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Abstract 

Effective wound healing relies on thousands of cells collectively migrating to close the 
gap. It is increasingly clear that part of this migration is driven by endogenous 
electrochemical fields which point towards the center of skin wounds and guide collective 
cell migration through “electrotaxis”. Mounting evidence suggests exogenously applied 
electric fields can accelerate healing, but progress in this field has been limited by the use 
of brute-force, global stimulation strategies that are wound agnostic and reflect neither 
the collective nature of the healing process nor the dynamic nature of the wound 
geometry. Here, we develop an experimental system to study how monolayer mouse skin 
responds to spatiotemporally patterned electric fields. We first show that local electrical 
stimulation can produce near global cell migration responses arising from cell-cell 
mechanical adhesion. We apply this strategy to 2D circular wounds using a local ring 
electric field near the wound edge and reveal how to tune the timing of local stimulation 
to avoid cellular jamming. Finally, we integrate our findings with a biophysics-informed 
optimal control strategy to tune both when and where the electric field should be applied 
in time, resulting in dramatic improvements to healing.  

Introduction 

Healing even a small skin injury involves the coordinated behavior of thousands of cells 
to seal the wound1–3. Here, cells at the wound boundary must migrate and lead follower 
cells into the breach, while cells farther from the edge must balance division and 
migration. Self-healing emerges as a remarkable collective behavior from the local 
interactions of the constituent cells, and the collective cellular motion shares many 
similarities to other biological collectives such as bird flocks4–6, herds of sheep7–9, and 
human gatherings10–12. However, while we can heal, it is a slow process that is further 
delayed by disease and age13,14, and raises a natural question: how can it be accelerated?   
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A natural approach is to direct and promote collective cell migration. While numerous 
control techniques have emerged (e.g., optogenetic15–17 and chemotactic18,19),  
electrotaxis or galvanotaxis—using electric fields to steer the directed migration of cells—
is particularly apt because of its tunability20–31. This modality is conserved across most 
multicellular organisms32,33 and arises independently from the nervous system. Animal 
skin cells, for example, transport negative ions outwards and positive ions inwards, 
maintaining a static transepidermal potential difference of ~50 mV32,34. Skin injuries, such 
as a laceration or burn, locally disrupt this potential landscape and lead to an ionic 
imbalance where the wound margin is more positively charged relative to the wound 
center resulting in a direct current (DC) flow and associated electric field of strengths ~1 
V/cm. It is this field that many cells use to set both their migratory direction and speed in 
electrotaxis35,36. Controlling these ionic currents should allow us to direct cell migration 
during healing using an electric bandage.  

However, while the wound currents in vivo have a stable spatial gradient that peaks near 
the wound margin and decays into the wound bed37,38, all extant bioelectric bandages 
that show (modest) healing improvements in animal models38–40 rely on overpowering, 
global electric fields applied without respect to the size and shape of the wound itself. In 
fact, in vitro studies on mature skin cell sheets have shown that such global fields can 
cause mechanical damage20 that result from trying to override the existing intrinsic 
collective dynamics across the tissue.  In sharp contrast, many biological collective 
systems use local feedback-driven control strategies which minimize input costs to the 
controller and maximize the response of the collective41–44. Inspirated by sheepherding, 
where the shepherd nudges the herd and measures its local and global response, and 
then iteratively updates these nudges to steer the herd45–47, we hypothesized that local 
control has the potential to better synergize with the native collective dynamics in a group 
of cells. Here, we design and test these control strategies within the context of an 
electrotactic model wound system and show that they significantly outperform naïve 
control methods.   

Our approach addresses this by answering three related questions: First, how does the 
migratory behavior of a tissue respond to a local electric input? Second, can we use this 
local electric stimulation to accelerate wound healing in a 2D wound model while 
maintaining tissue integrity? Third, can we start to optimally heal a wound? We investigate 
the first question by delivering local electric fields to the central zone of a quasi-1D tissue 
and observing the migratory response, comparing it to the response of traditional global 
electric stimuli20–25. Next, we show that a single pulse of a local, annular shaped electric 
field can improve healing rates substantially while avoiding common pitfalls of global 
control, e.g., tissue edge retraction and cell death20. Finally, we design a simple 
biophysically informed optimal control model embedded within the framework of 
stochastic optimal control. A minimal model leads to the prediction that a pulse train which 
follows the wound edge. When the model is subjected to experimental constraints, it 
predicts a two pulsed strategy where the pulses are spaced out in spacetime. We 
demonstrate this simple double pulse sequence further improves healing rates while 
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maintaining tissue integrity. Together, these observations provide evidence for how a 
combination of experimental observations and biophysical theory embedded within an 
optimal control framework allows us to accomplish more efficient wound healing 
strategies using localized spatial and temporal commands.  

Results 

Applying local electric cues to tissues and quantifying collective responses 

We start by establishing a reproducible experimental system that can apply precise local 
electrical cues to tissues and then analyze the resulting collective dynamics to measure 
if local stimulation produces broader collective responses. We use engineered skin 
sheets both to emphasize the potential for controlling healing, and because the collective 
behavior of skin cells can be tuned by using calcium to alter cell-cell adhesion20,48,49. We 
grow reproducible 10 mm x 1.5 mm skin cell sheets by seeding cells into micro-stencils 
within the stimulation wells of a 24-well plate (Fig. 1A). After cells adhered in standard 
growth media, we elevate the calcium levels (from 50 µM to 300 µM) to activate cell-cell 
adhesion and collectivity. Prior to imaging, we remove the stencil and stain the tissues 
with cytoplasmic and nuclear vital dyes. Full details can be found in the Supporting 
Information (SI section A).  

To apply local electrical cues to living tissues, we adapt our SCHEPHERD system25—an 
8-channel bioelectric stimulation platform designed for 24-well plates and validated for 
electrotaxis. Briefly, SCHEPHERD uses 3D-printed inserts, salt-bridge electrochemistry, 
and custom electronics to deliver physiological DC electric fields to tissues (see SI section 
A). We modify the inserts to contain a single, 340 µm ridge (limited by the 3D printer), 
positioned just above the center of an engineered tissue (as in Fig. 1B). By forcing the 
applied current to travel through the constriction, we amplify the local electric field to 
produce a therapeutic current density only in the vicinity of the ridge over the tissue center. 
Ohm’s law, 𝐸	 = 	𝐽/σ, where 𝐸 is the strength of the electric field, 𝐽 is the current density, 
and σ is the conductivity of the medium provides the relationship between current density 
and electric field.  

We next validate that the applied electric field was both sufficiently local and strong 
enough to generate a local electrotactic response. Since the current density from our 
ridged ceiling structure is near zero in the 𝑦-direction, it is characterized by its 𝑥-
component, 𝐽!, alone.  To measure 𝐽!, we inject 2 μm diameter, charged, fluorescent 
beads into our bioreactor and apply a known voltage drop across the system. The local 
current density causes the charged beads to flow via electrophoresis which we measure 
using particle image velocimetry (PIV)50 taking care to subtract the background 
convective flows. Equating the Stokes drag on the particle with the force from the electric 
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field is sufficient to show that the 𝑥-component of the velocity of the charged beads, 𝑣!, 
scales with 𝐽! and the electric field. To provide an absolute scale for the current density, 
we perform COMSOL simulations of our system. Fig. 1C shows the normalized 𝑣! 
overlayed on the current density results from the COMSOL simulation, and indicates an 
effective electrical stimulation zone of ~1 mm with a peak current density of 𝐽! = 0.42 
mA/mm2 (corresponding peak electric field strength of 𝐸	 ∼ 2.5 V/cm). This field is larger 
than, but comparable to, endogenous electric fields in the body.  

Knowing the approximate spatial footprint of the stimulation zone, we set an appropriate 
length scale for an engineered tissue to ensure both that our stimulation zone was small 
relative to the tissue length (~1/10th the tissue length), and that we can ignore edge effects 
far to the right and left of the stimulation zone. We therefore grow 10 mm x 1.5 mm skin 
monolayer patches using primary mouse skin cells and expose tissues to the following 
electrical stimulation structure: thirty minutes of control (𝐸 = 0), three hours of electrical 

Figure 1. Localized current density selec5vely drives collec5ve migra5on. (A) Micrograph of a quasi-1D 5ssue strip (10 mm x 1.5 
mm) of primary mouse kera5nocytes. The bulk of the 5ssue and zone with high current density are labeled. (B) Device schema5c 
of 3D printed bioreactor set-up.  A voltage difference is maintained across two agarose salt bridges which drives an ionic current 
across a 5ssue. The central ridge geometry concentrates the ionic current above the center of the 5ssue. (C) COMSOL simula5on 
of the current density in the 𝑥-direc5on (red) showing strongly localized current density. Overlaid (blue dashed line) is the 
normalized 𝑥-component of the velocity of charged beads flowing in ridge device showing that the COMSOL simula5on accurately 
scales with the ground truth.  (D-E) Heat maps of the average 5ssue speed and the average 𝑥-component of the orienta5onal 
order, 𝑆!, averaged over the middle hour of s5mula5on which show the localized migratory response of the 5ssue averaged over 
𝑁 ≥ 6 samples. (F) Unit normalized speed (orange, right axis) and orienta5onal order (blue, leT axis) ploUed spa5ally with the 
ridge center at 𝑥	 = 	0.  Data is the average response from the middle hour of experiment.  The unit normalized current density 
derived from the COMSOL simula5on is ploUed as a dashed black line. 
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stimulation with a peak field strength of 𝐸 = 2.5 V/cm, and four and a half hours of 
relaxation (𝐸 = 0). Full experimental methods are provided in the SI. 

To measure the tissue-scale response, we perform PIV on fluorescent timelapse data of 
cell migration (𝑁 = 6) to generate vector flow fields of the dynamics, which we highlight 
in Figs. 1D-E. First, we assess local migration speed (magnitude of the 𝑥 and 𝑦 velocity 
components summed), where we observe the expected increase in cell migration speed 
during  electrotaxis22,25 but only in the electrically stimulated region, with cells outside this 
region effectively unaware of the stimulus. Directionality or orientational order (Fig. 1E), 
shows a similar localized response emphasizing local, rightward migration of cells within 
the stimulated region. Here, we define directionality as 𝑆! = cos 𝜃 where θ is the angle 
between the applied electric field and the tissue velocity. 𝑆! measures how aligned or anti-
aligned the tissue motion is with the applied electrical stimuli; 𝑆! = 1 (red, rightwards) 
corresponds to perfect alignment and 𝑆! = −1 (blue, leftwards) corresponds to perfect 
anti-alignment. Raw timelapses and heatmap videos can be found in the Supplementary 
Video 1 and 2 respectively, and the divergence of the flow field (see Fig. S1) is discussed 
in the SI section B.  

A key feature of controlling collectives is that even hyper-localized stimulus can result in 
long range collective responses as information and awareness of the stimulation spreads 
throughout the group. This spread of information is why in Figs. 1D and 1E, the speed is 
tightly coupled to the electrical input while the orientational order is significantly 
broadened. To capture this difference, we overlay the normalized speed and orientational 
order averaged over the middle hour of the stimulation period on the electrical input in 
Fig. 1F. Supporting data is provided in the SI section B: kymographs of speed and 
orientational order (Fig. S2), transfer functions for the speed and orientational order as a 
function of current density (Fig. S3), and analogue overlays of orientational order and 
input field shape for tissues of varying cell-cell coupling (Fig. S4) which demonstrates that 
increasing coupling causes the ordered zone to broaden. Using the full-width-half-max 
(FWHM) to quantify the spatial extent of the response, we find that directionality is 
affected over a region more than twice as large (~2000 µm) than that of speed (~700 µm). 
Nondimensionalizing these values by the FWHM of current density (~550 µm), provides 
an estimate of how tightly the responses are coupled to the input stimulus. While the 
nondimensionalized FWHM for speed is ∼ 1.3, the nondimensionalized FWHM for order 
is ∼ 3.6.  One implication of this is that a small number of well-spaced, local stimuli can 
produce a spanning effect over the entire tissue. See SI section D and Fig. S5 for details.  

Accelerating circular wound healing using a 2D ring stimulus 

Knowing the input-output response of a group and the length scales over which 
information flows for a given stimulus allows us to more precisely control the collective. 
Here, we demonstrate this concept by attempting to accelerate the healing of 2D, circular 
puncture wounds in our engineered tissues. For these experiments, we modify our 1D 
ridge into a 2D annular ring, and focus on wounds diameter 𝑑 ∈ [0.5, 1] mm. A full protocol 
to create circular wounds can be found in the SI section A.  
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Figure 2. S5mula5on structures in 2D applied without care show poor healing. (A-C) Spa5al s5mula5on paUerns overlaid on 
representa5ve micrographs of wounded 5ssues at t = 0 hrs with color corresponding to field strength (top) and radial field line 
cuts through the dashed-red centerline for (A) Uns5mulated, (B) Global S5mula5on with monopole-like electric field, and (C) Local 
S5mula5on with a ring electric field. (D-F) Wound contours taken at the beginning t = 0 hrs (blue), and the end, t = 15 hrs (red), of 
representa5ve experiments for (D) Uns5mulated, (E) Global S5mula5on, and (F) Con5nuous Local S5mula5on, which uses the ring 
field con5nuous for the dura5on of the experiment. (g) Normalized wound area, 𝐴(𝑡), as a func5on of 5me for the various 
s5mula5on strategies. The horizontal dashed line at A(t) = 1 corresponds to the ini5al area of the wound. The dark grey shaded 
region from 𝑡 ∈ [0.5, 3.5] hrs is the 5me where s5mula5on for the Global S5mula5on was on and the light grey shaded region 
between 𝑡 ∈ [0.5, 15] hrs corresponds to when the Con5nuous Local S5mula5on was on. (H) The percentage healed of each wound 
at t = 15 hrs averaged over averaged over 𝑁	 ≥ 3 samples for the various s5mula5on strategies.  
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We first compare healing rates of the two limiting cases—unstimulated wounds (Fig. 2A 
and Supplementary Video 4) and wounds treated with “Global Stimulation” directing all 
cells to the wound center (Fig. 2B and Supplementary Video 5)—to the healing rates of 
wounds treated with the local ring stimulus (Fig. 2C). Figs. 2A-C also show 2D field 
strength heatmaps overlaid on micrographs of wounded tissues, along with their diametric 
profiles (below each image) of the applied electrical fields simulated in COMSOL.  

Unstimulated wounds heal driven by baseline migration and proliferation driving the 
wound edge inwards and healing slowly (Fig. 2D and Supplementary Video 4). In contrast, 
the Global Stimulation cases, which use a monopole-like field results in immediate, radial 
edge retraction causing the wound to grow (Fig. 2E and see Supplementary Video 5; note 
red contour is bigger than blue).  Edge retraction has been observed before and 
specifically arises from a global stimulus competing with the native collective behaviors 
within the tissue20. Hence, this naïve, Global Stimulation makes the wound worse.   

We compare these baselines to our first attempt at local control using the ring stimulus 
(2C and Supplementary Video 6). Specifically, we place an annular ridge at 𝑅	 = 	1.75 mm 
from the wound center creating the ring-shaped field shown in the overlay and profile in 
Fig. 2C and apply continuous stimulation from t = 0.5 hrs to t = 15 hrs (labeled “Continuous 
Local Stimulation” in figures). We set this ridge radius such that the radial distance 
between the ridge and the wound edge was order ≃ 1.0 mm, a length scale informed by 
our 1D ridge experiments and 2D non-concentric stimulated wound healing assays (see 
SI section E, Fig. S6, and Supplementary Video 7). The ridge placement is critical: it must 
be far enough from the wound edge to avoid edge retraction, yet close enough to orient 
cell migration radially inwards to accelerate wound closure. While the resulting stimulus 
did not cause retraction or make the wound larger, it surprisingly results in slower healing 
when compared to the unstimulated case, as shown in Fig. 2F.  

To understand why healing was slower, we examine the healing dynamics by plotting 
normalized area as a function of time, shown in Fig. 2G. A horizontal dashed line at 𝐴	 =
	1 marks the initial area for each condition. Beginning with the unstimulated case (red 
trace), we see a slow, but monotonic healing process reaching 𝐴	 ≃ 0.6 (40% healed) over 
the 15-hour experiment. By contrast, Global Stimulation (blue trace), immediately 
increases the wound area due to edge retraction and never recovers. Interestingly, the 
continuous local stimulation does produce faster initial healing than the unstimulated case 
(see Fig. S7 for separated plots of 𝐴(𝑡) by stimulation condition and Fig. S8 for plots of	
𝑑𝐴/𝑑𝑡), but plateaus after ~3 hours of electrical stimulation before gradually worsening. 
This demonstrates an improvement over the Global Stimulation case but remains worse 
than the unstimulated case. The endpoint data at t = 15 hrs is summarized in Fig. 2H. The 
key results from this first attempt were, surprisingly, that local stimulation does solve the 
edge retraction issue, but fails to accelerate overall wound closure.   

Why does the Continuous Local Stimulation initially accelerate healing but later plateau, 
and can we extend the period of accelerated healing? To understand these dynamics, we 
recall that the tissue is essentially a massive, 2D crowd of thousands of individual cells.  
Global radial inwards stimulation causes cells are to converge on the wound center,  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 19, 2025. ; https://doi.org/10.1101/2025.11.19.689141doi: bioRxiv preprint 

https://doi.org/10.1101/2025.11.19.689141


 

Figure 3. Single Pulse of local s5mula5on prevents density build-ups and allows for effec5ve healing.  (A) 2D average nuclear 
density heat maps from the Con5nuous Local S5mula5on experiments at t = 0 and t = 15 hrs showing build-up of nuclear density 
from excessive s5mula5on. Color corresponds to local density. (B) Radial line profile of (A) at t = 0, 10, 15 hrs showing build-up of 
density. (C) Same as (A) but for Single Pulse data. (D) Radial line profiles of (B) showing that density never grows large enough to 
induce a jam.  (E) Normalized area dynamics for Con5nuous Local S5mula5on (green), Single Pulse (black), and uns5mulated (red)  
experiments with shaded regions and arrows deno5ng where the field was on for each case. (F) The percent healed of each wound 
at t = 15 hrs averaged over averaged over 𝑁	 ≥ 3 samples for the two spa5al local s5mula5on strategies shows improved healing 
for the pulsed samples with the uns5mulated case shown for comparison.  

eventually crowding against their neighbors and locking into place in a radial traffic jam 
(an analogue to the load-supporting arch in a clogged granular hopper). To test this 
hypothesis, we measure the cell nuclear density throughout the experiment. Fig. 3A 
shows heatmaps of the average nuclear density pre-stimulation and at the end of the 
experiment, at t = 15 hrs. A pronounced ring of high density around the center, indicates 
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where cells are likely jammed. Fig. 3B, which shows the average radial projection of the 
nuclear density, quantifies and emphasizes this problem. 

These results emphasize that the continuous local stimulation strategy causes a cellular 
traffic jam as cells rush towards the wound center and explain the initial accelerated 
closure rate and subsequent plateau if the stimulation is left on too long. This suggests a 
hybrid approach to healing which avoids jamming by using a single, 3 hr pulse of local, 
ring stimulation to boost the initial closure rate, then pauses to allow the system density 
to relax and naturally heal before jamming can occur. We label this strategy “Single 
Pulse”. To test this hypothesis, we plot the analogous density heatmaps (Fig. 3C) and 
density profiles (Fig. 3D), and we show that the single pulse and relaxation strategy does 
indeed prevent the jamming process by keeping the density profile relatively stable. 
Moreover, this approach also accelerates healing overall, as shown in the wound 
dynamics in Fig. 3E and in the t = 15 hrs healing comparison in Fig. 3F. Supplementary 
Video 8 shows the nuclear density of the Continuous Local Stimulation and the Single 
Pulse stimulation together, and Supplementary Video 9 shows a representative timelapse 
of the Single Pulse strategy.   

Designing an optimal pulse sequence for healing 

Our single pulse experiments prove that tuning the timescale of stimulation is key to by 
boosting initial closure rates without inducing long-term jamming, and this raises our next 
question: is there an optimal strategy to close the wound even faster? Given the large 
parameter space of pulse sequences (timing, location of ring, etc.) we turn to a minimal, 
biophysically informed optimal control model (full details in the SI section G) to help refine 
our control strategy. Briefly, the experimental system is described by a density of active 
cells that vary in space-time, ρ(𝑥, 𝑡), and an accompanying velocity field, 𝑣(𝑥, 𝑡), which is 
subject to control by an external electric field, 𝑢(𝑥, 𝑡). Here we assume the dynamics can 
be described in 1 space dimension (or in an axisymmetric geometry) for simplicity. 
Assuming that mass is conserved over the course of an experiment, which we verify using 
experimental measurements of cell counts, the continuity equation reads 

∂"ρ + ∇ ⋅ (ρ𝑣) = 0 

In a minimal setting of wound healing of an epithelial gash, cells respond to variations in 
density by moving to close the wound but maintain their integrity. Their motion is resisted 
by friction with the substrate and with each other, and driven by a combination of density 
variations and the external electric field, leading to a minimal equation for force balance 
that reads  

−α𝑣 + ν∇#𝑣 − χ∇ρ + 𝑢 = 0	

Here −α𝑣 represents friction with the substrate, ν∇#𝑣 represents viscous forces due to 
mechanical coupling within the sheet, −χ∇ρ drives motion due to density gradients with a 
demotactic (Etym., demos = population, taxis = directed movement) coefficient χ, and 
𝑢(𝑥, 𝑡) is the local control induced by the applied electric stimulus that is as yet unknown.  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 19, 2025. ; https://doi.org/10.1101/2025.11.19.689141doi: bioRxiv preprint 

https://doi.org/10.1101/2025.11.19.689141


 

Figure 4. Op5mal control solu5on in the minimally constrained and experimentally constrained limits. (A) Minimally constrained 
op5mal control solu5on predicts a pulse train that tracks the wound edge in space as it heals in 5me. The pulses have fixed 
magnitude, 𝑢(𝑟, 𝑡) = −0.1. The wound edge is ploUed in blue with two arrows indica5ng the wounded regions (𝜌 = 	0) and bulk 
regions of finite mass (𝜌 > 0). Inset: temporal color-coded control schema5c shows concentric rings which get smaller with 5me. 
The outlines show only the center of mass of each pulse for clarity. (B) Experimentally constrained op5mal control solu5on yields 
a double pulse sequence with pulses offset in space and 5me with wound boundary ploUed in blue. The 5me delay helps prevent 
density build-ups which halt healing. (C) Simulated wound area for the experimentally constrained op5mal control double pulse 
sequence (purple) and the naturally healing case (red) without a controller.  

To determine this control field, we postulate the control objective as one that minimizes 
the wound area, i.e., uniformizes the cell density field when starting from a wounded state,  
subject to an 𝐿$ norm cost of the controller, that physically corresponds to a sparseness 
cost in space-time (see SI section G), and corresponds to the following formulation of the 
optimal control problem: 

min
(&,(,))

𝒥 [ρ, 𝑢] = γ+𝐴,-./[ρ(𝑇)] + W X𝐵[ρ(𝑡)] + λ0[|𝑢(⋅, 𝑡)|[1!"] 𝑑𝑡
+

2
 

Where 𝒥 is the cost function composed of a terminal cost (γ+𝐴,-./[ρ(𝑇)]) which penalizes 
the wound area and a running cost (∫ X𝐵[ρ(𝑡)] + λ0[|𝑢(⋅, 𝑡)|[1!"] 𝑑𝑡

+
2 ) which penalizes 

running the controller and minimized subject to the mass and force balance PDE 
constraints. The normalized epithelial density associated with the wound is modeled by a 
sharp tanh(𝑥) function at the wound boundary. We solved the stochastic optimal control 
using a recently introduced Adjoint-based approach to solve the Hamilton-Jacobi-Bellman 
equation, that uses a path integral formulation and continuous-time back-propagation to 
evaluate the control strategy in terms of the value function51–55 (see SI section G). 
 
This minimally constrained PDE control problem predicts a pulse-train solution for healing 
the wound. Shown in Fig. 4A is a kymograph of the solution where the controller 
dynamically moves the stimulus radius closer to the wound center as the wound healing. 
The solution provides the first of two critical insights from theory: as the wound naturally 
changes size while it heals, the optimal controller needs to follow that size change that 
arises naturally from the biophysical theory subject to the control field. 

Tracking the wound edge is a simple and effective strategy, but experimentally validating 
it requires additional experimental constraints. First, adjusting the stimulus position in 
space as the wound heals requires changing the device architecture manually. This is 
challenging, and practically only a single change during an experiment is possible.  
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Figure 5.   Experimental realiza5on of constrained op5mal control solu5on shows beUer wound healing. (A) Schema5c of the 
double pulse sequence inspired by the predic5ons of the constrained op5mal controller. Two annular ridge devices with radii 𝑅" 
and 𝑅# are overlaid on wounded 5ssues. Wound boundaries are in yellow. (B) Experimental double pulse control kymograph 
showing two pulses offset in 5me and space with the effec5ve wound edge is shown in purple along with the uns5mulated wound 
edge in red for comparison. (C) Normalized area dynamics of the double pulse data compared to the single pulse data with shaded 
regions for the s5mula5on pulse periods. ATer pulse 1, the two traces track one another well. However, pulse 2 accelerates the 
healing rate again which splits the two traces. The uns5mulated case is ploUed in red for comparison. 

Second, experiments show that placing the annulus too close to the wound edge causes 
edge retraction (see Fig. S6), so we constrain the minimal distance between the annulus 
and the wound edge to ~1 mm (edge retraction itself is not captured by the model). Finally, 
we restrict the simulation to 20 hours, a few hours longer than the experimental time to 
minimize the role of cell division in the process. The cell cycle for the mouse keratinocytes 
is about 16 hours, and we verified that there were no significant changes in cell counts 
over this duration. This alters the experimentally constrained optimal control problem (see 
SI section H for details). Briefly, the cost is subject to the same basic PDE constraints 
(mass and force balance) but has additional constraints from experiment put in as 
objectives (see eqn. 8 in SI section H). These constraints help regularize the density and 
control fields by accounting for mass conservation and spatiotemporal derivatives of the 
control and velocity fields (see SI section H for details). With these constraints in place, 
the optimal control problem yields a solution for where to place the two annuli in space 
and how long to wait between stimulation pulses.  In Fig. 4B, we plot the solution to the 
experimentally constrained optimal control problem with the wound edge shown in red. 
Accompanying movies of the wound density and controller for the experimentally 
constrained case are shown in Supplementary Video 10. Here, we observe that the 
controller predicts two, 3 hour stimulation pulses at 𝑅$ ≃ 1.1 mm and 𝑅# ≃ 0.75 mm 
separated in time by Δ𝑡	 = 	6 hours where the second pulse is stronger in magnitude. Fig. 
4C shows the area of the electrically stimulated wound compared to the case in the 
absence of an electric field, demonstrating the speed-up of ~40% for wound-closure.    

We took inspiration from these predictions and test them experimentally using our final 
control strategy that we call “Double Pulse”. To clearly demonstrate this schema, we show 
a schematic set-up in Fig. 5A, where two annular ridges of radii 𝑅$ = 1.75 mm and 𝑅# =
1.5 mm representing the two pulses overlay a tissue micrograph. Between the two pulses 
there is a time delay of Δ𝑡 = 7 hrs; this controller strategy is captured in the kymograph 
in Fig. 5B, which also shows the wound boundary compared to that of the unstimulated 
control. Supplementary Video 11 shows the Double Pulse experiment.  
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As before, we evaluate the controller performance by plotting the healing dynamics in Fig. 
5C. We include the results from the Single Pulse experiments as a point of comparison 
and the unstimulated wound as the baseline.  We see two regions (corresponding to the 
two pulses) where healing is accelerated via the optimal control generated stimulation 
pulses. The Double Pulse strategy far outperforms all other strategies. Videos of various 
alternative instantiations of Double Pulse sequences can be found in Supplementary 
Videos 12 and 13, both of which underperform the optimal solution. 

Discussion: 

Using our new device architecture which can produce local electric fields, we showed that 
narrow localized electric stimulation can induce orientational alignment of tissue motion 
over a much broader length scale via mechanical coupling. This insight served as the 
guiding principle for accelerating healing in a 2D wound model. By subjecting wounds to 
a local annular ring field placed about one millimeter from the wound edge, we were able 
to improve initial healing rates while avoiding tissue damage. When the local command 
is left on, however, cells within the tissue jam, and this increased density slows overall 
healing. To address this issue, we used a single stimulation pulse which boosts initial 
closure rates and allows the system density to equilibrate. Finally, we used a simple 
physics-informed optimal control model to further enhance healing. The optimal control 
model predicted that pulsed fields which track the wound edge in space and offset in time 
would improve healing rates, and we validated this with experiment.  

These findings highlight two principles. First, local perturbations are often exceptionally 
efficient by construction and necessary in application. In nature, a sheepdog can control 
a herd by applying local pressure to its boundary without interacting with the bulk. Our 
set-up allows for local stimulation within a tissue, and mechanical coupling extends its 
effects spatially. However, local stimulation only works when well-positioned in space and 
time. Global or poorly placed stimulation patterns did not accelerate healing, and in many 
instances led to tissue damage. Second, control approaches which work with the 
mechanics of a collective have the potential for more effective control while minimizing 
system damage (death, in the case of tissues). Here, we focused on collective wound 
healing in mouse skin epithelia. In this problem context, there are myriad avenues for 
improvement and follow-up studies including closed-loop control using real-time readouts 
of densities and velocities, individually addressable microelectrode arrays for more 
precise control over stimulation structures, and refinements of the model which include 
viscoelasticity or even a physics-agnostic approach which uses microscopy data alone. 
Each of these will be an important step towards accelerated wound healing devices in the 
future. However, we stress that all living crowd systems share core similarities, and our 
analyses and control strategies may generalize to other systems, such as human crowds, 
where respecting the natural collective principles of a system can improve our ability to 
control them.  
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