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Straightforward manufacturing pathways toward large-scale, uniformly layered com-
posites may enable the next generation of materials with advanced optical, thermal,
and mechanical properties. Reaction–diffusion systems are attractive candidates to this
aim, but while layered composites theoretically could spontaneously arise from reaction–
diffusion, in practice randomly oriented patches separated by defects form, yielding
nonuniformly patterned materials. A propagating reaction front can prevent such
nonuniform patterning, as is the case for Liesegang processes, in which diffusion drives
a reaction front to produce layered precipitation patterns. However, while diffusion is
crucial to control patterning, it slows down transport of reactants to the front and results
in a steady increase of the band spacing as the front advances. Here, we circumvent these
diffusive limitations by embedding the Liesegang process in mechanically responsive hy-
drogels. The coupling between a moving reaction front and hydrogel contraction induces
the formation of a self-regulated transport channel that ballistically carries reactants
toward the area where patterning occurs. This ensures rapid and uniform patterning.
Specifically, large-scale (>5-cm) uniform banding patterns are produced with tunable
band distance (d = 60 to 160 μm) of silver dichromate crystals inside responsive
gelatin–alginate hydrogels. The generality and applicability of our mechanoreaction–
diffusion strategy are demonstrated by forming patterns of precipitates in significantly
smaller microscopic banding patterns (d = 10 to 30 μm) that act as self-organized
diffraction gratings. By circumventing the inherent limitations of diffusion, our strategy
unlocks the potential of reaction–diffusion processes for the manufacturing of uniformly
layered materials.

Liesegang patterns | periodic precipitation | reaction–diffusion | self-organization | active hydrogels

Self-organization strategies offer powerful routes for the fabrication of the next gener-
ation of complex structured materials with advanced functionalities (1, 2). Such self-
organization approaches may be particularly advantageous for the fabrication of uniformly
layered materials because of their desirable mechanical, optical, and electronic properties
(3–10). While such layered materials have gained tremendous attention, their manufac-
turing remains challenging. Therefore, simple routes toward uniformly layered materials
are of fundamental interest, with practical ramifications for manufacturing approaches.

A potentially powerful self-organized manufacturing approach is offered by reaction–
diffusion (RD) systems, where a delicate balance between reaction and diffusion rates
induces the spontaneous formation of spatial patterns (2, 11–14). In theory, such patterns
could spontaneously arrange into uniform layers (15). In practice, however, differently
oriented patches separated by defects occur, and experimental inhomogeneities lead to
additional deviations from uniform patterning.

In order to align patches and prevent defects, patterns can be produced with a moving
reaction front, generating the pattern layer by layer in a time-ordered manner. The
archetypical example of such a system is the Liesegang process (16–20). In such a system,
a well-defined chemical gradient is established by placing a solution of an outer electrolyte
(OE) on top of a gel matrix containing an inner electrolyte (IE) (Fig. 1A). The OE diffuses
into the gel matrix, resulting in an OE front that moves through the gel and reacts with
the IE to form an insoluble product, which precipitates at the precipitation front (xf ).
This precipitate is not evenly dispersed throughout the gel matrix but rather in the form
of a characteristic banding pattern, with nonuniform band spacing and bandwidth. The
nonuniform patterning behavior can be explained as follows; over time, as the OE diffuses
farther into the gel matrix, the diffusive zone length (g) is increased, resulting in decreasing
OE concentrations at the precipitation front, causing bands to appear progressively farther
apart.

The nonuniform bands produced by such Liesegang processes are undesirable for
most applications. On small scales (<0.1 cm), this nonuniform behavior is less severe,
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Fig. 1. Schematic representation of the here-introduced concept of RD in
MRGs. (A) Classical Liesegang-type pattern formation. Note the increasing
diffusive distance g and subsequent nonuniform patterning. (B) Pattern
formation in MRGs. Note the constant diffusive distance g and subsequent
uniform patterning.

and RD has been applied successfully for the microfabrication
of optical and electronic components as well as composite-like
materials (21–23). On larger scales (>0.1 cm), however, the in-
creased diffusive zone inherently limits the practical applicability
of RD processes; diffusion renders pattern formation slow and
produces nonuniform layers (24). Unlocking the full potential of
the Liesegang process for the self-organization of functional ma-
terials thus requires the development of a fundamentally different
approach, one that overcomes the limitations inherent to diffusion
while retaining the control and order of diffusion-driven pattern
formation.

In this work, we present a strategy to overcome these limita-
tions by embedding the RD process in a mechanically responsive
gel (MRG) instead of a conventional static gel (SG) (Fig. 1B).
The central idea is that contraction of the gel in response to a
mechanically actuating chemical that is added to the OE induces
the self-regulated formation of a transport channel that follows
the precipitation front at a constant distance. This transport
channel effectively divides the system into two zones: a mixing
zone (b) and a diffusive zone (g). In the mixing zone, convective
mixing renders chemical transport nearly instantaneous, whereas
in the diffusive zone, chemical transport is diffusion limited. This
combination of a constant supply of OE through a transport
channel and diffusive transport at the precipitation front ensures
spatiotemporally uniform and fast patterning of layered materials.
In particular, the reaction front then moves ballistically (i.e., with
constant speed) and not diffusively (i.e., slowing down). Hence,
this strategy overcomes the inherent diffusive limitations of RD
processes while retaining their desired simplicity to yield highly
uniform multilayered materials with precise tunability.

Results and Discussion

To probe the mechanism where chemically induced gel contrac-
tion causes the formation of a channel, which in turn, transports
reactants ballistically to the front of the channel, we develop a
system where transport rates and channel formation can easily be
visualized. Specifically, we follow the transport rate of the dye flu-
orescein in an MRG. We cast a gelatin–alginate interpenetrating

network (GA-IPN) in a cylindrical tube and place a solution
(10 mL) of fluorescein (1.5 mM) and the mechanical actuator
calcium nitrate (2.4 M) on top; calcium ions shrink the gel by
cross-linking alginate (Fig. 2A) (25). Consistent with our pro-
posed scenario, in MRGs a clearly visible channel (a gap between
the gel and tube) opens, directly connecting the OE reservoir with
the reaction zone (Fig. 2B). In contrast to the diffusive transport
observed in SGs, in MRGs we observe that the rate of transport
is constant over time, indicative of ballistic transport (Fig. 2C ).
Moreover, in an SG, chemical transport over 4 cm takes over
99.4 h, whereas in MRGs, this same distance is reached more than
10 times faster in merely 8.4 h, showing that MRGs allow for rapid
transport over long distances.

To explicitly show that channel formation induces flow through
the channel from the dye reservoir toward the transport front, we
monitor the experiment with Schlieren microscopy. This optical
technique visualizes flow by revealing differences in refractive
index and thus differences in density. Using this technique, we ob-
serve convective flow only in the presence of the gap (Movie S1).
Additionally, closer inspection of the transport front shows that
gap formation is preceded by a diffusive zone with a constant
length (g) (Fig. 2B). Channel formation in MRGs thus induces
ballistic transport toward a diffusion zone of constant width.

The constant transport rate in MRGs suggests that different,
and perhaps uniform, types of pattern formation may be achieved

B
t = 0h t = 2h t = 4h t = 6h t = 8h

5 mm
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Fig. 2. (A) Time-lapse series showing the transport of fluorescein in an MRG.
(B) Close-up photograph of an MRG showing the formation of a channel that
enables ballistic transport toward the front. (C) xf –t plot showing slow diffusive
transport in SG (blue line) and rapid ballistic transport in MRG (red line).
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Fig. 3. Periodic precipitation in an MRG. (A) Equidistant pattern formation of
Ag2Cr2O7 in a GA-IPN. (B) The band distance increases for SG (p = 1.07 ± 0.03)
and remains constant for MRG (d = 120 μm, p = 1.001 ± 0.002). (C) The
x–t plot shows diffusive precipitation in SG (blue line) and rapid ballistic
transport in MRG (red line). Note that the curved appearance of the banding
pattern is an optical effect caused by the cylindrical shape of the gel and
its container. Cross-sectioning of a gel reveals a flat, noncurved pattern
(SI Appendix, Fig. S3).

by coupling traditional RD processes with MRGs. To exploit this
potential, we embed Liesegang periodic precipitation in an MRG.
We allow a combination of OE (0.8 M AgNO3) and a mechanical
actuator [2.4 M Ca(NO3)2] to diffuse into a GA-IPN containing
the IE (17 mM K2Cr2O7), which reacts to form a precipitation
pattern of Ag2Cr2O7 (Fig. 3A; Movie S2 shows a time-lapse of
this pattern forming, and SI Appendix, Fig. S1 shows a larger-scale
image). We note that in this example, we use large volumes of OE
(20 mL) compared with the total gel volume (1.5 mL). This is
because we want to limit the effect of concentration losses in the
OE due to dilution and consumption by precipitation. We have
investigated the effects of such concentration losses on patterning
behavior and found that for sufficiently large yet realistic volumes
of OE, these effects are negligible (SI Appendix, Fig. S2). Indeed,
for the experiment performed here, the patterns appear equidis-
tant under visual inspection (Fig. 3 A and B).

To quantify the equidistant nature of the pattern, we follow
the standard approach where we define the spacing fraction as
the fraction of subsequent band locations, pn := xn+1

xn
, and then

determine p := limn→∞ pn . In SGs, p > 1 is observed, which
corresponds to a banding pattern where the distance between
subsequent bands (d ) increases over time. In contrast, in MRGs,
we observe highly regular equidistantly spaced periodic precipi-
tation with a constant band distance (d = 126± 4.6 μm) (Fig.
3B) and uniform bandwidth (w = 67± 4.6 μm). For large n ,
pn tends to converge to its asymptotic value as 1/n ; hence, a
very accurate determination for p, as well as its error bar, is
obtained by plotting pn as function or 1/n and extrapolating
the data to n →∞ (SI Appendix has a detailed explanation of
determining the band spacing and bandwidth and of estimating p;

SI Appendix, Figs. S1 and S3). For our MRG, we find that p =
1.001± 0.002; hence, for large n and x , our pattern is equidistant
within our error bar, confirming the visual observation of constant
band spacing (Fig. 3B and SI Appendix, Fig. S4). Simultaneously,
a clearly visible channel is formed, which closely follows the
precipitation front that propagates at a constant and high rate
(5 mm/h) (Fig. 3C ). Hence, MRGs allow periodic precipitation
reactions to rapidly form asymptotically equidistant patterns.

To further verify our channel formation–ballistic transport sce-
nario and to quantitatively understand the role of the additional
parameters introduced, we develop a numerical model. Inspired
by previous RD models, we compute the reaction of the IE
and OE using first- and second-order reaction kinetics (Materials
and Methods and Movie S3). To describe MRGs, we model the
mechanical response via second-order reactivity between calcium
and alginate and assume that a transport channel opens once this
reaction exceeds a specified threshold, allowing ballistic transport
of the OE (Fig. 4). As expected, modeling of periodic precipitation
in SGs shows diffusive transport and subsequently, nonequidistant
Liesegang patterns (Fig. 4 A, C, and D), whereas modeling of
periodic precipitation in MRGs shows ballistic transport and
equidistant patterning (Fig. 4 B–D).

Our model allows for efficient screening of the increased pa-
rameter space of RD processes in MRGs and directly assesses its
effect on patterning behavior. Crucially, our model shows that
increasing the calcium concentration speeds up the front rate v
(Fig. 5A) and lowers the band distance d (Fig. 5B). We propose
that this is caused by the following mechanism; at higher calcium
concentrations, the shrinkage rate increases and leads to a shorter
diffusive zone (Fig. 5C ), which at the precipitation front, causes
a higher OE concentration, in turn resulting in shorter band
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0 75 150 225

x f
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MRG

C D
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Fig. 4. Numerical modeling accurately reproduces uniform pattern forma-
tion in MRGs. Modeling of periodic precipitation shows (A) Liesegang patterns
in a SG and (B) uniform patterning in an MRG. (C) Modeling reproduces
different p values found in SGs and MRGs. (D) Modeling confirms diffusive
transport observed in SGs and ballistic transport observed in MRGs. Note that
all modeled units are arbitrary units (a.u.).

PNAS 2022 Vol. 119 No. 39 e2123156119 https://doi.org/10.1073/pnas.2123156119 3 of 6

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 L
E

ID
S 

U
N

IV
E

R
S 

M
E

D
IS

C
H

 C
E

N
T

R
U

M
 L

U
M

C
 o

n 
Ja

nu
ar

y 
5,

 2
02

3 
fr

om
 I

P 
ad

dr
es

s 
13

2.
22

9.
21

1.
11

6.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123156119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123156119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123156119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123156119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123156119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123156119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123156119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123156119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123156119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123156119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123156119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123156119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123156119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123156119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123156119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123156119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123156119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123156119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2123156119/-/DCSupplemental
https://doi.org/10.1073/pnas.2123156119


CB

0

1

2

3

0 2.5 5

v
(a

.u
.)

Ca(NO3)2 (a.u.)

A

0

0.1

0.2

0 2.5 5

d
(m

m
)

Ca(NO3)2 (M)

0

0.1

0.2

0 2.5 5

g
(m

m
)

Ca(NO3)2 (M)

I

250 µm 250 µm250 µm250 µm250 µm

4.7M Ca(NO3)23.5M Ca(NO3)22.4M Ca(NO3)21.2M Ca(NO3)20.5M Ca(NO3)2

0

10

20

30

0 2.5 5

v
)h/

m
m(

Ca(NO3)2 (M)

FED

Modeling

Experimental

G

0

10

20

30

0 2.5 5

g
(a

.u
.)

Ca(NO3)2 (a.u.)

g

0

0.1

0.2

0.3

0 2.5 5

d
(a

.u
.)

Ca(NO3)2 (a.u.)

g

Fig. 5. Model-guided tunability of periodic precipitation in MRG. (A) Modeled relation between the Ca(NO3)2 concentration and transport rate (v). (B) The model
predicts that the band distance decreases for increasing Ca(NO3)2 concentrations. (C) The model predicts a decreased diffusive zone (g) for higher Ca(NO3)2
concentrations. (D–F) Experimental relation between Ca(NO3)2 concentration and (D) transport rate (v), (E) band distance (d), or (F) diffusive zone length (g). (G)
Experimental tuning of the precipitation pattern by modulation of the Ca(NO3)2 concentration. Note that all modeled units are arbitrary units (a.u.).

distances. Guided by these modeling insights, we explore how the
band distance in MRGs can be controlled by modulating the cal-
cium ion concentration in the reservoir solution. Consistent with
modeling, we observe that higher calcium concentrations indeed
result in shorter diffusive zone lengths (Fig. 5D) and subsequently,
shorter band distances (Fig. 5E) as well as increased transport
rates (Fig. 5F ). We find that varying the concentration of calcium
between 0.47 and 4.7 M enables tuning of the band distance
between d = 160 μm and d = 60 μm, respectively (Fig. 5G).
Hence, coupling of MRGs with periodic precipitation reactions
enables equidistant patterns with unique mechanical-mediated
tunability.

Our strategy of enhancing periodic pattern formation processes
via ballistic transport in MRGs can readily be extended to other
pattern formation processes employing responsive gels. This ver-
satility and tunability opens exciting opportunities for fabricating
functional self-organized periodic composites. We explore this
potential by embedding an RD system that yields patterned silver
nanocrystals into our MRGs to form a self-organized optical
diffraction grating (Fig. 6A) (26). To this aim, we infiltrate a
gelatin–alginate MRG containing NH4OH (5.9 μM) with a

solution of AgNO3 (0.8 M) and Ca(NO3)2 (0.5 to 2.4 M)
(Fig. 6B), inducing tunable precipitation of equidistant, narrowly
spaced bands (d = 15 to 30 μm) of silver nanoparticles (150 to
200 nm in diameter) (Fig. 6C ). Irradiating the periodic composite
with a green laser (λ= 532 nm) shows a diffraction pattern
that is in good agreement with the band spacing of the silver
nanoparticles [d = mλ

2sin(θ) ; calculated: d = 25.2 μm; observed:
d = 25.8 μm] (Fig. 6D), illustrating potential for self-organized
functional materials.

Conclusion

In summary, we introduce here a versatile strategy to overcome
diffusive limitations of the Liesegang process by exploiting me-
chanically responsive hydrogels. We show that the self-regulated
formation of a transport channel ballistically carries reactants
toward an RD zone, where diffusion-controlled pattern formation
occurs. This combination of long-range ballistic transport and
short-range diffusive control allows rapid formation of uniform
patterns. Furthermore, we demonstrate straightforward pattern
tunability and show that our strategy can readily be applied to
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Fig. 6. Generality, scalability, and functionality potential of mechanically
coupled periodic precipitation. (A) Schematic representation of the experi-
mental setup used. (B) Macroscopic image of a GA-IPN MRG containig a micro-
scopic pattern of silver nanoparticles. (C) A cross-section of the MRG reveals
the equidistant microscopic banding pattern (d = 17 μm). (D) Irradiation of a
different microscopic pattern (d = 26 μm) with a green laser (532 nm) yields
diffractive patterns.

other RD systems. Although our method is limited by the com-
patibility of the mechanically responsive materials, their actuators,
and the RD systems, we believe that, as more and more responsive
materials are developed for applications such as drug delivery
and sensing, exciting opportunities will arise (25). Collectively, by
circumventing the inherent limitations of diffusion, our strategy
unlocks the full potential of RD processes for the manufacturing
of high-performance, uniformly layered materials.

As chemical transport plays essential roles in artificial and natu-
ral processes, we envisage that using mechanically active materials
to bypass diffusion limitations will enhance our understanding
of and control over chemical transport in complex artificial and
living matter (27). Additionally, we foresee that embedding RD
processes in mechanically responsive metamaterials offers a general
strategy to realize complex self-organized materials that are other-
wise difficult to make (28). Finally, we envisage that embedding
RD processes in mechanically responsive metamaterials will lead
to exciting opportunities for the generation of complex patterns
with advanced functionalities.

Materials and Methods

All chemicals were used without additional purification. Gelatin was purchased
from Sigma-Aldrich and was type A from porcine skin (roughly 300 g Bloom).
Sodium alginate was purchased from PanReac AppliChem and was of medium

viscosity (350 to 550 mPa·s at 1%), with a molecular weight of 10,000 to
600,000 g/mol.

Rate Analysis. In order to analyze precipitation rates, time lapses were made
of all samples. To prevent imaging complications caused by the curvature of the
used glass cylinders, all samples were placed in a custom-built glass container
with immersion oil. These time lapses were analyzed using a Python3 script,
which follows the position of the precipitation front over time.

Fluorescein Dye Experiments. In a typical experiment, 50 g of gel stock was
prepared by dissolving gelatin (2.5 g, 5 wt %) in hot water (47.5 mL, 65 ◦C).
Aliquots (roughly 1.2 mL) of this hot solution were then transferred to cylindrical
glass tubes (60 × 0.6 mm) and allowed to cool down to room temperature (RT)
by which the gels had solidified. The mechanically responsive counterparts were
produced by simply dissolving sodium alginate (0.25 g, 0.5 wt %) in water prior
to the addition of gelatin.

The experiment was started by mounting a syringe (10 mL) without a stopper
onto these glass tubes that was subsequently filled with 10 mL of either just
fluorescein (1.5 mM) for SGs or a combination of fluorescein (1.5 mM) and
Ca(NO3)2 (2.4 M) for MRGs.

Potassium Dichromate Gel Preparation. In a typical experiment, 50 g of gel
stock was prepared by dissolving gelatin (2.5 g, 5 wt %) in hot water (47.5 mL,
65 ◦C) and adding K2Cr2O7 (250 mg). Aliquots (roughly 1.5 mL) of this hot
solution were then transferred to cylindrical glass tubes (60 × 0.6 mm) and
allowed to cool down to RT, by which the gels had solidified. The mechanically
responsive counterparts were produced by simply dissolving sodium alginate
(0.25 g, 0.5 wt %) in water prior to the addition of gelatin.

Precipitation was induced by mounting a syringe without a stopper onto these
glass tubes that was subsequently filled with 20 mL of either AgNO3 (0.2 to 0.8 M)
for SGs or a combination of AgNO3 (0.2 to 0.8 M) and Ca(NO3)2 (0.5 to 4.9 M) for
MRGs.

Ammonia Gel Preparation. In a typical experiment, 50 g of gel stock was
prepared by dissolving gelatin (2.5 g, 5 wt %) in hot water (47.5 mL, 65 ◦C) and
adding NH4OH (25%, 22 μL). Aliquots (roughly 1.5 mL) of this hot solution were
then transferred to cylindrical glass tubes (60 × 0.6 mm) and allowed to cool
down to RT, by which the gels had solidified. The mechanically responsive coun-
terparts were produced by simply dissolving sodium alginate (0.25 g, 0.5 wt %)
in water prior to the addition of gelatin. Precipitation was induced by mounting
a syringe without a stopper onto these glass tubes that was subsequently filled
with 20 mL of either AgNO3 (0.2 to 0.8 M) for SGs or a combination of AgNO3

(0.2 to 0.8 M) and Ca(NO3)2 (0.5 to 4.9 M) for MRGs. After precipitation in the
entire gel column was complete, gels were cut into thin slices. These slices were
analyzed under a Leica DMRX microscope (SI Appendix, Fig. S5).

Schlieren Imaging. Schlieren imaging highlights differences in density and is
used to visualize flow. High turbulence indicates convective flow, whereas static
areas indicate diffusion-limited regions. Since the curved surface of the typically
used containers prevented effective Schlieren microscopy, different samples were
prepared. Instead of cylindrical glass tubes, an MRG was now cast in between
two glass microscopy slides separated by a rubber spacer (1 mm), which allowed
us to observe a flat surface. The aforementioned transport channel now forms in
between these glass slides and the hydrogel surface. The result of this measure-
ments can be seen in Movie S1.

Elasto-RD Model. The RD system modeled here is the periodic precipitation of
silver dichromate in a gelatin hydrogel as a result of silver nitrate diffusing into
the gel matrix and reacting with potassium dichromate to produce an insoluble
salt (Eq. 1):

2Ag+(aq) + Cr2O7
2−(aq)→ Ag2Cr2O7(s). [1]

In this prenucleation model, this reaction is split into three steps: 1) sol
formation, 2) nucleation, and 3) growth.

1) First, a sol of Ag2Cr2O7 is formed (Eq. 2):

2Ag+(aq) + Cr2O7
2−(aq)−→

k1

Ag2Cr2O7(aq). [2]
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2) This sol only nucleates after a specified nucleation threshold c∗ is exceeded
(Eq. 3):

Ag2Cr2O7(aq)−→
k2

Ag2Cr2O7(s). [3]

3) Growth onto these nuclei is autocatalytic and extremely rapid (Eq. 4):

Ag2Cr2O7(aq) + Ag2Cr2O7(s)−→
k3

2Ag2Cr2O7(s). [4]

These reactions form the basis for a set of RD equations, where we assume a
one-dimensional geometry (Eqs. 5–8):

∂[Ag+]

∂t
= D

∂t
∂x2 [Ag+]− 2k1[Ag+][Cr2O7

2−], [5]

∂[Cr2O7
2−]

∂t
= D

∂t
∂x2 [Cr2O7

2−]− 2k1[Ag+][Cr2O7
2−], [6]

∂[Ag2Cr2O7]aq

∂t
= D

∂t
∂x2 [Ag2Cr2O7]aq + 2k1[Ag+][Cr2O7

2−]

− k2[Ag2Cr2O7]aqθ([Ag2Cr2O7]aq − c∗)

− k3[Ag2Cr2O7]aq[Ag2Cr2O7]s, [7]

∂[Ag2Cr2O7]s

∂t
= k2[Ag2Cr2O7]aqθ([Ag2Cr2O7]aq − c∗)

+ k3[Ag2Cr2O7]aq[Ag2Cr2O7]s. [8]

We have verified that this set of RD equations describes Liesegang-like,
diffusion-limited pattern formation (Fig. 4 A, C, and D).

In MRGs, we introduce gel shrinkage by adding calcium ions to the OE mixture
and alginate strands to the gel. To include this in the model, we compute the
cross-linking of alginate (A−) by Ca2+ to yield a Ca–alginate (Ca − 2A) complex
(Eq. 9):

Ca2+ + 2A− k4−−⇀↽−−
k5

Ca − 2A. [9]

The loss of free Ca2+ ions caused by this is given by a second-order rate
equation. Since this coordination is an equilibrium reaction, we also include the
opposite decoordination. This gives the following RD equations for [Ca2+], [A−],
and [Ca − 2A] (Eqs. 10–12):

∂[Ca2+]

∂t
= D

∂t
∂x2 [Ca2+]− k4[Ca2+][A−]2 + k5[Ca − 2A], [10]

∂[A−]

∂t
=−2k4[Ca2+][A−]2 + 2k5[Ca − 2A], [11]

∂[Ca − 2A]
∂t

= k4[Ca2+][A−]2 − k5[Ca − 2A]. [12]

To add channel formation, we first define the leading edge of channel for-
mation, xe, as the final instance where [Ca − 2A] exceeds a specified thresh-
old a∗. For x < xe, chemical transport is instantaneous, and solutes are evenly
distributed, whereas for x > xe, chemical transport is diffusion limited. To com-
pensate for dilution effects, we have introduced Vin and Vout , the volumes of
IE and OE used, respectively. This results in the following equation for solute
concentrations where x < xe (Eq. 13) (X = any solute):

[X]channel = [X]0
Vout

Vout + βVin

with β =
lchannel

lsystem
.

[13]

Here, the concentration of solute in the channel [X]channel is calculated from its
starting concentration [X]0, the starting volumes used Vin and Vout , and β, which
uses the length of the channel and the length of the entire system to describe
the relative distance the channel has opened (returns zero at t0 and one at t∞).
Introducing the aforementioned periodic precipitation reactions (Eqs. 5–8) into
this MRG model accurately reproduces experimentally observed transport rates
as well as equidistant patterning behavior (Fig. 4 B–D).

Data, Materials, and Software Availability. All study data are included in the
article and/or supporting information.
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