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ARTICLE INFO ABSTRACT
Keywords: Hypothesis: The focal research on viscous fingering (VF) instabilities has primarily concentrated on alleviating
Leverage fingering instability and suppressing this phenomenon, but the potential to enhance and leverage them for developing practical

One-end-lifted HSCs
Varying boundaries
Hierarchical structures
Nonclonable
Anti-counterfeiting

applications remains inadequately explored. VF occurs when a less viscous fluid displaces a higher viscous fluid,
governed by fluid dynamics and resulting in finger-like patterns at their interface in a facile and gentle way, yet
sensitive to initial and boundary conditions, such as fluid type and cell thickness, giving rise to many bifurcating
structures.

Experiments: Leveraging Hele-Shaw cells (HSCs) with changing thicknesses that induced varying boundary
conditions, we systematically investigated the characteristics of VF under these conditions and developed ap-
plications based on our findings.

Findings: We introduce VF in one-end-lifted HSCs to enhance VF rather than suppression to achieve satisfactory
tunability of finger size and harness it to explore application. It enables the moldless, facile, scalable, and cost-
effective fabrication of diverse hierarchical structures derived from branched patterns composed of numerous
dense fingers with progressively decreasing sizes. With this phenomenon, the finger width scales inversely with
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the capillary number raised to the power in a range between —0.53 to —1.22, depending on the varying boundary
conditions. By capitalizing on the hierarchy and specific distribution ridge of the fingering patterns, the fabri-
cated fractal structures exhibit physically nonclonable characteristics, offering promising applications in anti-

counterfeiting.

1. Introduction

Viscous fingering (VF) instability serves as an archetype in various
processes, including printing [1], fluid mixing [2], chromatographic
separation [3], CO, sequestration [4], and granular flow [5]. VF is
characterized by the formation of finger-like patterns when a low-
viscosity fluid invades a high-viscosity fluid, where the two fluids can
be either immiscible [2,6,7] or miscible [8-11]. Since the seminal work
by Saffman and Taylor in 1958 [6], significant advancements have been
made in understanding VF [12-14]. In the case of fluid displacement in
two immiscible fluids, the narrowing of the finger is driven by viscous
forces, while the blunting of the finger is caused by interfacial tension
forces. Consequently, infinitesimal perturbations with long wavelengths
grow, while those with short wavelengths are suppressed by interfacial
tension. The width of the fingers is decided by the critical wavelength of
the instability (1), which scales with the capillary number (Ca, the ratio
of viscous to interfacial tension forces) as Ca’'” 2, beyond which the
finger bifurcates. On the other hand, fractal fingers emerge in scenarios
involving fluid displacement in porous media [11], miscible fluids with
one phase being a non-Newtonian fluid [15], and granular systems in the
zero-surface-tension limit [5].

VF is sensitive to initial and boundary conditions. Seemingly insig-
nificant perturbations can have a pronounced impact on instability,
leading to variations and diversities in the shapes and characteristics of
VEF. Extensive efforts have been devoted to controlling fingering patterns
through engineering the setup, a two-dimensional Hele-Shaw cell (HSC)
consisting of two plates separated by a thin fluid gap, with examples
including entraining a bubble [16], embedding wires [17], and struc-
turing plates [18]. Inspired by the time-dependent channel geometry
found in practical applications like respiratory airflows in lungs [19],
liquid transfer in printing processes [20], and separation between two
bodies connected by a thin adhesive layer [21], dynamic HSCs with
rotated [22] and lifted [23-26] plates have been proposed to tailor VF. It
is important to note that VF is generally considered to be detrimental
because it hinders the operation of the processes and limits their effi-
ciency, such as limiting the recovery rate in the oil industry and reducing
printing uniformity. Therefore, the suppression of VF has been a focal
point in recent studies and can be achieved through various means such
as variational injection rates [27,28], elastic membranes [29,30],
tapered flow geometries [31-33], time-dependent gap thickness [34],
surface wettability modifications [35], porous media with a pore size
gradient [36], and active control of electro-osmotic flows [37]. Despite
these accomplishments, the enhancement rather than suppression of VF
to exert its advantages has yet to been fully demonstrated, leading to
broad appeal for the development of suitable applications leveraging VF.

Once viewed as a concern, VF is now increasingly harnessed to
develop practical applications. By forming finger-like structures, VF can
increase the contact area between fluids, thereby shortening diffusion
paths to enhance mixing efficiency. This property enables efficient
mixing of multi-component fluids in microfluidic channels and micro-
mixers, which is favorable for chemical and biological reactions [2,38].
Moreover, the highly branched nature of finger-like structures facilitates
the development of biomimetic structures, such as replicating dendritic
vascular networks [39] and preparing hydrogel lumens for tissue model
simulations [40], holding promise for tissue engineering and regenera-
tive medicine. Additionally, the branched structures formed by VFs can
increase the effective area for fluid dispersion; compared to uniform
discs, a smaller volume of fluid can cover a larger surface area in a
branched configuration, allowing for rapid material spreading [41].

Although the harness of VF has been proven in the fields mentioned
above, the finger-like structures used often exhibit poor size tunability,
limiting the application scope. This limitation arises from the VF oper-
ating under fixed boundary conditions, constrained by factors such as
the size of HSCs, gap thickness, and low Ca values, making it challenging
to generate small fingers and resulting in a narrow size adjustment
range. If size-tunable finger-like structures can be developed within a
single cell, this capability could facilitate new applications, such as the
preparation of hierarchical structures. Hierarchical structures are
composed of multiple interrelated levels across various scales or func-
tions. It is prevalent in both nature and engineering, enhancing the
performance and functionality of materials [42]. Fabrication methods
such as embossing [43,44], microimprint [45,46], Inkjet printing [47],
soft lithography [48,49], 3D printing [50,51], and laser scanning
[52,53] have made significant progress in fabricating hierarchical
structures. However, these techniques require expensive, sophisticated
instruments and involve cumbersome procedures, making them time-
consuming and prone to errors. Additionally, the necessity of custom
molds in most processes further complicates and increases costs.
Therefore, there is an urgent need for a cost-effective and straightfor-
ward preparation method. As a prototype for pattern formation, VF can
generate highly branched structures in a mold-free and facile manner,
but whether satisfactory tunability of finger size can be realized in a
single device to achieve hierarchy remains questionable.

In this study, we utilized VF in one-end-lifted HSCs with dynamically
changing cell thickness to achieve adequate tunability of finger size for
the preparation of hierarchical structures. Through this approach, fin-
gers bifurcate continuously with diminishing widths, resulting in hier-
archical patterns. Simultaneously, the inherent heterogeneity,
irregularities, and fluctuations within the system contribute to the
variability in the details of the fingering patterns, including specific
shapes and branching structures. We observe that the finger width scales
inversely to Ca with a power in a range between —0.53 to —1.22, in
contrast to the classical scaling of ~Ca V21241 4], demonstrating the
significant dependence of VF on varying boundary conditions.
Leveraging the above-mentioned VF, we demonstrate the moldless
fabrication of hierarchical structures with high complexity in fractal
structures and rich diversity in fingering patterns. These findings high-
light physical nonclonability and hold significant promise for anti-
counterfeit applications.

2. Experimental section
2.1. Experimental conditions

The one-end-lifted HSC employed in our experiments consists of two
substrates made of glass, except for those engineered substrates with
predetermined patterns, where acrylic was used. Prior to the experi-
ments, the two substrates are aligned in parallel and secured together at
one end using tape. The surface area available for the high-viscosity
liquid within the HSC can be adjusted flexibly by modifying the size of
the overlapping region between the two substrates.

For the investigation of fingering instability dynamics, we employed
an air-silicone oil (Macklin) system. Silicone oils with different viscos-
ities (200, 500, 750, and 1000 mPa s) were used as the high-viscosity
liquid. In the fabrication of solid structures, we utilized a polystyrene
(Aladdin) solution dissolved in toluene (Anaqua) and hot molten
paraffin (Aladdin) as the high-viscosity liquids, with air serving as the
low-viscosity fluid.
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Fig. 1. Viscous fingering instability in a one-end-lifted Hele-Shaw cell. a) Schematic of the experimental setup of the one-end-lifted (z-axis direction) Hele-Shaw
cell to produce hierarchical patterns. b) A snapshot capturing the formation of a hierarchical finger-like pattern as air displaces silicone oil (500 mPa s). c¢) The
smallest finger size observed under an optical microscope. d) The formed polystyrene hierarchical structure with the evaporation of toluene. e) Scanning electronic
microscopy images and f) optical surface profiler images of two representative regions of a polystyrene pattern exhibiting hierarchy in both the width and height of
the structure. In e), the dark black area represents the polystyrene structure. Scale bars are 3 mm in b), 20 pm in ¢), 5 mm in d), and 1 mm in e).

To control the lifting of the free end of the lifted substrate, we
employed a syringe pump (Syringe Pump LSP01-1A) that maintained a
constant lifting speed (Fig. S1). In our experiments, three different lifting
speeds were utilized: 0.32, 0.48, and 0.80 mm/s, corresponding to the
experimental groups Expl, Exp2, and Exp3, respectively. As the HSC is
placed horizontally and the liquid film thickness is extremely thin,
approximately 10 pm, the effect of gravity can be considered negligible.

2.2. Fingering instability experiments

To induce fingering instability, the device was placed horizontally,
with the bottom substrate fixed, while the upper substrate was capable
of lifting around the fixed end in a direction perpendicular to the bottom
substrate. To establish the liquid film within the HSC, a known mass (m)
of liquid (density p) was initially deposited on the bottom substrate.
Subsequently, the upper substrate is pressed onto the liquid droplet,
ensuring that the entire overlapping region with an area of S is filled.
After a waiting period of approximately 30 s, the liquid film stabilizes
with a predetermined thickness of hg = m / pS. By lifting the upper
substrate, air from the surrounding environment infiltrates the liquid
film, resulting in the formation of finger-like patterns.

The process of pattern formation was recorded using a high-speed
camera (Fastcam Mini, Photron) at a frame rate of up to 4000 frames
per second. The recorded videos and images were subsequently analyzed
utilizing the open-source software ImageJ (National Institutes of Health)
for further investigation and data extraction.

3. Results
3.1. Viscous fingering instability in a one-end-lifted Hele-Shaw cell

The one-end-lifted HSC, as illustrated in Fig. la, comprises a sta-
tionary substrate and a lifted substrate propelled by a pump at a constant
speed (Fig. S1). Initially, the two substrates are parallel to each other,
with an intersected angle a of zero. A predetermined mass of high-

viscosity liquid (typically silicone oil, unless otherwise specified) is
confined between the two parallel substrates, resulting in a thin liquid
film with an initial thickness of hg (around 10 pm). As the substrate lifts,
low-viscosity air infiltrates the liquid film, creating a progressing
interface where VF takes place, giving rise to finger-like patterns. The
experimental region’s length is denoted as L, while x represents the real-
time position of the interface, and hy corresponds to the liquid film
thickness at position x. Fig. 1b showcases the VF characterized by
densely protruding fingers that decrease in width from left to right
(Video S1). The dimensions of the viscous fingers can vary significantly,
ranging from several millimeters (Fig. 1b) to around ten micrometers
(Fig. 1c and Video S2) determined by the film thickness hg, spanning two
orders of magnitude.

To translate the VF patterns into tangible hierarchical structures, we
employ a solution of polystyrene dissolved in toluene (25 wt%) serving
as the high-viscosity liquid (580 mPa s). After the evaporation of
toluene, the VF pattern solidifies (Fig. 1d). The cured pattern can
maintain its integrity even after half a year (Fig. S2). Scanning electron
microscope (SEM) images vividly demonstrate the contrasting widths of
the fingers in different regions (Fig. 1e). Furthermore, three-dimensional
(3D) optical profilometer results reveal variations in the height of the
polystyrene structure (Fig. 1f). Furthermore, lower polystyrene content
results in reduced solution viscosity, corresponding to a decreased
structure height. As shown in Fig. S3, hierarchical structures were pre-
pared using polystyrene solutions with varying concentrations (15 wt%,
20 wt%, and 25 wt%). The results indicate that structural height in-
creases with the viscosity of the solution under the same conditions.
Consequently, the proposed strategy enables the one-step, moldless
fabrication of intricate 3D hierarchical structures.

3.2. Dynamics of viscous fingering instability in a one-end-lifted Hele-
Shaw cell

Fig. 2a illustrates the temporal evolution of VF in one-end-lifted
HSCs. As air protrudes into the liquid, finger-like structures
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Fig. 2. Dynamics of viscous fingering instability in a one-end-lifted Hele-Shaw cell. a) Temporal evolution of the finger-like pattern in an air-silicon oil system.
The red dotted lines indicate the boundaries of the dominant finger, illustrating the coexistence of longitudinal spreading and transverse expansion of the fingers.
Scale bar, 2 mm. b) The plot of the real-time location (x) of the liquid film against time (t). The solid lines represent quadratic-function fittings to the data. ¢) The plot
of the number of bifurcations (N) as a function of time (t), demonstrating an accelerated bifurcation of fingertips. d) A schematic depicting the characteristic finger
width (W) defined at the instant of bifurcation. e) The relationship between W and N, with a red line indicating an exponential fit to the data. f) The decrease of W
with t is an almost linear manner. The fitting slopes are —306 pm/s, —458 pm/s, and —550 pm/s for experimental groups Exp1l, Exp2, and Exp3, respectively. g) The
scaling law between the finger width (W) and capillary number (Ca). h) The plot of scaling power versus lifting speed. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Fractal dimension. a-c) The plot of the fractal dimension (dy) of the pattern against time (¢) in an air-silicon oil system, considering different lifting speeds,
initial film thicknesses, and liquid viscosities. d) A comparison of the fractal structures in two regions of the produced solid hierarchical pattern. Scale bar, 3 mm. e)

The fractal dimension of the two regions shown in d).

continuously evolve, exhibiting a multitude of fingertip bifurcations.
During this development, the fingers grow through both transversal
expansion and longitudinal spreading (Fig. 2a, 1.3 s). An intriguing
shielding effect becomes apparent among the fingers: when one finger
advances, it eventually dominates over its neighbors, inhibiting their
growth (Fig. 2a, 1.3 s and 1.65 s). The resulting fingering pattern is
characterized by a highly ramified morphology, with a gradient of
decreasing finger sizes.

To examine the pattern growth, we conducted three sets of experi-
ments involving different lifting speeds at one end of the lifted plate
(0.32 mm/s, 0.48 mm/s, and 0.80 mm/s in Expl, Exp2, and Exp3,
respectively, see Fig. S4). Fig. 2b illustrates the temporal progression of
the longitudinal spreading position of the fingers, demonstrating a
quadratic growth over time until the final stages of pattern develop-
ment. Consequently, the velocity at which a single finger advances,
denoted as U, exhibits an almost linear increase with time, characterized
by two distinct stages (Fig. S5). It is important to note that the second
stage occurs within a brief timeframe and involves rapid spreading of the
fingers with a diverging velocity, U. Therefore, we focus our investiga-
tion on the initial stage characterized by a slower spreading velocity to
examine finger development in this study.

Tens to hundreds of fingertip bifurcations occur during the spreading
process, in stark contrast to VF instabilities in previous studies, where
tip-splitting is limited to a few occurrences. Fig. 2c demonstrates the

monotonic increase in the number of bifurcations (N) with time (t) based
on experimental results. The frequency of bifurcation accelerates as the
fingers develop, leading to a decreasing time interval between bi-
furcations (t;). Fig. S6 demonstrates that t; decreases as the number of
bifurcations (N) increases, and after approximately 27 bifurcations, it
reaches a nearly constant value. Furthermore, this fixed value is
observed to be smaller for higher lifting speeds.

To investigate the evolution of finger size, we define the width of
fingers just before bifurcation, denoted as W, as the characteristic
dimension (Fig. 2d). The finger width W monotonically decreases with
the number of bifurcations N and asymptotically approaches a final
constant value, as depicted in Fig. 2e. Similarly, W decreases almost
linearly with t, with a faster decreasing rate observed for larger lifting
speeds (Exp3 > Exp2 > Expl, Fig. 2f). The combined observations from
Figs. 2e and f confirm the hierarchical VF pattern characterized by
decreased size.

Figs. 2g and S7 present the dependence of the normalized finger
width W on the capillary number Ca = 12pU/y, where y and u represent
the surface tension and viscosity of the high-viscosity fluid, respectively.
At a low lifting speed of 0.16 mm/s, the finger width scaling follows the
form of W ~ Ca~%3, consistent with the well-established scaling W ~
Ca~'/? in previous VF studies for immiscible fluids. However, as the
lifting speed increases, the power is in the range of —0.79 to —1.22 and
increases with the lifting speed (Fig. 2h). Further investigation of the
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Fig. 4. Diversified hierarchical structures. a) Various hierarchical patterns achieved by engineering the substrates. b) Solid pattern created using molten paraffin
as the high-viscosity liquid. ¢) Scaling up the production of the solid structure with a substrate size of 15 x 15 cm?. d) Customization of the exterior shape of the
structures. The purple lines represent the prepared shapes, including a pentagram, hexagon, circle, square, and smiley face. e) Three solid structures fabricated under
the same experimental conditions. f) Authentication information extraction for the three structures in e). g) Non-coincidence of the three patterns in f) demonstrating
the distinctiveness of the structures. h) Optical surface profiler images of the same area of mirror-symmetrical polystyrene patterns formed on the lower and upper
substrates simultaneously. Scale bars are 5 mm in a), b), d), e), f), and g) and 2 mm in h). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

dependence of W on U reveals a scaling of W ~ U™, with the power a in
arange between —0.53 and —1.22 (Fig. S8). These findings highlight the
significant dependence of finger-like structures on time-varying
boundary conditions resulting from the lift of the upper substrate.

3.3. Fractal dimension

To assess the overall characteristics of the fingering patterns, we
employ a box-counting method to quantify their fractal dimension (df).
This method involves covering the pattern with boxes of size [ and
determining the number of boxes (n) required to fully cover the pattern.
The fractal dimension df can then be obtained as a power-law relation-
ship, where n ~ I%. For each pattern, we repeat the box-counting oper-
ation with boxes [ = 2, 3, 4, 6, 8, 12, 16, 32, 64, separately to obtain its
fractal dimension. First, the relationship between the fractal dimension
and the number of bifurcations was studied. As shown in Fig. S9, df
shows an increased trend with N, reaching a plateau around 1.65 after
40 bifurcations, indicating its self-similar growth. Figs. 3a-c illustrate
the dynamic variation of df with time () under different conditions,
including changes in lifting speed, initial thickness of the liquid film, and
viscosity of the silicone oil. In all cases, dr initially shows a gradual in-
crease with time, followed by a plateau, indicating that the VF attains
fully developed, self-similar properties after a certain period. It is worth
noting that the final, constant df value falls within the range of 1.7 t0 1.8,

which corresponds to the values predicted by diffusion-limited aggre-
gation (DLA) [54,55] and invasion percolation [56] models,
respectively.

Furthermore, we measure the fractal dimension of the fabricated
solid hierarchical structures. A comparison is made between two
representative regions, one at the beginning and the other at the end of
the structure (Fig. 3d). The obtained df values are found to be similar in
both regions, hovering around 1.68. This observation highlights the
retention of self-similar properties even after the fabrication of solid
structures, emphasizing the robustness of the proposed fabrication
method.

3.4. Diversified hierarchical structures

The characteristics of the fabricated hierarchical structures are
highly influenced by the boundary conditions of the two substrates.
Carving grooves on substrates enables the creation of a diverse array of
VF patterns, as depicted in Fig. 4a and Video S3. The engineered grooves
are deliberately shaped as straight lines, wavy lines, double helix,
flowers, and various other configurations (Fig. S10), which are designed
to guide the progression of the gas-liquid interface, thereby facilitating
the formation of VF structures with predetermined patterns in a simple
and user-friendly manner. Importantly, even with these engineered
surface patterns, the resulting structures still maintain their hierarchical
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Fig. 5. Anti-counterfeiting. a-a2) Encrypted sample a) and the extracted colonable exterior shape information al) and unclonable internal pattern a2). b-d) Three
samples to be verified. b1-d1) Process of comparing the exterior shapes with a2). Fake samples cannot pass this verification. c2-d2) Extracted interior ridge pattern.
¢3-d3) Process of further verifying the interior pattern by superimposing c2) and d2) with a2). Structures with matched authentication information are marked with
“y/*, while those mismatching the authentication information are marked with “X”. Scale bars, 5 mm.

nature with a reduced gradient in size.

The proposed fabrication technique exhibits scalability and
compatibility with various fluidizable and solidifiable materials. Fig. 4b
illustrates the preparation of a solid fractal pattern using paraffin as the
high-viscosity fluid. In this process, hot molten paraffin is placed be-
tween the two substrates and undergoes a phase transition from liquid to
solid as the substrate is lifted, generating the VF pattern. Moreover,
scalability is demonstrated in Fig. 4c, where an enlarged substrate sur-
face area (15 x 15 cmz) still allows the formation of hierarchical
structures with noticeable dimension differences. This scalability is
crucial for mass production and paves the way for practical applications.
In addition, the exterior shape of the structure can be predefined using
substrates with various geometries. As illustrated in Fig. S11, the shaded
area of the lower substrate represents the experimental region with a
specific configuration, where a high-viscosity liquid is deposited. When
the upper substrate is lifted, hierarchical structures are confined in the
predefined shape. Leveraging this strategy, we successfully prepared
structures in the shapes of a pentagram, hexagon, circle, square, and
smiley face (Fig. 4d).

Due to the susceptibility of the VF process to initial and boundary
conditions, the as-prepared structures exhibit physical non-clonability,
with high complexity and rich variability. To validate this, three sam-
ples are fabricated under identical experimental conditions (Fig. 4e).
The interior VF pattern ridges are extracted (Fig. 4f), and their di-
versities are examined by superimposing them. Fig. 4g shows that each
internal pattern possesses similar hierarchical structures but distinct
arrangements of ridges, displaying their non-replicability. Crucially,
these structures are irreproducible even by the manufacturers. When the
substrates are separated, two hierarchical structures form on the upper
and lower substrates in a mirror-symmetric manner, displaying nearly
identical relative distributions of ridges. However, notable differences in
ridge height within the same region were still observed (Fig. 4h), further
confirming their non-clonability.

As a proof-of-concept, Fig. 5 illustrates the application of the as-
prepared hierarchical structures to anti-counterfeiting purposes using
a multiple encryption strategy. As shown in Figs. 5a-5a2, the encoded
information involves two aspects: the clonable exterior shape and the
non-clonable interior pattern (PUF), where the shape is encrypted to
improve the verification speed. For decoding, authentication is suc-
cessful only when both the exterior shape and interior pattern meet
predefined criteria. For the three samples displayed in Figs. 5b-5d, the
exterior shapes (Figs. 5b1-5d1) are initially extracted as the first layer of
authentication information and compared with Fig. 5al, allowing for
the rapid exclusion of mismatched sample b. Subsequently, the ridges of
the internal pattern from the shape-matching samples (Figs. 5c2 and

5d2) are extracted as the second layer of authentication information and
superimposed with Fig. 5a2 for comparison (Figs. 5¢3 and 5d3). Finally,
it is concluded that sample d is the authorized sample.

4. Conclusions

We have demonstrated the formation of fingering instability in one-
end-lifted HSCs, which undergoes dynamic evolution. This identified
fingering instability is characterized by numerous fingertip bifurcations
leading to decreasing finger widths. As a result, the resulting fingering
patterns exhibit highly branched structures with hierarchical features.
Utilizing various boundary conditions, we demonstrate the fabrication
of hierarchical structures with high complexity in fractal structures and
rich diversity in fingering patterns, confirming the utilization of VF
instead of suppression. This method is mold-free, facile, scalable, cost-
effective, and adaptable to various materials, surpassing traditional
techniques [38-48]. The as-prepared three-dimensional hierarchical
solid structures possess unclonability in surface patterns, holding great
promise for anti-counterfeiting applications and boasting encryption
capabilities due to their high complexity and diversity. Further efforts
can be made to develop more complex and functional diverse hierar-
chical structures by expanding the types of materials and patterns and,
on this basis, broadening their applications.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.jcis.2025.138202.
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