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Abstract 
 Marangoni-driven self-propelled droplets have attracted considerable attention as a platform to study 
active soft matter and collective behavior. The speed of active drops is generally assumed to be 
determined by instantaneous diameter and solubilization rate, which together dictate the spontaneously 
generated interfacial tension gradients across the drop surface and induce propulsion; the history of the 
droplet has not before been considered. Here, we report that active droplets can exhibit a type of memory 
wherein the temporal history of the droplet, particularly the starting diameter, influences the droplet 
speed. For example, two droplets of identical instantaneous diameter in the same local chemical 
environment can exhibit dramatically different instantaneous velocities depending upon their initial 
diameter. This effect is observed for a range of droplet oils and common ionic surfactants. The 
relationships between drop diameter, velocity, and solubilization rate were examined for several ionic 
and nonionic surfactants and suggest that droplet motility only is present when solubilization is 
interfacially limited, as opposed to diffusion limited. Oil droplets in ionic surfactant solutions also undergo 
a transition from motile to non-motile, where the diameter at the transitionary point depends upon initial 
drop diameter. We hypothesize that this memory behavior may result from an interfacial phase transition, 
as hinted at by observed visual deformations on drop interfaces under some circumstances. We believe 
this work provides insight as to how memory may be imparted in active droplet systems, highlights the 
importance of non-equilibrium phenomena in active materials, and offers valuable insights for the design 
of adaptive, dynamic droplet systems. 
 
Introduction 
 Emerging from the study of nonequilibrium systems, active colloids have become a pivotal topic in 
fundamental soft matter research, fueling breakthroughs in biomimetic materials,1–3 life-like droplets,4–6 
and the understanding of far-from-equilibrium phenomena. Among such active colloids, motile droplets 
have drawn significant interest for their simple composition and ease of fabrication, yet rich dynamics.7 

These emulsions consist of a minimum of one immiscible liquid dispersed in another, with a surfactant 
acting as a stabilizer. Droplets self-propel and communicate with each other via chemical gradients that 
spontaneously generate interfacial tension gradients and Marangoni flows on the drop surfaces.8–10 While 
chemical reactions can be used to induce drop self-propulsion, the simplest systems are fueled only by 
solubilization processes wherein droplet contents are transferred into the surrounding solution; 
spontaneous symmetry breaking coupled with a positive feedback mechanism can lead to sustained 
droplet motility in the absence of any other applied fields or forces.11–13 Despite the widespread study of 
solubilizing active droplets with diverse chemistries9,14–16 and various models proposed to rationalize their 
active behaviors10,15,17, a molecular-level understanding of how solute transport at a non-equilibrium oil–
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water interface generates interfacial tension gradients and thus self-propulsion remains elusive. Notably, 
although active droplets have non-equilibrium interfaces, drop motility has always been described as a 
function of instantaneous properties such as diameter,18,19 i.e. independent of their history and initial 
condition.19 This approach may not fully capture droplet properties since non-equilibrium soft materials 
frequently exhibit memory effects.20 A material at equilibrium—such as a perfect crystal—will always have 
the same properties regardless of its history, while a non-equilibrium system—such as a soft glassy 
material (foams, emulsions, pastes, slurries)—can display strong dependence on its past.21,22  
 Here, we report that solubilizing active droplets can exhibit history-dependent motility. This memory 
effect manifests in unexpected changes in a droplet’s velocity, which at any point in time might be 
dependent not only on its instantaneous diameter, but also on a diameter from earlier in the droplet’s 
life. For instance, we observe two drops of identical composition and size in the same chemical 
environment swimming at dramatically different speeds depending on their initial diameters (i.e. 
diameter at which the drop was formed). Tracking the velocity of active droplets across a diverse range of 
surfactant types, we find that this memory effect is linked to solubilization kinetics: only active, motile 
droplets with non-constant solubilization rates are history-dependent. We hypothesize that a slow, 
interfacial phase transition might impact the solubilization rates of some active drops. We hope that this 
work contributes fundamental insights into principles governing active droplet behavior, facilitates the 
design of emergent behaviors in active matter, and spark further investigations surrounding non-
equilibrium interfacial processes in emulsions. 
 
Results and Discussion 
 
Self-propelled active droplets irreversibly stop at different diameters. Our discovery of history-
dependent active droplets occurred while observing a single, 1-bromooctane droplet with an initial 
diameter of 𝐷𝐷0 ≈ 100 µm in 5 wt% aqueous sodium dodecyl sulfate (SDS, CMC = 0.2 wt%). The droplet 
was confined in a submerged, circular corral (1 mm diameter and 0.2 mm depth with an open top) to keep 
the droplet in the field of view as it actively self-propelled due to micellar solubilization of the oil. Although 
the drop was initially highly active with instantaneous velocity, 𝑉𝑉 , exceeding 200 µm/s, the droplet 
gradually slowed and came to a halt after about 18 minutes, despite continuing to solubilize (Fig. 1A, 
Video S1). This stopping behavior was also observed with n-octane. Particle image velocimetry of the 
droplet side-profile revealed zero interfacial flow when the droplet stopped (Fig. 1B, Video S2). Agitation 
of the solution to refresh the droplet’s local environment, or transfer of the stopped droplet to a dish with 
fresh SDS solution, did not restart motion, indicating that a local buildup of oil-filled micelles was not 
causing the loss of motility.  

On one hand, it is expected that droplet motility should decrease with drop diameter due to a 
decrease in Péclet number (Pe), which compares advective to diffusive transport: 𝑃𝑃𝑃𝑃 = 𝒜𝒜ℳ𝐷𝐷/𝒟𝒟2, where 
𝒜𝒜, ℳ, and 𝐷𝐷 are the drop’s activity, mobility, and diameter, and 𝒟𝒟 is the diffusivity of a filled micelle. As 
such, we considered that perhaps the droplet simply became too small to sustain self-propulsion.15,19,23 
However, a second, freshly emulsified droplet of equivalent diameter to that of the first, stopped droplet 
(𝐷𝐷0 ≈ 46 µm) added to the same corral was quite active (Fig. 1C). The second droplet eventually stopped 
moving as well, but its diameter upon halting was much smaller than the first drop (23 µm vs 38 µm). 
These observations suggested that there are factors independent of the instantaneous droplet diameter 
and local chemical environment that affect motility, and it appeared that the droplet’s history, i.e. starting 
diameter, could be playing a role.  
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Figure 1. A self-propelled 1-bromooctane drop in SDS solution stops irreversibly. (A) A 1-bromooctane 
drop with initial diameter 𝐷𝐷0 ≈ 100 µm in aqueous 5 wt% SDS solution is initially highly motile. Over time, 
the droplet slows down and eventually stops moving. Agitation of the solution does not restart drop 
motion. Scale, 100 µm. (B) Experimental flow fields around the side profile of a 1-bromooctane droplet in 
5 wt% SDS captured using particle image velocimetry. Over time, the velocity of the surrounding flow 
decreases until it ceases completely, which is associated with the loss in droplet motility. Note that flow 
should be fastest close to the droplet interface; however, we were unable to record accurate flow 
velocities at those locations due to low particle number densities directly adjacent to the drop’s interface. 
Scale, 50 µm. (C) After allowing a 𝐷𝐷0 ≈ 100 µm 1-bromooctane drop in 5 wt% SDS to stop (drop 1) at a 
diameter of 𝐷𝐷 ≈ 46 µm, a second size-matched, freshly emulsified 1-bromooctane droplet was added to 
the same dish (drop 2). Drop 2 was active initially, but eventually stopped moving over time, albeit at a 
much smaller diameter than drop 1. This result indicates that stopping is not due to reaching critical 
diameter. Scale, 100 µm.  
 
 
 
Stopping diameter depends on droplet initial diameter. For a range of 𝐷𝐷0, we measured the stopping 
diameter, defined as the diameter at which the flow around the drop’s side profile ceased. We observed 
a strong positive correlation (Fig. 2A), demonstrating droplet memory of their initial condition. Seeking a 
more detailed understanding of how these drops evolved over their lifetimes, we tracked the diameters 
and velocities of 1-bromooctane drops with 𝐷𝐷0 = 50, 75, and 100 µm in 5 wt% SDS solution (Fig. 2B). All 
drops gradually slowed down until they reached a lateral velocity of 𝑉𝑉 = 0 µm/s but still continued to 
solubilize and decrease in diameter afterwards. Examining the trends in 𝑉𝑉(𝑡𝑡) and 𝐷𝐷(𝑡𝑡), we noticed that 
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the solubilization rate (𝜅𝜅 ), defined as the change in drop diameter with respect to time , 𝜅𝜅 = �𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
� , 

underwent a transition around the same time that droplets reached 𝑉𝑉 = 0 µm/s (Fig. 2B). For a given 
chemistry (oil and surfactant), we typically expect that an active drop’s velocity is determined by its 
instantaneous diameter and solubilization rate, i.e. 𝑉𝑉 = 𝑉𝑉(𝐷𝐷, 𝜅𝜅).11 To visualize the connection between 
these variables, we re-plotted the trajectory data for the 1-bromooctane drops in 5 wt% SDS from Fig. 2B  
to include 𝜅𝜅 as a parameter (Fig. 2C). Each drop traversed unique paths in (𝐷𝐷, 𝜅𝜅,𝑉𝑉) space that, surprisingly, 
depended on 𝐷𝐷0 . To check whether this behavior was unique to SDS, we also conducted the same 
experiment using 1-bromooctane drops in 3 wt% of the cationic surfactant tetradecyltrimethylammonium 
bromide (TTAB; Fig. S1). Notably, despite differences in their molecular structures, SDS and TTAB were 
functionally identical in terms of the relationship between drop motility and solubilization.  

Examining Fig. 2C more closely hints at the importance of 𝜅𝜅 to droplet memory. In Fig. 2C, we see that 
drop behavior could be divided into three regimes: an inactive regime at smaller diameters, an active 
regime at larger diameters, and a transitionary regime in between. Within the inactive regime, 𝜅𝜅 increased 
as drops got smaller, implying diffusion-limited solubilization; i.e., diffusion of oil-filled micelles away from 
the drop is slow relative to oil dissolution into the water, so smaller droplets enable faster solubilization.24 
Noting that the 𝜅𝜅 vs 𝐷𝐷 curves roughly aligned for drops with different 𝐷𝐷0 within the inactive regime, we 
conclude that the solubilization rate of non-motile drops is determined by their instantaneous 𝐷𝐷. Within 
the active regime, initially, 𝜅𝜅 was fairly constant. However, during the transition from active to inactive, 𝜅𝜅 
decreased, manifesting in a reduced 𝑉𝑉 . Interestingly, the diameter range at which this transitionary 
regime occurred was dependent on 𝐷𝐷0; larger 𝐷𝐷0 drops transition at larger diameters. As such, droplets 
with the same 𝐷𝐷 could have dramatically different 𝜅𝜅 depending on 𝐷𝐷0—just as drop motility was observed 
to depend on 𝐷𝐷0. 

To rationalize the halting behavior, we looked at the relationship between 𝐷𝐷, 𝜅𝜅, and 𝑉𝑉, which can be 
described by the Péclet number, 𝑃𝑃𝑃𝑃. 𝑃𝑃𝑃𝑃 is a function of 𝐷𝐷 and 𝜅𝜅 and determines droplet velocity, i.e. 𝑉𝑉 =
𝑉𝑉(𝑃𝑃𝑃𝑃).8,11,25 Additionally, self-propulsion is expected only above a critical Péclet number, 𝑃𝑃𝑒𝑒𝑐𝑐 = 4.25 As 
such, we suspected that our drops were slowing down and stopping due to a low 𝑃𝑃𝑃𝑃  caused by the 
coupled, simultaneous decrease in 𝐷𝐷 and 𝜅𝜅 observed in Fig. 2C. We set out to estimate the time evolution 
of Péclet number for our experiments. Following the analysis presented by Izri et al. to calculate 𝑃𝑃𝑃𝑃 for 
solubilizing active droplets (see “Calculation of Péclet number for active droplets” in SI for details),11 we 
estimated the instantaneous Péclet number for the 1-bromooctane drops in 5 wt% SDS (Fig. 2D) and 3 
wt% TTAB (Fig. S1). We found that 𝑉𝑉 was well described by the estimated 𝑃𝑃𝑃𝑃 for all drops regardless of 
𝐷𝐷0. Additionally, all drops stopped for Péclet numbers within an order-of-magnitude of the theoretically 
expected value of 𝑃𝑃𝑒𝑒𝑐𝑐 = 4. Thus, we conclude that the irreversible stopping of 1-bromooctane drops in 
SDS and TTAB is likely caused by a low 𝑃𝑃𝑃𝑃, which in turn is due to the drop’s decreasing 𝐷𝐷 and 𝜅𝜅. 
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Figure 2. Motility of 1-bromooctane in SDS is dependent on initial diameter. (A) Stopping vs initial 
diameters for 1-bromooctane drops in 5 wt% aqueous SDS. The stopping diameter was determined based 
on the time at which tracer particle flow around the drop ceased. Linear regression between initial and 
stopping diameters yielded an R2 value of 0.97. (B) Time evolution of velocity (blue) and diameter (pink) 
for 1-bromooctane drops with varying 𝐷𝐷0 in 5 wt% SDS. (C) Velocity as a function of drop diameter and 
solubilization rate for 1-bromooctane drops with varying 𝐷𝐷0 in 5 wt% SDS. (D) Velocity of drops with 
varying 𝐷𝐷0 as a function of Péclet number for 1-bromooctane drops in 5 wt% SDS. Data in (B–D) are from 
the same set of experiments. Representative single droplet trajectories are plotted for clarity; 
experiments were performed in triplicate and additional data is reported in Fig. S3. 
 
 
Droplet “memory” arises from a dependence of 𝜿𝜿 upon 𝑫𝑫𝟎𝟎. To try to gain additional insight regarding 
how 𝜅𝜅 depends upon 𝐷𝐷0 and relates to droplet memory, we decided to explore active droplets in different 
chemical systems, especially those containing nonionic surfactants. We tracked the solubilization kinetics 
and velocities of 1-bromooctane drops with varying 𝐷𝐷0 in aqueous 2 wt% Tergitol NP-9 (Fig. 3A) and 5 wt% 
Makon TD-12 (Fig. S2). Tergitol NP-9 is a nonylphenol ethoxylate surfactant (CMC = 0.006 wt%) and Makon 
TD-12 is an alkyl ethoxylate (CMC = 0.013 wt%). Similar to 1-bromooctane in SDS, larger drops were faster, 
and velocities decreased over time in both surfactants (Fig. 3B). However, none of the drops in these 
nonionic surfactants stopped moving. Drops remained active until they were no longer visible under the 
microscope. The solubilization kinetics were also different than in SDS and TTAB; 𝜅𝜅  was constant 
throughout a drop’s lifetime (Fig. 3C) which is similar to other reports of active drops in nonionic 
surfactants.14,26,27 Plotting 𝑉𝑉  vs 𝐷𝐷  (Fig. 3D), we found that drop velocity was the same for a given 𝐷𝐷 
regardless of 𝐷𝐷0 , i.e. not history dependent. The fact that both the history dependent behavior and 
solubilization kinetics of 1-bromooctane differed between SDS/TTAB (ionic surfactants) and Tergitol NP-
9/Makon TD-12 (nonionic surfactants) made us suspect that the temporal evolution of 𝜅𝜅 depending on 
𝐷𝐷0 could underpin droplet memory and that it has some physical basis in the drop surface chemistry. 
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 The velocity of an active solubilizing droplet has been proposed to scale as:11  
 

𝑉𝑉(𝑡𝑡) ∝ 𝜅𝜅(𝑡𝑡)𝐷𝐷(𝑡𝑡) (1) 
 
This relation suggests that history dependence—that is, dependence of 𝑉𝑉 on 𝐷𝐷0—should emerge from 
𝜅𝜅(𝑡𝑡)  and/or 𝐷𝐷(𝑡𝑡). We consider how a single oil droplet evolves over time within this framework. A 
solubilizing drop will start at (𝐷𝐷0,𝜅𝜅0) and traverse a path through (𝐷𝐷, 𝜅𝜅) space over its lifetime. This 
trajectory corresponds to the time evolution of the velocity. If 𝜅𝜅 is constant, all drops will follow the same 
path through (𝐷𝐷, 𝜅𝜅) space regardless of 𝐷𝐷0, meaning their initial condition (𝐷𝐷0,𝜅𝜅0) is not important to 
their lifetime dynamics and thus are history independent with no memory of their starting condition (Fig. 
3C, Fig. S2). However, for non-constant 𝜅𝜅, different 𝐷𝐷0 values generate unique trajectories through (𝐷𝐷, 𝜅𝜅) 
space and thus would be expected to lead to history dependence (e.g. Fig. 2C, Fig. S1). (Note that there is 
also a non-constant increasing 𝜅𝜅 in the inactive regime where velocity is zero, which arises due to diffusion 
limitations, and is not the focus here). The importance of non-constant decreasing 𝜅𝜅 in determining active 
drop history dependence can be demonstrated mathematically—the expression for 𝑉𝑉  should depend 
explicitly on 𝐷𝐷0 in this case (see “Non-constant solubilization rates cause initial diameter dependence” in 
the supporting information). Thus, the non-constant (decreasing) 𝜅𝜅 within the active regime imparts the 
droplet with memory of its starting diameter, which manifests as these unexpected changes in the droplet 
motility.  
 

Figure 3. Motility of 1-bromooctane in Tergitol NP-9 nonionic surfactant does not depend on initial 
diameter. (A) Chemical structure of Tergitol NP-9. The number of ethylene oxide repeats (9) in the 
headgroup is an average value. (B) Time evolution of velocity (blue) and diameter (pink) for 1-
bromooctane drops with varying 𝐷𝐷0  in 2 wt% Tergitol NP-9. (C) Solubilization rate vs diameter with 
velocity expressed as color at each time point for 1-bromooctane drops in 2 wt% Tergitol NP-9. (D) Velocity 
vs diameter for 1-bromooctane drops in 2 wt% Tergitol NP-9. Data in (B–D) are from the same set of 
experiments. Representative single droplet trajectories are plotted for clarity; experiments were 
performed in triplicate and additional data is reported in the SI (Fig. S3). 
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Activity is associated with interfacially-limited solubilization, inactivity with diffusion-limited 
solubilization. An unresolved question in this work so far is why certain droplets exhibit a constant κ, 
whereas others display a non-constant solubilization rate, and if this difference is relevant to the 
mechanisms of droplet motility. Solubilization, at a molecular level, is often described as a two-step 
process (Fig. 4A).28 First, oil molecules transfer across the interface, a process which has been suggested 
to impart some level of “interfacial resistance”. This step could involve transfer of a single molecule or 
clusters of molecules (e.g. individual oil molecules, an oil-filled micelle “budding” off the interface, or small 
aggregates of surfactant and oil). Here, we simply consider this first, interfacial step to be agnostic of the 
specific pathway by which the oil molecule reaches a micelle; presumably, the precise cause of the 
resistance is influenced by the chemical structure of the surfactant and oil itself.24,29 In the second step, 
oil-filled micelles and oil molecules diffuse away, or are advected away, from the drop’s vicinity (a bulk 
diffusion step). This mass transport problem can be formulated as two resistors in series with resistances 
𝑅𝑅𝐼𝐼  and 𝑅𝑅𝐵𝐵  for the interfacial and bulk steps respectively; the total resistance—which determines the 
solubilization rate—is 𝑅𝑅 = 𝑅𝑅𝐼𝐼 + 𝑅𝑅𝐵𝐵 . There are thus two kinetic regimes describing solubilization: an 
interfacially-limited regime (𝑅𝑅𝐼𝐼 ≫ 𝑅𝑅𝐵𝐵) and a bulk diffusion-limited regime (𝑅𝑅𝐼𝐼 ≪ 𝑅𝑅𝐵𝐵).  

Notably, these kinetic regimes differ in how 𝜅𝜅 depends on 𝐷𝐷: 𝜅𝜅 is independent of 𝐷𝐷 under interfacial 
control, whereas 𝜅𝜅 increases for smaller 𝐷𝐷 under diffusion control.24,29 Also, while we expect 𝑅𝑅𝐼𝐼 to be a 
constant value for given interfacial composition, 𝑅𝑅𝐵𝐵  should change depending on the convective 
conditions around the droplet. For motile droplets, in both ionic and nonionic surfactants, 𝜅𝜅 was a larger, 
relatively constant value independent of 𝐷𝐷, signaling interfacial control (Fig. 2,3). However, for droplets 
in the non-motile, inactive regime, which we only observed for ionic surfactants, 𝜅𝜅  was smaller and 
increased as 𝐷𝐷 decreased, indicative of diffusion limitations. We confirmed that that the solubilization of 
non-motile drops was diffusion limited by tracking the solubilization rate of a halted, 𝐷𝐷0 = 100 µm 1-
bromooctane drop in 3 wt% SDS under both static and forced convective conditions, finding that the drop 
with forced convection solubilized faster (Fig. S4). Thus, interestingly, drop motility appears to be 
associated with interfacially-limited solubilization while inactivity associated with diffusion-limited 
solubilization.  

Further, a given droplet can exhibit both active (interfacially limited) and inactive (diffusion limited) 
regimes at different stages of its lifetime. In the case of droplets which exhibit the stopping behavior in 
ionic surfactants, drops start in the active regime with interfacially-limited solubilization (𝑅𝑅𝐼𝐼 ≫ 𝑅𝑅𝐵𝐵) where 
𝑅𝑅𝐵𝐵 is small because drops are moving quickly (Fig. 4B) and convective flow accelerates transport of oil-
filled micelles from the drop’s vicinity. As the drop’s velocity decreases over time, decreased advective 
transport away from the drop causes an increase in 𝑅𝑅𝐵𝐵, ultimately leading to a diffusion-limited regime 
with 𝑅𝑅𝐼𝐼 ≪ 𝑅𝑅𝐵𝐵 for inactive (stopped) droplets. This coupling between a drop’s motility and its solubilization 
rate explains the correlated transitions of 𝑉𝑉  and 𝜅𝜅  observed for the stopping droplets, sketched 
schematically in Fig. 4C. What remained unclear to us was why is this correlated transition dependent 
upon 𝐷𝐷0? 
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Figure 4. Droplet activity and inactivity appear associated with interfacial and diffusion limited 
solubilization regimes, respectively. (A) An inactive drop under diffusion-limited solubilization control. 
Solubilization occurs through two steps: an oil molecule transfers across the interface in a fast process. 
This could be by molecular transport of oil into water, or potentially by a micellar process, we do not 
differentiate here.  After crossing the interface, the oil-filled micelles and oil molecules diffuse away from 
the drop’s vicinity, which is slow. The solubilization process is represented as two resistors in series with 
mass transfer resistivities of 𝑅𝑅𝐼𝐼 (interfacial step) and 𝑅𝑅𝐵𝐵 (bulk diffusion step). (B) An active drop under 
interfacially-limited solubilization control. Advection caused by Marangoni flow facilitates a greater flux 
of filled micelles and oil away from the drop’s vicinity, corresponding to a lower 𝑅𝑅𝐵𝐵  compared to the 
inactive case. (C) Schematic of a correlated transition in 𝑉𝑉 and 𝜅𝜅 for active droplets which experience 
history dependent halting. The limiting solubilization regimes (interfacial vs diffusion control) are depicted 
by the dashed lines. Drops start in the active regime with interfacially-limited solubilization (𝑅𝑅𝐼𝐼 ≫ 𝑅𝑅𝐵𝐵). As 
𝑉𝑉 decreases, 𝑅𝑅𝐵𝐵 increases due to slower advective transport of filled micelles until 𝑅𝑅𝐼𝐼 ≈ 𝑅𝑅𝐵𝐵. As the drop 
becomes non-motile (𝑉𝑉 → 0), 𝑅𝑅𝐵𝐵 increases above 𝑅𝑅𝐼𝐼 causing the drop to transition into diffusion-limited 
solubilization.  
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To assess whether the solubilization regime and resulting droplet behavior depend on oil chemistry, 
we examined a series of brominated alkanes with different chain lengths (bromohexane, bromooctane, 
bromodecane) in 5 wt% SDS with initial diameters of 𝐷𝐷0 = 100 ± 10 𝜇𝜇m (Fig. S5). While all oils solubilize 
in SDS, their solubilization kinetics differed markedly. 1-bromohexane droplets were always non-motile, 
with a solubilization rate that increased as drop diameter decreased, suggesting a diffusion-limited 
solubilization regime. This behavior could be due to the relatively higher water solubility of the shorter-
chain oil, enabling molecular transport (dissolution) of oil into the aqueous phase, rather than via a 
micellar process13 and 𝑅𝑅𝐼𝐼 ≪ 𝑅𝑅𝐵𝐵 . Importantly, the inactivity of the 1-bromohexane droplet, despite an 
appreciable fast solubilization rate (−𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 = 4.0 𝜇𝜇𝜇𝜇 𝑚𝑚𝑚𝑚𝑚𝑚−1), indicates that a fast solubilization rate 
alone is not sufficient to generate Marangoni-driven activity, which is consistent with prior 
observations.14,26 In contrast, longer-chain oil 1-bromodecane solubilized the slowest ( −𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 =
0.16 𝜇𝜇𝜇𝜇 𝑚𝑚𝑚𝑚𝑚𝑚−1) and was thus not laterally motile, but it still exhibited weak Marangoni flow at the 
surface due to symmetry breaking from the substrate14; this observation is consistent with solubilization 
that is interfacially limited, with interfacial transport dominating over bulk diffusion (𝑅𝑅𝐼𝐼 ≫ 𝑅𝑅𝐵𝐵 ). 1-
bromooctane exhibited intermediate behavior, transitioning from interfacially limited solubilization while 
active to diffusion-limited solubilization while inactive. Together, these results suggest that oil chain 
length can be used to systematically tune the balance between interfacial and bulk transport resistances, 
resulting in differences in solubilization kinetics and motility behavior. 
 

  
Figure 5. Drops deform at long times after stopping. (A) A 𝐷𝐷0 = 100 µm 1-bromooctane droplet in 5 wt% 
SDS undergoes interfacial deformation around 22 minutes after stopping. Scale bar, 10 µm. (B) The 
diameter at which the 1-bromooctane drop interface becomes visually non-spherical in 5 wt% SDS is 
correlated with the initial diameter. Each point represents the measurement for one droplet.  
 
 
Droplets often undergo deformation after motility ceases, implying temporal evolution of interfacial 
composition. While observing 1-bromooctane droplets in 5 wt% SDS and 3 wt% TTAB, we noticed that, if 
we waited sufficiently long times after the droplet stopped moving (on the order of tens of minutes), 
drops eventually evolved a non-spherical morphology (Fig. 5A, Video S3). Often, the interface developed 
wrinkles and eventually collapsed into a crystal-like morphology with flat faces and sharp edges. Even 
these deformed droplets, however, continued to shrink in size. The deformed drops did not show 
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birefringence under polarized light microscopy (Fig. S6), suggesting that the deformation was likely not 
due to large-scale molecular ordering or liquid crystal formation within the bulk droplet.30,31 The 
deformation was not due to an insoluble impurity in the oil, as further oil purification using column and 
syringe filtration had no observable effect on deformation (Fig. S7) and a wide range of oils exhibited 
deformation behavior (Fig. S8).  

Based on the visual onset of interfacial deformation, as well as the temporal variations in the 
solubilization kinetics / drop motility, we infer that the composition of the drop’s interface is gradually 
changing over time. One possible explanation for the deformation is that surfactant and oil at the drop 
interface may pack more tightly as the drop’s surface area decreases due to solubilization, potentially 
triggering an interfacial phase transition. This hypothesis is somewhat supported by prior reports of 
adsorbed surfactants at air-water interfaces undergoing 2D phase transitions when laterally compressed 
in a Langmuir-Blodgett trough.32,33 Interestingly, the size at which drops deformed correlated with the 
droplet's initial diameter (Fig. 5B), mirroring the dependence of stopping diameter on initial droplet 
diameter (Fig. 2A). The correlation in Fig. 5B suggests there could be a relationship between the 
solubilization kinetics and temporal changes in the interfacial composition itself. Since interfacial 
composition likely impacts interfacial resistance, 𝑅𝑅𝐼𝐼, and 𝑅𝑅𝐼𝐼 has an impact on velocity, that could be a 
source of feedback between diameter and velocity that gives rise to memory effects with dependence 
upon 𝐷𝐷0. 
 
Conclusion 

We have demonstrated that the non-equilibrium nature of active droplets can manifest as history-
dependent motility: in some cases, seemingly identical droplets swim at dramatically different velocities 
depending on initial conditions. This history-dependence arises from temporal differences in solubilization 
kinetics where only motile droplets with solubilization rate that decreases over time exhibit history-
dependence. Notably, droplet motion is associated only with interfacially limited solubilization while 
inactivity is associated with a diffusion limited solubilization. We propose that the varying solubilization 
kinetics might stem from coupling between hydrodynamics and changes in the interfacial composition / 
an interfacial phase transition, as evidenced by the eventual wrinkling of the droplet surfaces after motion 
stops.. Further work is needed to probe the interfacial dynamics of these droplets, especially regarding 
mechanisms of molecular transport across the oil-water interface. This understanding could be applied to 
examine history-dependence in more complex systems such as emulsions containing non-reciprocal 
chasing interactions.26 More broadly, the history-dependence illustrated here introduces new design 
paradigms for active matter. History-dependence and memory could be desirable for active sensing34–36 
or in biomedical applications37–39 while controlled studies of collective behaviors might require mitigation 
of history-dependence to reduce system complexity.40  
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