

View

Online


Export
Citation

PAPERS |  OCTOBER 01 2024

Elongation of a ferrofluid droplet near a permanent magnet:
A tidal or magnetic energy effect? 
Zoe Boekelheide

Am. J. Phys. 92, 752–758 (2024)
https://doi.org/10.1119/5.0207189

 25 Septem
ber 2024 13:11:06

https://pubs.aip.org/aapt/ajp/article/92/10/752/3312300/Elongation-of-a-ferrofluid-droplet-near-a
https://pubs.aip.org/aapt/ajp/article/92/10/752/3312300/Elongation-of-a-ferrofluid-droplet-near-a?pdfCoverIconEvent=cite
javascript:;
https://crossmark.crossref.org/dialog/?doi=10.1119/5.0207189&domain=pdf&date_stamp=2024-10-01
https://doi.org/10.1119/5.0207189
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2279030&setID=592934&channelID=0&CID=836688&banID=521589952&PID=0&textadID=0&tc=1&rnd=4524187828&scheduleID=2199326&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&matches=%5B%22inurl%3A%5C%2Fajp%22%5D&mt=1727269866460986&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faapt%2Fajp%2Farticle-pdf%2F92%2F10%2F752%2F20155041%2F752_1_5.0207189.pdf&hc=d7703b3435387ef55f04ba674c5fda3548680cf0&location=


Elongation of a ferrofluid droplet near a permanent magnet: A tidal or
magnetic energy effect?
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Ferrofluid droplets falling toward a permanent magnet elongate as they approach the magnet. This

phenomenon has been proposed as a way to visualize how tidal (nonuniform) forces can cause

stretching/elongation of objects, such as the bulging of Earth’s oceans under the nonuniform force

of the Moon’s gravity. In this manuscript, we analyze a ferrofluid in the nonuniform magnetic field

of a permanent magnet and compare a simple model for the tidal stretching mechanism with the

magnetic energy mechanism, which is known to stretch a ferrofluid droplet even in a uniform

magnetic field. Far from the magnet, both mechanisms display power-law behavior as a function of

the distance to the magnet z; for the tidal mechanism, the droplet’s elongation is proportional to

1=z8, while that due to the magnetic energy mechanism is proportional to 1=z6. Thus, the

elongation of a droplet falling toward a permanent magnet is initially dominated by the magnetic

energy effect. The tidal effect overtakes the magnetic energy effect as the droplet approaches the

magnet, and at a critical distance, a tidal disruption event occurs. This system can be studied in

the laboratory and could be used as an exploratory laboratory for student-designed

experimentation. # 2024 Published under an exclusive license by American Association of Physics Teachers.

https://doi.org/10.1119/5.0207189

I. INTRODUCTION

It is commonly known that Earth’s ocean tides are related to
the Moon’s gravity. However, many people (including
advanced physics students!) misunderstand the mechanism.1

Tidal forces in physics refer to nonuniform forces acting on
extended bodies; the difference in the force acting on different
points on the body leads to stretching or compression. In the
case of Earth’s ocean tides, the difference in the Moon’s 1=r2

gravitational force acting on the near and far sides of Earth
leads to stretching of Earth’s ocean of about half a meter. Tidal
effects are ubiquitous in astrophysics; an extreme example is
“spaghettification,” which refers to the stretching that would
occur very near a black hole (usually, as an object is falling
into said black hole).2 How can we demonstrate tidal forces?

Ferrofluids are colloidal suspensions of ferromagnetic par-
ticles in a liquid.* They are most well-known for the dra-
matic spiky patterns that occur when a magnetic field is
applied perpendicular to a pool of ferrofluid on a surface; the
phenomenon is known as normal field instability3 and an
example is shown in Fig. 1(a). Ferrofluid droplets falling
toward a permanent magnet elongate in the magnetic field,
and it has been reported that the elongation is a demonstra-
tion of tidal forces.2 An example of this elongation from our
work is shown in Figs. 1(c)–1(e). The magnetic attractive
force due to the permanent magnet’s 1=r3 field is stronger on
the near end of the droplet than the far end, which leads to
tidal stretching similar to that of Earth’s oceans.

However, free droplets of ferrofluid are known to elongate
even in a uniform applied magnetic field (see Fig. 1(b)). This
happens for the same reason that normal field instability
occurs—the elongated shape lowers the droplet’s magnetic

energy in its own field, a self-energy effect.† Which effect
dominates when we perform such an experiment? Do ferro-
fluids falling toward a permanent magnet demonstrate tidal
forces (i.e., the stretching is truly caused by tidal forces)? Or
is it a visual analogy (i.e., stretching and tidal forces occur
but are not causative)?

In order to understand which mechanism dominates under
which circumstance, in this manuscript we analyze ferrofluid
droplet elongation in the field of a permanent magnet due to
tidal (nonuniform) magnetic forces as well as to the magnetic
energy effect which occurs even in a uniform magnetic field.

II. DROPLET AND PERMANENT MAGNET MODEL

A. Permanent magnet

As shown in Fig. 2, assume a permanent magnet with
dipole moment ~mp located at the origin and pointing up. A
droplet of ferrofluid is vertically above it, falling down along
the magnet’s axis, and is instantaneously at position ~z. The
applied magnetic field ~Ba at~z along the axis is

~Ba ¼ l0
~Ha ¼

l0mp

2pz3
ẑ: (1)

B. Ferrofluid droplet geometry

Assume the droplet is initially spherical with radius a0.
When stretched, we will approximate it as an ellipsoid (pro-
late spheroid) with semimajor axis c > a0, semiminor axes
a < a0, and constant volume,

*Ferrofluids can be purchased from suppliers such as Ferrotec6 (350 ml for

about $100) or in smaller quantities from various vendors on Amazon.

They can also be synthesized using fairly straightforward chemistry labo-

ratory techniques.18

†Interestingly, self-energy effects have been implicated in the gravitational

tides of Earth’s oceans since the time of Newton,19 though they are often

ignored in simple models. However, in contrast to the situation here,

Earth’s gravitational self-energy only amplifies the gravitational tidal

effect, while magnetic self-energy effects exist even in the absence of

magnetic tidal effects.
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V ¼ 4

3
pa3

0 ¼
4

3
pa2c: (2)

The ellipsoid model is a good approximation for smaller
elongations, but experiments have shown more pointed ends
when c=a � 2 (Ref. 4) and close to the magnet, the elonga-
tion may be unequal on the near and far sides of the droplet.

The droplet’s resistance to stretching comes primarily
from the surface energy: E ¼ rA, where r is the surface
energy per area and A is the surface area. The surface energy
is minimized for a spherical droplet (c¼ a0) and increases as
c varies from a0 in either direction. Thus, a harmonic approx-
imation to the surface energy is reasonable for small
ðc� a0Þ (Ref. 5). This is equivalent to an ideal spring-like
force,

Fspring ¼ �kx and Uspring ¼
1

2
kx2; (3)

where x is the elongation of the droplet 2ðc� a0Þ. Plotting the
surface area of an ellipsoid vs. ðc� a0Þ can show that a
U / ðc� a0Þ2 potential is a good approximation to the surface
energy of an ellipsoid for smaller elongations
ðc� a0Þ=a0 � 0:2.

C. Ferrofluid droplet magnetization

The ferrofluid is an approximately linear magnetic mate-
rial for low fields, before the ferrofluid approaches satura-
tion. For common commercial ferrofluids, the linear
approximation is valid up to around tens of milliTesla.5–7 In

the linear regime, the ferrofluid has intrinsic susceptibility v
and effective susceptibility veff such that its magnetization
(magnetic moment per unit volume) can be written as

~M ¼ v~H ¼ veff
~Ha; (4)

and a chunk of ferrofluid with volume vf has moment

~mf ¼ vf
~M ¼ vfveff

~Ha: (5)

Here, ~H is the total ~H field in the droplet: ~H ¼ ~Ha þ ~Hd,
where ~Ha represents the component of ~H from the external
permanent magnet while ~Hd is the demagnetizing field due
to the ferrofluid’s own magnetization. The demagnetizing
field can be described by the demagnetizing factor‡ Nd,
which depends on the geometry of the object,8

~Hd ¼ �Nd
~M: (6)

Using Eqs. (6) and (4), it can be shown that

Fig. 2. (a) Initially spherical droplet of ferrofluid with radius a0, far from a

permanent magnet (b) Stretched droplet approximated as a prolate spheroid

with semimajor axis c > a0 and semiminor axes a < a0, as it falls toward a

permanent magnet.

Fig. 1. (a) A ferrofluid exhibiting normal field instability, perhaps the most

well-known ferrofluid phenomenon. (b) Elongation of a ferrofluid droplet

suspended in corn syrup in a horizontal near-uniform magnetic field gener-

ated by Helmholtz coils, captured with a smartphone camera. (c)–(e)

Elongation of a ferrofluid droplet as it falls toward a 10.4 A m2 permanent

magnet, captured by a high-speed camera at 1000 fps with 5� shutter speed.

(e) is reminiscent of spaghettification.

‡In general, the demagnetizing field need not be uniform inside an arbi-

trarily shaped object. Fortunately, a uniformly magnetized ellipsoid is a

special case for which the demagnetizing field is uniform and can be

described by a single demagnetizing factor.8
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veff ¼
v

1þ vNd

: (7)

The demagnetizing factor Nd for a prolate spheroid§ is typi-
cally written in terms of the aspect ratio c ¼ c=a (Ref. 8).
We rewrite it in terms of c0 ¼ c=a0 ¼ ðc=aÞ2=3

because in
our system a is not a constant.

Nd ¼
1

ðc2 � 1Þ
cffiffiffiffiffiffiffiffiffiffiffiffiffi

c2 � 1
p ln cþ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 � 1

p� �
� 1

" #
(8)

¼ 1

ðc03 � 1Þ
c03=2ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c03 � 1

p ln c03=2 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c03 � 1

p� �
� 1

" #
: (9)

Ndðc0Þ is shown in Fig. 3. It can be seen that, for a spherical
droplet (c0 ¼ 1), Nd ¼ 1=3. As the droplet elongates
(c0 ! 1), Nd ! 0.

In Secs. III–V, we will study the elongation of a ferrofluid
droplet from the magnetic energy and tidal effects as a frac-
tion of a0, using the “fractional extension” ðc� a0Þ=a0, or
strain, as a metric.

III. MAGNETIC ENERGY IN A UNIFORM

MAGNETIC FIELD

There is a magnetic energy effect that causes a ferrofluid drop-
let to elongate in a magnetic field, even in a uniform magnetic
field, as seen in Fig. 1(b). The phenomenon of elongation of fer-
rofluid droplets due to this magnetic energy effect has been the
subject of significant previous and continuing study. In short, for
small fields, the fractional extension is proportional to B2

a (Ref.
5) (or, 1=z6 in a dipole field). Below, we present an analysis that
loosely follows that of Bacri and Salin.4

The total magnetic energy of a system (assuming only lin-
ear magnetic media) is10

W ¼ 1

2

ð
~B � ~Hds; (10)

integrated over the entire volume. It can be shown that, when
magnetic field sources are fixed, the change in energy upon

introducing a piece of linear magnetic material into the sys-
tem is3,11

DW ¼ � 1

2

ð
V

~M � ~Bads; (11)

integrated over the volume of the magnetic material. Thus,
the magnetic energy of the material in the presence of the
fixed sources (relative to when the material was far away)
can be written as5

Umag ¼ �
l0

2

ð
V

veffH
2
a ds or � 1

2l0

ð
veffB

2
ads: (12)

For a uniform applied field and a homogeneous material, the
integral is trivial,

Umag ¼ �
1

2l0

veffB
2
aV: (13)

Then, plugging Eq. (7) into Eq. (13), the magnetic energy
can be written as

Umag ¼ �
B2

aV

2l0

v
1þ vNd

: (14)

Since as the droplet elongates, Nd ! 0 (Fig. 3), the magnetic
energy (Eq. (14)) of a magnetized droplet is decreased when
it is elongated, as expected.

The total energy of the droplet in the presence of a uni-
form magnetic field is then

Etot ¼ Uspring þ Umag (15)

¼ 1

2
kð2ðc� a0ÞÞ2 �

B2
aV

2l0

v
1þ vNd

: (16)

The energy is minimized when dEtot=dc ¼ 0

dEtot

dc
¼ 4kðc� a0Þ þ

B2
aV

2l0

v2

ð1þ vNdÞ2
dNd

dc
¼ 0: (17)

Rearranging, the fractional extension due to the magnetic
energy effect ððc� a0Þ=a0Þm�e is

c� a0

a0

� �
m�e

¼ � B2
aV

8l0ka2
0

v2
eff

dNd

dc0
; (18)

using the fact that dNd=dc ¼ ðdNd=dc0Þðdc0=dcÞ ¼ ðdNd=
dc0Þð1=a0Þ.

In the scenario where the applied field is due to an external
permanent magnet (Fig. 2), we plug Eq. (1) into Eq. (18) and
obtain

c� a0

a0

� �
m�e

¼ �
l0Vm2

pv
2
eff

32p2ka2
0z6

dNd

dc0
: (19)

A. Approximation: Elongation is small:

((c 2 a0)/a0)m2e�� 1

For small extensions ðððc� a0Þ=a0Þm�e � 1, or c0 � 1),
the droplet shape is essentially unchanged, so Nd and

Fig. 3. Nd and dNd=dc0 as a function of c0 ¼ c=a0 from Eq. (9).

§A number of different, equivalent expressions have been published. A

recent one, written in terms of the eccentricity of the spheroid, can be

found in Ref. 9.
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dNd=dc0, and therefore veff as well, are effectively constant.
So, in that regime, by Eq. (18), the fractional extension of the
droplet due to the magnetic energy effect ððc�a0Þ=a0Þm�e is
simply /B2

a (Refs. 4, 5, and 12). In the field of a dipole per-
manent magnet, then, ððc�a0Þ=a0Þm�e/1=z6.

For large extensions, Ndðc0Þ; dNd=dc0, and veff cannot be
treated as constant, and by Eq. (19), ððc� a0Þ=a0Þm�e must
change more slowly than 1=z6. In that case,
ððc� a0Þ=a0Þm�e may be solved for computationally.

IV. MAGNETIC TIDAL FORCE IN A NONUNIFORM

MAGNETIC FIELD

Tidal effects arise from force gradients. An excellent
resource with a straightforward example analytically deriv-
ing the gravitational tidal force on Earth’s oceans is Taylor’s
Classical Mechanics.1 We start with the magnetic force on a
chunk of the ferrofluid with moment ~mf ,

13

~F ¼ ~mf � ð~r � ~BaÞ þ ð~mf � ~rÞ~Ba: (20)

The first term is zero, and we use Eqs. (1) and (5) to evaluate
the second term. Then,

~F ¼ vfveff
~Ha � ~r

� �
~Ba (21)

¼ vfveff

mp

2pz3
ẑ � ~r

� �
l0mp

2pz3
ẑ

� �
(22)

¼ vfveff

mp

2pz3

� �
�3

l0mp

2pz4
ẑ

� �
(23)

¼ �
3l0vfveffm

2
p

4p2z7

� �
ẑ: (24)

The force on a chunk of ferrofluid in the dipole field of
the permanent magnet is strongly nonuniform, as
depicted in Fig. 4(a), with a 1=z7 dependence on the
distance from the permanent magnet. (Note, the
U / 1=z6; F / 1=z7 dependence is a magnetic version of
the familiar induced dipole–dipole interaction, like the
Van der Waals interaction, the attractive term in the
Lennard-Jones potential.14)

Tidal forces are commonly analyzed within an accelerat-
ing reference frame centered on the center of mass (CM) of
the object of interest.1 In this case, we analyze the forces
within a frame fixed to the center of the ferrofluid droplet,
which is accelerating** with~a ¼ ~Fð~zCMÞ=m. In the accelerat-
ing reference frame, we add an inertial force ~Finertial ¼ �m~a
to the net force at a given point. Thus, in the accelerating
frame, the net force at a given point ~z on the ferrofluid is
given by the difference in forces between that point and~zCM,
in the inertial frame, as shown in Fig. 4(b).

The tidal force is the force difference,

~Ftidal ¼ D~F ¼ ~Fð~zÞ � ~Fð~zCMÞ; (25)

which, for points along the axis of ~mp above the permanent
magnet, becomes

~Ftidal ¼ �
3l0vfveffm

2
p

4p2

1

z7
� 1

z7
CM

� �
ẑ: (26)

Applying the ideal spring-force model to points on the near
and far ends of the droplet, in equilibrium the stretching tidal
force must be balanced by the spring force,

�
3l0vfveffm

2
p

4p2

1

z7
� 1

z7
CM

� �
¼ kfx (27)

or,

7
3l0vfveffm

2
p

4p2

1

ðzCM 6 cÞ7
� 1

z7
CM

 !
¼ 2kfðc� a0Þ:

(28)

Here, z ¼ zCM 6 c refer to the far and near sides of the drop-
let, respectively, and the 7 in front of the expression ensures
that the magnitude of the force is positive. The extension of
the droplet x ¼ 2ðc� a0Þ, and kf is the spring constant corre-
sponding to displacement of a chunk vf . Two factors make it
challenging to solve this equation for c, or the fractional
extension of the droplet ðc� a0Þ=a0, on the near and far
sides of the droplet: First, solutions to high order polynomial
equations are messy, and second, veff actually depends on c
as we saw in Sec. III. However, there are two different con-
ditions that allow us to make simplifying approximations to

Fig. 4. (a) Forces on parts of the droplet in an inertial reference frame and

(b) forces on parts of the droplet in a reference frame that is accelerating

with the center of mass of the droplet. Not to scale.

**Note that here we are ignoring an additional uniform acceleration ~g due

to gravity, assuming we pursue this demonstration on Earth in the config-

uration shown in Fig. 2. Gravitational acceleration has no effect except to

make the droplet fall faster; it could, therefore, change the dynamics of

the system (e.g., does the droplet have time to stretch to reach equilib-

rium?) but such dynamics are beyond the scope of this manuscript.
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gain analytical insight into this system. The first is when
z� c, and the second is when ðc� a0Þ=a0 � 1. When these
approximations are not valid, we can numerically calculate
the solution.

A. Approximation: z is large: z� c

When the droplet is far from the magnet (z� c), the tidal
force varies approximately linearly across the droplet and
can be approximated as15

Ftidal ¼ DF ¼ dF

dz

� �
Dz ¼ 6

21l0vfveffm
2
p

4p2z8

� �
Dz (29)

for small deviations Dz around a given z, and can be assumed
to be equal and opposite on the near and far sides of the
droplet. So, because the magnetic force goes like 1=z7, the
tidal force (proportional to the force gradient) goes like
1=z8—just as how, for the gravitational force / 1=r2, gravi-
tational tidal forces go like 1=r3 (Refs. 1 and 15).

Then, balancing the tidal force with the spring force,

Ftidal ¼
21l0veffvfm

2
p

4p2z8

� �
Dz ¼ kfx (30)

¼
21l0veffvfm

2
p

4p2z8

� �
c ¼ 2kfðc� a0Þ: (31)

We can then write the fractional extension of the droplet as

c� a0

a0

� �
tidal

¼ 1� 1

2

21l0veffvfm
2
p

4p2kfz8

 !�1

� 1: (32)

Because veff depends on c, this is not actually a solution until
we make a second approximation.

B. Approximation: Elongation is small:

((c 2 a0)/a0)tidal�� 1

When z� c and also the fractional extension is small,
ððc� a0Þ=a0Þtidal � 1, the 1=z8 term in Eq. (32) must be
small, so the binomial approximation can be used. In
addition, when the fractional extension is small,
ððc� a0Þ=a0Þtidal � 1, the droplet shape is basically
unchanged and so veff is effectively constant as in Sec. III A.
Then, Eq. (32) can be approximated as

c� a0

a0

� �
tidal

¼
21l0veffvfm

2
p

8p2kfz8
: (33)

So, the fractional extension of the droplet due to the tidal
effect ððc� a0Þ=a0Þtidal / 1=z8 for small ððc� a0Þ=a0Þtidal

and large z.

C. Critical z

From Eq. (32), there seems to be a critical z for which
ððc� a0Þ=a0Þtidal !1, and we can obtain a rough estimate
for the critical distance from the permanent magnet,

zcrit �
21l0veffvfm

2
p

8p2kf

 !1=8

: (34)

In the exact equation (Eq. (28)), the critical distance corre-
sponds to the distance zCM below which there is no positive,
real solution for c on the near side of the droplet.

Physically, at the critical distance, the tidal force on the
near side of the droplet exceeds the possible restoring spring
force, so the forces on the near end of the droplet are not in
equilibrium. The droplet stretches rapidly until the near end
is pulled into the magnet in a tidal disruption event. This
means that, for large extensions, the fractional extension
increases more rapidly than 1=z8.

The critical distance zcrit is analogous to the Roche limit in
astrophysical tidal systems. The Roche limit is the minimum
orbital radius at which an orbiting body can remain intact;
for orbital radii below the Roche limit, an orbiting body is
pulled apart by tidal forces.15

V. COMPARING THE TIDAL AND MAGNETIC

ENERGY EFFECTS

When z is large and the extension of the droplet is small,
both tidal and magnetic energy effects lead to fractional
extensions of the ferrofluid droplet that obey simple power

Fig. 5. Numerical calculation of the fractional extension of the ferrofluid

droplet due to the tidal effect and the magnetic energy effect for two sets of

parameters. (a) Log scale and (b) linear scale for a calculation using v¼ 3,

a0 ¼ 0:001 m, k¼ 0.1 N/m, and mp ¼ 10 A m2. (c) Log scale and (d) linear

scale for a calculation using v¼ 1, a0 ¼ 0:002 m, k¼ 0.1 N/m, and

mp ¼ 1 A m2. The orange solid lines are calculated using Eq. (19) and the

blue solid lines are calculated using the average of the solutions to Eq. (28)

for the near and far sides of the droplet. The dashed blue lines are not a solu-

tion to the mathematical equilibrium equation but represent the expected

physical response to nonequilibrium conditions at the critical distance.
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laws. In that regime, we expect the magnetic energy effect
(/ 1=z6) to dominate the tidal effect (/ 1=z8).

When these approximations are not valid, we can numeri-
cally calculate the fractional extension ðc� a0Þ=a0 due to
the tidal effect (Eq. (28)) and due to the magnetic energy
effect (Eq. (19)). To compare the tidal model (which ana-
lyzes a chunk of ferrofluid with volume vf and spring con-
stant kf) with the magnetic energy model (which analyzes
the entire droplet with volume V and spring constant k), we
make the reasonable assumption that vf=kf � V=k.

Such a calculation is shown in Fig. 5 for two sets of repre-
sentative parameters. The calculations are shown on log –log
axes in Figs. 5(a) and 5(c) so that the power-law behavior is
evident at large z, with the magnetic energy effect dominat-
ing. Deviations from the power-law behavior are evident at
smaller z. As z decreases, the tidal effect overtakes the mag-
netic energy effect, and at a critical distance from the mag-
net, the droplet rapidly elongates until the near end is sucked
onto the magnet in a tidal disruption event, represented by
the dashed blue lines in Fig. 5.

The exact point of crossover between the magnetic energy
regime and the tidal regime depends on the details of the fer-
rofluid and the permanent magnet. For the parameters used
in Figs. 5(a) and 5(b) (large magnet, large v, and small drop-
let), the magnetic energy effect clearly dominates for almost
the entire range of z—essentially until the critical distance at
which the tidal disruption event occurs. However, for the
parameters used in Figs. 5(c) and 5(d) (smaller magnet,
smaller v, and larger droplet), while the magnetic energy
effect dominates at large z, the tidal effect begins to domi-
nate earlier, and in fact dominates for most of the range of z
at which droplet extension would be visible by eye. The
insets shown in Figs. 5(b) and 5(d) show the same numerical
calculations on a linear scale, more relevant to what an
experimenter would observe by eye or with a camera.

To understand where this crossover occurs more systemat-
ically, we can find the value of z for which ððc� a0Þ=a0Þtidal
¼ ððc� a0Þ=a0Þm�e. Using the simple power-law relations
of Eqs. (33) and (19), that value for z is given by

zcrossover �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

84

veff

				 dNd

dc0

				
vuuut a0: (35)

For the representative values used in Figs. 5(a) and 5(b),
then, the two effects should be approximately equal when
z � 12 mm, while for those used in Figs. 5(c) and 5(d), the
two effects should be approximately equal when z � 33 mm.
In the numerical calculation, the crossovers occur at some-
what higher values of z because of the deviations from the
power-law behavior.

Finally, we can return to the question: Which mechanism
dominates the elongation of the ferrofluid droplet—the magnetic
energy effect or the tidal effect? Clearly, the magnetic energy
effect must dominate at large z. At small z, we expect the tidal
effect to dominate at least momentarily at the critical z at which
there is a tidal disruption event. Is the tidal effect significant out-
side of that critical event? To answer this, we can compare zcrit

from Eq. (34) and zcrossover from Eq. (35). If zcrossover > zcrit then
the tidal effect is significant for a range of z before the tidal dis-
ruption event occurs, like in Figs. 5(c) and 5(d). If zcrossover

< zcrit then the tidal effect is only significant momentarily at the
critical z, like in Figs. 5(a) and 5(b).

Figure 6 maps zcrit ¼ zcrossover for a range of a0, mp, and v
values. For sets of parameters above the surface, the mag-
netic energy effect dominates the entire time (up until zcrit),
whereas for sets of parameters below the surface, the tidal
effect dominates for some range of z before zcrit. The mag-
netic energy effect dominates when v is large since two fac-
tors of v appear in Eq. (19) and only one in Eq. (33). The
tidal effect dominates for larger droplets since there is a
larger force difference between the near and far sides of the
droplet. Tidal forces are also more significant for smaller
permanent magnet moments mp because, at a distance z to
achieve a given magnetic field, the field gradient is larger for
the smaller magnetic moment magnet than a larger one.

VI. USE IN EDUCATIONAL SETTINGS

These models can be understood almost entirely using
physics textbooks at the level of the advanced undergraduate,
many of which are classic texts that physics majors will be
familiar with from coursework.1,13–15 Details of the magnetic
energy are accessible to advanced undergraduates,8 though
they may not yet have familiarity with the details unless they
have studied magnetism.

Fig. 6. Contour of zcrit ¼ zcrossover for a range of a0, mp, and v with k¼ 0.1

N/m. For sets of parameters above the contour, the magnetic energy mecha-

nism dominates the entire time up until zcrit. For sets of parameters below

the contour, the tidal effect is significant for a range of z.

Fig. 7. Fractional extension of ferrofluid droplets measured with a high-

speed camera, dropped through a nearly uniform field (from Helmholtz

coils) compared to a nonuniform field (from a permanent magnet).
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Aspects of these models can be tested experimentally by
students in a variety of creative ways using affordable and
easily accessible equipment such as permanent magnets to
create nonuniform fields, electromagnets to create near-
uniform fields, and commercially available ferrofluid. A high-
speed camera (	 1000 frames per second) is useful for cap-
turing falling droplets, if available (Figs. 1(c)–1(e)). However,
static effects can be tested on ferrofluid droplets in water or
corn syrup with a simple smartphone camera (Fig. 1(b)).

Figure 7 shows one possible such dataset: the measured frac-
tional extension of �10ll ferrofluid droplets (nominal v ¼ 2:64
(Ref. 6)) measured with a high-speed camera as a function of the
magnetic field in two scenarios: falling through a nearly uniform
magnetic field generated by Helmholtz coils and falling through
a nonuniform magnetic field toward a permanent magnet (100

length� 7/800 diameter, NdFeB, Grade N42 (Ref. 16) with
moment 10.4 A m2). To compare droplets, a consistent droplet
size is recommended, so a micropipette is useful. The images in
Figs. 1(c)–1(e) are from this experiment.

In this case, the fractional extension in the two scenarios
is the same, within the uncertainty, in the field range in
which the data overlap, so the data support that the primary
mechanism for droplet elongation as it approaches this
magnet is the magnetic energy effect rather than tidal
forces, as expected for this set of experimental parameters
from Fig. 6. The B2

a behavior can be observed at low fields
and elongations, with deviation from that behavior at larger
fields.

One significant source of error in the measurement of fall-
ing droplets is the time needed for the droplet to deform—a
few milliseconds delay can be significant for droplets mea-
sured at 	 1000 frames per second. This error is more signifi-
cant when using smaller permanent magnets (0.1–1 A m2)
because measurable deformations occur near the magnet
where the field gradient is very high and the droplet experi-
ences a rapidly increasing field.

VII. CONCLUSION

The American Association of Physics Teachers (AAPT)
advises that students in undergraduate physics laboratories
should be involved in constructing knowledge, including
posing scientific questions themselves and designing experi-
ments to answer those questions.17 We suggest the topic of
elongation of ferrofluid droplets in an applied magnetic field
as an open-ended laboratory project in which students can
pose their own scientific questions and then design their own
experiments. In doing so, they could test the models or parts
of the models delineated here, which they can understand
using their advanced undergraduate physics knowledge.
They might find it particularly interesting given that it is a
topic that has been popularized by a video with millions of
views.2 In the Advanced Physics Laboratory course at our
small liberal arts college, students designed and implemented
experiments to: test the elongation of ferrofluid droplets in a
uniform field (Helmholtz coils) to verify the B2

a dependence

at low fields; measure v of the ferrofluid; and identify the
oscillation modes of ferrofluid droplets exposed to slowly
vibrating permanent magnets.
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