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1. Introduction

In recent years, the demand for advanced
flow control and modulation strategies has
steadily increased, driven by objectives such
as reducing drag of aerospace systems,[1,2]

minimizing wall shear stress in hemody-
namics,[3,4] and providing insights of fluid
mechanics associated with active wall
motions.[5–7] Growing concerns over energy
efficiency, health, and climate change have
further highlighted the importance of effi-
cient flow control and modulation, introduc-
ing new challenges in the field. Recent
developments of passive flying sensors
inspired by wind-dispersed seeds, known
as “electronic fliers”, further emphasize
the significance of flow control strategies
in low-velocity regimes.[8–12] In this class of
flying sensors, maximizing airborne time
or payload capacity is crucial for enhancing
their ability to monitor environmental and
atmospheric conditions. Various actuating

Active flow control has gained substantial interest due to the ubiquitous role
of fluids in engineering systems and applications and its potential to enhance
aero-, hydro-, and hemodynamic system performance. This study presents an
active flow control strategy employing a programmable shape-morphing system
actuated by Lorentz forces in liquid metal-embedded microfluidics. The proposed
system enables rapid, reversible, and three-dimensional deformations of a thin
elastomeric membrane without the need for external flow sources or high-voltage
inputs. The platform is evaluated for its capacity to induce distinct motions at
various incoming velocities, revealing significant effects on momentum change.
The study integrates advanced experimental techniques, reduced-order model-
ing, and state-of-the-art numerical methods to validate the system’s versatility
and performance. The findings highlight the potential of this soft actuating
system to enhance flow control strategies, with potential applications ranging
from improving the aerodynamics of bio-inspired flying sensors to mimicking
natural locomotion mechanisms in low-velocity regimes. Further exploration of
material innovations is crucial to expanding the system’s capabilities and impact
on specific flow control applications.
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mechanics are employed in flow control applications, classified into
three general categories: 1) fluidics, which utilize fluid injection or
suction, 2)moving surfaces, involving amoving body within or near
the boundary domain, and 3) plasma actuators, utilizing corona or
dielectric barrier discharges.[2] Among these, active flow control
strategies using moving surfaces are particularly common due to
their advantages, including the absence of an external flow source
and a low input voltage requirement. This type of actuator includes
vibrating ribbons,[13,14] periodically moving diaphragms,[15,16] rotat-
ing surface elements,[17,18] andmorphing surfaces.[19] However, the
rigidity and simplicity of the materials used in these actuators often
restrict their geometric mode shapes, thereby limiting their adapt-
ability and control performance during operation.

Recent advances in materials science and manufacturing tech-
nologies have enabled the engineering design of architectures
capable of reversible and programmable shape-morphing (PS)
systems.[20,21] These dynamic morphing systems have been
applied to different applications, such as medical robots,[22]

4D electronics,[23] and deployable structures.[24] A range of active
materials has been investigated, including liquid crystal elasto-
mers,[25] responsive hydrogels,[26] and dielectric elastomers,[27]

along with various shape-morphing schemes such as compres-
sive buckling[28] and origami/kirigami.[29] Despite these efforts,
many challenges remain in programmability, morphing speed,
and shape continuity. In response to these obstacles, our recent
works introduce systems that leverage the electromagnetic actu-
ation of filamentary metal traces[30] and liquid metal networks
embedded in soft silicone microfluidic channels,[31] addressing
many of these limitations. This system enables rapid, reversible
shape-reprogramming among numerous complex and smooth
3D configurations, offering notable advantages in terms of speed,
power consumption, and scalability without the need for the
pumps and valves used in conventional pneumatically actuated
systems.[31] Such a system has the potential for precise flow sens-
ing and probing, leading to customizable flow control strategies.

One of the most common methods for active flow control relies
on pressure-driven flow, such as syringe pumps, peristaltic pumps,
or gas pressure regulators, which typically require input voltages of
�10 V and power consumption in the watts range.[32] In contrast,
the PS system operates at �60mW per ribbon, offering a signifi-
cantly lower power alternative. Micro-electro mechanical systems
(MEMS)-based active wall motion techniques, such as piezoelectric
actuators generating surface acoustic waves, operate at MHz-GHz
frequencies but produce vibration amplitudes in the nanometer
range.[6,33] By comparison, the PS system achieves millimeter-scale
surface modulation. Another established method involves con-
trolled localized heating to alter viscosity and surface tension for
active flow control, but this approach typically requires seconds
to minutes to reach target temperatures,[34] whereas the presented

PS system responds within milliseconds. A comparative summary
is provided in Table 1.

This article incorporates recently reported soft shape-
programmable surfaces utilizing distributed Lorentz forces as
the basis for manipulating near-wall flows in various scenarios.
The platform is modified and systematically examined for suitable
flow control applications by operating and examining the system’s
oscillatorymodes and responses. The new features include: 1) defor-
mation dynamics of the liquid metal embedded microfluidics in
oscillatory modes determined by finite element analysis (FEA),
2) analytical solutions of second-order propagating deformation
of the thin elastic membrane in oscillatory operations, 3) flow per-
turbations by the system at various incoming velocities, ranging
from laminar to turbulent flows, 4) flow measurements using
advanced flow experimental techniques, 5) flow characterization
in spatial-temporal and spectral domains, 6) validation and interpre-
tation of the induced flow characteristics through a state-of-the-art
computational approach based on a grapic processing unit (GPU)-
accelerated numerical method, and 7) demonstration of the sys-
tem’s capability for continuous operation and scalability of multi-
channel configurations to support a wide range of flow control
strategies.

2. Results and Discussion

2.1. Programmable Surface for Flow Control Applications

Figure 1 provides an overview of the concept, including mechanics
of shape programmable surface (PS) materials and methods for
flow control applications. The fast-response, soft, complex, and
energy-efficient morphing system demonstrates significant poten-
tial for flow control, particularly in managing flow actuation
(Figure 1A) or inducing distinct coherent motions across different
incoming velocities. The system consists of thin, soft microfluidics
structures filled with eutectic gallium-indium (EGaIn; 75%
Gallium, 25% Indium by weight) as the skeleton network and a
thin elastomeric membrane as the surface (Figure 1B;
see Experimental Section). The magnetic field (B) generated by
themagnet beneath the PS interacts with the electrical current flow-
ing through the liquid metal channels, generating a Lorentz force,
F= Lch (I� B), where Lch is the channel length. This force deforms
the liquid metal, which in turn exerts pressure on the attached
membrane, enabling programmable membrane deformation.
Durability tests for the PS system, conducted over 7000 cycles, dem-
onstrate consistent performance without noticeable degradation.
The temperature increase due to Joule heating remains below

Table 1. Comparison of the PS system with conventional actuator
systems.

Our PS system Conventional actuator systems

Power consumption �60mW per ribbon Pressure (air/gas): 7.7 W[32]

Pressure (dual channel): 1330mW[32]

Electroosmotic: 13 mW[32]

Amplitude �1mm �10 nm[6,33]

Response speed 10 ms �30 s (heating)[34]
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5 °C at a current level of �0.5 A, indicating minimal thermal rise
and rapid heat dissipation within the timescale of actuation, con-
sistent with previous work.[31] While prior research investigated
the effects of ribbon layout and membrane thickness on static
deformation. In contrast, this study emphasizes transient defor-
mation and explores the underlying physics in oscillatory mode.
A key feature of transient deformation is the second-order
deformation, which becomes evident in oscillatory mode, as
illustrated in Figure 1C and shown in Video 1, Supporting
Information. This unique feature, coupled with an analytical
solution, can be used as a facilitator in flow control strategies.

The response time of a liquid metal channel is investigated by
an imaging method with a high-speed camera and validated
by FEA (see Experimental Section), as shown in Figure 2A, left.
The system exhibits a highly underdamped behavior with a stiff-
ness-proportional damping factor β= 5� 10�4, which is 20
times lower than the prediction reported in the previous work.
When the system is operated at a frequency corresponding to
resonant frequency (f c ¼ 50 Hz), the peak deformation increases
up to 5mm, approximately doubling compared to continuous
operation, while the power consumption decreases by the same
factor due to oscillatory operation. This approach overcomes
system limitations without altering the fabrication processes
(Figure 2A, right; Figure 2B for raw images). With a resistance
for each channel R � 0.5Ω and a current I � 0.5A, the average
power consumption per ribbon per cycle is �60mW. The key
physics of secondary deformations of the programmable surface
induced by an oscillating metal channel can also be estimated
considering theoretical arguments. For a simplified analysis,

the deformation of the surface is treated as a 2D standing wave
with a rectangular boundary, estimated using a modified analyti-
cal solution based on Sturm-Liouville theory as follows

y ¼
Aexpfζ x� xcð Þg sin πx

2xc
þ π

� �
sin

πz
L

� �
sin

2πt
T

� �
, if x < xc

Aexpf�ζ x� xcð Þg sin 3π
2 L� xcð Þ L� xð Þ

� �
sin

πz
L

� �
sin

2πt
T

� �
,

if x > xc

8>>>>><
>>>>>:

(1)

where y is the wall-normal displacement of the programmable
surface, z is the coordinate in the spanwise direction, A is the
channel amplitude, T is the period, L ¼ 40 mm is the length
of the surface, ζ ¼ 0.5 is the damping coefficient, and xc ¼
3L=5 is the streamwise location of the channel. Here, x ¼ 0
represents the leading edge and x ¼ L the trailing edge of the
PS. A ∝ iB=EI is proportional to the magnitude of the current,
i, and the intensity of the magnetic field, B, measured by a
magnetometer (MFM3000, PCE Instruments) and inversely pro-
portional to the elasticity, E, and moment of inertia of the chan-
nel, I (see Experimental Section for details). The analytical results
show reasonably good agreement with experimental results,
thereby enabling its use for various design and flow scenarios
(Figure 2C,D, Video 1, Supporting Information).

Figure 1. Programmable surfaces for flow control applications. A) Conceptual illustration of the programmable surface (PS) in a flow control application.
B) Fabrication process of the PS. C) Schematic of the operation principle. Liquid metal-filled microfluidic channels are oscillated to generate secondary
wavy deformations that propagate into a thin elastomeric membrane, forming the actuating surface.
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2.2. Programmable Surface Performance Across Flow Regimes

The performance of the PS under various incoming velocities was
experimentally characterized by time-resolved particle image veloc-
imetry (PIV) with a sampling rate of 1,000Hz in a customized
wind-tunnel (Figure 3A and S1, Supporting Information) with
the channel width LChannel ¼ 45 mm (see Experimental Section
for details). The flow characteristics modulated by PS are analyzed
primarily in the near field, from 1 L to 3 L downstream tominimize
potential 3D and wall effects in the far field. The PIV system con-
sisted of a 2 megapixel Emergent HT-2000M high-speed camera
equipped with a 50mm F1.4manual-focus Kowa lens, a laser pulse
synchronizer (Model 610 036, TSI), and PIV control software
(PIVlab).[35] A planer laser sheet illuminated the center of the wind
tunnel behind the programmable surface (PS), where the field of
view covered a 30mm� 80mm region. To ensure accurate flow
tracking, oil droplets (�1 to 5 μm in diameter) were used as tracer
particles, yielding a Stokes number (Stk) ≪ 1. The camera cap-
tured over 5,000 frames at a sampling frequency of 1,000Hz.
The image sequences were processed using direct Fourier trans-
form correlation. The final interrogation window size was 16 pix-
els� 16 pixels with 50% overlap, resulting in a vector grid spacing
of 0.62mm along both x and y axes with over 95% of velocity vec-
tors resolved.

Two sets of experiments conducted: one with PS modulation at
the resonant frequency, f c ¼ 50Hz, and the other without modu-
lation, f 0. These are performed at three incoming velocities, U ¼
½0.65, 1.06, 1.49� ms�1 (Video 2, Supporting Information). The
selected velocity range corresponds to the mechanisms of airborne
seed dispersal, spanning from parachuting seeds (e.g., dandelion
seeds) to autorotating seeds (e.g., maple seeds).[8] This range is cho-
sen to highlight the PS system’s capability to generate distinct
coherent motions under controlled conditions at low incoming

velocities, which are relevant for flow control applications in bio-
inspired flying sensors. At higher incoming velocities, flow insta-
bilities can be more easily triggered with minimal actuation.
Therefore, using relatively low incoming velocities emphasizes
the actuator’s capability to generate and sustain meaningful flow
perturbations in a regime where external instabilities are minimal
or nondominant. It is worth noting that these investigations focus
on the performance of the PS operated at its resonant frequency,
underscoring its potential and distinct effects on the flow.
Additional experiments with the PS at various frequencies show
good agreement with the step response results in Figure 2A.
For instance, at 100Hz, a frequency higher than the resonant,
the PS exhibits a significant decrease in amplitude (Video 3,
Supporting Information). Addressing the complex nonlinear inter-
actions and instabilities inherent in near-wall dynamics, particularly
those associated with operation at various frequencies, is beyond
the scope of this work.

A basic assessment of the flow patterns and coherent motions
induced by the PS is given based on the time-averaged velocity
distribution in Figure 3B (Video 4, Supporting Information for
time-dependent PIV results). The cases without PS modulation
(f 0) exhibit typical boundary layer flow over a flat surface with
the velocity gradient near the surface following the Blasius rela-
tion, δ ∝

ffiffiffiffiffiffiffiffiffiffiffiffi
υx=U

p
, where δ is the boundary layer thickness,

highlighting consistency between experiments and established
flow behavior (Figure 3B, left and Figure S2A, Supporting
Information). However, the flow characteristics induced by PS
oscillation reveal significant modulations near the surface, with
noticeable streamwise propagation, particularly at U ¼ 1.06 m s�1

and 1.49 m s�1, indicating emerging instability (Figure 3B, right).
The impact of PSmodulation on the boundary layer is further char-
acterized by examining mean streamwise velocity, u, (Figure 3C),
standard deviation of the velocity fluctuations, σu, (Figure S2B,

Figure 2. Experimental and analytical investigations of the dynamics of the programmable surface. A) (left) Step response of the PS with different Rayleigh
damping factors compared to the experiment and (right) amplitudes of the PS during the static mode (AS) and oscillatory mode (AT ). The amplitude
increases by a factor of �2 without modifying the fabrication process and system configuration. B) Raw images of the maximum amplitude during AS

mode and AT mode. C) Comparison between experimental results and analytical modeling of the PS oscillation in 2D and D) same comparison in 3D.
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Supporting Information), and Reynolds shear stress, u0v0

(Figure 3D) profiles at x ¼ 100mmdownstream for each incoming
velocity, corresponding to the local Reynolds number Rex ¼ Ux=v
of ½4.2, 7.0, 10.0� � 103, where υ ¼ 1.5� 10�5 m2 s�1 is the kine-
matic viscosity of air.

Here, u and v denote the streamwise and wall-normal velocity
components, decomposed into their time-averaged and fluctuat-
ing components as u ¼ uþ u0, and u0v0 describes turbulent
momentum transfer. It is worth noting that significant momen-
tum deficits occur around 2 < y < 12mm, corresponding to the
outer layer, across all cases (Figure 3C). The outer layer, primarily
governed by inertial forces, is positioned above the inner layer,
where viscous effects play a critical role. The results confirm that
PS modulation induces distinct inertial forcing that significantly
alters the outer region. Specifically, the modulated boundary
layer profiles exhibit characteristics akin to an adverse pressure
gradient condition, marked by an inflection point indicative of
potential flow separation. This feature could be leveraged to

actively control separation points on flying sensor’s surfaces,
thereby optimizing aerodynamic performance. The pronounced
increase in Reynolds shear stress within the same region further
supports this argument (Figure 3D). Further discussion on the
flow characteristics and induced dominant coherent motions
analyzed using reduced-order decomposition techniques can
be found in Supplementary Note I, Supporting Information. It
is important to emphasize that the desired effects on the flow
depend on several key parameters, including the boundary layer
thickness of the incoming flow, the local pressure gradient, back-
ground turbulence, and other contributing factors. Within these
considerations, the proposed PS system offers the versatility to
tailor and optimize its impact on the flow, providing a customiz-
able solution for a wide range of flow control applications.

Frequency control of the PS modulation (PSM) is particularly
critical in managing flows within the spatiotemporal domain.
This control influences the evolution of coherent vortical struc-
tures across multiple scales, as illustrated in the instantaneous

Figure 3. Programmable surfaces versus incoming velocities. A) Experimental setup for the PIV measurements of the flows modulated by the PS system.
B) Mean streamwise velocity distributions for the null cases, f 0 ¼ 0Hz, (left) and PS modulated cases (right) operated at the natural frequency,
f C ¼ 50Hz. Top, middle, and bottom contours indicate different incoming velocities at U ¼ ½0.65, 1.06, 1.49�m s�1. White masks in the contour maps
indicate noise, which was filtered out during preprocessing to enhance the data reliability. C) Velocity profile comparisons between f 0 and f C cases at
x ¼ 100mm downstream. D) Reynolds shear stress comparisons between f 0 and f C cases at x ¼ 100mm downstream. E) Instantaneous vorticity fields,
Ω ¼ dv

dx � du
dy, for f C cases at various incoming velocities. F) Phase-averaged spanwise velocity distributions at various incoming velocities. Vertical dotted

lines illustrate the location of vortical structures. G) Power spectra of the streamwise velocity at x ¼ 100mm and y ¼ 4mm for the PS modulated cases
under various incoming velocities.
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vorticity fields (Figure 3E). The flow downwind of the PS system
at U ¼ 0.65 m s�1 exhibits a stable shear layer characteristic of
low-Reynolds-number flow. In contrast, the higher incoming
velocity cases exhibit prominent vortical structures with distinct
spatial patterns of velocity shear, resembling Kelvin–Helmholtz-
type instability. The perturbations and vortices are consistent
downwind, as shown in the phase-averaged velocity distribution
(Figure 3F). The streamwise velocity spectra (Figure 3G) illus-
trate the energy distribution and transfer mechanisms. The spec-
trum displays a �5/3 scaling, defining the inertial subrange with
the higher incoming velocity case, which describes higher energy
across scales. Across all incoming velocities, distinct spectral
peaks emerge at the PS modulation frequency, f c , indicating that
the PSM effectively injects energy at a controlled frequency, com-
pared to the null cases (Figure S2C, Supporting Information),
thereby influencing flow behavior in both the spatial and temporal
domains (see Supplementary Notes I, Supporting Information for
details on reduced order modeling).

2.3. Computational Approach

Direct numerical simulations, based on a GPU-accelerated
computational method[36] using three Tesla P100 GPUs, are con-
ducted by numerically solving the nondimensional incompress-
ible Navier–Stokes equations to characterize associated flow
patterns and implement a future modeling capability of the

system. A second-order central difference scheme on a staggered
grid is used to calculate the spatial derivatives. Time marching is
conducted using a semi-implicit fractional-step method, which
implicitly integrates the diffusion terms with the Crank–
Nicolson scheme and explicitly advances the convection terms
with the third-order Runge–Kutta scheme[36] (see Experimental
Section for details). The deformation of the PS is implemented
using two different numerical approaches. Both approaches con-
sider wall-normal displacement of the PS as a boundary condi-
tion in the simulation by using sinusoidal functions.

In the first approach, the deformation in the spanwise and
streamwise directions is considered, denoted as the three-
dimensional surface oscillation. Figure 4A shows the contours of
instantaneous streamwise velocity for U ¼ 1.06 m s�1. Circular-
shaped velocity patterns appear alternatively and periodically for y >
10 mm, similar to the experimental results. The three-dimensional
nature of this phenomenon is highlighted through the iso-surfaces
of nondimensionalized Q-criteria, as shown in Figure 4B (Figure
S3, Supporting Information for the case of U ¼ 1.06m s�1).
Ring-shaped vortical structures appear periodically with similar
length scales of the PS oscillations. These structures are stretched
in the spanwise direction toward downstream and are maintained
at the end of the simulation domain.

In the second approach, denoted as the two-dimensional
surface oscillation, only wall-normal displacement of the PS is
considered since the deformation in the spanwise direction is
negligible due to its small displacement. The mean velocity

Figure 4. Computational approach and validation. A) Raw image and streamwise velocity contours from the experiment and simulation for the
representative instant. White masks in the contour maps indicate noise, which was filtered out during preprocessing to enhance the data reliability.
B) Iso-surface of nondimensional Q-criterion at the representative instant. C) Mean velocity profiles at x ¼ 24mm, comparing the experiment and
simulation. D) Mean streamwise velocity contours, comparing f 0 and f C cases from the experiment and simulation.
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profile of the simulation at x ¼ 100 mm downstream for the case
of U ¼ 1.06m s�1 (Figure 4C) is compared with that of the PIV
measurement. A similar level of momentum deficits is observed
in the experiment and simulation based on the momentum thick-
ness, δ� ¼ ∫ u

U 1� u
U

� �
dy (Figure 4C, inset). Potential sources of

the discrepancy observed in Figure 4C may include the presence
of higher-order structural vibrations of the PS in the experiment
and slight variations in inflow conditions between the experiments
and simulations. Figure 4D shows the contours of mean stream-
wise velocity from the experiment and simulation, indicating rela-
tively good agreement in capturing overall changes in wall-bounded
flow characteristics (see Supplementary Notes II, Supporting

Information for details). It is worth noting that higher-order flow
phenomena, including the characteristics of turbulent boundary
layers and the spatial intermittency regime, are beyond the scope
of this study.

2.4. Amplitude and Frequency Controllability

Establishing the PS system through analytical, experimental, and
computational methods offers an effective real-time morphing
scheme to continuously alter wall-bounded flows with controlla-
ble capability in both magnitude and frequency. Figure 5A dem-
onstrates the time evolution of streamwise and spanwise

Figure 5. Amplitude and frequency controllability. A) Time evolution of the streamwise velocity at x ¼ 24mm and y ¼ 4mm during continuous operation
with varying duty factor (DF). B) Time-averaged streamwise velocity distributions at various DF. C) Velocity profiles at x ¼ 24mm at various DF.
D) Momentum thickness, δ� ¼ ∫ u

U 1� u
U

� �
dy, with resect to DF. E) Illustration of a multichannel configuration (left) and mean streamwise velocity

distribution of the multi-PS system operated at f C=5 (right). F) Streamwise velocity comparison in the temporal domain. G) Streamwise velocity com-
parison in the spectral domain at x ¼ 65mm and y ¼ 4mm between the single-channel configuration operated at fc (blue) and the multichannel con-
figuration operated at f C=5 (red).
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velocities in the outer layer (x ¼ 24mmand y ¼ 3.6mm) over
4.0� 104 frames with various duty factors (DF), the ratio
between the pulse duration and the period, of the PS system
at U ¼ 1.06m s�1. As the DF increases, the amplitude of fluctu-
ating components (i.e., vortical structures induced by the PS) also
increases. The time-averaged velocity distributions (Figure 5B)
and velocity profiles (Figure 5C) with respect to DF indicate a
systematic change in momentum deficit as a function of DF.
The momentum thickness (δ�LÞincreases linearly with the given
DF. Starting near the momentum thickness of otherwise undis-
tributed nearly laminar flows (δ�L ¼ 0.664

ffiffiffiffiffiffiffiffiffiffiffiffi
υx=U

p
at zero DF), δ�

increases progressively, reaching up to 4 δ�L at 100% DF. The
corresponding momentum thickness Reynolds number, Reδ,
indicates that PM modulation increases Reδ by the same factor
as δ�L under identical incoming velocity conditions (Figure S4,
Supporting Information). As Reδ is linked to drag, this feature
can potentially enhance the capacity of electronic fliers for extended
airborne time or increased payload weight.

Efficient control of boundary layer flows in the spectral
domain can be achieved by implementing an N-by-N array of
microfluidic ribbons, which mitigates the unwanted second-
order deformation of the elastomeric membrane. A 4-by-1 array
of the PS has been developed, with each ribbon individually con-
trolled and oscillated at a frequency five times lower than the sys-
tem’s natural frequency, fc=5 (Figure 5E, left). The results
demonstrate that the velocity distribution (Figure 5E, right) and
velocity profile at a representative point (Figure 5F in the temporal
domain and Figure 5G in the spectral domain) exhibit a similar
magnitude of momentum deficit compared to the case at fc , but
the modulation frequency aligns with the operating frequency in
a multichannel mode. The system’s versatility in flow control appli-
cations, tested with various incoming flow conditions, amplitudes,
and frequencies, suggests significant potential for this shape-
morphing system in controlling directionality and geometrical
aspects to manipulate the wall-bounded flows in various scenarios.

3. Conclusion and Outlook

This study introduces a versatile and robust design for PS sys-
tems, demonstrating their capability to manipulate near-wall
flows across various scenarios. By leveraging these capabilities,
the system can serve as a valuable tool for advancing flow control
strategies, with practical applications that span both scientific
exploration and engineering development. The Lorentz-force-
driven liquid metal-embedded microfluidic structures, inte-
grated with a thin elastomeric membrane, provide capabilities
previously unattainable in active flow control systems. This soft
actuated system operates efficiently without requiring external
flow sources or high-voltage inputs, enabling rapid and complex
actuation with low power consumption. The work presented here
serves as a demonstration of the programmable surface’s potential
to induce distinct flow perturbations and coherent motions, rather
than as a comprehensive solution to the broader flow control par-
adigm. The secondary deformations of the programmable surface,
observed experimentally and supported by analytical and numeri-
cal methods, illustrate its versatility in influencing boundary layer
dynamics. By modulating PS properties and flow parameters such
as amplitude, frequency, and incoming velocity, the system

demonstrates systematic effects on momentum redistribution
and outer-layer flow characteristics. These observations suggest
potential applications in controlling flow separation, recirculating
points, and coherent vortical structures intargeted scenarios.While
the results highlight the system’s capability to stabilize shear layers
or induce flow instabilities like Kelvin–Helmholtz modes, the pri-
mary aim of this study is to showcase the flexibility and function-
ality of the programmable surface as a core platform.

This platform holds significant potential for advancing funda-
mental studies in flow control applications, such as active control
of large-scale motions,[37] transition dynamics,[38] turbulence
generation,[39] added mass,[40] and drag reduction.[41] The dem-
onstration of this flexible morphing platform opens pathways for
advanced flow-related phenomena, including wall modulation of
dimensionality,[42,43] permeability,[44,45] and directionality.[46]

Numerous opportunities exist for system improvement, particu-
larly through material innovations. For example, incorporating
thermo- or magnetic-responsive materials could enable multi-
modal, closed-loop control while facilitating the design of 3D
morphable structures. Also, integrating microscale, mechanically
supported 3D structures could provide precise programmability,
extending the platform’s influence across the entire range of
wall-bounded fluid dynamics, from the viscous sublayer up to
the outer layer. The system’s flexibility and low power consump-
tion could facilitate the emulation of various aerohydrodynamic
bio-locomotion mechanisms—such as the side-to-side fish swim-
ming or the up-and-down bird flight—highlighting its potential to
inspire innovative approaches in flow modulation.

4. Experimental Section

Fabrication of Elastomeric Membrane: Preparation of an elastomeric
membrane began by spin-coating (3000 rpm for 30 s) a thin layer of
poly(4-styrenesulfonic acid) sol (PSS) onto a clean glass slide (75mm�
50mm), which served as a sacrificial layer. The coated PSS layer was then
cured at 180 °C on a hotplate for 5 min. Next, a soft silicone elastomer
(Ecoflex 00-20) was spin-coated at 6000 rpm for 60 s onto the PSS layer
and cured in an oven at 75 °C for 30 min, to yield a thin elastomeric
membrane (thickness=�50 μm). To provide structural support and facil-
itate handling, a 3D-printed frame (thickness= 8 mm, printer: Form 3,
Formlabs, material: Flexible 80 A) was attached to the elastomeric mem-
brane using an adhesive. To release the membrane from the glass slide,
the entire assembly was submerged in water heated in a 75 °C oven for
20min. This immersion process dissolved the underlying PSS, allowing
for easy removal of the membrane with the attached frame.

Analytical Modeling and FEA: FEA simulations were conducted using an
in-house MATLAB code to predict the static and dynamic deflection of the
microchannel under Lorentz force. The microchannel is modeled as the
Euler–Bernoulli beam with spatial discretization (Nelement ¼ 100Þ due to
the microchannel’s small deformation (�3mm) relative to the length
(�48mm). The Newmark time integration scheme is employed to explain
the transient behavior of the microchannel. The homogeneous parameters
for the Euler–Bernoulli beam are determined utilizing the liquid metal den-
sity (ρmetal ¼ 6.25 g=cm3Þ, microchannel wall density (ρwalls ¼ 1.07 g=cm3Þ,
EGaIn stiffness (EGaIn ¼ 210 kPaÞ, gallium stiffness (EGallium ¼ 9.8GPaÞ,
and microchannel wall stiffness (Ewalls ¼ 232 kPaÞ. The liquid metal was
assumed to behave as an incompressible solid, given its full sealing within
microfluidic channels during the deformation. The averaged stiffness
of liquid metal (Eliquidmetal ¼ 408 kPaÞ is calculated based on the weight
percentage of EGaIn (25%) and Gallium (75%). The density of the
microchannel (ρmicrochannel ¼ 1.93 g=cm3Þ were computed based on the
cross-sectional areas that were taken by the walls of microchannel and liquid
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metal. The moment of inertia (Ibeam) was determined as the sum of the
moments of inertia of the microchannel wall (Iwall) and the liquid
metal (Iliquidmetal), weighted by a factor, w ¼ 40. Additionally, Rayleigh damp-
ing, with a stiffness-proportional damping factor (β= 0.0005), was used to
account for dissipation effects of the liquid metal and viscous damping
behavior of the microfluidic channel. The stiffness-proportional damping
factor is carefully chosen to simulate the transient behavior ofmicrochannel,
as shown in Figure 1C.

A simple analytical modeling for estimating the amplitude of the chan-
nel, A, in a dynamic mode was derived as follows. The deflection profile of
a fixed-fixed channel under a distribution force, F, is given by

A ¼ � Fx
24EbeamIbeam

x3 � 2Lx2 þ L3ð Þ (2)

Themaximum deflection occurs at the center of the channel, expressed as

AS ¼ � 5FL4

384EbeamIbeam
(3)

Given that the distributed force is the Lorentz force per unit length,
F ¼ iB, the maximum static deflection can be expressed as

AS ¼ � 5iBL4

384EbeamIbeam
(4)

For the dynamic case, the maximum deflection at the center of the
channel in the first mode can be expressed as

AT ¼ AS

ρmicrochannelS w1
2 � w2ð Þ (5)

where S is the cross-sectional area of the channel, w1 is the first-mode
resonant frequency, and w is a given frequency. For simplicity, AT is
assumed as a value with weighting factor, proportional to the magnitude
of the current and the intensity of magnetic field, and inversely propor-
tional to the elasticity and moment of inertia of the channel. The weighting
factor k is derived from the experimental result.

AT ¼ k
iB
EI

(6)

AT ¼ f xð Þ is assumed to be the maximum amplitude at the resonant
frequency oscillation, independent to time, and move only in the wall-nor-
mal direction.

A CustomizedWind Tunnel: A customized wind tunnel was made of 1/8”
thickness acrylic sheets, a 120 by 120 mm2 fan (9G1212M1021 San Ace
120, Sanyo Denki America, Inc), 3D-printed flow straightener, and contrac-
tion cone. Acrylic sheets were cut by a CO2 laser cutter (Universal Laser,
VLS3.60) and assembled with the test section of 500� 45� 45mm3 using
acrylic glue. The honeycomb-shaped flow straightener and bell-shaped
contraction cone were printed using FDM 3D printer (Ultimaker S3) with
the shared dimension of 50� 155� 155mm3.The flow straightener was
designed as a grid structure of repeated 8mm diameter hexagons to
straighten and smooth the airflow. Oil droplets were injected behind
the fan using a nebulizer. The contraction cone was designed to accelerate
and streamline the airflow into the test section.

Computational Fluid Dynamics: The simulation is conducted by numer-
ically solving the nondimensionalized incompressible Navier–Stokes
equations as follows

∂ui
∂xi

¼ 0 (7)

∂ui
∂t

þ ∂uiuj
∂xj

¼ � ∂p
∂xi

þ 1
Reδ�0

∂2ui
∂xj ∂xj

(8)

where t is the time, and x, y, z (¼ xi) are the streamwise, the wall-normal,
and the spanwise directions, respectively. The displacement thickness

Reynolds number is defined as Reδ�0 ¼ U∞δ
�
0=ν based on the reference

scales which are chosen as the inlet displacement thickness δ�0, kinematic
viscosity ν, and the free stream velocity U∞. The velocity components u, v,
w (¼ ui), and the pressure p are nondimensionalized using the reference
scales δ�0 and U∞. The reference scales of the boundary layer are calculated
based on the Blasius boundary layer theory as provided in Supplementary
Note II, Supporting Information.

The schematic of the computational domain is shown in supplemen-
tary Figure 1. There are two approaches to implement the deformation of
programmable surface into the simulation as a boundary condition. In the
first approach, the deformation of the programmable surface is considered
in the spanwise direction and the streamwise direction. The schematic of
the wall-normal displacement of the programmable surface is presented in
supplementary Figure 4. The wall-normal velocity of the fluid on the
programmable surface is assumed to be the same as the velocity of
the surface. Therefore, the time derivative of the displacement is
implemented in the simulation as a boundary condition.

dy
dt

¼

2πA
T

exp fζ x � xcð Þg sin πx
2xc

þ π

� �
sin

πz
L

� �
cos

2πt
T

� �
, if x < xc

2πA
T

exp f�ζ x � xcð Þg sin 3π
2 L� xcð Þ L� xð Þ

� �
sin

πz
L

� �
cos

2πt
T

� �
,

if x > xc

8>>>>><
>>>>>:

(9)

In the second approach, only wall-normal displacement of the program-
mable surface is considered (i.e., the deformation is denoted as two-
dimensional surface oscillations). The displacement of the programmable
surface is represented as follows

y ¼ Asin
2π
T
t

� �
sin

2π
L

x � xLEð Þ
	 


(10)

where xLE is the distance from the inlet to the leading edge of the program-
mable surface. The schematic of the wall-normal displacement of the pro-
grammable surface is presented in supplementary Figure 3a. Similar to the
three-dimensional programmable surface case, the time derivative of the
displacement is implemented in the simulation as a boundary condition.

dy
dt

¼ 2πA
T

cos
2π
T
t

� �
sin

2π
L

x � xLEð Þ
	 


(11)

Details of boundary conditions and domain size are presented in supple-
mentary note. The number of the grid points for the simulation is 720�
192� 128 in the streamwise, the wall-normal, and the spanwise directions,
respectively. Grid spacings in the streamwise and the spanwise directions are
uniform, while the wall-normal grid spacing follows a nonuniform profile.[47]
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Supporting Information is available from the Wiley Online Library or from
the author.
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