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Abstract—In this work, we present a novel cooling concept
for electric machinery, in which the coils comprise tubes filled
with room-temperature liquid metal that can be pumped through
the machine during operation. We derive scaling laws for the
approach, and compare it to the scaling of conventional forms
of cooling in electric machines. Then, we develop a prototype
actuator using this concept, and validate the electromechanical
design and actuator performance. This novel cooling concept has
utility for a variety of flexible actuators and for some pulsedpower applications, where the benefits can outweigh the cost of
the reduced electrical conductivity of room-temperature liquid
metals.
Index Terms—liquid metal, pulsed power, motor cooling

Heat is the main limiting factor governing the force or
torque density of electric machines. Magnets and insulating
coatings lose performance and fail at relatively low temperatures, typically below 200 ◦ C. The relatively low thermal
conductivity of wire insulation, in particular, poses problems
for thermal management; typically, the bulk thermal conductivity of a coil is approximately 1 W/m K [1], even though the
conductivity of copper wire itself is over 200 times higher. The
problem becomes more significant as the scale of the machine
becomes larger. In very large machines, such as electrical
generators in utility-scale power plants, this problem must
be overcome through water or gas cooling channels located
within the conductor itself [2]. However, such an approach is
not feasible for smaller machines. Instead, heat must typically
be brought out of the machine through the wire insulation, and
is typically removed via conduction through the machine to
the exterior surface.
A number of approaches have been explored to enhance
heat transfer from the coils of small- to medium-scale electric
machines. In some cases, fins of high-thermal-conductivity
material are placed in close contact with the coils, reducing
the distance through which heat must travel [3]; this effectively
makes the machine behave thermally like a smaller machine.
In other cases, the individual windings are expanded at one end
to allow intimate contact with a high-thermal-conductivity material or with a flowing fluid that can carry the heat away [4];
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Fig. 1. An illustrative liquid metal voice coil: blue denotes the cool metal
flow into the motor, and red denotes the warm metal flow out of the motor.
To prevent current flow outside the motor in the coolant loop, one electrical
terminal is placed at the junction between the hot tube and the cold tube,
while the other is placed at both the flow inlet and outlet. The light gray
rectangle to the left shows the magnet and its orientation, while the dark gray
regions indicate the back iron and flux concentrator.

these approaches rely on the high thermal conductivity along
the wire direction within the winding. All of these methods
rely on the transfer of heat through the wire insulation, as well
as on the use of long heat conduction distances, and so their
potential impact is limited.
Recently, within the robotics community there has been increasing interest in soft electrical conductors, most commonly
in the form of room-temperature liquid gallium-indium alloys
[5], [6]. To date, several simple electrical machines, such
as solenoids and voice coils [7]–[10], have been constructed
using liquid metal conductors. While these conductors are
mechanically soft and are not subject to mechanical fatigue,
which drives the interest in them within robotics, we have also
been inspired to consider another interesting property of liquid
metal: it can flow, allowing heat to be moved out of a coil via
motion of the conducting material itself. While liquid metals
have a long history in the nuclear industry as coolants, and
have been explored at smaller scales for electronics cooling
[11], [12], there have thus far been no reports on their use to
cool electric motors, let alone on using it to simultaneously
serve as coolant and coil conductor.
In this paper, we will discuss the scaling properties of such a

flowing-liquid-metal electrical coil (Fig. 1), and its theoretical
heat transfer performance. We will also present the design of
a prototype voice coil motor with a liquid metal coil, as well
as experiments validating its electromagnetic performance.
I. T HEORY
A. Conventional solid coil
For simplicity, we will consider a linear permanent magnet
voice coil actuator as an example electric machine that can
be built with a liquid conductor. We will first consider a basic
dimensional analysis of such a motor, using conventional cooling approaches. From [13], we find the scaling relationships
for thermal resistance due to conduction within the coil, Rth ,
and motor constant, Km :
1
,
(1)
Rth ∝
`κc
√
Km ∝ B xσ`3 ,
(2)
where ` is the length scale for the motor, x is the fill factor of
the coil winding, κc is the effective thermal conductivity of the
coil, B is the magnetic flux density in the motor, and σ is the
electrical conductivity of the coil. Combining these relations
with the usual definitions for thermal resistance and motor
constant, we can find an expression for the maximum motor
force Fmax that can be produced if the motor temperature is
limited to ∆Tmax ,
p
Fmax ∝ B`2 xσκc ∆Tmax .
(3)
Finally, in many applications (such as mobile robotics,
aerospace, and high-speed positioning) we are most interested
in the force density; that is, the force achievable from a given
mass of motor. Considering that the mass scales as M ∝ ρc `3 ,
where ρc , the mass density of the conductor, can be taken
as representative of the overall motor density, the scaling
0
is given by
relationship for the force density Fmax
p
B
0
Fmax
∝
xσκc ∆Tmax .
(4)
ρc `
Here, we have neglected any effect of the coil fill factor on
the coil density.
Using a conventional cooling approach, with the thermal
resistance dominated by conduction, we find that smaller
motors offer greater force densities than larger ones, though at
the price of low efficiency. The density, thermal conductivity,
and electrical conductivity of the coil are all important to the
performance. However, note that the effective thermal conductivity κc is dominated by the insulation, not the conductor
itself, in a conventional motor winding, and the conductor
thermal conductivity will have minimal impact on the effective
coil thermal conductivity.
The form of thermal transport within the motor has an
impact upon this scaling relationship. If surface convection,
rather than internal conduction, is the limiting factor, the length
scale appears in the thermal resistance as `2 , and the force
becomes proportional to `5/2 . The behavior of a motor cooled
by pumping the (fluid) wire along its length is not immediately
clear, however, and a more detailed analysis is needed.

B. Liquid metal coil
Consider a motor that contains a coil, with total volume V ,
made up of N electrically-parallel tubes of liquid metal, each
with diameter d. For simplicity, we neglect the wall thickness
of the tubes, and assume they fill the coil space without voids.
In order to provide continuous flow paths through the motor,
and to avoid the appearance of large potential differences
across pumps and cooling radiators located outside the motor,
these tubes must be connected fluidically in pairs, so that the
fluid inlets and outlets are at the same electrical potential, as
shown in Fig. 1. The liquid metal has density ρ, specific heat
cp , and viscosity η. In this motor, the temperature is limited by
the ability of the flow to carry heat, rather than by conduction
or external convection. The effective thermal resistance of the
fluid flow is given by
Rth,ef f =

1
,
ρcp Q

(5)

where Q is the volume flow rate of liquid metal.
Since it is not practical to provide an arbitrarily high flow
rate, we must relate it to the available pumping pressure ∆p.
Flows of liquid metals through pipes within magnetic fields
are dominated by magnetohydrodynamic effects, which tend
to suppress turbulence but introduce additional losses due to
eddy currents in the fluid. The key dimensionless parameter
governing the flow behavior under these conditions is the
Hartmann number,
r
1
σ
.
(6)
Ha ≡ dB
2
η
Assuming the flow to be laminar, and a moderate to large
value of Ha, the pressure-flow relationship is given by [14]


8N d3 ∆p
3π
1
−
,
(7)
Q=
√
3BLf ση
2Ha
where Lf is the length of the fluid flow path and can be found
as
8xV
.
(8)
Lf =
πN d2
For scaling purposes, we can neglect the correction factor in
(7), as the magnitude of the correction is within 50% over
a reasonable range of Hartmann numbers. Thus, returning to
the scaling analysis, we can first find the scaling of thermal
resistance,
√
xB`3 ση
Rth ∝
,
(9)
ρcp N 2 d5 ∆p
and then determine the scaling of the maximum force,
p
Fmax ∝ N d2 ρcp Ha∆Tmax ∆p,

(10)

and force density,
0
Fmax

 2
d
Np
∝
ρcp Ha∆Tmax ∆p.
`
ρ`

(11)

Here, we have used the Hartmann number to simplify the
expression.

TABLE I
C ONDUCTOR T HERMOPHYSICAL P ROPERTIES .
Metal
Cu [17]
Ag [17]
Al [17]
Hg [18]
Na [19]
NaK [20]
Ga [18]
GaIn [18]
GaInSn [11]

ρ
(kg/m3 )

σ
(MS/m)

κ
(W/m K)

cp
(J/kg K)

η
(mPa s)

8930
10500
2700
13533
927
867
6093
6280
6440

59.6
63.0
37.7
1.04
10.4
2.63
6.73
3.4
3.3

386
419
229
8.5
86.0
21.8
29.3
26.6
16.5

386
236
902
140
1383
971
410
404
296

—
—
—
1.53
0.69
0.94
1.37
1.99
2.4

With the coil metal flowing through the motor, the force now
no longer scales with the overall size of the motor, but instead
only with the diameter of the wire. More surprisingly, it also
no longer is sensitive to the fill factor - the reduced efficiency
is compensated for by easier heat transfer. Combined with
the scaling influence of the number of parallel windings, it is
clear that a motor with liquid metal windings benefits from
running at high levels of terminal current, and corresponding
low voltages; this imposes challenges for the drive electronics
and places demands upon the contact resistance to the liquid
metal. The force density does scale with motor size, in the
same way as for a conduction-dominated motor; however,
this can be compensated for by incorporating more parallel
windings as the motor increases in size, without compromising
the geometry.
A crucial limitation of this analysis is that it requires the
flow to remain laminar; while the magnetic field within the
motor will suppress turbulence, at sufficiently high flow rates
turbulence will appear and increase the required pressure.
Experimental data on turbulent magnetohydrodynamic flows
in circular tubes at moderate magnetic fields are scarce, but
the available data (e.g. [15]) suggest the increase in pressure
required is not extreme. (Most of the data on turbulent liquid
metal flows have been collected in regimes relevant to fusion
power plants, with large ducts, high fields, and low flow rates.)
To avoid turbulence, the ratio of the fluidic Reynolds number
to the Hartmann number should be kept below about 200 [16],
though the behavior remains similar to laminar flow until this
ratio reaches 400.
C. Performance comparison
To give some sense for the practical possibilities for this
approach, it is instructive to examine some numerical estimates
of performance. For a number of conventional (and some
unconventional) conductor materials, the important thermophysical parameters are given in Table I at room temperature
for the solid metals and the greater of room temperature and
the melting point for the liquids; NaK and GaIn refer to
the eutectic alloys, while GaInSn refers to the commerciallyavailable Galinstan alloy. For comparison purposes, we will
assume a motor with an airgap field of 0.5 T and a coil volume
of 100 cm3 , operating at a current density of 107 A/m2 , and
allow a temperature rise of 100 ◦ C.

First, consider a copper-coil motor, with a coil fill factor of
60 %. This motor would dissipate 100 W of heat, and generate
300 N of force, with a coil conductor mass of 536 g. Assuming
a typical coil thermal conductivity of 1 W/m K, cooling only
from the outside with an infinite convection, and negligible
curvature, the coil would need to be no thicker than 14 mm to
meet the temperature requirements.
Next, consider a liquid metal motor constructed using two
tubes of 4 mm inside diameter and 6 mm outside diameter.
These tubes act as two parallel windings electrically, with a
fill factor of 35 %, but are connected fluidically in series to act
as a single flow passage. While there are a variety of metals
and alloys that could be used, we will investigate the use of
gallium-indium eutectic alloy. This alloy is non-flammable,
non-toxic, and liquid at room temperature. Using this alloy,
the coil conductor mass is a much lower 220 g. To achieve
the same force output as the copper coil, the motor requires
a 70 % higher current density, leading to a terminal current
of 430 A and power consumption of 3 kW. While this power
dissipation is some 30 times higher than in the copper-coil
motor, it requires a flow rate of just 12 cm3 /s to remove. This
flow is within the laminar behavior limits, with Re/Ha =
290, and requires a modest 18 kPa of pressure to drive, or a
pumping power of 0.2 W.
At modest current densities and steady state operation,
the liquid metal coil motor clearly has few advantages over
copper, though the enhanced heat transfer allows it to keep up
with the force output. Under extreme and/or pulsed operation
conditions, the two motor types now exhibit rather different
behavior. Consider, for instance, asking each motor to produce
3 kN of force; this implies a copper current density of
108 A/m2 . For the copper coil, assume the pulse of force starts
when the coil is 50 ◦ C above ambient temperature. Without
any cooling, the inefficiency of the liquid metal creates a large
discrepancy in capability - the copper coil can produce this
force for 1 s, while the liquid metal coil can only run for 30 ms
before becoming too hot. However, assuming a 14 mm thick
coil as was permitted before, the copper coil must cool down
for over a minute before the next pulse, running at a duty cycle
of 1.5 %. For a 30 ms pulse, the duty cycle is even lower,
at 0.17 %. Assuming the same pump system as previously
used, the liquid metal coil is completely replaced after just
3 seconds, allowing a duty cycle of 1.0 % on its 30 ms pulse.
Re-configuring the coil can improve the performance further: using two parallel flow passages quadruples the flow for
the same pressure, cutting the cooling time by a factor of
4 and increasing the duty cycle to 4 %. While the terminal
characteristics of the motor might become impractical, ten
parallel flow passages would enable the liquid metal motor to
provide this high force continuously, with a pumping power of
just 21 W. For the copper coil to offer continuous performance
at this level, it could be no thicker than 1.4 mm (unless an
edge-wound coil were used), and it would require a very
high-performance convection cooling system to remove the
heat from the outside of the coil surface sufficiently easily.
In short, the pumped liquid metal coil offers advantages for

TABLE II
ACTUATOR CHARACTERISTICS .
Magnet inner radius (mm)
Magnet outer radius (mm)
Magnet length (mm)
Iron core length (mm)
Coil inner radius (mm)
Coil outer radius (mm)
Coil length (mm)
Shell inner radius (mm)
Shell outer radius (mm)
Shell length (mm)
Airgap flux density √
(T)
Motor constant (N/ W)

3.0
20
40
8.0
21.5
39
24.2
39.5
43
48
0.67
2.3

short-duration pulsed force applications and very high force
densities, by eliminating conduction resistance and thermal
diffusion within the coil and by allowing heat rejection to
ambient to be located remotely from the motor.

Fig. 2. Schematic cross-section of voice coil.

II. E XPERIMENTAL T EST-B ED
In order to explore the potential for a pumped-coil actuator,
we constructed a linear voice coil actuator using a liquid
metal coil containing gallium-indium eutectic. The alloy was
prepared by dissolving chunks of indium (99.99 % purity,
Roto Metals) into gallium (99.99 %, Roto Metals) that had
been melted in boiling water, for a final composition of
21.4 % indium by mass. The resulting alloy was handled and
stored so as to avoid contact with all other metals, to avoid
contamination.
There are a number of practical difficulties associated with
working with liquid metal. Most prominently, gallium-based
liquids aggressively attack most other metals. Around room
temperature, stainless steel can be used, but other common
metals either experience immediate attack (aluminum, zinc,
silver) or are affected by the gallium alloy within days (copper,
nickel, gold) [21]. At elevated temperatures, stainless steel is
unsuitable, and refractory metals are required. On the other
hand, organic materials, silicones, and most ceramics are
unaffected by gallium-based alloys, and can be used freely.
Thus, the “wires” for the coil were made using silicone tubing,
with an inner diameter of 2 mm and outer diameter of 3 mm.
Electrical contact was made using ceriated tungsten welding
electrodes, to maintain the purity of the liquid alloy.
Based on these practical constraints, the design of the
actuator was optimized using a basic magnetic circuit model,
using the topology in Fig. 1 and assuming all flux crosses
the air gap at the iron pole piece. The design was required
to generate at least 9 N from no more than 10 A of current
input, with a stroke length of at least 9 mm. A grid search
over magnet length, magnet radius, pole piece length, and coil
length was performed to find an appropriate design.
The key dimensions of the actuator are given in Table II, and
shown schematically in Fig. 2. The coil was supported using
a 3D-printed bobbin, with spiral grooves to guide the tubing.
Sharp bends must be avoided to prevent tubing kinks, and so a
feature at the bobbin end gently guides the tubing out from the

Fig. 3. Assembled voice coil actuator, with eutectic Ga-In alloy filling the
tubing. The tubing joins are located above the cup, to protect against leaks.

center of the coil. As discussed above, the coil must be bifilarwound, with one tube passing current in the same direction as
the flow, and the other tube passing current opposite to the
flow. While these dimensions optimize the force production
from the actuator subject to constraints around tubing diameter
and feature size, we anticipate that further improvements could
be made through the use of custom tubing and/or a less
conventional magnetic circuit design. No bearing structure
is provided; the bobbin’s inner surface rides on the magnet
surface.
The assembled actuator is shown on the right in Fig. 3.
A plexiglass fluid reservoir is connected to both the inlet
and the outlet of the tubing (the ”+” terminal in Fig. 1), for
static characterization of motor performance. One electrical
connection is made to this pool of metal; the other is made
to the mid-point of the tube using a Nylon barbed fitting
containing a press-fit tungsten electrode (the ”-” terminal in
Fig. 1).

Fig. 5. Thermal images of the working actuator; the left image was taken
while current was applied, while the right was taken several seconds after
current was turned off.
Fig. 4. Force-current relationship for the experimental actuator.

Experiments were conducted using a laboratory power supply (Skytronic 650.682) and a hand-held multimeter (Fluke
117); force was measured via the motor’s ability to lift its own
coil and bobbin weight (312 g) plus a set of additional lead
weights against gravity. Temperatures were measured using a
hand-held thermal camera (FLIR i50).
III. R ESULTS AND D ISCUSSION
Initial characterization of the actuator has been performed
under static conditions. As shown in Fig. 4, the force-current
characteristic
is linear, and the resulting motor constant of
√
2.3 N/ W is in close agreement with the model predictions.
Some significant heating at the mid-tubing electrode occurred,
as shown in Fig. 5, likely due to incomplete removal of air
and/or the small contact area between the tungsten electrode
and the liquid alloy.
It is important to note that the liquid metal approach requires
some sacrifices. Most prominently, gallium-based alloys have a
significantly lower electrical conductivity than typical copper,
or even aluminum, windings. The conductivity of galliumindium eutectic alloy is approximately 17 times lower than
that of copper, and so a motor of this type must dissipate
more power for the same force than a conventional actuator.
This is compounded by the significant wall thickness of tubing
required to contain the liquid metal, reducing the fill factor
well below that typically achieved. Nonetheless, the approach
may have significant benefits for some difficult-to-cool motor
use cases, particularly in pulsed power applications or where
extremely large forces are required in small spaces without
regard to the size and cost of support equipment. In addition,
this approach significantly enhances the force capability in
soft robotic systems using electromagnetic actuation, where
the limited fatigue life of solid metallic conductors forces the
use of liquid metal, and where the thick, elastomeric wire
insulation impedes cooling by conventional means.
IV. C ONCLUSION
In summary, we have presented a new coil design concept
using a flowing liquid metal as the coil conductor, and developed a model that describes its thermal and electromagnetic
performance. Overall, while a liquid metal coil consumes

substantially more power than an equivalent copper coil, our
calculations suggest it is capable of comparable or greater
maximum force production under realistic cooling conditions.
We have verified that the design concept works electromagnetically in a simple voice coil topology, and that the
practical details of handling such a coil and making electrical
connections to it are manageable.
With the basic functionality of the motor proven, what
remains is to demonstrate the efficacy of flow cooling. Work
is underway to construct an appropriate pump and heat rejection system, which can be adapted for use in soft robotic
applications.
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