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CART: Carrier-Based Actuatable and Reprogrammable
Transport

Nikolaj K. Mandsberg,* Julian A. Serna, and Pavel A. Levkin*

Remote manipulation of microcargo is essential for miniaturized
automated experiments in fields such as biology, chemistry, and diagnostics,
allowing efficient use of scarce, expensive, or hazardous materials. Current
methods for manipulating microcargo are generally limited to droplets as
cargo and rely on reduced substrate-cargo friction and special substrate-cargo
interactions (electrowetting, anisotropic wetting, water-repellency, etc.) to
enable cargo mobility. This limits the versatility of substrate and cargo choice.
Here, CART (Carrier-based Actuatable and Reprogrammable Transport) is
presented as a solution to these challenges. By introducing a carrier between
the substrate and the cargo, CART physically separates them, eliminating
the need to reduce substrate-cargo friction and the need for substrate-cargo
matching. CART devices are easy to realize, tailor, and post-functionalize.
A photo-polymerizable phase-separating resin is used to 3D-print porous
carriers that are then infused with ferrofluid to make them magnetically
responsive, enabling untethered cargo manipulation on both solid
and liquid substrates. Using CART, various cargos can be remotely moved,
rotated/mixed, inverted, and lifted, further facilitating interaction between
two carriers for transferring, merging, and tunably splitting cargo. Overall,
CART advances microcargo manipulation by decoupling cargo from the
substrate and leveraging magnetic responsiveness for untethered, versatile
control across different environments, opening up new actuation-modalities.

1. Introduction

The miniaturization of experiments facilitates accelerated
research in fields such as drug discovery, diagnostics,
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biotechnology, analytical chemistry, and
sensors, among many others. One example
is the use of microdroplet environments,
which can be realized via surface arrays[1]

or droplet microfluidics.[2] While sur-
face arrays facilitate individual droplet
access, their immobility constrains the
dynamic manipulation of these microen-
vironments. To maintain experimental
flexibility similar to that of larger classical
experiments, substrates and droplets have
been functionalized to stimulate droplet
actuation and manipulation; allowing
them to move, merge, mix, and split.[3]

Some methods provide pre-determined
droplet actuation, such as surfaces with
built-in wettability anisotropy,[4] while
others allow for reprogrammable droplet
actuation. Different stimuli utilized for
the latter include electricity,[5,6] light,[7,8]

and magnetism.[9] Currently, electrowet-
ting is the most advanced automated
liquid manipulation strategy, but re-
quires a substrate prepatterned with
electrodes, while light-stimulation allows
high-resolution spatiotemporal control, but
still offers comparatively fewer actuation
modes.[10,11] Magnetism has the advantage
of providing flexible substrate choice

and untethered actuation without the need for an optically trans-
parent system.

The methods of magnetic actuation can be divided into three
categories. The first strategy involves adding functional materi-
als into the cargo. For instance, Li et al.[12] added two magnetic
steel beads to a droplet on a hydrophobic substrate, which al-
lowed the droplet to be dragged around as surface tension in-
hibited its release. Depending on the geometry and bead velocity,
the droplet is split, mixed, or the beads could be released. This
method can transport both water and gas in immiscible fluids.
The second strategy involves modifying the substrate to enable
cargo movement. Zhang et al.[13] demonstrated that placing a
water droplet on a substrate covered with oil-based ferrofluid re-
sults in the formation of a capillary-force induced ferrofluid wet-
ting ridge around the droplet. The wetting ridge and the droplet
can be moved on the substrate using a magnet, allowing for the
transportation of both liquid droplets and solid particles. The fi-
nal strategy involves enclosing the cargo in an actuatable “pack-
age”. Jiang et al.[14] developed a magnetic Janus origami robot
that wraps around droplets using capillary forces. This robot can
be rolled across the substrate or squeezed to release the droplet
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Figure 1. Concept of Carrier-based Actuatable and Reprogrammable Transport (CART), an approach for manipulating and transporting microcargo on
substrates. a) CART uses a magnetically actuatable carrier intermediate between the cargo and the substrate. b) The combination of substrate and cargo
no longer is responsible for the functionality; rather, the functionality is integrated into the carrier thereby decoupling cargo and substrate choices. This
gives, c) high versatility in both (i) cargo choice (liquid, solid, gas) and (ii) substrate choice (solid or liquid). d) Carrier properties can be tailored via (i)
shape, (ii) patterning, and (iii) differences in top and bottom properties (“Janus” properties). e) Carrier actuation includes untethered (i) translation,
(ii) rotation, (iii) inversion, and (iv) lifting. f) A multi-carrier system permits additional manipulation of the cargo, such as (i) transfer, (ii) merging, (iii)
splitting, and (iv) mixing, making CART a powerful tool with potential for diverse application fields.

back onto the substrate. This method can be scaled down to ma-
nipulate even nanoliter-sized droplets.

Although a plethora of actuation methods exploiting dif-
ferent strategies have been developed, they generally share a
set of challenges: reducing droplet-substrate friction is cru-
cial for enabling movement; chemical traces can lead to inter-
droplet contamination; droplet-substrate compatibility require-
ments constrains both substrate choice and droplet material.
Moreover, it is important to manipulate not only liquid, but also
solid and gas cargo; collectively referred to as “cargo” through-
out the manuscript. We realized that many of the aforemen-
tioned challenges arise from sharing the same substrate, which
limits compatibility, reduces customizability, and risks cargo
contamination.

Here we introduce the concept of CART: Carrier-based Actu-
atable and Reprogrammable Transport. CART is a simple strat-
egy for enabling miniaturized transport and manipulation of
liquids and solids on both solid and liquid substrates. Simi-
lar to a shopping cart, a “carrier” is inserted between the sub-
strate and the cargo (Figure 1a). The transporting functional-
ity is now shifted from the cargo to the carrier, which can be
used universally for both different cargoes and different sub-
strates. The carrier introduces both an additional interface and
a spatially unconstrained bulk material, which together elimi-
nate the common challenges and enable new opportunities. The
bulk of the carrier can be functionalized to respond to mag-
netic stimulation, while the extra interface eliminates the need
for cargo-substrate matching. This provides freedom in cargo se-
lection without any changes to the substrate. The elimination of
the substrate-cargo interface also removes the need to minimize
cargo-substrate friction, which further broadens the application
space of CART. This paper demonstrates the ease of realizing the
CART system, its magnetic functionalization for untethered actu-
ation and cargo manipulation, and its versatility. The aim is to in-

spire researchers to use the system directly and to further develop
its capacities.

2. Results

The CART system consists of a substrate, a carrier, and a cargo,
as depicted in Figure 1a. Unlike previous studies, the cargo ac-
tuation is decoupled from the substrate choice by inserting a
carrier (Figure 1b). This has three significant advantages. First,
it increases versatility in cargo and substrate choice by elimi-
nating the need for cargo-substrate matching, i.e., the substrate
can be generalized to different cargoes (Figure 1c). Second, each
cargo has a “local substrate”, which can be customized for de-
sired cargo-carrier interactions (see Figure 1d). Third, by elimi-
nating the cargo-substrate interface, we not only remove the need
to minimize friction, but even turn friction into an advantage.
This is because high friction facilitates high-speed movement of
the cargo without slipping off the carrier.

The CART system requires a stimuli-responsive carrier for
cargo actuation. In this work, magnetism is utilized as the stimu-
lus. Magnetic ferrofluid is added to the carrier material, allowing
it to be moved by a nearby magnet; such as one beneath the sub-
strate. Actuation modes include translating the cargo from one
point to another by translating the magnet (Figure 1e-i), rotat-
ing the cargo by rotating the magnet (Figure 1e-ii), turning both
carrier and cargo upside-down by moving it along a curved sub-
strate (Figure 1e-iii), and lifting the cargo by increasing the mag-
netic field (B-field) strength (Figure 1e-iv). The ability to invert the
carrier opens up new possibilities in multi-carrier systems, such
as cargo transfer (Figure 1f-i), cargo merging (Figure 1f-ii), and
cargo splitting (Figure 1f-iii), while the opportunity for rotation
enables mixing (Figure 1f-iv). Overall, the CART system supports
both typical and atypical modes of untethered movement and
actuation.
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Figure 2. Simple realization of CART. a) Photo of a basic CART system (solid substrate, magnetic carrier, and water-based cargo). b) This specific carrier
type is created by infusing ferrofluid into a porous material, thereby making it magnetically responsive for untethered cargo transport. c) CART has
amphibian characteristics: Photo sequence of the carrier being moved from a dry to a wet substrate, then lifted by inflating a water droplet, and finally
returned from liquid substrate to its home position on the solid substrate.

Setting up and using a basic CART is simple. An example of
a carrier with cargo (≈20 μL water) is presented in Figure 2a.
The raw carrier is produced using Digital Light Processing (DLP)
3D printing and a photopolymerization-induced phase separat-
ing resin.[15] (Table S1, Supporting Information details the recipe,
adopted directly from Mandsberg et al.[16]). This allows for the
creation of carriers with digitally defined macroscopic geom-
etry (Figure S1, Supporting Information) and sub-micrometer
porosity that are compatible with solid, liquid, and gaseous cargo
(Figure S2, Supporting Information). The carrier’s dark appear-
ance is due to the infusion with ferrofluid.

Starting from a porous carrier (see ref. [16] for morphological
details), the preparation of a functional CART takes less than one
minute. The process of infusing the carrier with an oil-based fer-
rofluid to enable its magnetic actuation with a 5 × 5 × 5 mm3

neodymium magnet is shown in Figure 2b. The magnetization
of the porous carrier takes less than 30 s, limited only by the
time scale of oil wicking (Movie S1, Supporting Information).
On high-friction solid substrates, the oil can serve a dual pur-
pose, acting both as a means of actuation and as a lubricant.[17]

For other substrates, the oil may be left to evaporate, resulting
in a dry magnetic carrier, which eliminates substrate contam-
ination and trail creation as well as the risk of contaminating
cargo with the ferrofluid. It is noted that careful selection of
the ferrofluid type is necessary to eliminate cargo contamination
completely.

Figure 2c demonstrates the movement of such dry magnetic
carrier on a glass slide with a chemical wettability pattern (Movie
S2, Supporting Information). As a magnet beneath the substrate
moves to the right, the magnetic carrier mimics its motion, shift-
ing its position from a dry hydrophobic region (0 s) to a wetted
hydrophilic region (11 s). Repositioning the magnet to above the
wetted zone can create a stabilizing force field, effectively balanc-
ing magnetic and gravitational forces on the carrier. As a result,
the carrier can be lifted by inflating a droplet beneath it (28 s
and 34 s). The stabilizing field is crucial for balancing the car-
rier on this highly curved liquid substrate. When floating on this
droplet, the carrier experiences extremely low friction, which, as
later shown, enables novel functionalities, such as rotation. Fi-
nally, the stabilizing top magnet can be removed to release the

CART, making it slide to the edge of the drop (73 s). At this point,
a magnetic field from the bottom can be applied to return the
carrier to its original position (92 s).

To unlock additional functionalities of the carrier, one ap-
proach is to differentiate its top and bottom surface properties;
here coined “Janus carrier” or “jCART”. Figure 3a-i shows a basic
implementation of jCART, which involves attaching a silicon (Si)
chip to the top of a dry magnetic carrier using double-sided tape
(total weight ≈0.17 g). The jCART supports liquid (Figure 3a-ii),
solid (Figure 3a-iii), and gaseous (Figure 3a-iv) cargo. The first
two are demonstrated on solid substrates, while the latter floats
atop a water reservoir on its Si-chip belly. Experiments indicated
that pinning of water at the Si chip edges can encapsulate gaseous
cargo in a liquid layer for transfer between reservoirs, as seen in
Movie S3 (Supporting Information). The Si chip also provides an
interface that can be customized for desired cargo interactions
and serves as a “function barrier”, preventing the actuation region
from interfering with the cargo by constituting a non-permeable
barrier between the two (Figure 3a-v). One type of Si chip used
in this study had a 3 mm circular hydrophilic center spot in a
hydrophobic matrix (Figure 3a-vi), and with nanoscale rough-
ness across the entire surface to enhance the chemically-induced
wettability contrast (Figure 3a-vii; Table S2, Supporting Informa-
tion). The center region is highly pinning, while the surround-
ing area has low pinning. This allows water-cargo to strongly ad-
here, enabling high-speed carrier movement without the cargo
slippage, as later demonstrated.

The jCART adeptly transports cargo across various solid
surfaces. The video frame montage in Figure 3b showcases
this operational versatility by transporting solid cargo (weight
≈11 mg) across three material zones. Starting on a hydrophobic-
hydrophilic glass slide, passing through wetted zones, transition-
ing to a zone with high roughness (backside of tape), and fi-
nally moving onto a stretched nitrile glove (Movie S4, Support-
ing Information). While the carrier exhibits smooth movement
on both dry and wetted nitrile, it exhibits moderate stick-slip be-
havior on glass and tape. This variance in performance suggests
that matching the carrier’s bottom with the substrate character-
istics is crucial for ensuring smooth movement across different
surfaces.
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Figure 3. jCART’s (Janus-CART) adaptability with various cargoes and substrates. a) Advanced jCART system (i) photographed with diverse cargo types:
(ii) liquid, (iii) solid, and (iv) gas. The jCART comprises an (v) actuation region and a functionalized top-part, such as a (vi-vii) nanostructured silicon
chip with a highly water pinning hydrophilic circular region surrounded by a superhydrophobic barrier. b) Video frame montage of continuous jCART
actuation across diverse solid surfaces (dry and wet glass, textured tape, and nitrile glove). c) Sequential images demonstrate the jCART (i) rescuing a
mini-Eiffel Tower model on a solid surface, and (ii) operating non-interactively on a liquid substrate, hovering over the submerged model.

The magnetic force is well-balanced, enabling jCART actua-
tion without increasing friction to the point of inhibited mobil-
ity. This balanced force also enables the carrier to manipulate ob-
jects that are not loaded onto it, but can be pushed around, see
Figure 3c-i. While the demonstration here is a rescue mission
of the Eiffel Tower, such repositioning of laboratory objects (e.g.,
optical elements) could make CART useful for advancing labo-
ratory automation. Furthermore, the lightweight nature of the
carrier allows it to float on water; as evidenced by the ability to
perform a non-interacting pass-over of a submerged Eiffel Tower,
see Figure 3c-ii. CARTs amphibious properties (demonstrated in
Figure 2c) enable utilization of both solid and liquid substrates,
leveraging the unique advantages of each (Figure S3 and Movie
S5, Supporting Information).

Liquid cargo can also be transported along curved substrates;
even be turned upside-down. In Figure 4a, a plastic sheet has
been bent to form a half loop, along which a carrier with water-
cargo is moved horizontally, vertically, and in an inverted posi-
tion (Figure S4 and Movie S6, Supporting Information). The lat-
ter is here made possible by capillary adhesion between the water
cargo and oil-infused carrier. In this case, the oil led to cloaking
of the water-cargo, but it can be uncloaked by changing the type
of oil.[18] or circumvented using a jCART (design in Figure 3a-vi).

The maximum water-cargo volume depends on several param-
eters, such as carrier design and orientation. Using side-view

imaging on a drop shape analyzer, we determined the maximum
cargo volume for circular carriers of diameters d = 3 and 8 mm
(Figure 4b). When the carrier is oriented horizontally, the appar-
ent advancing contact angle at the carrier edge (𝜃A = 154 ± 1,
n = 6) limited the maximum cargo volume, making it highly
dependent on carrier diameter (41 μL for d = 3 mm and 243 μL
for d = 8 mm) (Figure S5 and Table S2, Supporting Informa-
tion). In this orientation, gravity is largely balanced by a normal
force from the carrier; which will expectedly make Vmax ≈ d3 for
spherical cargo and Vmax ≈ d2 for puddle cargo.[19] On the other
hand, in the vertical (Figure S6, Supporting Information) and
inverted (Figure S7, Supporting Information) orientation, grav-
ity did compete with cargo-carrier adhesion, significantly reduc-
ing Vmax to 13–17 μL and 34–41 μL, respectively. For the inves-
tigated diameters and both directions, Vmax is reached prior to
full surface coverage of the carrier, resulting in limited interac-
tion between the carrier’s perimeter/edge and cargo. As a con-
sequence, Vmax is largely independent of d. Besides the carrier
design and orientation, the properties of the liquid cargo such
as surface tension and density are expected to significantly affect
Vmax; limitations are closely related to those of maximum pud-
dle height.[19] and pendant drop size.[20] Finally, it is important
to note that Vmax is likely to be lower for dynamic carriers com-
pared to the static carriers evaluated in this study due to kine-
matic effects on the liquid-cargo shape. However, if necessary for
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Figure 4. Carrier actuation. a) Magnetic attraction facilitates complete carrier inversion along a curved substrate. b) Carrier size and orientation affect
water cargo capacity for 3 mm and 8 mm circular carriers, with insets showing maximum loads for the 3 mm carrier (n = 3). c) (1-5) Sling-shot maneuver-
inspired transition of CART from solid to liquid substrates, with (bottom) quantified carrier speed. d) Ultra-low friction enables rotation and spiraling on
liquid substrates: (i) setup, (ii) angular speed operational range, and (iii) photos at rotational extremes (0 and 200 rpm). (iv) Spiraling motion sequence.
e) Cargo merging demonstrated through magnetic lift, highlighting the option for non-lateral actuation: (i) separated jCARTs, (ii) lift via magnetic field-
induced ferrofluid accumulation, (iii-iv) cargo splitting, (v) lifting mechanism schematic, (vi) lifting-reversibility over five cycles, and (vii) magnet distance
versus lift relationship (n = 5).

a specific application, Vmax may be increased by optimizing the
carrier design.

The choice of substrate (solid or liquid), depends on the car-
rier task. By developing additional ways to move between the
two, the usefulness of CARTs is expanded. Figure 4c shows the
carrier jumping from a solid substrate (a glass slide) to a water-
filled Petri dish. On solid substrates, a magnet beneath moves the
carrier, but top actuation fails as the magnetic force prematurely
pulls the carrier toward it, preventing smooth lateral movement.
However, inspired by the slingshot maneuver used in space ex-

ploration, where a body moving relative to a radial force field is
attracted yet escapes it, we transferred a carrier from solid to liq-
uid substrate. By performing a high-speed magnet pass-by, the
carrier is moved without being fully captured by the magnet’s
pull. Figure 4c-top displays the entire process, which involves
the initial movement by a bottom magnet, acceleration by a top
magnet passing by in high speed, and stabilization in the
center of the Petri dish by a magnetic stirrer positioned
below (Movie S7, Supporting Information). During transfer,
the carrier reached a maximum speed of ≈20–30 cm s−1,
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requiring ≈20–40 milliseconds for the transition (see Figure
4c-bottom).

On the liquid substate, the carrier (density ≈1.2 g cm−3) can
be rotated at controlled angular speeds using a standard mag-
netic stirrer (see Figure 4d-i). The system exhibits a one-to-one
relationship between the angular speed of the magnetic actuator
and the actuated carrier from 0 to 200 rpm (Figure 4d-ii). How-
ever, beyond 200 rpm, the carrier cannot keep up, presumably
due to viscous drag from the reservoir (Figure S8, Supporting In-
formation). This result is independent of distance to actuator in
the range 17–25 mm and cargo weights up to the tested maxi-
mum of 20 mg. Photos in Figure 4d-iii illustrate the minimum
(0 rpm) and maximum (200 rpm) angular speeds allowed by this
setup (Movie S8, Supporting Information). The operational range
is influenced by factors such as magnetic field strength, magne-
tization and geometry of the carrier, cargo properties, and setup
geometry. Optimizing these parameters may extend the opera-
tional range, but that task is beyond the scope of this work. An-
other feature of the liquid substrate’s low friction is that inertia
can overcome friction, leading to a spiraling motion of the carrier
on a magnetic stirrer, as illustrated in Figure 4d-iv and Movie S9
(Supporting Information). This motion results from the rotating
magnet beneath, which applies both radial and tangential forces,
guiding the carrier toward the rotation axis. Once at the center,
the carrier continuous to rotate around its own axis.

CART is not limited to lateral motion, but can also move or-
thogonal to the substrate in the presence of excess ferrofluid
(Movie S10, Supporting Information). Initially, the ferrofluid
serves as a lubricant, enabling easy sideways movement under
a mild magnetic influence (see Figure 4e-i). However, approach-
ing the magnet to the substrate intensifies the magnetic field,
causing the ferrofluid to accumulate beneath the jCART. With
the ferrofluid under the jCART, the jCART is lifted, in this case
causing its cargo to coalesce with another liquid cargo positioned
above (Figure 4e-ii). Lateral displacement of the magnet can sep-
arate the coalesced liquid cargoes back into two distinct volumes
(Figure 4e-iii/iv); cargo splitting will be explored in more de-
tail later. This lifting process is reversible; withdrawing the mag-
net diminishes the magnetic field, allowing the ferrofluid to re-
lax and settle back into its spread state, thereby lowering the
jCART. Figure 4e-v shows five cycles of lifting and lowering, while
Figure 4e-vi details the correlation between the proximity of the
magnet and the elevation of the cargo. In our setup, lifting starts
at a magnet distance of ≈4 mm, with a peak elevation of 0.35 mm.
As is evident, the return to the original elevation follows a differ-
ent dynamic compared to the lifting. This indicates that the relax-
ation time of the ferrofluid, rather than the position of the mag-
net, governs this stage of the cycle. The opportunity for substrate
orthogonal cargo movement makes it easier to selectively avoid
and merge with specific cargoes among a myriad of cargoes.

Theoretical exploration of magnetically responsive fluids deep-
ens our understanding of magnetic lifting. As the magnetic field
strength and its vertical gradient increase, a ferrofluid droplet re-
shapes, achieving equilibrium by balancing gravitational, mag-
netic, and surface energies.[21] The field strength and droplet
deformation are interdependent, complicating the calculation
of magnetic energy, and the determination of the equilibrium
shape.[22] Generally, as the magnetic field strengthens, the fer-
rofluid droplet elongates along the field direction, with a non-

linear relationship between field strength and droplet height.[23]

Above a critical field strength, the droplet undergoes stepwise
division, producing smaller daughter droplets that furthermore
self-assembles into a field-dependent pattern.[24] In carrier lift-
ing, as the magnet approaches the substrate and intensifies the
field, the ferrofluid adjusts to a taller equilibrium shape in mil-
liseconds, enabling carrier lifting with minimal latency. Con-
versely, reducing the field causes the ferrofluid to spread, with
nanoscale interactions complicating the behavior and making re-
laxation time estimation challenging.[21] This complicates the es-
timation of relaxation times, although studies indicate that fer-
rofluid spreading on hydrophilic substrates at zero field typically
occurs within seconds.[25] Ongoing research continues to explore
ferrofluids’ dynamic behavior and their utility in manipulating
both solid and liquid object.[26,27]

The interaction between multiple cargoes is crucial for the use-
fulness of CART. Unfortunately, one drawback of using carriers
is the presence of “dead zones” near the edges of the carriers,
which generally prevents physical contact between cargoes posi-
tioned on separate carriers. However, this problem can be eas-
ily solved using CART’s “property of inversion”. By moving car-
rier “A” along a curved substrate (as was shown in Figure 4a) to
contact carrier “B” from above, the “dead zone” is circumvented
– this action is somewhat analogous to curving a 2D substrate-
space to create a worm-hole-like-connection of two spatially sepa-
rated locations. Using this unique technique for combinations of
the basic CART and the jCART, water-cargoes are successfully 1)
transferred from a basic carrier to a jCART (Figure 5a), 2) merged
from different carriers onto a jCART (Figure 5b), and 3) split onto
two separate jCARTs (Figure 5c). In certain instances, the inver-
sion approach may be employed to circumvent the “dead zones”
for gas and solid cargoes. It is worth noting that side-by-side
merging may also be possible through further carrier optimiza-
tion or the addition of constraints on liquid cargo volumes. A
proof-of-concept demonstration can be found in Figure S9 (Sup-
porting Information).

Moreover, we discovered a tunable method to split water-cargo
into two volumes, V, of unequal size. By changing the carrier
separation speed, the splitting ratio (Vtop/Vbottom) could be ad-
justed by up to a factor of two (Figure 5d,e; Figure S10, Sup-
porting Information). This ability is akin to that of dip-coating
processes, wherein film thickness for chemically homogeneous
substrates,[28] and droplet height for chemically heterogeneous
substrates.[29] have been found to depend on withdrawal velocity.
In our scenario, unlike the well-known dip-coating experiment,
the reservoir volume is no longer effectively infinite but instead
comparable to the droplet formed. In our experiment, the upper
carrier is dynamic (emulating the dip-coated substrate), while the
lower is static (emulating the reservoir). At low speeds, the size
of the upper dynamic droplet increases with increasing separa-
tion speed. The splitting ratio increases until the speed reaches
10 to 17 cm −1s, and subsequently decreases as the speed is in-
creased further. This behavior is also consistent with dip-coating
of substrates, which experience a transition from a low-speed to a
high-speed regime at ≈16 cm s−1, when the Froude number, the
ratio of flow inertia to gravity, reaches unity.[30]

The potential for 100% transfer efficiency, equivalent to a
splitting ratio of 0, is contingent on the precise wettability of
the carrier surface. While the high adhesion between droplet
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Figure 5. Liquid cargo manipulation in a two-carrier system. A two-carrier system with one horizontal and one inverted carrier enables cargo manip-
ulation: a) transfer, b) merge, and c) split. d,e) By changing the speed of carrier separation, the splitting ratio can be tuned. Inserts show splitting for
speeds of 0.6, 16, and 23 cm s−1 (n = 5). f, Experimental setup to determine the limit of stable transport of liquid cargo. g, Phase diagram showing the
stable/unstable transport of water cargo with a jCART (3 mm hydrophilic spot) for variation of (dyed) water cargo volume, V, and carrier acceleration,
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and carrier facilitates the stability of single-carrier droplet trans-
port, it also creates non-slip conditions with a viscous bound-
ary layer, precluding the possibility of 100% transfer efficiency.
However, building on previous work in droplet manipulation,
which has predominantly relied on hydrophobic or superhy-
drophobic substrates to achieve precision and controllability via
nano- or microstructuring,[31,32] one could add controllable wet-
tability regulation to the top surface of the carrier to poten-
tially mitigate this limitation. One could also consider adding

magneto-orthogonal stimulus-responsive wettability to facilitate
on-demand cargo capture/release, such as metal oxide thin
films with light-induced hydrophilicity.[33,34] to create a tempo-
rary wettability asymmetry between the two otherwise identical
jCARTs.

As mentioned, the carrier-cargo friction can also be advanta-
geous, because the strong adhesion facilitates high-speed move-
ment of the carrier with its cargo slipping off. By utilizing a ro-
tational setup (see Figure 5f), the maximum acceleration of the
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Figure 6. Reservoir Sampling and Tea Leaf Effect. a) pH measurement application. (i) A CART is prepared with a pH-sensitive indicator cargo. (ii) Non-
contaminating sample extraction from reaction reservoir with an inverted jCART. (iii) Extracted sample. (iv) Merging sample with the indicator cargo
results in (v) a colorimetric change, indicating the acidity level of the reservoir. b) Tea leaf effect quantification: Heatmap visualizing distribution of blue
dye over time in rotated micro-droplet (analysis of C – top row). c) Visualization of Tea Leaf Effect. A water cargo carrier is rotated, causing added dye
to migrate to the droplet triple line. Subsequently, deceleration induces a secondary flow that can centralize the dye. (top row) Video frame sequence
demonstrates the effect, visible only when deceleration precedes a critical timing. (middle row) Delaying deceleration beyond this point leaves the dye at
the droplet’s edge. (bottom row) Exploiting this timing, we spatially separate two dyes by introducing them at intervals governed by the critical timing.

jCART is determined. A biphilic chip (3 mm hydrophilic spot
size), loaded with different water cargo volumes, is mounted on
a spin-coater at a distance from the rotational axis of r = 18 to
32 mm, and spun at increasingly higher rotational speeds, 𝜔.
The ramping rate, 𝛼, is 10 to 20 rpm s−1. The rotational speed
is increased until liquid cargo leaves the carrier, which marks
the threshold for maximum acceleration. Equation (1) shows
the calculation of the total linear acceleration, atotal, by combin-
ing the centripetal (radial) acceleration, ac, and the tangential
acceleration, at.

atotal =
√

a2
c + a2

t =
√

(r𝜔2)2 + (r𝛼)2 (1)

For the selected rotational accelerations of 10 to 20 rpm s−1,
the tangential acceleration is ≲0.04 m s−2, making it negligible
compared to the centripetal acceleration. Therefore, the total ac-
celeration can be described by Equation (2) within a 1% error.

atotal ≈ ac = r𝜔2 (2)

Figure 5g presents the phase diagram of stable and unstable
combinations of cargo volume and acceleration speed. For all in-
vestigated volumes, only a fraction of the cargo departed, leaving
behind cargo residues on the hydrophilic spot. In some cases, the
threshold for stable cargo approaches 10G, which makes using a
rotational system highly advantageous, as a linear acceleration
system would require meters of travel distances, which is often
beyond what is experimentally practical.

Another feature of the jCART is the possibility to extract a
liquid sample from a larger reaction reservoir for monitoring
(Movie S11, Supporting Information). For demonstration pur-
poses, we prepared a carrier with a 50 μL pH indicator droplet, as
shown in Figure 6a-i. Positioned above is an inverted empty car-
rier. By moving this inverted carrier on an inclined substrate, the
reaction reservoir can be contacted (Figure 6a-ii). The hydrophilic
region of the jCART silicon chip wets upon contact, and as the
jCART is returned, it extracts a sample droplet (Figure 6a-iii).
Bringing the inverted jCART and pH indicator jCART together
allows for the mixing of the sample cargo with the pH indi-
cator cargo (see Figure 6a-iv). Because the reaction reservoir
contained a solution of diluted hydrochloric acid pH 2, mixing
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triggers a color change, revealing the low pH of the reservoir;
all without contaminating it during the characterization process
(Figure 6a-v). It is worth noting that the indicator drop is here
pipetted to the carrier, although it could have been extracted and
inverted from a reservoir to conduct the entire process solely with
the CART system. This method of extracting small samples en-
ables both monitoring of reactions and loading jCARTs with re-
active cargoes for in-line synthesis and product characterization.
Significantly, the CART system could potentially be adapted for
high-throughput applications by managing multiple droplets si-
multaneously. Enhancing magnetic field confinement and inte-
grating with Droplet Micro Array technology[35] could, respec-
tively, allow multiple carriers to handle tens of droplets each, sig-
nificantly boosting throughput and operational flexibility for par-
allel processing in scientific and industrial environments.

Moreover, there is potential for the CART system to be ex-
panded for high-throughput applications by enabling the si-
multaneous management of multiple droplets. This could be
achieved by confining the magnetic field to reduce repulsion be-
tween different “driving magnets”. Additionally, by integrating
CART with Droplet Micro Array technology, each carrier could
potentially handle not just one, but tens of droplets. This could
significantly increase throughput and flexibility, opening possi-
bilities for parallel processing and enhanced efficiency in scien-
tific and industrial settings.

Finally, unique to the CART system is the ability to rotate the
cargo, which we hypothesized could provide an opportunity to
manipulate the internal flow of liquid cargo (Movie S12, Support-
ing Information). In Figure 6b, a 2 μL dyed droplet is added to an
already rotating 20 μL droplet (200 rpm). Over time, the dye mi-
grates to the edges of the rotating droplet. Very interestingly, if
the droplet rotation is stopped within 15 seconds of adding the
dye, the dye “jumps” back to the center before finally homoge-
nizing the droplet by diffusion (Figure 6b,c – top row). This phe-
nomenon may be caused by the tea leaf paradox,[36] first described
by A. Einstein. In this situation, the primary flow is the vortex
flow. However, in the transient phase of the droplet rotation, a
secondary flow is created, caused by the boundary layer induced
by the no-slip condition, which gives rise to a pressure gradient-
induced flow toward the center. On the contrary, if the deceler-
ation occurs after this critical time point, the dye remains at the
edge even after the rotation is stopped (Figure 6c – middle row). It
is hypothesized that the cause of this phenomenon is dye migra-
tion into flow-inhibiting pockets near the triple-line of the liquid
cargo. In Figure 6c – bottom row, the two behaviors are combined
in a single liquid cargo by adding dyes at different time points;
first blue, then red, each corresponding to one of the two regimes.
The outcome is a spatial reseparation of the two dyes.

3. Conclusion

The CART system is developed to address longstanding chal-
lenges in microcargo manipulation. Unlike traditional methods
that rely on specific substrate-cargo interactions and friction re-
duction, CART uses a simple magnetic carrier to physically sep-
arate the cargo from the substrate. This allows for untethered
and controlled manipulation of solid and liquid cargo across both
solid and liquid substrates, incorporating amphibious properties
to exploit the unique benefits of each. This multi-cargo, multi-

substrate transport differentiates CART from previous actua-
tion methods. Moreover, eliminating the need for cargo-substrate
matching allows individual carriers to be tailored to specific car-
goes and opens the possibility to use a generalized substrate to
manipulate multiple types of cargo simultaneously. This not only
enables diverse cargo confinement but also tailored interaction
between the carrier and cargo, including preparing carriers for
liquid cargo content analysis.

One drawback of the carrier-based system is its finite area,
which limits the maximum cargo size, and its “dead zone” (i.e.,
the space between the droplet and the edge of the carrier), which
prevents side-by-side merging. The merging issue is resolved by
rethinking how objects can be approached on a 2D substrate; by
folding the 2D substrate plane, distant locations are brought into
proximity and cargo easily merged from the third dimension.
This solution may inspire novel ways of rethinking and circum-
venting typical 2D substrate constraints. Another approach to re-
solve the issues could be refinements of the carrier design, by
which it is expected that CART could be made modular, allowing
for dynamic adjustment of carrier size and facilitating side-by-
side merging of liquid cargo via carrier asymmetries. Similarly,
optimizing the carrier rotation setup could increase the maxi-
mum angular speed beyond 200 rpm, thus unlocking on-demand
reversible particle centrifugation.[37] This ability could be used
to temporarily open an optical window for scatter-free reaction
monitoring: As the carriers are 3D printed, they could be pre-
pared with a hole in the center, allowing for transmission mea-
surements as well as be made both smaller and larger. Another
property worth noting is that rotation starts at the cargo-carrier
interface, propagating through the cargo, which facilitates a lam-
inar flow affecting the entire cargo for controllably modulating
the internal flow of this micro-sized droplet. In particular, the fea-
tures mentioned above could be utilized for colloidal assembly.

Future research may aim to optimize the CART system for
greater efficiency and broader applications. This could involve de-
veloping carrier designs to accommodate additional functional-
ity, as well as integrating stimuli-responsive materials to interact
with the cargo. These improvements would unlock even more
complex manipulation tasks and expand the utility of CART in
various scientific and medical fields.

4. Experimental Section
Detailed materials and methods can be found in the SI file, Supplementary
Text.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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