
Noncontact rotation, levitation, and acceleration of
flowing liquid metal wires
Yahua Hea , Jianbo Tangb , Kourosh Kalantar-Zadehb , Michael D. Dickeyc,1 , and Xiaolin Wanga,d,1

aInstitute for Superconducting and Electronic Materials, Australian Institute for InnovativeMaterials, University ofWollongong,Wollongong, NSW 2500,
Australia; bSchool of Chemical Engineering, University of New SouthWales, Sydney, NSW 2052, Australia; cDepartment of Chemical and Biomolecular
Engineering, North Carolina State University, Raleigh, NC 27695; and dAustralian Research Council Center of Excellence in Future Low Energy Electronics
Technologies, University ofWollongong,Wollongong, NSW 2500, Australia

Edited by DavidWeitz, Department of Physics, Division of Engineering and Applied Science, Harvard University, Cambridge, MA; received September 23, 2021;
accepted December 20, 2021

This paper reports the noncontact manipulation of free-falling
cylindrical streams of liquid metals into unique shapes, such as lev-
itated loops and squares. Such cylindrical streams form in aqueous
media by electrochemically lowering the interfacial tension. The
electrochemical reactions require an electrical current that flows
through the streams, making them susceptible to the Lorentz
force. Consequently, varying the position and shape of a magnetic
field relative to the stream controls these forces. Moreover, the
movement of the metal stream relative to the magnetic field indu-
ces significant forces arising from Lenz’s law that cause the manip-
ulated streams to levitate in unique shapes. The ability to control
streams of liquid metals in a noncontact manner will enable strate-
gies for shaping electronically conductive fluids for advanced
manufacturing and dynamic electronic structures.

liquid metal wire j noncontact manipulation j levitated patterns j
electromagnetism

Noncontact methods of manufacturing and manipulation
can minimize disrupting objects of interest. Objects can be

manipulated in a noncontact manner by magnetic methods (lev-
itation and tweezers) (1, 2), acoustic manipulation (3, 4), opti-
cal tweezers (5), and other techniques (6, 7). However, to
date, free-flowing liquid streams have been particularly difficult
to manipulate in a noncontact manner. Realizing highly con-
trolled changes in directionality or complex shaping of liquids,
especially without disrupting the cross-sectional shape of the
stream, is a challenge. Here, we explore the noncontact manip-
ulation of free-flowing streams of liquid metals (LMs).
Gallium-based LMs (Galinstan, the eutectic alloy of gallium
indium and tin used in this work) have recently received signifi-
cant attention due to their promises of soft and stretchable
metallic conductors, low melting points, and simultaneous fluid-
ity and metallic properties at room temperature as well as low
toxicity (8–15).

LM alloys are seemingly unlikely candidates to form stable
fluid streams due to their enormous surface tension and water-
like viscosity, which favor the formation of droplets (Fig. 1A).
However, electrochemical oxidation of the surface of the LM in
basic solution lowers the effective tension of the LM to extremely
low values (16, 17). This electrochemical manipulation of interfa-
cial tension enables various fascinating phenomena, such as
reversible deformation (18), patterning (19), heartbeat effects
(20), “superfluid-like” penetration through porous media (21),
and other electrochemical effects (22–29). Most importantly, the
presence of oxide species on the LM also enables long, stable
wire-like streams of metal to form as it exits a nozzle into the
solution (17, 30) (Fig. 1B). Because of their cylindrical cross-
section and metallic conductivity, we call these fluidic streams liq-
uid metal wires (LMWs), which form narrow diameters (∼100 to
200 μm). Although normally LM is not responsive to magnetic
fields, the current passing through the wire to drive the electro-
chemical reactions makes it susceptible to magnetic forces via the

Lorentz force (Fig. 1C). The Lorentz force arises by applying a
magnetic field normal to the direction of electrical current. The
Lorentz force is normal to both the current and magnetic field,
as described by the so-called "left-hand rule."

In this work, we control the displacement of free-falling
LMWs at room temperature using the Lorentz force. Because
LM is soft, it provides almost no resistance to manipulation via
the Lorentz force and therefore, accelerates radially. The dis-
placement of the LMWs relative to the magnet also induces a
secondary force according to Lenz’s law (i.e., a drag force that
opposes the motion at the periphery of the magnet). Thus, the
combination effects of the Lorentz force and Lenz’s law drive
the metal into shapes that mirror the circumference of the mag-
net while levitating the metal. As shown here, the behavior
depends on the location of the magnet relative to the LMW.
We demonstrate and characterize the unique ability to manipu-
late LM streams in a noncontact manner using only a relatively
low applied voltage and a common magnet.

Results
The LM was aspirated into a syringe (diameter of 0.26 mm) and
pumped at a volumetric flow rate (VFR) controlled by a syringe
pump. Electrodes attached to the syringe needle applied 1.5 V to
the metal relative to a negative electrode. We chose this potential
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because it results in the formation of wires as the LM exits the
syringe needle (17). The experiments proceeded in a 1-mol/L
NaOH solution inside a plastic vessel (Fig. 1D). The syringe
remained immersed in the solution close to the vessel wall to
be in proximity to an external magnet placed flush against the
exterior wall.

We defined the vertical position of the magnet (PM) relative
to the fixed position of the needle orifice. That is, when PM = 0,
the center of the magnet is at the same vertical height as the
orifice. To vary the Lorentz force, we moved the magnet by PM

from +3 to �3 cm (positive values indicate that the magnet
is in an elevated position relative to the orifice). The north (N)
pole of the magnet (0.1 T) faced the needle of the syringe
unless otherwise stated.

Fig. 1E shows the results of the LMWs’ motion at a flow rate
of 2 μL/s when the PM was changed from +3 to �3 cm with an
interval of 1 cm. When the magnet is centered with the needle
outlet (PM = 0), the LMW experiences uniform magnetic field
lines at the nozzle exit. Consequently, it moves in a circular pat-
tern driven by the Lorentz force (Movie S1). However, for high
PM (+3 and +2 cm) or low PM (�2 or �3 cm), the LMW experi-
ences “fringe” (i.e., diverging) field lines from the off-centered
magnet. Consequently, the LMWs move in a spiral shape. The
circular motion of the LMWs occurred for the PM between +1
and �1 cm, while the spiral motions occurred for other positions.

A force analysis helps to explain these trajectories. The LMW
should be subjected to three primary forces: gravity (G), the
Lorentz force (FL), and Lenz’s law force (FLenz). G accelerates
the LMW downward. FLenz is the drag force induced by changes
in the magnetic flux as the metal wire moves away from (or
toward) the magnet. The Lorentz force, defined by the formula
FL ¼ B � I �L (B is magnetic field intensity, I is current, and L is
the length of LMW in the magnetic field), causes the LMW to
deviate from its straight, downward path as it exits the nozzle.
The viscous drag only dissipates energy and does not dictate the
path of the LMW (SI Appendix, section D). We neglect the

pressure from electrostatic (PE ¼ εrε0U2
.

D2
¼ 6 × 10�7 Pa; ε0 is

the vacuum permittivity, εr is the relative permittivity of the 1 M
NaOH solution, U is the external potential, and D is the distance
between electrodes) and Laplace pressure (ΔP¼ γ=R ¼ 2 ×
10�4 Pa; γ is the interfacial tension, and R is the radius of the
LMW) since they are negligible compared with the pressure
from the Lorentz force (PL ¼ B� im�

πR
¼ 38 Pa; im is the measured

current through LMW) (SI Appendix, section E).
Fig. 1F shows four typical sequences of frames (four stages) of

the temporal evolution of the spiral when PM = 0. At stage 1
(S1), the Lorentz force directs LMW outward in a clockwise pat-
tern. Lenz’s force is negligible at this initial stage since the LM is
still within the uniform field of the magnet. At stage 2 (S2), the
LMW moves near the left edge of the magnet. At this location,
changes in magnetic flux are greatest, and thus, the LMW experi-
ences maximum Lenz’s force and a decreased Lorentz force
(since it is no longer in the strongest part of the magnetic field).
Thus, its outward motion slows at this location. Yet, fresh LMW
continues to pump from the nozzle and emerges under the con-
trol of the relatively large Lorentz force. Thus, it moves outward
radially but in a direction influenced by the instantaneous shape
of the metal. For example (stage 2), the metal that emerges from
the nozzle directs to the right (the “3 o’clock position”). In stage
3 (S3), the LMW nearly wraps around the edge of the magnet.
Finally, in stage 4 (S4), the LMW fully covers the circumference
of the magnet and roughly adopts its square shape. These four
stages repeat to create multiple loops of metal around the mag-
net perimeter. Taken in sum, the LMW experiences the Lorentz
force as it exits the nozzle, while Lenz’s law force slows the
motion and stops the wire at the circumference of the magnet.

Given the importance of the Lorentz force and Lenz’s law,
we sought to explore their impact on the LMW behavior. The
Lorentz force is determined by the product of the magnetic
field strength (B), current, and the length (L) of LMW. Lenz’s
law effect is determined by the rate of change in magnetic flux

Fig. 1. Shaping free-flowing liquid metal wires by the Lorentz force and Lenz's law: (A) drops form at 0 V and (B) a liquid metal wire at 1.5 V.
(C) Current-carrying LMW rotated by the Lorentz force within a magnetic field in which N and S refer to the north and south poles of the magnet.
(D) Schematic illustration of the experimental setup; a blue piece of paper covered one wall of the vessel to facilitate imaging. (E) Photographs showing
the LMW path resulting from different positions of the magnet with the N pole outward. The dotted lines indicate the location and the shape of the
magnet. (F) False-colored images of LM (white) showing four sequences of frames with a force diagram and motion analysis. The yellow dotted line
denotes the periphery of the magnet.
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ð∂;B�∂t ∼ B � vÞ, where v is the velocity (v = L
�
t
) of the LMW.

The length of the LMW depends on the VFR in a fixed time
(L ∼ VFR). Thus, we varied the B and VFR to study both
effects of the Lorentz force and Lenz’s law. The results are
shown in Fig. 2, in which PM = 0 in all cases.

Fig. 2A shows the trajectory for VFR = 2 μL/s and B = 0.1 T.
The trajectory is a “semicircle swing arm” moving clockwise like
that depicted in Fig. 1. The same path occurs for the south (S) pole
pointing outward, except that the LMW moves counterclockwise.

Increasing VFR to 4 μL/s while keeping B = 0.1 T (Fig. 2B)
increases the length of the LMW for the same time duration
for all the stages (the columns in Fig. 2). Stated differently, the
increased flow rate decreases the amount of time to reach each
stage. For example, the LMW reached stage 4 after 0.62 s,
whereas it takes 0.87 s when the flow rate is half as much
(2 μL/s). The increased Lorentz force drives the faster motion
at high VFRs due to the longer wires that form. We observe
similar behavior by doubling the flow rate at higher magnetic
fields (0.2 T; by simply stacking one more magnet) (Fig. 2 C
and D). A more detailed statistical analysis for elapsed time
and the size of the trajectory, including height (Hmax) and width
(Wmax), is shown in SI Appendix, Fig. S1.

To a first approximation, the behavior of the LMWat 0.2 T is
similar to that at 0.1 T at the same flow rate (e.g., compare Fig.
2 A and C). This is expected considering that the effect of
Lorentz (radial acceleration) and Lenz (radial deceleration)
both depend linearly on B. This similarity is apparent by com-
paring the velocities and diameters (d) of the LMWas shown in
Fig. 2E. The fourth stage is excluded in the plot since the effect
of Lenz’s law causes the LMW to fully stop at the edge of the
magnet. For VFR = 2 μL/s, the velocity can reach about 20 cm/
s in 0.7 s, while for VFR = 4 μL/s, the velocity reaches up to 35
cm/s in as short as 0.45 s. The acceleration causes a concurrent
decrease in wire diameter (black data in Fig. 2E) as expected.

According to Newton’s second law ∂p
∂d ¼�ρ ∂v

∂t, where ρ is the

density and p is the pressure of LMW, a decrease in diameter
leads to an increase of velocity. An increase of velocity further
decreases the diameter of the wire, causing further acceleration
in a positive feedback loop (SI Appendix, section D). The
decrease in wire diameter corresponds with wire elongation,
which can further increase the Lorentz force.

In the experiments reported in Fig. 2, the metal immediately
experiences the Lorentz force as it exits the nozzle since PM = 0.
We explored moving the magnet farther below the nozzle so that
the LMW would experience Lenz’s law as it reached the edge of
the magnet (Fig. 3). The strength of the Lenz’s law effect
depends on the magnetic field and velocity of the LMW.

To vary velocity, we first pumped the metal at a VFR of
2 μL/s without a magnet to investigate the velocity of the LMW
as a function of distance from the nozzle (Fig. 3 A, Inset). The
LMW emerges initially from the nozzle as a small bead. Gravity
pulls this bead from the nozzle, and a cylindrical stream fol-
lows. This acceleration causes the leading bead to reach a maxi-
mum value of ∼25 cm/s at the position of �6 cm. Beyond this
position, the velocity of the LMW reaches a steady state. The
velocity change can be fit with an exponential function.

Based on this understanding of the velocity profile of the
LMW, we moved magnets to different positions to explore the
role of velocity on the behavior of the LMW. The positions
are marked as B, C, D, and E in Fig. 3A, corresponding to the
positions of �4, �5, �6, and �9 cm, respectively. The images of
the LMWs’ trajectories for different PM are shown in Fig. 3 B–E.
For the PM = �4 cm, the metal wire undergoes a clockwise
spiral motion within a small region near the upper left edge of
the magnet. The trajectory becomes larger for PM = �5 cm.
There is a conspicuous difference in the trajectory for PM =
�6 cm. The trajectory remarkably adopts the same square shape
of the magnet circumference (Movie S2). The case is the same
for PM = �9 cm. This is because the velocities at PM = �6 and
�9 cm are enough for inducing sufficient Lenz’s law effect to

Fig. 2. Sequence of photographs recording the motion of a LMW under different experimental conditions with the magnet center fixed at PM = 0 cm
(N pole outward): (A) 2 μL/s, 0.1 T; (B) 4 μL/s, 0.1 T; (C) 2 μL/s, 0.2 T; and (D) 4 μL/s, 0.2 T. The square-shaped magnet has dimensions of 5 × 5 × 0.5 cm3.
(E) The changes of velocity and diameter of LMW at the three stages S1, S2, and S3.
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confine the LM at the periphery of the magnet. The combination
of the Lorentz force and the Lenz’s law effect causes the LMW
to wrap clockwise.

To illustrate the diversity of shapes that are possible with this
effect, we performed experiments with different magnet configu-
rations at PM = �6 cm (SI Appendix, Fig. S2). The role of the
magnet is apparent by moving the magnet horizontally (Fig. 3F
and Movie S3) with different speeds (SI Appendix, Fig. S3), which
shows that the patterning can be dynamic and highly dependent
on magnet position. Moreover, some complex shapes are realized
by using two magnets, which are arranged in various configura-
tions, such as the shape of the number 8 in configuration I (Fig.
3G and Movie S4) and configuration III (Fig. 3I and Movie S6).
Moreover, the LMW circles around one magnet only by just
reversing the north/south (N/S) pole, as in configuration II (Fig.
3H and Movie S5) and configuration IV (Fig. 3J and Movie S7;
SI Appendix, Fig. S4 has more details). The levitation of the
LMW around the magnet perimeter is driven by the Lenz’s law
effect. In addition, the stability of the patterned structures in
time is discussed in SI Appendix, section D (SI Appendix, Fig. S5).

The electrical current, which arises from electrochemical sur-
face oxidation, plays an important role in the Lorentz force.
However, the Lenz’s law effect can suppress the current in the
LMW. To illustrate this effect, we measured the electrical cur-
rent that passes through the LMWs under different conditions:
case 1, absence of LMW and magnet; case 2, free-falling LMW
without a magnet; and case 3, free-falling LMW with a magnet
(located at different positions) (SI Appendix, section C).

For case 1, the current is ∼0.4 mA, with the external voltage
fixed at 1.5 V. For case 2, the current increases by ∼200 times to
∼80 mA as the LMW forms (SI Appendix, Fig. S6). The large cur-
rent of LMW originates from the oxidizing surface reaction. The
current increases linearly with the length of the LMW due to an
increase in surface area with length (SI Appendix, Fig. S7). For
case 3, the measured currents show periodic oscillation associated
with the wires wrapping around the perimeter and ultimately, fall-
ing. This happens with different frequencies and magnitudes

depending on the magnet positions (Fig. 4). The frequency data
are obtained through an fast Fourier transform (FFT) of the cur-
rent vs. time.

Interestingly, the measured currents in the presence of the
magnet are smaller than expected relative to a free-falling wire.
The differences between the estimated current (ie) and mea-
sured current (im) are significant (Fig. 4 C, F, and I). Faraday’s
law of induction is applied to quantitatively explain the effect of
Lenz’s law. For an LMW rotating in a magnet, a potential (U)
is induced; U ¼ þ

Eþ v × Bð Þdl, and E is electric field along
LMW. The

þ
Edl term on the right side of the equation shows

the contribution of the Lenz’s law effect, while
þ
v × Bdl is the

Lorentz force on charges by the motion of LMW. When the
magnet is placed at positions PM = 0, �6, and �9 cm, the calcu-
lated values of

þ
Edl are �0.18, �0.81, and �1.63 V, respec-

tively. In comparison, the calculated values of the Lorentz
force–induced potential (

þ
v × Bdl) for the three magnet posi-

tions are only as small as 0.00625, 0.01, and 0.014 V (SI
Appendix, section E). Thus, the Lenz’s law effect should be
primarily responsible for the significant current drop.

In this paper, using only 1.5 V and a common magnet, we
demonstrated the unique ability to steer free-flowing LMWs in
a noncontact manner into paths and suspended shapes. This
enables fascinating effects, including rotational motion, levita-
tion, and acceleration. The Lenz’s law effect stabilizes the
LMW pattern by controlling the current through LMW within
a stable range and levitates LMW patterns, while the Lorenz
force rotates and accelerates the LMW. Moreover, the tran-
siently stable structures formed here could provide routes to
build on this patterning method to stabilize the structures
(discussion is in SI Appendix, section D) by coextruding a shell
(e.g., polymeric material), cooling the receiving substrate (for
solidification) (30), or curing the structures in a monomer solu-
tion (e.g., hydrogel). The findings help visualize such forces due
to the use of soft (and highly conductive) liquid conductors.
Thus, this work enables the patterning of useful metallic shapes
and offers a strategy for shaping fluids in a noncontact manner.

Fig. 3. (A) The velocity of LM pumped from the needle at 2 μL/s without a magnet, with A, Inset showing snapshots of the trajectories. The green dotted
line represents the needle outlet. (B–E) The typical trajectories under the 0.1 T magnetic field at different magnet positions with the N pole outward.
(F) Dynamic patterns by moving the magnet horizontally. Complex magnetic field arrangements using two circular magnets with diameters of 3.5 cm and
(G and H) N/S poles placed side by side and (I and J) N/S poles arranged vertically with a distance of 0.5 cm. The dotted lines indicate the location and the
shape of the magnet.
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Materials and Methods
Experiment Setup. A syringe pump injected Galinstan into an electrolyte bath
through a needle with a diameter of 0.26 mm at a controlled VFR (2 and 4 μL/s
were chosen in this work). Electrodes attached to the syringe needle applied
1.5 V to the metal relative to a negative electrode. The distance between elec-
trodes was 5 cm. All experiments proceeded in a 1-mol/L NaOH solution inside
a plastic vessel with dimensions of 15 × 15 × 20 cm3. The syringe remained
immersed in the solution close to the vessel wall to be in proximity to an exter-
nal magnet placed flush against the exterior wall. The position of the needle
remained fixed.We defined the vertical position (PM) of the magnet relative to
the fixed position of the needle orifice. That is, when PM = 0, the center of the
magnet is at the same vertical height as the orifice. To vary the Lorentz force
and the Lenz’s law effect, wemoved themagnet by PM from +3 to�9 cm (posi-
tive values indicate that the magnet is in an elevated position relative to the
orifice). A camera placed in front of the vessel recorded the motion of the LM.

Velocity. The initial pump-out velocity of the LM was calculated by the
equation v ¼ VFR

A , where VFR is the volumetric flow rate controlled by the
syringe pump andA is the cross-section area of the needle. Additionally, when

the formed liquid wire stream moved in the magnet, the velocity was calcu-
lated by the length of the LMW divided by time v ¼ L

t, where L is the length
and t is the time.

Electrical Current. All measured electrical current flowing though the
LMW was collected by Keithley DMM 2002 on a Labview platform. For
free-falling LMW, the current increased with the length of the LMW:
I¼ 53:4þ 1:933L, where I is the current and L is the length of the LMW.When
a magnet was presented, the estimated current (Fig. 4) was calculated by
the equation.

Data Availability. All data are included in the manuscript and/or supporting
information.
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