellular finger-like protrusions at the 
edge of an expanding epithelial monolayer in which the traction forces 
generated by several MDCK fingers were measured using micropil-
lars23. We analysed the component of tractions along the finger’s axis, 
averaged across the width of the finger analogous to how we previ-
ously calculated 〈Ty〉x,t (Fig. 4d). The resulting average traction profile 
shows an asymmetry similar to coherently moving trains and clusters: 
tractions are higher and more localized at the leading edge than at the 
trailing edge (Fig. 4f). This profile results in an asymmetric tension with 
higher values towards the front (Fig. 4h). These findings suggest that 
the relationship between collective cell migration and tension asym-
metries is a general principle that applies to both 1D and 2D systems.

An active fluid model explains the force–velocity 
relation
So far, our results show that an autonomous leader cell is not sufficient 
to drive coherent group motion. We instead find that coherent motion 
requires a supracellular traction and tension asymmetry, and that this 
asymmetry correlates with the migration velocity. To understand how ten-
sion distributions drive collective migration, we modelled a cell train as a 
1D compressible active fluid that exerts tractions on the substrate50. Force 
balance reads ∂yσ = T, where σ = η∂yv is the internal tension, η is the effec-
tive viscosity and v is the velocity field. Here, T is the total traction that 
results from viscous drag ξv on the substrate, and from myosin-generated 
forces termed as active tractions Ta. Thus, the total traction is

T = ξv − Ta, (1)

and the force balance is given by

η∂2
yv = ξv − Ta. (2)

When a cell polarizes, it develops spatial asymmetries in force 
generation. To study how these asymmetries drive motion, we took 
an active traction profile given by

Ta( y) =
⎧
⎨
⎩

ζ+
sinh( y/ℓ+)
sinh(L/ℓ+)

; y ≥ 0

ζ−
sinh( y/ℓ−)
sinh(L/ℓ−)

; y < 0,
(3)

where 2L is the train length. Equation (3) generalizes the active traction 
profiles in previous models50–53 to now account for spatial asymmetries 
in both their magnitude ζ± at the train edges and their decay length ℓ± 
towards the train interior (Fig. 5a).

To analyse how these two sources of asymmetry shape the total 
traction and tension profiles, we calculated the centre-of-mass velocity 
V = 1

2L
∫L
−Lv ( y)dy . Averaging equation (2) over y and imposing 

stress-free boundary conditions [σ(–L) = σ(L) = 0], we obtained

V = 1
2Lξ

∫
L

−L
Ta( y)dy =

1
2Lξ

[ζ+ℓ+ tanh ( L
2ℓ+

) − ζ−ℓ− tanh ( L
2ℓ−

)] .

(4)
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Equation (4) shows that the integral of active traction drives cluster motion. 
This result provides an explicit force–velocity relation for a cell cluster, 
linking its motion to the asymmetries in the underlying active traction field.

Then, solving equation (2) with stress-free boundary conditions 
as well as velocity and stress continuity at y = 0, we obtained the velocity 
profile v(y) and used it to calculate the total traction quadrupole, that 
is, Q = ∫L

−LT ( y) y2dy, in terms of ζ+, ζ–, ℓ+, ℓ– and the screening length 

λ = √η/ξ  (Supplementary Notes A and B). Figure 5b summarizes, in a 
2D diagram, how the signs of velocity and quadrupole change with the 
asymmetry ratios ζ+/ζ− and ℓ+/ℓ–. Below, we illustrate these results by 
following the paths indicated by the pink, green and blue arrows. The 
profiles of all the fields at the points along these paths are shown in 
Fig. 5c–n, and the variation in velocity and quadrupole along the green 
and blue paths are plotted in Fig. 5o–q.
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Fig. 4 | Asymmetric traction profiles in 2D cell groups. a, Phase contrast image 
and longitudinal traction forces of a cell island. Scale bar, 50 µm. Representative 
data from n = 43 islands examined over eight independent experiments.  
b, Kymograph of longitudinal tractions. The cyan lines mark the beginning of 
the photoactivation intervals. Scale bar, 50 µm. c, Diagram of a cell island on 
a micropatterned fibronectin line (dark green) on a polyacrylamide gel (light 
green). d, Diagram of a migrating finger from a monolayer edge on pillars.  
e, Average profiles of the longitudinal component of the traction forces,  
for cell islands undergoing coherent motion (red) and for other trains (grey).  

The shaded regions represent the standard error. Averages are over different 
cell islands; number of cell trains n is indicated on the plot. f, Average profile of 
the longitudinal component of the traction forces, for migrating cell fingers. 
The shaded region represents the standard error of the mean. Averages are over 
different cell fingers; their number n is indicated on the plot. g, Average profiles 
of the computed tension for cell islands undergoing coherent motion (red) and 
for other trains (grey). The shaded regions represent the standard error of the 
mean. h, Average profiles of the computed tension for migrating cell fingers.
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First, keeping the decay lengths equal, that is, ℓ+ = ℓ–, we varied 
the ratio between the magnitude of active traction at the train edges, 
namely, ζ+/ζ− (Fig. 5b, pink arrow). In the symmetric case (ζ+/ζ− = 1), there 
is no possibility for net motion, as the train protrudes with equal force 
in both directions. As we increase ζ+/ζ−, making the active traction rela-
tively stronger on the right (Fig. 5c), the train moves to the right (Fig. 5d, 
positive velocity). The profiles of total traction have an asymmetry 
analogous to those of active traction (Fig. 5e), which gives negative 
quadrupoles (Q < 0; Fig. 5b, pink). Accordingly, the tension is concen-
trated towards the front (Fig. 5f) and the centre-of-mass velocity is 
positive and increases with the asymmetry (Fig. 5d, averages of profiles).

Next, we varied the ratio between the decay length of active trac-
tion on each side of the train (ℓ+/ℓ–) while keeping the magnitudes equal 
(Fig. 5b, green arrow). Starting again from the symmetric case, we now 
decreased ℓ+/ℓ–, which makes the active traction more localized on the 
right edge (Fig. 5g). Now, the total traction and tension profiles shift 
towards the left, which gives a positive quadrupole (Q > 0) and drives 
leftwards migration (V < 0) (Fig. 5h–j and Fig. 5b, green).

In the two cases above, V has the opposite sign of Q and its magni-
tude increases with that of Q (Fig. 5o–q, green lines), consistent with 
our experimental results (Fig. 3e,f). Our theory also predicts additional 
scenarios in which the two sources of spatial asymmetries (magnitude 
versus localization) in active traction have competing effects on cell 
motion (Supplementary Note C). In these cases, there are parameter 
regions in which V and Q have the same sign (Fig. 5b (blue path) illus-
trated in Fig. 5k–n), even if the magnitude of V always increases with 
that of Q (Fig. 5o–q, blue curves).

So far, our model assumed that friction was uniform. We general-
ized the model to account for a non-uniform friction coefficient with 
the same profile as active traction (Supplementary Note D), which 
could result from a non-uniform distribution of focal adhesions54. 
The velocity, tension and traction profiles are only slightly modified 
with respect to the case with uniform friction coefficient (Extended 
Data Fig. 5), showing that our conclusions also hold in the presence of 
a non-uniform friction coefficient.

Fitting theory to experiments
Next, we fitted the model to the experimental traction profiles (Fig. 3d), 
and we extracted the values of the active traction parameters ζ+, ζ–, ℓ+, 
ℓ– and friction term ξV (Extended Data Fig. 6), which positioned the 
cell trains of different lengths in the model parameter space (Fig. 5r). 
As expected, cell trains with no coherent motion fall at the origin of 
the diagram (1, 1), reflecting the symmetry in traction profiles. By con-
trast, cell trains displaying coherent motion fall in the top-right-hand 
quadrant (Q < 0 and V > 0), indicating an asymmetry in both traction 
magnitude and decay length.

Finally, we used our model to recapitulate the experimental rela-
tionship between traction quadrupole and velocity (Fig. 3f). We fitted 
the traction profiles of all the individual cell trains and obtained the 
probability distributions of parameter values ζ+, ζ–, ℓ+, ℓ– and ξ. From 
these distributions, we generated a set of 60 simulated cell trains, for 
which we calculated the traction quadrupole Q and used equation 
(4) to compute V. We then plotted V against Q (Fig. 5s) and obtained a 
correlation analogous to the experimental relationship between 〈V〉t 
and 〈Q〉t (Fig. 3f).

Overall, our theory provides a force–velocity relation for collective 
cell migration (equation (4)) and captures the link between motion and 
strength of the mechanical asymmetries in cell clusters quantified by 
the traction quadrupole (Fig. 5q). Beyond capturing our experimental 
measurements (Figs. 3f and 5r,s), our theory reveals that the velocity–
quadrupole relation depends on the interplay between asymmetries in 
the magnitude and localization of cellular forces, providing quantita-
tive predictions for future experiments.

Discussion
We investigated how cell groups undergo coherent motion. Using 
optogenetics, we tested if a single protrusive cell could guide an entire 
group. We found that a leader cell cannot guide more than one follower. 
Through the measurement of cellular forces and theoretical modelling, 
we showed that collective cell migration requires a global asymmetry 
in the tension profile within the cell cluster. Leaders need the followers’ 
contributions to this asymmetry for effective guidance.

The relation between cellular forces and velocities is a fundamen-
tal and unresolved problem in cell migration46,55–59. Because inertia and 
viscous drag against the surrounding fluid are negligible, the sum of 
tractions exerted by cells on the substrate is always zero and therefore 
is not indicative of the magnitude or direction of cell velocity. Previous 
work at the single-cell level established that asymmetries in the traction 
distribution correlate with the direction of cell movement43,45. However, 
a general quantitative relationship between force and velocity was 
lacking at both single-cell and collective cell levels43,45,59–64. Here we 
showed that cluster velocity increases with global stress asymmetry. 
To understand the origin of this relationship, we modelled the cluster 
as a 1D active polar fluid that can generate asymmetric active tractions. 
This model fits the experimental total traction and tension distribu-
tions, and it reproduces the relationship between tension asymmetry 
and cell velocity.

Since leader activation alone cannot guide large groups, our study 
raises the question of how leaders and followers organize to form the 
asymmetry needed for collective migration. Communication might 
involve patterns in cell differentiation, paracrine signalling or direct cell 
contact65–70. In uncontrolled scenarios like cancer invasion, asymmetry 

Fig. 5 | An active polar fluid model explains how traction asymmetries drive 
migration. a, Scheme of a cell train (grey) that exerts an asymmetric active 
traction profile (dark blue curve) on the substrate (light blue). b, Diagram 
showing the signs of the centre-of-mass velocity V and the traction quadrupole 
Q as a function of asymmetries in traction magnitude and decay length. The 
colour-coded points and arrows correspond to the parameter values used for 
the profiles in c–n. All the panels are plotted for ℓ– = 0.4L and λ = 10L, where 2L 
is the train length. We chose λ ≫ L to ensure tension transmission across the 
entire cell train52,71. c–n, Illustrative results of the model in different regimes 
of asymmetries of the active tractions. The columns correspond to profiles of 
different quantities. The rows with pink, green and blue frames correspond to 
the paths indicated by the corresponding arrows in b. c–f, Decreasing active 
traction magnitude at the left edge (c) results in increased cell velocity (d), as 
well as in asymmetric total tractions (e) and tension concentrated to the right 
(f). g–j, Decreasing the decay length of active tractions at the right edge (g) 
results in negative velocity (h), as well as asymmetric tractions (i) and tension 
concentrated towards the left (j). k–n, Asymmetry in both magnitude and 
decay length of active tractions. As the active tractions become more localized 

at the right edge (k), velocity decreases in magnitude and eventually changes 
sign (l). The total tractions (m) and tension (n) profiles also shift from being 
right-concentrated to left-concentrated, corresponding to a change in sign 
of the traction quadrupole Q. o,p, Centre-of-mass velocity (o) and traction 
quadrupole (p) as a function of the decay length asymmetry of active tractions. 
The colours correspond to the parameter paths indicated by arrows in b. q, 
Velocity as a function of the quadrupole obtained by varying the decay length 
ratio. The velocity and quadrupole simultaneously change sign only when the 
active traction magnitude is symmetric (green). r, Diagram as that in b, showing 
the values of active traction magnitude and decay length ratios obtained from 
the fits to the experimental profiles in Fig. 3d. Coherently moving cell trains (red 
points) fall in the region with positive velocity and negative quadrupole (V > 0, 
Q < 0), whereas non-coherently moving cell trains (grey points) have symmetric 
traction profiles that fall close to the origin at (1, 1). The error bars are confidence 
intervals derived from fits (Methods). s, Model simulations recapitulating the 
data in Fig. 3f. Points are calculated from 60 sets of parameter values ζ+, ζ–, ℓ+, ℓ– 
and ξ drawn from the probability distributions obtained from fits of the model to 
all the individual cell trains (Methods).
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might arise stochastically, as we observed when some groups migrated 
even without photoactivation (Fig. 3). By defining the mechanical rules 
of leadership, we set an experimental and conceptual basis to test these 
communication mechanisms.
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Methods
Cloning
The TIAM-CRY2-mCherry plasmid was constructed as detailed previ-
ously for lentiviral vectors37. The CIBN-GFP-CAAX plasmid was a gift 
from C. Tucker40.

Cell culture
MDCK strain II cells were cultured in the minimum essential medium 
with Earle’s salts and l-glutamine (Gibco) supplemented with 10% 
v/v foetal bovine serum (Gibco), 100 U ml–1 penicillin and 100 μg ml–1 
streptomycin. Cells were maintained at 37 °C in a humidified atmos-
phere with 5% CO2. OptoMDCK-Rac1 fluorescent stable cell lines 
were obtained by the lentiviral transduction of CIBN-GFP-CAAX and 
TIAM-CRY2-mCherry and two rounds of flow-cytometry-based sorting.

Polyacrylamide gels
We prepared polyacrylamide gels with a stiffness of 18 kPa according 
to a previously established protocol and functionalized them with 
Sulpho-SANPAH (Thermo Fisher Scientific)72. For the gels, we pre-
pared a solution of 0.16% bis-acrylamide and 7.50% acrylamide, 0.01% 
v/v 200-nm-diameter dark-red-fluorescent carboxylate-modified 
beads (FluoSpheres, Thermo Fisher Scientific), 0.50% v/v ammonium 
persulfate (Sigma-Aldrich) and 0.05% tetramethylethylenediamine 
(Sigma-Aldrich), in phosphate-buffered saline (PBS). We placed a 22 µl 
drop of unpolymerized gel on a glass-bottom MatTek 35 mm dish and 
immediately covered it with an 18 mm circular coverslip. The gels were 
then allowed to polymerize at room temperature for 1 h and then covered 
with PBS before removing the circular coverslip. Functionalization of 
the gel surface was achieved by incubation with a solution of 2 mg ml–1 
Sulpho-SANPAH under ultraviolet light for 7 min (wavelength of 365 nm 
at a distance of 5 cm). Then, two washes of PBS were performed for 2.5 min 
under mild agitation to remove excess Sulpho-SANPAH. The gels were 
then immediately used for microcontact printing of the fibronectin lines.

Microcontact printing
Stamps for microcontact printing of 20 μm lines were fabricated from 
SU8-50 masters that had been raised using conventional photolithogra-
phy. For the 50 μm lines, the masters were produced by polymerizing a 
thin layer (20 μm) of photopolymerizing resin (NOA61, Norland) using 
an ultraviolet photopatterning device (PRIMO, Alvéole) coupled to an 
inverted microscope (Ti ECLIPSE, Nikon). In both cases, the masters 
contained tens of identical parallel line patterns (~10 mm × 5 mm). 
Within each pattern, the lines were spaced 80 µm from each other. 
Uncured polydimethylsiloxane (SYLGARD, Dow Corning) was poured 
on the masters and cured overnight at 65 °C. Solid polydimethylsilox-
ane stamps were then cut out and peeled off from the master, and their 
patterned surfaces were treated with a 15 s discharge from a handheld 
corona surface treater (APS-CD-20AC, Aurora Pro Scientific). Immedi-
ately following this, they were covered with a 100 µl drop of a solution of 
20 µg ml–1 fibronectin (fibronectin from human plasma, Sigma-Aldrich) 
and 15 µg ml–1 fibrinogen-Alexa 488 conjugate (F13191, Thermo Fisher) 
and incubated at room temperature for 1 h. After this, the excess incu-
bating solution was removed, and stamps were dried with a nitrogen 
gun. A polyacrylamide gel was thoroughly dried with a nitrogen gun and 
the stamp was laid on top of it, with the patterned face in contact with 
the gel surface. Gel and stamp were left in contact for 1 h after which 
1 ml PBS was added to the MatTek dish. After 1 h, the stamp was lifted, 
and the patterned gels were passivated by incubating overnight at 4 °C 
with a solution of 0.1 mg ml–1 PLL-g-PEG in PBS. Finally, the passivating 
solution was removed, and the gels were covered with a 300 µl drop of 
PBS and were immediately used for cell seeding.

Cell seeding
OptoMDCK-Rac1 cells were detached from their culture flask using 
trypsin and resuspended in culture medium. A 300 µl drop containing 

2 × 104 cells was placed on a micropatterned gel that had been sterilized 
under ultraviolet light in a cell culture hood for 15 min. Cells were 
allowed to adhere for 1 h before unattached cells were removed by 
a gentle wash with warm cell culture media. The samples were then 
left to incubate for 12 h in 2 ml cell media containing 2 mM thymidine 
(T9250243 1G, Sigma) at 37 °C in a humidified atmosphere with 5% CO2.

Photoactivation experiments and fluorescence imaging
Experiments were carried out on a Zeiss LSM880 confocal microscope 
running the software Zeiss ZEN2.3 SP1 FP3 (black, version 14.0.24.201), 
and using a Plan Apochromat ×20 0.8-numerical-aperture objective. 
Regions of the sample containing cell groups (trains or clusters) of 
interest were identified through the eyepieces using white light illumi-
nation with a long-pass red filter (cut-off at 630 nm). Only cell groups 
that were isolated from other cells on the same line were used for the 
experiments. The sample was rotated in the plane of the microscope 
stage so that the lines of the micropatterns appeared vertical in the 
images. Integrity of the micropatterned lines in each region was veri-
fied by acquiring a single image with a low-intensity 488 nm laser scan, 
visualizing the signal of the fibrinogen-Alexa 488 conjugate present 
in the protein coating. Regions with discontinuous or broken pat-
terns were not used for the experiments. After this step, 45 min were 
allowed to pass to facilitate the unbinding of CRY2/CIBN and for any 
induced activation of Rac1 to return to the basal levels39. Following 
this, the imaging was started. Three channels were acquired: 561 nm 
to excite mCherry, 633 nm to excite the fluorescent microspheres and 
633 nm transmitted light to obtain a bright-field image. Scanning was 
performed with a pixel size of 0.17 µm and a pixel dwell time of 0.35 µs. 
Up to four fields of view were acquired, with imaging occurring every 
3 min in a multiposition time lapse. At each position, the fluorescence 
autofocus algorithm of ZEN was run using the microsphere fluores-
cence as the reference. Initially, a baseline phase of 2 h with no photo-
activation was acquired. Following this, a subgroup of cell groups was 
selected to be photoactivated and a rectangular illumination region 
was drawn on the free edge of one of their edges using the ROI tool of 
ZEN. Imaging was then resumed as before, and during every subsequent 
imaging acquisition, the photoactivation regions were scanned with 
the 488 nm laser and the same pixel dwell time as before. Imaging and 
photoactivation continued for 4–5 h with a frequency of 3 min. After 
every five image acquisitions (that is, every 15 min), the positions of 
the photoactivating regions were manually adjusted according to the 
movement of the targeted cells. This was done to keep the region of 
induced lamellipodia at the same relative position within the cell group. 
This operation required less than 2 min. At the end of each experiment, 
cells were detached from the gel using Versene 1X (Life Technologies) 
and a reference image of the fluorescent beads was acquired for the 
TFM calculations42. Cell groups that merged or touched other cells and 
cell groups containing cells that divided during the experiment were 
not considered for analysis.

Image analysis
In the non-photoactivated cases, we calculated each cell train’s average 
centre-of-mass velocity 〈V〉t over the duration of the full experiment, 
whereas in the photoactivated cases, we computed 〈V〉t from 1 h after 
photoactivation until the end of the experiment, to exclude any tran-
sient behaviour.

For all the time points, mCherry fluorescence images were 
semi-automatically segmented using a MATLAB (R2017a) script and 
ImageJ/FIJI (2.3.0/1.53f51). The first segmentation was obtained based 
on the triangle thresholding algorithm, and then any mistakes were 
manually corrected. The binary masks thus obtained were used to 
measure the cell group dynamics (edge trajectories and centre-of-mass 
trajectory). In the photoactivated cases, the images were reoriented 
(if necessary) so that the photoactivation region of interest was at a 
positive y distance from the centre of the cell group. Edge trajectories 
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were smoothed by adjacent averaging with a span of five points. Lamel-
lipodium growth was calculated by first dividing the train segmentation 
into two by bisecting its major axis. The average area (A) of the top half 
(that is, the half subject to photoactivation) was calculated in the hour 
before and following photoactivation (A*). Lamellipodium growth was 
defined as the difference between these two areas: ΔA = A* – A.

Quantifying directed motion
Motility of an edge was characterized using the set of its instantane-
ous velocities. For each trajectory, a two-sided Wilcoxon signed-rank 
test was applied to assess if the set of instantaneous velocities was 
significantly different from a set with a null median. If it was not, the 
edge was considered to be not significantly motile in any direction. In 
the case of non-photoactivated trains, this approach was applied to 
trajectories lasting for the whole duration of the experiment, whereas 
in the other cases, it was separately applied to the trajectories before 
and during photoactivation, but to rule out any transient effect caused 
by photoactivation, we left out the first hour after its application. For a 
cell train, directed and antidirected motion were defined as the cases 
when the aforementioned analysis yielded that the median velocities 
of both edges were significantly non-zero and of the same sign.

TFM and traction force data analysis
All the traction computations and the following analyses of traction 
forces were carried out with MATLAB scripts. Fourier transform trac-
tion microscopy was used to measure the traction forces29,44,73. The 
displacement fields of the fluorescence microspheres were obtained 
using a home-made particle imaging velocimetry algorithm using 
square interrogation windows with a side of 40 pixels and an overlap 
of 0.8. The segmented binary masks of the cell trains obtained from 
the mCherry fluorescence were used to segment the tractions for each 
train at each time point. The axial profiles of the tractions were calcu-
lated by averaging the y component of the tractions Ty, across the width 
of the segmented cell trains, at every time point, yielding 〈Ty〉x. The 
axial lengths of these profiles were normalized to unit length for each 
time point and the tractions were averaged together in groups accord-
ing to the train’s behaviour (directed/antidirected motion, or not). In 
the photoactivated cases, only the time points starting 1 h after pho-
toactivation were considered. The same averaging procedure was 
a p p l i e d  t o  o b t a i n  t h e  a x i a l  t e n s i o n  p r o f i l e s  f r o m 
σy ( y, t) = ∫y

0[Ty ( y, t) /h]dy, where h is the height of the cell and is approxi-
mated to be 10 µm. The normalized second moment of the traction 
field was calculated as Q(t) = (∫Tyy2dy)/(∫|Ty|y2dy), where y is the spatial 
coordinate relative to the centre of mass, and was then averaged over 
time, adapting the durations to the photoactivated and 
non-photoactivated cases, as explained above.

Calculation of cell–cell tension
Calculations were performed under the assumption that the cell train 
behaves as a 1D material. In that case, the Cauchy stress tensor is 
reduced to a scalar σ, which we refer to as tension. The equation of 
mechanical equilibrium in one dimension reads ∂σ

∂y
= −Ty; hence, inter-

nal tension can be obtained by the direct integration of the  
traction field29,74,75.

Kymographs
Kymographs of tractions were obtained by averaging across the x axis 
the 2D traction maps of Ty(y, t), at each individual time point. The values 
of 〈Ty〉x were plotted in a colour-coded figure in the order and spacing 
given by the experiment’s acquisition times.

Immunostainings
OptoMDCK-Rac1 cells were photoactivated for 15 min, as explained 
above, and immediately fixed with 4% paraformaldehyde during 15 min 
at room temperature. Then, cells were washed three times with PBS. 

The immunostainings were performed at room temperature using 
Tris-buffered saline containing 1.6% (v/v) fish gelatine (G7765, Merck) 
as the basal buffer. First, permeabilization was carried out by treating 
the samples with 0.1% Triton X-100 (T8787, Sigma-Aldrich) during 
45 min. After that, samples were incubated for 90 min with the primary 
antibody (rabbit anti-phospho-paxillin; 69363s, Cell Signaling) diluted 
1:100. After three 3-min washes, samples were incubated for 90 min 
with the secondary antibody (Alexa Fluor 647 goat anti-rabbit; A-21245, 
Thermo Fisher) diluted 1:200. Finally, they were washed four times for 
3 min with PBS and mounted in MOWIOL reagent (81381, Merck). The 
image acquisition was done on a Zeiss LSM880 confocal microscope 
running the software Zeiss ZEN2.3 SP1 FP3 (black, version 14.0.24.201), 
and using a Plan Apochromat ×20 0.8-numerical-aperture objective. 
The photoactivated cells were identified for imaging by using the 
microscope software to return to the previously stored positions and 
visually confirming that the same field of view had been reached.

Fits of theoretical model to experimental results
Equation (1) was fitted to the experimental data displayed in Fig. 3d 
(top row). Ta is given by equation (2) in terms of ζ+, ζ–, ℓ+, ℓ– and L. As the 
velocity v varies weakly in space, it was replaced in equation (1) with 
the average velocity V for simplicity. Thus, the fits yield values for the 
parameters ζ+, ζ–, ℓ+, ℓ– and ξV. The fit was performed using the MATLAB 
function fitnlm. Confidence intervals for the parameters are the 95% 
confidence bounds, as given by the MATLAB function confint.

Simulating the relationship between Q and V
To generate the simulated plot of Q against V (Fig. 4s), we fitted the 
model equations to experimental traction profiles 〈Ty〉x as described 
above, but for each coherently moving cell train individually. These fits 
yielded a set of optimal values for the parameters (ζ+, ζ–, ℓ+, ℓ– and ξV) 
for each of the 60 moving trains. We used the measured centre-of-mass 
velocity V of each train to obtain values of ξ and calculated its average 
〈ξ〉 for each train length Nc. We did not consider the fits that had diverg-
ing values of ℓ+ and ℓ–, leaving us with 43 out of the 60 fits. From the fit 
results, we built the empirical distributions of the parameter values for 
ζ+, ζ–, ℓ+ and ℓ– for each train length. We approximated these empirical 
distributions by Gaussian distributions with the mean and standard 
deviation obtained from the fit results. To generate the Q(V) plot, we 
sampled the Gaussian distributions and obtained 15 sets of parameters 
values ζ+, ζ–, ℓ+ and ℓ– for each train length. Then, combining these 15 sets 
with the values of 〈ξ〉 for each of the four train lengths Nc, we obtained 
60 sets of parameter values with distributions similar to the empirical 
ones. For each of these 60 model realizations, we calculated the train 
velocity according to equation (3), and the quadrupole of the total 
traction force (see the ‘TFM and traction force data analysis’ section), 
resulting in the scatter plot shown in Fig. 5s.

Statistical tests, box plots and Sankey diagrams
All the statistical significance analyses were performed using a 
two-sided Wilcoxon rank-sum test, as implemented by the MATLAB 
functions ranksum and signrank. Box plots in all the figures show the 
median value and the 25th and 75th percentiles of the data. The whisk-
ers have a set length of 1.5 times the interquartile range (difference 
between the 75th and 25th percentiles). Sankey diagrams were gener-
ated using the MATLAB function for Sankey flow charts76.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The full datasets that support the findings of this study are available 
from the corresponding authors on reasonable request. Source data 
are provided with this paper.
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Code availability
Analysis procedures and codes are available via GitHub under a GPL-3.0 
license at https://github.com/xt-prc-lab/Rossetti_et_al_2024_Nature_
Physics. All other codes are available from the corresponding authors 
on reasonable request.
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Extended Data Fig. 1 | Photoactivation induces lamellipodium growth.  
(a) (i) Segmentation of a lamellipodium before (green) and after photoactivation 
(lilac, cyan is the overlap), (ii) membrane fluorescence of lamellipodium after 
photoactivation, (iii) focal adhesions after photoactivation, (iv) a naturally 
occurring lamellipodium, (v) focal adhesions in the naturally occurring 
lamellipodium (scale bar 10 µm). Similar results were obtained in n=10 cell trains 
from 3 independent experiments. (b) Scheme of how lamellipodium area is 
calculated. The area of the top half of the cell is averaged during 1 h prior to (A) 
and following (A*) photoactivation (these same time intervals are considered also 
for control cells). The change of lamellipodium size is calculated as the difference 
between A* and A. (c) Lamellipodium area for trains of different lengths, 

comparing control cases and photoactivated trains. Photoactivation induces 
lamellipodium growth in nearly all cases. Statistical significance quantified by 
a two-sided Wilcoxon rank sum test, ** indicates p<0.01. Box plots showing first 
quartile, median and third quartile. Range includes all data points. Whiskers 
extend to first adjacent value within 1.5 x inter-quartile range. Full p-values in 
Supplementary Table 1. (d) Lamellipodium growth of photoactivated trains 
undergoing directed motion compared with other trains. Lamellipodium growth 
is not significantly different between these two subpopulations. Statistical 
significance quantified by a two-sided Wilcoxon rank sum test. Box plots showing 
first quartile, median and third quartile. Range includes all data points. Whiskers 
extend to first adjacent value within 1.5 x inter-quartile range.
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Extended Data Fig. 2 | Cell train and edge motion. (a) Directed migration 
in control trains. In absence of photoactivation there is an equal probability 
for upwards (directed) or downwards (antidirected) migration. (b) Effect of 
photoactivation on edge motion, compared with control cases. The bars show 
the percentage of photoactivated edges that have significant velocities in the 
direction of photoactivation (magenta), in the opposing direction (green), or 

that have non-significant velocities (grey). For all values of Nc more than 50% 
of the cell trains have edge velocities biased in the direction of the induced 
lamellipodium. In the control case, both directions are equally probable. For 
increasing values of Nc the photoactivated edges total sample sizes are n=49, 
n=61, n=42, n=33, respectively, and for the control edges total sample sizes are 
n=38, n=31, n=23, n=15.
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Extended Data Fig. 3 | Photoactivated cell trains that undergo directed 
migration are not undergoing directed migration prior to photoactivation. 
Motion of cell trains of different lengths before and during photoactivation. For 
each value of Nc the column on the left shows the type of migration of the trains 
that will be photoactivated, while the column on the right shows the type of 

migration of the same trains during photoactivation (same data as Fig. 2e). The 
stripes connecting the columns show how cell trains changed their migration 
type due to photoactivation. Tph stands for the time at which photoactivation 
starts and t is time.
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Extended Data Fig. 4 | Effect of photoactivation on traction forces. Average 
profiles of the longitudinal component of the traction for cell trains undergoing 
coherent motion (red) and for other trains (grey). The top row shows only 

photoactivated trains, the bottom row non-photoactivated trains. Shaded 
regions along the curves show the standard error of the mean. Averages are over 
different cell trains; number of cell trains n is indicated on the plot.
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Extended Data Fig. 5 | Role of non-uniform friction on train motion.  
(a-c) Predicted profiles of velocity (a), total traction (b), and tension (c) for 
different values of the relative strength of friction non-uniformity, Δξ/ξ0, varied 
from 0% to 40%. Insets help to visualize the small effect of friction non-
uniformity. The theory with non-uniform friction is explained in Section D of the 

Supplementary Note. (d) Centre-of-mass velocity as a function of the decay-
length asymmetry of the active tractions, as in Fig. 5o, shown for different values 
of the relative friction non-uniformity. The effects of friction non-uniformity are 
small in all cases. In all panels, we chose ζ+ = ζ−, ℓ− = 0.4 L, and λ = 10L. In 
panels a-c, we chose ℓ+/ℓ− = 1.25.
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Extended Data Fig. 6 | Fits of the predicted traction profiles to the 
experimental data. (a) Model (blue curves) and experimental (red and grey 
curves) average longitudinal tractions for cell trains undergoing coherent 
motion (top row, red curves) and for other trains (bottom row, grey curves).  

In the top row, dashed green lines show the level of friction force, as also reported 
in the bottom left plot of panel (b). (b) Parameter values of the model (equation 
(1)) obtained from the fits. Error bars are confidence intervals derived from the 
fits (see Methods).

http://www.nature.com/naturephysics
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Reporting Summary
Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection ZEN2.3 SP1 FP3 (black, version 14.0.24.201)

Data analysis MATLAB version R2017a, MathWorks Inc., Natick, Massachusetts, 2017. Custom made codes can be made available upon reasonable request 
to the corresponding authors. ImageJ/Fiji (2.3.0/1.53f51) was used for image pre-processing and segmentation. 

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

The data that support the findings of this study are available from the corresponding authors on reasonable request. 
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Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical test was used to determine sample size. Sample size was determined empirically according to previous knowledge of the 
variation in similar experimental setups. For cell trains and clusters, experiments were performed until all train types and clusters were 
represented by at least n=40 individual cases, which is sufficient to detect meaningful differences based on historical record with similar 
experiments. 

Data exclusions Cell trains that included a dividing cell, and cell trains that touched other cell trains during the experiment were not considered for analysis.

Replication Experiments were replicated 59 times to obtain a data-set of 292 independent cell trains and 8 times to obtain 43 cell clusters. Experiments 
were performed on different days and with different cell batches, obtaining the same results. 

Randomization No randomization  method for the selection of cell trains or clusters was applied. Trains and clusters were selected solely on the basis of 1) if 
they occurred on intact fibronectin patterns, 2) whether they were far from other cells, 3) if 1 and 2 were met, then regions containing more 
than one viable cell train or cluster were favoured. This selection process could not introduce any bias as the selection criteria were not 
related to any properties of the cells.

Blinding Researchers were not blinded to group allocation during data collection and/or analysis. Blinding was not possible as the same researchers 
both produced and analysed the data. 

Behavioural & social sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional, 
quantitative experimental, mixed-methods case study). 

Research sample State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic 
information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For 
studies involving existing datasets, please describe the dataset and source.

Sampling strategy Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to 
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a 
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and 
what criteria were used to decide that no further sampling was needed.

Data collection Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper, 
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and 
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Timing Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample 
cohort.

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the 
rationale behind them, indicating whether exclusion criteria were pre-established.

Non-participation State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no 
participants dropped out/declined participation.

Randomization If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if 
allocation was not random, describe how covariates were controlled.
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Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested, 
hierarchical), nature and number of experimental units and replicates.

Research sample Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National 
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and 
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets, 
describe the data and its source.

Sampling strategy Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size 
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Data collection Describe the data collection procedure, including who recorded the data and how.

Timing and spatial scale Indicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for 
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which 
the data are taken

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them, 
indicating whether exclusion criteria were pre-established.

Reproducibility Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to 
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Randomization Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were 
controlled. If this is not relevant to your study, explain why.

Blinding Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why 
blinding was not relevant to your study.

Did the study involve field work? Yes No

Field work, collection and transport
Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

Location State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).

Access & import/export Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in 
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority, 
the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging
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Antibodies
Antibodies used The antibodies used were rabbit anti-phospho-paxillin (69363s, Cell Signaling) and Alexa Fluor-647 goat anti-rabbit (A-21245, 

ThermoFisher).

Validation Both antibodies were used for immunofluorescence. The Phospho-Paxillin (Tyr118) (E9U9F) rabbit antibody (Cell Signaling #69363) 
has been tested by the manufacturer and by, at least, 19 previous publications (all of them can be found in the manufacturer 
webpage: https://www.cellsignal.com/product/productDetail.jsp?productId=69363). Figures of experiments that demonstrate 
specificity in western blot and immunofluorescence assays are depicted in the manufacturer webpage. The goat anti-rabbit IgG (H+L) 
highly cross-adsorbed secondary antibody with Alexa Fluor™ 647 (ThermoFisher #A-21245) was validated as displayed in the 
Antibody Registry, under the RRID number AB_2535813 (https://www.antibodyregistry.org/AB_2535813).

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) The cell line used in this study (optoMDCK-Rac1) was derived from MDCK cells extensively used in our laboratory (see 
specifically doi: 10.1038/ncomms14396) and were originally provided by Guillaume Charras (UCL).

Authentication None of the cell lines used were authenticated.

Mycoplasma contamination All cell lines used in this work tested negative for Mycoplasma.

Commonly misidentified lines
(See ICLAC register)

no commonly misidentified cell lines were used

Palaeontology and Archaeology
Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the 

issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable, 
export.

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where 
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are 
provided.

Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance 
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals For laboratory animals, report species, strain, sex and age OR state that the study did not involve laboratory animals.

Wild animals Provide details on animals observed in or captured in the field; report species, sex and age where possible. Describe how animals were 
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method; if released, 
say where and when) OR state that the study did not involve wild animals.

Field-collected samples For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature, 
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance 
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants
Policy information about studies involving human research participants

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, gender, genotypic 
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study 
design questions and have nothing to add here, write "See above."
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Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and 

how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data
Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.

Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.

Outcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern
Policy information about dual use research of concern

Hazards
Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented 
in the manuscript, pose a threat to:

No Yes
Public health

National security

Crops and/or livestock

Ecosystems

Any other significant area

Experiments of concern
Does the work involve any of these experiments of concern:

No Yes
Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents

Enhance the virulence of a pathogen or render a nonpathogen virulent

Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

Any other potentially harmful combination of experiments and agents

ChIP-seq

Data deposition
Confirm that both raw and final processed data have been deposited in a public database such as GEO.

Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links 
May remain private before publication.

For "Initial submission" or "Revised version" documents, provide reviewer access links.  For your "Final submission" document, 
provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.

Genome browser session 
(e.g. UCSC)

Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to 
enable peer review.  Write "no longer applicable" for "Final submission" documents.
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Methodology

Replicates Describe the experimental replicates, specifying number, type and replicate agreement.

Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and 
whether they were paired- or single-end.

Antibodies Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and lot 
number.

Peak calling parameters Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files 
used.

Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.

Software Describe the software used to collect and analyze the ChIP-seq data. For custom code that has been deposited into a community 
repository, provide accession details.

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.

Instrument Identify the instrument used for data collection, specifying make and model number.

Software Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a 
community repository, provide accession details.

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the 
samples and how it was determined.

Gating strategy Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell 
population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state; event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial 
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used 
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across 
subjects).
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Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.

Field strength Specify in Tesla

Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size, 
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI Used Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction, 
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for 
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g. 
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and 
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and 
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether 
ANOVA or factorial designs were used.

Specify type of analysis: Whole brain ROI-based Both

Statistic type for inference
(See Eklund et al. 2016)

Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

Models & analysis

n/a Involved in the study
Functional and/or effective connectivity

Graph analysis

Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation, 
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph, 
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency, 
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation 
metrics.
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