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The precise control of fluid dynamics and mass transport is essential across analytical chemistry, catalysis, and
process engineering. While traditional macroscale systems rely on external mechanical pumps, the push toward
miniaturized, autonomous platforms like Lab-on-a-Chip (LoC) devices necessitates a critical shift toward non-
mechanical fluidic mechanisms. This review provides a selective and critical analysis of non-mechanical
pumping systems, ranging from purely chemical propulsion (e.g., self-driven micro-motors) to systems actu-
ated by external physical stimuli (e.g., thermal or acoustic fields). However, while these methods offer remote
control, they frequently suffer from fuel dependency and, critically, the operational decoupling of actuation from
reaction kinetics. Electrochemical principles, particularly Bipolar Electrochemistry (BE), provide a superior so-
lution through Faradaic-coupled fluidic actuation, where localized chemical changes (e.g., gas evolution, pH
gradients) generate self-regulating flow. The central focus of this work is the emergence of truly autonomous,
wireless, and self-pumping electrochemical reactors (WERs). We establish the physical foundations for efficiency
in these systems using dimensionless parameters like the Wagner number (W,) and provide a mechanistic link
between mass transport and selectivity via the Chiral Induced Spin Selectivity (CISS) effect. This rigorous
assessment approach enables 'unplugged' asymmetric electrosynthesis and high-resolution chiral separation,

positioning autonomous arrays as an operational framework for smart chemical manufacturing.

1. Introduction

The precise control of fluid flow and mass transport remains a central
challenge in chemical engineering, catalysis, and analytical chemistry
[1-3]. In conventional process engineering, flow regulation is typically
achieved through external mechanical pumps and feedback control
systems [4]. Although robust and scalable, such approaches become
increasingly complex upon miniaturization, requiring intricate fluidic
connections, external power supplies, and additional control hardware.
More fundamentally, in mechanically pumped systems, actuation and
reaction kinetics are generally decoupled: the flow rate is imposed
externally and does not intrinsically respond to the chemical state of the
reactor. This separation limits the development of platforms in which
transport and reaction rates are dynamically co-regulated.

These considerations have motivated sustained efforts toward non-
mechanical flow generation strategies that rely on intrinsic physical or
chemical forces rather than moving parts [5-9]. Approaches explored to
date include thermally driven flows (thermo-capillary and
thermo-osmotic effects) [10-12], acoustically induced streaming [13,
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14], and chemically powered propulsion, where local concentration or
interfacial gradients generated by reactions induce motion of droplets,
particles, or surrounding fluids [15]. Such systems demonstrate that
fluid transport can emerge from localized energy conversion processes;
however, the degree of controllability, scalability, and integration varies
substantially across implementations.

Within this broader landscape, electrochemical methods offer
distinctive advantages because they directly couple charge transfer to
chemical transformation and interfacial phenomena [16-19]. Estab-
lished examples include (alternating current, AC) electro-osmosis [20],
as well as electrochemical hydrogen pumps for gas management and
separation [21]. More generally, electrochemistry plays a central role in
sustainable synthesis [22-27], energy conversion and storage [28,29],
and chemical sensing [30,31], owing to its ability to precisely regulate
redox potential, stoichiometry, and selectivity. Nevertheless, most
conventional electrochemical systems rely on wired electrode configu-
rations, macroscopic reactors, and often external pumping to regulate
mass transport. These architectures, although powerful, impose con-
straints in terms of system complexity, scaling, and integration.
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A key research direction therefore concerns redefining how mass
transport is generated and controlled in electrochemical environments.
Rather than relying exclusively on externally imposed convection,
increasing attention has been devoted to chemically or electrochemi-
cally induced fluid motion, sometimes referred to as chemical pumping
or chemically driven transport. In this context, bipolar electrochemistry
(BE) has emerged as a versatile strategy for contactless electrochemical
activation [32-37]. In BE, electrically floating conductive objects, bi-
polar electrodes (BPEs), are polarized by an electric field applied across
the electrolyte [36,37]. It is important to clarify that terms such as
“autonomy” are used here in an operational sense. Wireless bipolar
systems remain dependent on externally applied electric fields and
defined boundary conditions. Their adaptive behavior arises from
feedback between local electrochemical reactions and the surrounding
environment, rather than from complete energetic self-sufficiency. Not
all field-induced systems exhibit self-regulation, and careful mechanistic
analysis is required to distinguish genuine coupling effects from exter-
nally imposed forcing. In fact, the applied field induces a potential dif-
ference along the BPE (AV = e'L), driving simultaneous oxidation and
reduction at opposite poles [33,38]. Reaction rates are governed by local
interfacial overpotential, electrolyte conductivity, electrode geometry,
and charge-transfer kinetics, providing indirect but quantifiable control
parameters distinct from conventional three-electrode configurations.
Beyond enabling redox transformations without wired contacts, BE can
generate local physicochemical gradients, such as pH shifts, gas evolu-
tion, or asymmetric ion fluxes, that induce fluid motion near the elec-
trode surface. In this configuration, fluid displacement emerges directly
from Faradaic processes rather than from externally imposed pressure
gradients, establishing a partial coupling between reaction and transport
within a single electrochemical framework. The magnitude and stability
of such flows depend strongly on boundary conditions, including field
strength, cell geometry, and electrolyte composition.

Recent studies have extended these principles to wireless electro-
chemical microreactors and self-actuated platforms [23-27,38-41],
including systems for asymmetric electrosynthesis and electroassisted
chiral resolution. In these cases, field-induced polarization not only
drives the redox transformation but can also modulate local mass
transport. Compared to conventionally stirred reactors, such architec-
tures may enable improved spatial confinement and interfacial control.
However, performance improvements must be evaluated quantitatively,
with appropriate normalization of flow rate, energy input, and overall
efficiency. Bibliometric analyses (Fig. 1) indicate a growing research
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interest in BE and chemically driven microactuation; however, publi-
cation trends alone do not necessarily reflect technological maturity or
comparative performance. While BE represents the most established
electrochemical wireless strategy, other emerging contactless or
field-driven approaches, including triboelectric and
ultrasonication-assisted charge generation at solid-liquid interfaces,
have also demonstrated the ability to produce asymmetric charge dis-
tributions and induce redox transformations without conventional wired
electrodes. Although mechanistically distinct, these systems similarly
rely on interfacial polarization and gradient formation, broadening the
conceptual framework for next-generation reactor design.

This review therefore provides a selective and critical analysis of
non-mechanical pumping strategies, with particular emphasis on elec-
trochemically induced fluid motion and wireless bipolar platforms,
examining the specific conditions under which coupling between Fara-
daic reactions and mass transport yields measurable functional advan-
tages. By clearly distinguishing established mechanisms from forward-
looking interpretations, we aim to delineate both the opportunities
and the current limitations of wireless electrochemical reactors for
advanced chemical synthesis and analysis [42-45].

2. Foundations of non-mechanical fluid control

The evolution of modern analytical chemistry and process engi-
neering is intrinsically linked to the ability to precisely control fluid
dynamics and mass transport. While traditional macroscale systems
successfully employ conventional mechanical pumps (e.g., syringe,
peristaltic) to generate bulk fluid movement, the transition to minia-
turize and integrate chemical analysis platforms, notably Lab-on-a-Chip
(LoC) and micro-reactors, has exposed the fundamental limitations of
these methods [46]. Mechanical pumps are often bulky, consume sig-
nificant power, and introduce undesirable effects such as dead volumes,
fluidic pulsation, and shear forces that can damage delicate components
(e.g., cells or biological molecules). The necessity of achieving seamless
integration, enhanced portability, and superior control at the microscale
has catalyzed significant research into non-mechanical fluid control
systems, which harness inherent physical or chemical forces to induce
fluid motion [47,48].

2.1. Chemical propulsion and self-driven micro-swimmers

One major category involves generating fluid motion via self-
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Fig. 1. Publication trends illustrating the convergence of established electrokinetics, rapidly expanding chemical self-propulsion, and BE for flow control. The
exponential growth in BE and micro-motor research highlights the shift toward autonomous and contactless fluidic actuation, which is the core focus of this review

(Source: Scopus).
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propulsion driven solely by chemical reactions occurring in situ. These
systems are fundamentally autonomous, converting chemical potential
energy directly into kinetic energy for movement or fluid mixing. The
drive toward designing Micro/Nanorobots for environmental, indus-
trial, and biomedical tasks has made this field a cornerstone of modern
actuation research [49,50]. In these systems, a localized chemical re-
action establishes an asymmetric gradient (chemical or thermal) across
the surface of the microdevice (often called a micro-swimmer or
micro-motor, Fig. 2). This asymmetry generates a net force through two
primary mechanisms:

1. Diffusiophoresis/Chemotaxis, where the asymmetric release or con-
sumption of chemicals results in a local concentration gradient. The
resulting diffusion of these species past the particle surface creates an
electrokinetic flow, driving the particle forward [48,51].

2. Marangoni Effect, which is applicable at fluid interfaces, where the
chemical reaction creates a localized gradient in surface tension. The
fluid flows from regions of lower surface tension to regions of higher
surface tension, resulting in directional movement of droplets or
particles floating at the interface [52].

A key manifestation of chemical propulsion is the development of
catalytic micro-motors. These microscopic devices, often Janus particles
(bifunctional particles with two distinct surfaces), utilize the catalytic
decomposition of a fuel (e.g., hydrogen peroxide) on one part of the
particle surface (e.g., coated with platinum) [49,53]. This asymmetric
reaction creates a local concentration gradient that translates into
self-generated motion, which can reach speeds of several body lengths
per second, consequently inducing highly localized fluid mixing or
directional propulsion. These methods are particularly effective for tasks
such as targeted drug delivery, environmental remediation, and
enhanced mixing at the microscale where conventional stirring is inef-
fective [46,49].

From the perspective of electrical decoupling, chemically propelled
micro-swimmers exhibit low wireless relevance, as actuation is entirely
driven by intrinsic chemical energy conversion rather than by externally
applied electric fields. Although these systems are autonomous in terms
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of fuel consumption, no electrochemical field-induced coupling is
involved. This distinction becomes important when comparing such self-
propelled systems with bipolar electrochemical platforms, where fluid
motion and redox transformations are intrinsically linked through
externally imposed electric fields.

2.2. Physico-Chemical pumping: operational principles and challenges

Beyond purely chemical reactions, fluid flow can be robustly induced
by exploiting external physical stimuli such as thermal, acoustic, or
magnetic fields [54-56]. Thermally driven systems generate controlled
gradients that produce motion through mechanisms including
thermo-capillary effects in multiphase environments, thermo-osmosis
along channel walls, or buoyancy-driven thermo-hydrodynamic con-
vection [57]. Similarly, acoustically driven platforms employ
high-frequency Surface Acoustic Wave (SAW) transducers to generate
directional streaming and efficient mixing in microchannels [58-61].
Magnetic actuation further extends this toolbox, particularly in micro-
and nanorobotic systems where external magnetic fields enable remote
propulsion and steering of mobile structures. Collectively, these ap-
proaches enable contactless manipulation of fluid and particle motion,
providing high levels of temporal and spatial control (Fig. 3). The
technological roadmap for micro/nanorobots increasingly emphasizes
this transition from simple self-propulsion toward externally guided
systems in which the physical stimulus not only supplies energy but also
dictates the directionality of motion [62]. However, such strategies
inevitably rely on external hardware, heaters, acoustic transducers, or
electromagnetic generators, thereby increasing the complexity and en-
ergy demand of the overall system [63,64].

Despite their effectiveness for remote manipulation, these methods
generally remain operationally decoupled from the underlying reaction
kinetics. For example, thermal and acoustic actuation can generate flow
rates in the range of 1-10 uL/min, but often require relatively high
power densities (10-100 mW/cm?), which may lead to parasitic heating
effects [54,61]. By comparison, electrochemical actuation can achieve
comparable flow rates (0.1-5 pL/min) with significantly lower power
consumption (<1 mW), while maintaining a direct Faradaic coupling
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Fig. 2. Overview of different propulsion mechanisms for microscale motors. The graphic displays four primary methods of movement: thermophoretic propulsion,
where a temperature gradient drives a Pt/Au particle toward colder regions; electrophoretic propulsion, which utilizes light to generate electron-hole pairs in
materials like TiO, to create motion; diffusiophoretic propulsion, where a concentration gradient of particles or solutes induces displacement; and the Marangoni
effect, where gradients in interfacial tension or temperature trigger internal and external flows that propel a liquid droplet.
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Fig. 3. Classification of microscale actuation systems based on stimuli, structural design, and practical applications. The schematic categorizes the field into three
primary levels, starting with the external stimuli used to trigger motion or deformation, such as thermal changes, acoustic waves, magnetic and electric fields, or light
energy. These inputs act upon various structural configurations, ranging from simple single-layer and bilayer materials to complex 3D architectures and fully in-
tegrated micro-robotic units. The diagram also highlights diverse real-world applications, demonstrating how these systems enable advanced functions like fluid
pumping, micro-manipulation with grippers, targeted drug delivery, environmental sensing, and the adaptive locomotion of soft robots.

with the chemical transformation [17,20].

This distinction highlights a fundamental limitation of non-
electrochemical actuation strategies: fluid motion acts as an externally
imposed perturbation that must be synchronized with the reaction
progress. In contrast, BE treats flow as an intrinsic consequence of the
electrochemical process itself. This conceptual difference distinguishes
BE from recent approaches such as the “Wi-eChem” system [65], where
fluid mixing is achieved through mechanically driven stirring that re-
mains independent of the reaction dynamics. In miniaturized electro-
chemical platforms, the overall performance is governed by the Wagner
number (W,), which defines the balance between interfacial charge
transfer and solution resistance [66,67]. Proper tuning of W, allows the
applied electric field to be efficiently converted into Faradaic work,
enabling a self-regulating regime in which the reaction rate directly
determines the local mass-transport environment.

Table 1 provides a comparative overview of these strategies, high-
lighting the transition toward the functional autonomy achieved by
next-generation wireless platforms. The criteria for categorization in
Table 1 are based on the degree of functional coupling between the
energy source and the fluidic work. We define 'Autonomy' not as a

Table 1

measure of general superiority, but as the spatial proximity of the
actuation site to the chemical reaction site. This classification un-
derscores the trade-off between absolute power, which is maximal in
mechanical systems, and energy localization, which reaches its peak in
electrochemical wireless platforms.

3. Bipolar electrochemistry: fundamental principles

To properly contextualize Faradaic-coupled fluidic actuation, the
physical framework of Bipolar Electrochemistry (BE) must first be
strictly defined. In BE, electrically floating conductive objects, termed
bipolar electrodes (BPEs), are polarized by an electric field applied
across the electrolyte. Importantly, "wireless" in this context does not
imply the absence of external energy input; instead, it denotes the ab-
solute absence of a direct ohmic connection between the power supply
and the electroactive object [33-38].

When an external electric field () is applied, it induces a potential
gradient in the solution. The conductive BPE acts as an equipotential
body that reaches an equilibrium floating potential, establishing an
interfacial potential difference along the length of the BPE (AV = ¢ L)

Comparative overview of fluid actuation strategies in miniaturized reactors, highlighting the transition from externally driven mechanical systems to wireless elec-

trochemical platforms based on energy transduction and operational autonomy.

Actuation Primary Energy  Fluidic Driver Autonomy Key Limitation System Complexity and
Strategy Source Level Scalability
Mechanical External Peristaltic/Syringe Low Bulky, high dead volume Low complexity / High
Electricity Pumps scalability
Electrokinetic Direct DC/AC Electrical Double Moderate Requires wired contact High complexity /
Field Layer (EDL) Medium scalability
Chemically In situ Fuel Concentration High Fuel dependency/Toxicity Medium complexity /
Driven (H505) Gradients Low scalability
Bipolar (BE) Induced Bubble/Ion High Requires field control, high sensitivity to media conductivity; rigid High complexity / Very
Electric Field Gradients electrode geometry requirements; limited to low-throughput Low scalability
applications
Wireless (WER) Inductive/Light Integrated PPy Absolute Throughput constraints High complexity / Very
Power Actuators Low scalability
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Fig. 4. Interfacial potential distribution and reaction mechanism in a bipolar electrochemical cell. An external power supply generates a linear potential gradient
(dE/dx) across the electrolyte. A bipolar electrode (BE) of length L is immersed in the solution, where the potential difference across its length (AV) acts as the driving
force for wireless electrochemical reactions. Due to this gradient, the left extremity of the BE acts as the cathodic side (1), facilitating the reduction of "Ox" to "Red,"
while the right extremity acts as the anodic side (1,) where the oxidation of "Red" to "Ox" occurs. To maintain charge neutrality, electrons (e") flow internally through

the conductive body of the BE from the anodic side to the cathodic side.

(Fig. 4). This potential gradient forces the BPE to act as a unified anode
and cathode, driving simultaneous oxidation and reduction at opposite
extremities. Reaction rates are strictly governed by the local interfacial
overpotential, electrolyte conductivity, electrode geometry, and charge-
transfer kinetics, providing indirect but highly predictable control pa-
rameters distinct from conventional three-electrode configurations
[33-38].

3.1. Dimensional analysis and the wagner number

The spatial resolution and efficiency of BE platforms are intrinsically
governed by the Wagner number (W,) [66]. This dimensionless
parameter mathematically defines the balance between the kinetic
charge-transfer resistance at the interface and the ohmic resistance of
the surrounding electrolyte. W, is defined as in Eq. (1):

(3)
w, = 2 )

L

Where « represents the electrolyte conductivity, L is the characteristic
length of the bipolar electrode, and &1/8j is the specific activation
resistance (derived from the Tafel slope).

The magnitude of W, dictates the current distribution across the
wireless reactor. When W, << 1, the system is dominated by ohmic
resistance, creating a primary current distribution where faradaic re-
actions are intensely focused strictly at the extreme poles of the BPE.
This intensely localized reaction is highly advantageous for generating
the asymmetric fluidic thrust required for chemical pumping.
Conversely, a high W, results in a secondary current distribution,
yielding uniform polarization across the BPE, which reduces pumping
efficiency but ensures homogenous surface functionalization.

3.2. Coupling kinetics with mass transport: Da and Pe numbers

While W, dictates the current distribution, the continuous operation
of Faradaic-coupled pumping relies on a delicate balance between re-
action kinetics and mass transport. This balance is defined by the
Damkohler number (Da), which represents the ratio of the electro-
chemical reaction rate to the mass diffusion rate [67]. When Da >> 1,
the reaction is entirely mass-transport limited because it occurs at a
much faster pace than diffusion, leading to severe reactant depletion at
the poles. To sustain autonomous operation, the system must
self-generate a convective flow that overcomes this limitation. This es-
tablishes a high Péclet number (Pe), where convective transport domi-
nates over diffusive transport, ensuring that fresh reactants are
continuously supplied to the catalytic interfaces [68].

4. Faradaic-Coupled fluidic actuation

Unlike purely chemical or physico-chemical methods, electro-
chemical actuation provides a level of electrical controllability over
fluid manipulation. When the BPE is polarized as defined in Section 3,
the highly localized Faradaic reactions at the poles create asymmetric
chemical environments, converting electrical energy into localized me-
chanical work (fluid motion).

4.1. Rigorous kinetic framework: the butler-volmer constraint

The distribution of the local current density (j) along the length of the
BPE determines the intensity of the fluidic thrust. The Faradaic current
density is governed by the modified Butler-Volmer equation (Eq. (2)),
which is a general electrochemical relationship and is not exclusive to
bipolar systems; in BE it applies locally at the induced poles:

i) =io {exp o8 00|~ exp [ 57 o) | @

Where j, is the exchange current density, #(x) is the local overpotential
at position X, @, and a, are the anodic and cathodic transfer coefficients,
and F, R, and T are the Faraday constant, universal gas constant, and
absolute temperature.

Crucially, in accordance with rigorous quantum mechanical princi-
ples explicitly formalized in the second and third editions of Bard and
Faulkner's Electrochemical Methods, the probability of the simultaneous
transfer of more than one electron in an elementary kinetic step is
energetically highly improbable and considered negligibly small.
Therefore, the stoichiometric number of electrons (n) in the exponential
activation terms has been strictly set to 1, accurately representing a
single-electron transfer rate-determining step. Assuming a multielectron
transfer (n > 1) artificially compresses the Tafel slopes and yields non-
physical symmetry factors. Understanding precise Tafel kinetics is
vital, as it determines the threshold overpotential required to overcome
activation barriers and initiate pumping [69].

4.2. Pumping mechanisms beyond Hz and Oz

The most visible mechanism for BPE propulsion is the production of
gaseous products (e.g., Hy or Oo) at the poles. The unequal release of gas
generates a strong recoil force, propelling the BPE or inducing vigorous
localized fluid motion [70].

However, relying solely on sacrificial water splitting limits the scope
of advanced synthesis, as multiphase gas evolution creates chaotic tur-
bulence and limits spatial control. To achieve sophisticated, non-
pulsating fluid control, modern wireless reactors utilize alternative,
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single-phase redox chemistries. Replacing violent gas evolution with the
continuous oxidation and reduction of highly soluble redox mediators,
such as the ferri/ferrocyanide couple ([Fe(CN)¢] % / [Fe(CN)6]®) [711,
ensures that the BPE operates smoothly under single-phase hydrody-
namic conditions (Fig. 5). Furthermore, the integration of Bipolar
Membranes (BPMs) allows for fluidic actuation driven by sustained pH
gradients, initiating intense electrokinetic and diffusiophoretic transport
without any gas generation [72,73].

To further contextualize the advantages of this Faradaic coupling,
Table 2 compares normalized performance metrics across different
actuation paradigms.

5. The emerging paradigm: wireless and self-pumping
electrochemical reactors

The most advanced frontier involves systems that integrate remote
energy delivery (e.g., inductive or AC fields) with internal, self-
generated fluid dynamics. By eliminating the necessity for direct elec-
trical connection and integrating the fluid drive into the reaction process
itself, these Wireless Electrochemical Reactors (WERs) represent a
promising step toward decentralized chemical manufacturing (Table 3).

5.1. Chiral induced spin selectivity (CISS)

To explore possible mechanisms underlying chiral effects in wireless
electrochemical platforms, it is crucial to consider the Chiral Induced
Spin Selectivity (CISS) effect. CISS refers to the experimentally observed
ability of chiral materials to preferentially transmit electrons of a given
spin orientation [74-76].

At chiral electrochemical

interfaces, spin-polarized electron
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transport has been shown to influence reaction kinetics and over-
potentials. For example, the competition between H,0, production and
triplet oxygen evolution is heavily influenced by the spin-polarization of
the surface [76]. The combination of wireless operation and chemical
pumping creates unique electrochemical environments that leverage
these interfacial phenomena to control stereoselectivity autonomously.
A significant breakthrough involves the use of fully autonomous
micro-reactors for unplugged asymmetric electrosynthesis, where
alternating current (AC) protocols drive near-quantitative yield and
exceptional enantioselectivity. However, establishing a definitive causal
link between self-pumping and selectivity is strictly constrained by the
Péclet number (Pe). If the pumping velocity is too high, the residence
time of reactants within the spin-active interfacial layer drops, ulti-
mately disrupting the CISS-governed kinetic window.

5.2. Self-Powered actuation via triboelectric nanogenerators

While wireless bipolar systems eliminate direct ohmic contacts, they
still fundamentally rely on an external power supply to generate the
driving electric field. To achieve absolute energetic autonomy, recent
advancements have integrated Triboelectric Nanogenerators (TENGs) to
create fully Self-Powered Electrochemical Systems (SPES). TENGs
convert ambient mechanical energy, such as fluid flow, acoustic vibra-
tions, or human motion, directly into high-voltage electrical pulses
through the coupling of contact electrification and electrostatic induc-
tion [77].

In the context of microfluidics and wireless reactors, fluid-based
TENGs operating at the liquid-solid interface have introduced the
paradigm of contact-electro-chemistry (CE-Chemistry) [78]. Here, the
dynamic interaction of the fluid itself generates the localized electric

Feeder

Feeder

" Bipolar Electrode *
| A —-

/

Oxidation side
[Fe(CN)¢]* > [Fe(CN)¢l*> + e

Fig. 5. The figure shows a bipolar electrode (BE) immersed in an electrolyte solution between two external feeder electrodes. Under the influence of the applied
electric field, the BE becomes polarized, developing a 5" and a §~. On the oxidation side (left), facing the negative feeder electrode, the ferrocyanide species [Fe
(CN)e]* is oxidized to ferricyanide [Fe(CN)¢]¥, releasing electrons. These electrons flow internally through the conductive body of the electrode toward the
reduction side (right), where they facilitate the reduction of [Fe(CN)g] 3 back to [Fe(CN)e]*. This process demonstrates the ability of bipolar electrochemistry to drive
coupled chemical reactions at the electrode extremities without direct electrical wiring.
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Normalized performance metrics (orders of magnitude) for prominent fluid actuation strategies. The comparison highlights the physical trade-offs between
throughput, energy efficiency, and the degree of operational autonomy across different platforms.

Actuation Strategy Flow Rate (yL/min) Specific Energy (mW-min/pL)

Max Pressure (Pa) Control Mode Massive Throughput (Flow Rate)

Mechanical Pumping 1.0 - 1000 High (at microscale)
DC Electro-osmosis 0.1-5.0 Moderate

AC Electrohydrodynamics 0.5-15.0 Low

Chemical Propulsion 0.01-1.0 N/A (Fuel-driven)
Wireless Bipolar (BE) 0.2-5.0 Very Low

>10° Direct / Wired High (>10 mL/min).
102 - 10* Direct / DC Field Low (<100 uL/min)
10 - 100 Indirect / Inductive Low (<100 pL/min)
<10 Autonomous / Low Control Low (<100 pL/min)
50 - 500$ Wireless (Functional) Very Low (<10 pL/min)

Table 3

Critical comparison of contemporary wireless electrochemical reactors based on
their energy transduction pathways and the degree of integration between mass
transport and chemical transformation.

Platform Power Actuation Integrated Primary
Source Mechanism Pumping Application
PPy-Tube WER  Inductive Faradaic- YES Asymmetric
(AC) Coupled Synthesis &
Flow Chiral
Resolution
Wi-eChem Inductive Magnetic No Robotic Parallel
(RF) Stirring (Mechanical) Synthesis
SPECS Visible Photo- No High-
(Surface Light induced Throughput
Physics and Potential Screening
Electro- (HTE)
Chemical
Systems)

fields required to drive faradaic reactions, effectively using the fluid's
kinetic energy to power its own electrochemical transformations.
Furthermore, the localized charges generated by TENGs can induce
fluidic motion via electrowetting-on-dielectric (EWOD) effects or by
generating capillary waves that actuate microbots without any external
pumping hardware.

Crucially, the high-voltage pulsed output characteristic of TENGs is
highly compatible with bipolar electrochemistry. Recent studies have
demonstrated that these pulsed fields can efficiently power multiple
bipolar electrochemical reactors simultaneously, driving processes
ranging from conducting polymer synthesis to complex asymmetric
transformations. This synergy between triboelectric energy harvesting
and Faradaic-coupled flow represents the ultimate frontier in autono-
mous chemical pumping, paving the way for self-sustaining micro-re-
actors that require neither wiring nor batteries [79].

6. Quantitative visualization of wireless reactors

The true impact of this emerging paradigm is realized when applied
to complex chemical transformations where autonomous and precise
fluid control is critical for selectivity, such as chiral synthesis and res-
olution [23-25,80,81]. The combination of wireless operation and
chemical pumping creates unique electrochemical environments that
leverage interfacial phenomena to control stereoselectivity. A signifi-
cant breakthrough involves the use of fully autonomous micro-reactors
for unplugged asymmetric electrosynthesis (Fig. 6) [23,24].

The reactor consists of a hollow, conductive polymer tube where an
external PPy shell acts as an electromechanical pump, and the inner
layer, functionalized with a chiral catalyst, serves as the enantioselective
site. The system utilizes an internal electrochemical mechanism to
generate both the necessary redox potential (via wireless AC induction)
and the intrinsic flow, achieving near-quantitative yield (99%) and
exceptional enantioselectivity (>99% ee) for benchmark reductions
without any wired connections. This configuration significantly reduces
the need for direct wiring and external fluidic infrastructure [23].

The ability to control the flow at the reaction interface allows for
fine-tuning of the kinetics, which is paramount in chiral chemistry. By

employing chiral ionic liquids in a wireless electrochemical micro-
reactor, it has been shown that the interplay between the wireless po-
tential (specifically, the frequency and potential of the DC signal) and
the self-generated flow can be precisely tuned to control the stereo-
selectivity of the product [24]. This highlights the powerful potential of
controlling mass transport at the chiral interface autonomously,
demonstrating that flow itself can be an electrochemical control
parameter for selectivity. The self-pumping principle has also been
extended beyond synthesis to complex separation tasks (Fig. 7) [80,81].
Designs utilizing Wireless Hollow Miniaturized Objects (WHMOs) inte-
grate electromechanical principles with wireless separation techniques
[80,81]. These conductive tubular devices, functionalized internally
with a chiral selector, utilize the wireless-induced electrochemical re-
action to generate internal pressure (pumping) and external motion. The
objects act as miniaturized, flow-generating chromatophores, enabling
the electromechanical wireless separation of chiral analytes, effectively
merging the concepts of fluid control, electrochemistry, and separation
science in a single, autonomous unit.

6.1. Helically shaped micro-pumps for enhanced efficiency

The morphology of the BPE or the wireless actuator plays a crucial
role in maximizing the pumping efficiency. Helically shaped geometries
have been demonstrated to provide a significant advantage in chan-
neling forces into directed fluid flow. Recent studies have explored the
use of hollow PPy helical structures for efficient molecular pumping
[82]. It has been demonstrated that the helical geometry, analogous to
an Archimedes' screw, not only optimizes the conversion of the induced
field into fluidic pressure but also predictably modulates the distribution
of the induced polarization along the structure. Resistive mapping of
these devices confirmed that the geometric asymmetry is intrinsically
linked to the electrochemical asymmetry necessary to generate the
propulsive or pumping thrust. The findings highlight how the
morphology dictates the local redox distribution, supporting the inter-
pretation of the asymmetric pressure-driven transport mechanisms
governing the wireless pumping performance. The benefits of these
autonomous WER systems are compelling: unprecedented portability,
minimal footprint, elimination of complex plumbing, and high potential
for parallelization (as multiple reactors can be operated by a single
external coil). However, major limitations remain that define the current
research frontier, in fact current devices often exhibit low volumetric
throughput compared to bulk industrial reactors (scaling up the
self-pumping mechanism without losing efficiency remains a significant
challenge). Moreover, the complexity of the self-regulating mechanisms,
where flow and reaction are intrinsically interdependent, makes design,
modeling, and optimization challenging (small changes in geometry or
electrolyte viscosity can drastically alter the self-pumping performance).
Finally, the efficiency of wireless power transfer (e.g., maximizing the
induced AC potential relative to the energy input) and its stability across
different media and distances are critical areas that require further
fundamental investigation before widespread industrial adoption is
feasible.
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Fig. 6. Schematic representation of a wireless, autonomous bipolar miniaturized soft tube. The hollow polypyrrole (PPy, in black) structure acts as an electro-
chemical pump under an external AC field, while the internal chiral coating (in orange) promotes the asymmetric reduction of acetophenone to (S)-phenylethanol

with high enantioselectivity and near-quantitative yield [23].
7. Strategic frontiers and future directions

The development of chemical pumping systems challenges tradi-
tional reactor conventions, with two key frontiers for industrial trans-
lation. First, massive parallelization (“numbering-up”) can scale single
micro-reactors to pharmaceutical production levels while maintaining
high surface-to-volume ratios, though electric field inhomogeneity
(‘edge effects’) must be addressed through optimized reactor geome-
tries. Second, the intrinsic coupling of flow and reaction demands
advanced computational oversight. Future autonomous reactors will
likely use AI to manage wireless protocols (AC frequency, potential,
pulse duration) in real-time, optimizing residence times to maximize
yield and enantiomeric excess from sensor feedback.

Progress also depends on innovations in energy harvesting, smart
materials, and alternative stimuli. New metamaterials and circuits can
enhance wireless energy efficiency, enabling portable, low-power
operation. Conductive polymer actuators like polypyrrole require
replacement with chemically responsive materials capable of modu-
lating flow based on local conditions, approaching true chemical intel-
ligence. Meanwhile, integrating unconventional stimuli (magnetic,
acoustic) with wireless electrochemistry could achieve highly direc-
tional, localized synthesis. Together, these strategies aim to create effi-
cient, adaptive, and digitally controlled autonomous chemical reactor
arrays.

8. Conclusions

This review has examined how different strategies for non-
mechanical fluid manipulation have evolved from externally driven
pumping approaches toward reaction-coupled electrochemical actua-
tion. The evolution of chemical pumping systems, from the initial
rejection of bulky mechanical pumps to the development of sophisti-
cated Bipolar and Wireless Electrochemical Reactors, represents a
fundamental conceptual shift in reactor engineering. By demonstrating
full operational autonomy and integrating fluid control into the chem-
ical process, particularly in high-stakes areas like enantioselective syn-
thesis and chiral resolution, this technology is not merely an academic
curiosity. It is positioning electrochemistry as a versatile platform for the
development of decentralized and potentially autonomous chemical
manufacturing strategies.
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Fig. 7. (a) Optical and microscopic images of the miniaturized tubular devices, showing the morphology and structural integrity of the wireless hollow objects. (b)
Schematic illustration of the wireless energy delivery mechanism via BE, highlighting the elimination of physical connections. (¢) Working principle of the self-
pumping action: the generation of asymmetric chemical gradients at the poles of the tubular device induces an internal fluid flow that sustains mass transport.
(d) Enantioselective loading and separation process: the chiral selector (e.g., oligomer-based coating) interacts differently with (R)- and (S)-enantiomers, enabling the
preferential transport or separation of chiral analytes within the wireless platform. (Adapted with permission from Ref., [80]).
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