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Yu Gu and Konstantin G. Kornev*
We developed an experimental protocol to analyze the behaviour of a model ﬁber-based magnetic grabber.
A ﬁber is vertically suspended and ﬁxed to the substrate by its upper end. A magnetic droplet is attached to
the free end of the ﬁber and when a permanent magnet approaches the droplet, the ﬁber is forced to bow
and ﬁnally jumps to the magnet. It appears that one can ﬂex the micro-ﬁbers by very small micro or even
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nano-Newton forces. Using this setup, we discovered a hysteresis of ﬁber attachment/detachment: the
pathway of the ﬁber jumping to and oﬀ the magnet depends on the distance between the magnet and
the clamped end. This phenomenon was successfully explained by the Euler–Benoulli model of an
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elastic beam. The observed hysteresis of ﬁber attachment/detachment was attributed to the multiple
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equilibrium conﬁgurations of the ﬁber tip placed in a dipole-type magnetic ﬁeld.

Introduction
Flexibility is the most attractive feature of bers allowing them
to be twisted into yarns and weaved into fabrics.1 Fibers can be
made solid, porous or hollow and can be produced in diﬀerent
cross-sectional shapes. Thus, bers constitute a broad class of
exible, lightweight structures that can be utilized in many
applications.2 Progress in the micro and nanober formation
and in the development of new applications of bers such as
sensors, manipulators, and articial muscles, calls for a new
level of understanding of the mechanisms of ber actuation
with external elds when the force is limited to the micro-and
nano-Newton scale.3–9 Fiber manipulation and measurement of
such small forces require special tools and transducers.3,4 In the
earlier paper,5 we proposed to use nanober yarns to grab
microdroplets of hazardous uids. It has been shown that the
ber-based grabber can be remotely controlled by applying a
nonuniform external magnetic eld5,6 thus eliminating the need
for a special transducer. In this paper, we study a ber-based
grabber with a magnetic tip and demonstrate an interesting
physical phenomenon specic for this type of grabbers: the
pathway of tip attachment appeared distinct from the pathway
of tip detachment.
Four decades ago, Moon with colleagues published several
papers on bending of thin magnetic plates by applying a
uniform magnetic eld.10,11 The eﬀect of a nonuniform
magnetic eld on the bending of a continuous magnetic ber
has been discussed in ref. 6. It was found that a continuous
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magnetic ber is attracted to the electromagnet at a current
which appeared diﬀerent from the current at which the ber
springs back from the electromagnet. Since the magnetic
moment of each element of a continuous ber tends to align
along the external eld, the ber is subject to a non-uniform
magnetic torque. Therefore, attraction/retraction hysteresis in a
non-uniform eld was attributed to the non-uniform mechanical torque exerted on the magnetic material.
In this paper we eliminate the eﬀect of nonuniform magnetic
torque by making only the ber tip magnetic. The torque on the
tip is proven to be negligible and the ber bends because of
the eld gradient. Using the experimental setup shown in Fig. 1,
the specics of the ber bending with the magnetic eld are
revealed. Moon and Holmes12 were probably the rst who paid
attention to the unusual properties of a macroscopic beam with
a magnetic tip. They studied the vibration behavior of a beam in a
nonuniform eld of a special conguration and discovered a
strange attractor in the dynamic system describing the beam

Fig. 1 Schematic of the experimental setup. The ﬁber proﬁle is
described by angle q (x, y) formed by the tangent line to the ﬁber at
point (x, y) with the y-axis, 4 is the angle between the magnetic force F
and the y-axis.
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oscillations. Free suspended laments with magnetic ends
recently attracted attention as possible candidates for the
development of articial microswimmers.9 The attachment/
detachment hysteresis has not been mentioned in these studies.
In a model magnetic grabber shown in Fig. 1, one end of a
ber is xed at point (0, 0) and the end (x0, y0) is free to move. A
droplet of magnetic glue is attached to the free end of the ber.
The ber bending is caused by the magnetic force acting on the
magnetic glue,
F ¼ (m$V)B

(1)

where m is the magnetic moment of the droplet and B is the
external magnetic eld. When a magnet pulls the droplet, the
ber bends toward the magnet and when the magnet is
removed, the ber springs back. A glass ber with purely elastic
behavior was chosen to demonstrate an interesting behaviour of
this magnetic grabber making a distinct pathway when it sways
toward and jumps oﬀ from the magnet. This hysteresis is
analyzed using the Euler–Benoulli model of an elastic beam and
is conrmed by the experiments.
Most recently, the buckling instability induced by a magnetic
torque has been studied for a macroscopic beam13 when a
permanent magnet was attached to the end of the beam and a
uniform magnetic eld was used to apply the torque. No
hysteresis was observed.13 The mechanism of buckling instability reported in the present paper is therefore diﬀerent from
that observed in ref. 13. This diﬀerence places the observed
attachment/detachment hysteresis into a new category of
physical phenomena specic for a non-uniform eld.
It is believed that the attachment/detachment hysteresis can
be used to design ber-based grabbers enabling one to bring the
desired object to the pole of a magnet and then move it further
to an analytical device keeping the ber end attached to the
magnet. This operation is required, for example, in microuidic
analytical devices dealing with droplets of hazardous liquids.5

The distinct pathways of ﬁber
attachment to and detachment from
the magnet
Setup and materials
Magnetic glue with superparamagnetic nanoparticles is
attached to the ber tip (see Materials & methods for the
details). The magnetic moment of a glue droplet is proportional
to the droplet size.14 Magnetic moments of superparamagnetic
nanoparticles exactly follow the applied magnetic eld without
exerting any torque on the ber tip. Hence from eqn (1), the
force magnitude and its direction can be controlled by the eld
gradient and the size of the magnetic droplet. This method of
force application allows one to generate extremely small forces
not interfering with the mechanical response of the ber itself.
A cone shaped magnet (SuperMagnetMan, 12.7 mm  12.7
mm, N50 grade) is attached to a linear stage (VT-21, MICOS). The
y-axis is aligned with the magnet axis as shown in Fig. 2(a). The
linear stage with the magnet moves parallel to the y-axis so that
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Fig. 2 (a) Magnet approaching the ﬁber (b) ﬁber bends toward the
magnet pole when the magnet comes in close proximity to the ﬁber
end with the magnetic droplet. The red curve corresponds to the
theoretical description of the ﬁber proﬁle calculated from eqn (10) with
E ¼ 2.8 GPa, I ¼ 2.83  1019 m4, F ¼ 9.6 mN, 4 ¼ 0.01 rad, and D ¼
50 mm. (c) Attachment and (d) detachment pathways of deformation of
a 100 mm diameter glass ﬁber.

the ber bends only in the xy plane. When the magnet is far away
from the ber tip, no bending is observed. When the magnet
approaches the ber, the droplet tends to come to the pole of the
magnet forcing the ber to ex toward the pole, Fig. 2(b).
The reference point (0, 0) is chosen as the point where the
ber is clamped to the substrate. We always associate the ber
attachment with the movement of magnet toward the clamped
end. Accordingly, the ber detachment is associated with the
movement of the magnet away from the clamped end. The
magnet position is quantied by the pair (xm, ym) as shown in
Fig. 1. In this reference frame, the movement of the ber tip can
be clearly observed and traced by following the change of
parameters (xm, ym). In all experiments, the magnet was moving
parallel to the y-axis, hence parameter xm was xed choosing
this special reference frame, and by doing this one can independently specify the positions of the ber tip and the magnet.
This procedure allows one to avoid confusion with the simultaneous movement of the ber and the magnet.

Force balance of the deformed ber in a magnetic eld
Observations on the ber behavior in Fig. 2(c) and (d) when the
magnet approaches position ym ¼ 0.74 mm, and then recedes
back, suggest that the elastic glass ber with a magnetic droplet
distinguishes advancing strike from the receding one. When the
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magnet moves toward the ber, the ber tip stays separated
from the magnet. Contrary to that, when the tip has already
been attached to the magnet and the magnet moves back, the
tip does not want to leave the magnet.
The competition between two forces, elastic Fe and magnetic
Fm, governs the ber exing. The magnetic force was calculated
using the eld distribution shown in Fig. 3. Substituting the
eld gradient taken from Fig. 3(a) into eqn (1), we calculated
magnetic force Fm. The magnetic moment of the drop was
measured by using the Alternating Gradient Magnetometer
(AGM 2900, Princeton Measurements Inc., NJ, USA).
In all experiments, the x component of magnetic force is
much smaller than the y-component, hence angle 4 in Fig. 1 is
approximately zero, Fm ¼ (0, Fm) (see Fig. 3(b) and ESI S1 for the
details†). Thus, the magnetic force is considered acting only in
the y-direction.
When the ber reaches its equilibrium state, magnetic and
elastic forces are balanced Fe + Fm ¼ 0. In order to make the
physical picture clear, we rst consider small deections of the
ber tip. Assuming for a moment that the ber tip is displaced by
a mechanical force Fmech ¼ (0, Fmech). From the theory of elastic
beams, the ber prole is described by the following equation15
EI

d3 y
þ Fmech ¼ 0;
dx3

(2)

where E is the Young's modulus and I is the second moment of
inertia of the ber cross-section. For a cylindrical ber of
diameter d, the second moment of inertia is related to the
diameter as I ¼ pd4/64.15 Eqn (2) is subject to the following
boundary conditions:
8
>
at x ¼ 0;
>
<y ¼ 0
(3)
dy=dx ¼ 0 at x ¼ 0;
>
>
: d2 y=dx2 ¼ 0 at x ¼ L:
By solving this linear problem of elasticity, the prole of the
deformed ber is obtained as
y¼

Fmech 2
x ð3L  xÞ:
6EI

(4)

Fig. 3 (a) Magnetic ﬁeld distribution in the vicinity of the magnetic
pole. Color represents the magnitude of magnetic ﬁeld. (b) The ratio
between the x- and y-components of the magnetic force. The dashed
rectangle contains the ratios of these force components corresponding to the tip location in the reported experiments: these results
suggest that the x-component of magnetic force can be safely
neglected as being much smaller than the y-component.
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Substituting x ¼ L into eqn (4), one can determine the
mechanical force Fmech applied to the ber tip as a function of
the tip position (x0, y0):
Fmech ¼

3EI
y0 :
L3

(5)

In order to make the bow equivalent to that caused by the
magnetic force Fm, one needs to nd the conditions when the
ctitious force Fmech becomes equal to the magnetic force Fm.
Magnetic force Fm depends on the coordinates of the magnetic
tip. Within the linear beam theory, eqn (2) and (3), the x-coordinate of the ber tip does not change, x0 ¼ L, only the y-coordinate, y0, changes.15 In Fig. 1, this case corresponds to x0 ¼ xm ¼
L. When magnetic force Fm becomes equal to the ctitious force
Fmech, one can say that the ber nds its equilibrium conguration because the ctitious force Fmech becomes exactly equal to
the force of elastic reaction Fe of the ber itself.

Hysteresis mechanism
From eqn (1) and calculated eld distribution, Fig. 3, it follows
that magnetic eld B and magnetic force Fm are parallel to the yaxis. In order to analyze the equilibrium positions of the ber
tip, a magnetic force was calculated numerically using eqn (1)
and approximated analytically. In the region 0 < ym  y0 < 2 mm,
the following approximation was set up
Fm ¼

F0
½bm ðym  y0 Þ þ 1a

(6)

where F0 is the magnetic force acting on the magnetic droplet when
the tip is attached to the magnet, y0 ¼ ym. This force is proportional
to the droplet volume. The constant bm (measured in m1) is
related to the curvature of the magnet and it does not depend on
the droplet volume. The proposed approximation can describe the
elds generated by diﬀerent magnets. For the experiments shown
in Fig. 2, these parameters were found by tting the numerically
calculated magnetic force with eqn (6). We found that a dipole-type
eld distribution with a ¼ 3, F0 ¼ 1.04 mN, and bm ¼ 425 m1
approximates with the numerical solution fairly well. The detailed
tting procedure can be found in the ESI (S1).†
Fig. 4 shows the dependences of magnetic force Fm and
ctitious mechanical force Fmech on the tip position y0. In this
gure, the tip coordinate y0 (y0 # ym) is specied for four
diﬀerent cases depending on the position of the magnet, ym.
The crossing points between two curves correspond to the
possible equilibrium when the ctitious mechanical force
becomes equal to the elastic reaction of the ber on the given
magnetic force.
In Fig. 4(a) and (b), the magnet is shown far away from the ber
(ym ¼ 0.9 mm, 0.8 mm). In this case, the ber prole does not
depend on the prehistory of loading: one obtains the same prole
bringing the magnet toward the ber or moving the magnet away
from the ber. There is always a single intersection between these
curves within the span of interest, y0 < ym. However, there exists
another non-physical equilibrium point with y0 > ym where the
ber tip is supposed to lie inside the magnet. This position
corresponds to an unstable equilibrium that cannot be realized in
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Fig. 4 Magnetic and ﬁctitious mechanical forces as functions of position y0 of the ﬁber free end. These forces depend on the position of the
magnetic pole. The dashed curve corresponds to magnetic force Fm and the solid curve corresponds to ﬁctitious mechanical force Fmech. The
elastic modulus of ﬁber is E ¼ 17 GPa, ﬁber length is L ¼ 5.72 mm, and ﬁber diameter is d ¼ 100 mm.

the experiments: any perturbation would displace the ber tip
either to the rst intersection or to the magnet surface (y0 ¼ ym). At
the magnet, the ctitious mechanical force would become
smaller than the magnetic one, Fmech(ym) < Fm(ym). These two
possibilities are illustrated in the insets of Fig. 4(c) corresponding
to ym ¼ 0.74 mm.

The condition of neutral equilibrium corresponds to the
moment when the conditions of tip attachment exactly match the
conditions of tip detachment. The condition of tip attachment
requires that both functions Fmech(y0) and Fm(y0) and their
derivatives are equal to each other at y*0 when the magnet is
positioned at y*m:

8
8
 *
 *
3EI *
F0
>
>
>
>

a
y ¼  *
>
>
y ¼F y
F
>
>
3 0
<
< mech 0  m 0
L
b
y

y*0 þ 1
m
m

; or
:
vFmech ðy0 Þ
vFm ðy0 Þ
>
>
3EI
abm F0
¼
>
>

 *
>
>
¼
vy
vy




>
>
*
0
0
aþ1
y0 ¼y0
y0 ¼y0
: L3
:
bm y*m  y*0 þ 1
The existence of two possible equilibrium positions of the
ber tip leads to the diﬀerent pathways of attachment of the
ber to the magnet and detachment from the magnet. When
the magnet moves toward the ber and stops at the point ym ¼
0.74 mm, the ber tip appears to be happily sitting at the rst
intersection point. However, if the ber has already been
attached to the magnet and the magnet moves away and stops
at the same point ym ¼ 0.74 mm, the ber remains attached to
the magnet. In this case, the magnetic force is still stronger
than the elastic force and hence the ber tip remains stuck to
the magnet.
When the magnet is even closer to the clamped end of the
ber, as shown in frame with ym ¼ 0.7 mm in Fig. 4(d), the
magnetic force is always stronger than the elastic force and
there are no intersection points between these curves. This
implies that the ber tip will always be attached to the magnet
in this range of parameters.
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(7)

Solving eqn (7) for y*0 and y*m, one obtains
8
"
# 1
>
aþ1
>
3
>
F
L
0
>
*
>
¼
;
y
>
>
< 0
3EIðabm Þa
2
3
>
1
>


>
3
>
1 4 F0 L abm aþ1
>
5
*
*
>
>
1 :
: ym ¼ y0 þ b
3EI
m

(8)

Solutions (8) determine the position of the ber tip y*0 right
before it jumps to the magnet. The condition for tip detachment
requires that two functions Fm(y0) and Fmech(y0) intersect at y0 ¼ ym.
Using rst eqn (7), the detachment condition is represented as:
y*0 ¼ y*m ¼

F0 L3
:
3EI

(9)

The neutral equilibrium condition requires that both
solutions (8) and (9) are satised by the same pair y*0 and y*m ,
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i.e. two intersection points in Fig. 4 merge at y*0 ¼ y*m and the
conditions of ber attachment and detachment are the same.
Solutions (8) and (9) are not limited to the cone magnet and
specic materials of bers used in this work. For a particular
magnet, one can adjust parameters a, F0 and bm in eqn (6) to
obtain the best t with the numerical solution of the corresponding magnetostatic problem. In order to observe this
hysteresis phenomena, one has to satisfy the following
conditions y*m > y*0, i.e. F0L3abm > 3EI obtained from eqn (8)
and ensure that the chosen magnet and beam are the appropriate pair.
The attachment/detachment hysteresis is demonstrated by
the ESI video (S2).† The magnet was moved by a programmable manipulator with the step of 20 mm. Aer each step it
was stopped for about 2 s before making the next step. Aer
each step we observed an almost instantaneous change of the
ber prole (at the frame rate of 30 fps) from one equilibrium
conguration to the other. Each type of ber was tested ve
times and the resulting proles were repeatable. At the very
last step of the manipulator moving toward/away from the
clamped end, i.e. when the ber was about to jump to/oﬀ the
magnet, we were not able to detect any diﬀerence between
the dynamics of attachment and detachment of the ber tip.
In other words, the employed frame rate of the camera was
not suﬃcient to trace the features of the tip movement. The
dynamic features of the ber attachment to/detachment from
the magnet are expected to show up within the very short last
step of manipulator movement. This high speed visualization
of the ber movement deserves special attention and is not
considered in this paper. However, all intermediate movements of the ber movement were reproducible and one can
state that the observed phenomenon can be described within
the quasi-static approximation and the eﬀects caused by
inertial forces can be neglected.
This analysis shows that the competition between elastic
and magnetic forces can lead to an interesting phenomenon
that distinguishes the pathways of ber attachment to/
detachment from the magnet. It appears that the eﬀect
depends mostly on the eld conguration. Namely, the
strength of the eld gradient is important. The eﬀect seems
independent of the materials properties of the ber:
even the purely elastic ber will show this hysteresis of
attachment/detachment. In order to conrm this statement,
we examined polymeric bers with a more complex structure
organization.16
Distinct pathways of attachment/detachment of the ber tip
at large deections
In order to study the eﬀect of polymer on the ber bending
characteristics, we conducted a series of experiments with
Nylon 66 (DuPont), Kevlar (DuPont), and Nylon shing line
(POKKE). Fig. 5 illustrates a typical behavior of these
polymeric bers. The linear theory of elastic beams is not
appropriate in this case because of the large deections.
We therefore employed the nonlinear Euler elastica
equation:

This journal is © The Royal Society of Chemistry 2014
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EI

d2 q
 Fmech sinðq  4Þ ¼ 0:
dl 2

(10)

The following boundary conditions were imposed:
8
p
>
>
< q ¼ 2 at l ¼ 0;
>
dq
>
: ¼ 0 at l ¼ L:
dl

(11)

The assumption that the magnetic force is directed along the
y-axis is still valid: numerical analysis shows that the
x-component of magnetic force Fm is much smaller than its
y-component (Fig. 3(b)). Therefore, only the y-component of
magnetic force is considered, Fm ¼ (0, Fm). Hence in the denition of ctitious mechanical force we put 4 ¼ 0, Fmech ¼ (0,
Fmech). Solution to the Euler elastica equation is given in ref. 15.
Using this solution, the tip coordinates (x0, y0) and ber length L
are given as:
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
EI
aðq0 Þ;
L¼
2Fmech
y0 ¼

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
IE
bðq0 Þ;
2Fmech

aðq0 Þ ¼

bðq0 Þ ¼

ð p=2
q0

ð p=2
q0

dq
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ;
cos q0  cos q

(12)

cos q
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ dq;
cos q0  cos q

(13)

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2EI
x0 ¼
cos q0 ;
Fmech

(14)

where q0 corresponds to the angle q0 ¼ q (x0, y0) that the
ber tip (x0, y0) makes with the y-axis in Fig. 1. Fig. 6 shows
that both a- and b-integrals monotonously increase with
cos q0. In all experiments, the cosine theta was bound from
above by 0.5: its maximum value, cos q0 z 0.4, was observed
when the magnet moved back from the clamped point
reaching the position ym ¼ 1.5 mm in the receding mode. It
appears that in this limited range of arguments, cos q0 < 0.5,
two integrals are well approximated by the polynomial
functions, Fig. 6.
Using these approximations, one can solve eqn (12) and (13)
for Fmech and cos q0. Then the ctitious mechanical force Fmech
and the x-coordinate of the ber tip x0 can be determined as
functions of y0:
Fmech z3:19EI

y0
;
L3

(15)

x0 zL  0:615

y0 2
:
L

(16)

Knowing the tip trajectory (x0(y0), y0) as a function of y0,
magnetic force Fm was calculated numerically along this tip
trajectory. The corresponding forces Fmech and Fm are shown in
Fig. 5(b). The crossing points corresponding to the equality
Fmech ¼ Fm provide the balance between the magnetic force
acting on the ber tip and the elastic reaction force.
This force analysis correctly describes the observed bending
hysteresis. The ber jumped to the magnet at ym ¼ 1.25 mm
when the magnet was advancing and jumped oﬀ the magnet at
ym > 1.5 mm when the magnet was receding. Fitting the shape of
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Fig. 5 Bending hysteresis of a 50 mm diameter Nylon ﬁber (POKEE) (a) magnet is advancing (b) the force diagram where the distance between the
ﬁber tip and magnet, ym, and position of the ﬁber tip, y0 with respect to the clamped end were taken from experiments. (c) Magnet is receding.

Fig. 6 Dependencies of a(q0) and b(q0) and their approximations for
small cos q0.

the ber bow, we were able to estimate the elastic moduli of
polymeric bers at very low applied forces. Each ber was tested
5 times and the average values were reported. Elastic modulus

Table 1

of all tested bers show that the tensile test (Instron 1125)
provides a greater elastic modulus relative to that obtained from
the bending test with the magnetic force. This tendency is
explained by the eﬀect of orientation of polymeric chains at the
greater Instron loads leading to the reinforcement of the ber.16
Table 1 summarizes the experimental data. Polymer chains in
bers are prone to align under tension: the larger the strain, the
better the alignment.17 The chain alignment leads to the ber
stiﬀening, i.e. to an increase of the ber tensile modulus.16 This
eﬀect of ber stiﬀening is widely used in the cold drawing
operation when the as-spun-ber is subject to a tensile load. In
the experiments conducted on Instron 1125, the instrument was
able to provide the minimum tensile force of about 0.01 N. On
the other hand, the maximum force applied in the bending
experiment was about two orders of magnitude smaller, 104
N. Accordingly, the tensile tests are expected to cause much
better chain alignment than the bending experiments do.
Hence the modulus measured from the tensile test appears to
be greater.

Properties of three diﬀerent ﬁbers

Property

Nylon 66

Kevlar

Nylon (shing line)

Young's modulus from the tensile test (GPa)
Young's modulus from bending experiments (GPa)
Diameter d (mm)
Flexural rigidity EI ( 1010 Nm2)
Fiber length L (mm)
Maximum applied force Fmax (mN)
Dimensionless force g ¼ FmaxL2/EI

2.4
1.7
29
0.590
0.98
85
1.38

80.0
66.6
12.2
0.724
2.51
15
1.30

3.4
2.8
50
8.59
5.09
25
0.75
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Making the ber tip magnetic
A ferrouid (FerroTec) was mixed with 4 wt% polyethylene oxide
(PEO) solution (Sigma-Aldrich, 1 000 000 Da) in a 1 : 1 weight
ratio. This mixture provided a suﬃciently high viscosity so that
the droplet did not fall from the ber tip. The main challenge in
the deposition of small droplets on the bers is that the adhesion forces are so high that the droplet is diﬃcult to remove
from the delivering ber if the latter has a large diameter. We
used a 75 mm Fluorocarbon ber (Seaguar ACE) to deliver the
droplet to the ber with comparable diameters such as the
Nylon shing line and the glass ber. For the bers with very
small diameters, we used the same type of bers for the drop
delivery. Since the wetting force is proportional to the ber
diameter, the thinner the ber, the easier it is to remove the
droplet from it.
In order to form a droplet, the ber was dragged through the
ferroglue mixture and a thin lm was deposited on its surface.
The lm then collapsed into a series of droplets due to the
Plateau–Raleigh instability.18 Then the ber of interest was
brought in contact with the ber containing the magnetic
coating. The ber to be tested was placed perpendicularly to the
ber with the magnetic coating. Moving the coated ber to the
le as shown in Fig. 7(a) and (b), one can form a big droplet at
the end of the ber to be tested. We waited at least 30 minutes
until the droplet was completely dried guaranteeing that no
magnetic material would be deposited on the magnet in the
bending experiments. Fig. 7(c) and (d) conrm that the solid
droplet preserved its shape aer the bending experiment. Using
ImageJ soware (NIH), we conrmed that the volume of the
droplet calculated from these two images was the same.
It should be noted that, the observed phenomena is not
specic for the chosen experimental conditions but has a solid
physical ground and can be reproduced with diﬀerent magnets,
beams, and magnetic tips. The type of a ferrouid is not very
important. The amount of the ferrouid is much more important because the magnetic force at the ber tip F0 is
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proportional to the volume of the ferrouid. One has to ensure
that the relationship F0L3abm > 3EI is satised, otherwise the
attachment/detachment hysteresis cannot be observed.
Magnetic characterization of the deposited droplets
Magnetic moments of the dried droplets were accurately
measured by using the Alternating Gradient Magnetometer
(AGM 2900, Princeton Measurements Inc., NJ, USA). Fig. 8
provides the conrmation that the droplets were superparamagnetic: the magnetization/eld curve follows the Langevin dependence:14
m ¼ m0 cotðkBÞ 

1
;
kB

m0 ¼ Nm; k ¼

m
;
kB T

(17)

where m is the magnetic moment of the droplet and B is the
magnitude of the external magnetic eld, N is the number of
magnetic nanoparticles in the droplet, m is the magnetic
moment of a single nanoparticle, kB is the Boltzmann constant,
and T is the temperature.14 For the same ferrouid, parameter k
does not change. The pre-factor m0 is proportional to the
volume of the deposited droplet. We measured the magnetization curve for several ferrouid droplets with diﬀerent sizes.
It appeared that the Langevin function ts well the experimental data with the same k ¼ 40T 1 and diﬀerent parameters
m0 (Fig. 8(b)). The volumes of droplets estimated from Fig. 7(a)
were V ¼ 2.51 nL, 0.64 nL, and 1.41 nL respectively. Normalizing
parameter m0 by volume V, the magnetization pre-factor Mp ¼
m0/V was obtained as Mp ¼ 45  4 kA m1. By knowing the
volume of the deposited droplet, one can obtain pre-factor m0
and construct the magnetization curve using the Langevin
function. Separation of these k and Mp parameters makes the
characterization of micro and nanobers much easier: one does
not need to measure the magnetization of very small droplets
when magnetization is undetectable by the available magnetometers. Using the known k-parameter and the m0/V ratio, one
needs to measure only the droplet volume. This is a much easier
task and we have used optical microscopy for measuring the
volume of microdroplets.
The conducted analysis allows one to signicantly simplify
the model needed for interpretation of the experimental data. In
particular, the Langevin dependence suggests that the matrix of
the dried droplet does not impose any anisotropy eld and
magnetic moments of individual nanoparticles exactly follow the
applied magnetic eld. In other words, the magnetic moment of
the deposited droplet should be co-aligned with the applied
eld. Hence only the bending force was exerted on the ber, and
one would not have any spontaneous torque associated with the
misalignment of the magnetic moment with the eld.19,20
Distribution of the magnetic eld

Fig. 7 (a) Collection of droplets on the ﬁshing line (vertical) by moving
the ﬂuorocarbon ﬁber (horizontal) to the left. (b) Collected droplet
sitting at the tip of the ﬁshing line. (c) Magnetic droplet after drying for
30 minutes; (d) the same droplet after the bending experiment.

This journal is © The Royal Society of Chemistry 2014

The distribution of magnetic eld generated by the magnet was
diﬃcult to measure with the available teslameters because the
tip of the magnet was much smaller than the probe size. We
therefore calculated the distribution of magnetic eld in the
vicinity of the magnet pole using COMSOL® 4.2. In all calculations, a uniform magnetization Ms of the magnet in the
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(a) An example of the magnetization/ﬁeld curve taken by AGM on a dried magnetic droplet (b) the experimental data points approximated
by the Langevin function for three diﬀerent magnetic droplets with diﬀerent volumes V.

Fig. 8

y-direction was assumed. Considering magnetization Ms as an
adjustable parameter, one can generate the eld distributions
and calculate the magnetic force for each Ms using eqn (1). Fig. 3
shows an example of distribution of the magnetic eld around a
hemispherical magnetic pole attached to a conical magnet. In
this numerical experiment, we used magnetization Ms ¼ 1.1 
106 A m1. Thus, the distribution of magnetic eld around the
magnet can be completely described by specifying a single
characteristic of the magnet, its magnetization Ms.
Bending of the elastic ber by the magnetic eld
For the calibration of the experimental setup and for the specication of the magnetization Ms, we used a 100 mm diameter
glass ber (Corning). The Young's modulus of the glass ber was
determined by applying a known weight W to the ber end
(Fmech ¼ W). The elastic modulus was obtained as E ¼ 17.0 GPa.
From the Euler elastica equation and boundary conditions, the
ratio Fmech/EI completely describes the shape of the deformed
ber.15 Therefore, tting the prole of the ber bow with the
numerical solution of eqn (10), one can extract the ratio Fmech/EI.
The magnetic moment of the deposited droplet was
measured independently as discussed above. The magnet was
moved along the y-axis and stopped at several positions so that a
series of equilibrium congurations of the ber can be obtained,
Fig. 4. Using this series of pictures with diﬀerent equilibrium
congurations of the glass ber, we tted the ber proles with
the Euler elastica model considering magnetization Ms of the
magnet as an adjustable parameter. Ten diﬀerent equilibrium
congurations of the ber were used for calibration and the
magnetization was determined as Ms ¼ (1.1  0.2)  106 A m1.
In the paper, we used a single ber to illustrate the idea of a
magnetic grabber. However, ber bundles, yarns, and brous
strips are able to ex in a similar way and their bending
behaviour can also be described by the Euler elastica equation.5–7,10–12 Hence, one expects to observe the similar attachment/detachment hysteresis on these grabbers. To make the tip
magnetic one can simply dip a yarn or a brous strip into a
magnetic glue as demonstrated in ref. 5. A single magnetic
droplet can be formed at the tip of a yarn or a brous strip.5
Hence the same theory is applicable for more complex brous
grabbers with a magnetic tip.

Soft Matter

Conclusion
We developed an experimental protocol to study the behavior
of a magnetic grabber formed by a ber with a magnetic droplet
deposited on the ber tip. When a permanent magnet moves
toward the ber it creates micro or even nano-Newton level
forces. It has been shown that these forces are suﬃcient to drag
the ber to the magnet. The ber tip follows diﬀerent pathways
when the magnet approaches and when it retracts from the
ber. This phenomenon was successfully explained by the
Euler–Bernoulli model of the elastic beam. The observed
hysteresis of ber attachment to/detachment from the magnet
was attributed to the multiple equilibrium congurations of
the ber tip placed in a dipole-type magnetic eld. Four
diﬀerent bers were tested and the attachment/detachment
hysteresis was proved to be a universal property of the berbased magnetic grabber controlled by a magnet generating a
dipole-type eld conguration. This protocol can be used for
characterization of mechanical properties of microbers and
nanober bundles at very low loads when available methods
fall short.
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