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STARTSTART

?

Wireless Delivery of Energy at Nano scale

• Wireless? Hmm.. Contact-less.

• Applications

• Remote targeted
biological actuation

• Nanomedicine

• Nanorobotics

• Building block for nanoscale 
communication systems (Networks)

• Biologically-Enabled wireless networks
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• We are looking for an efficient “Energy Channel” 
to send a message (meaningful and timely bundles 
of energy) to a nanodevice.

• No physical contact

• Localized and Selective interaction

• Electromagnetic coupling

• Static vs. High Frequency?

• Magnetic vs. Electric? 

• EM coupled Mechanical Nanoresonators to 
transduce EM energy via mechanical vibrations.

• Resonance!
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Figure 1. An overview of nanoresonators with electric (right) and magnetic (left)
coupling. The viscoelastic properties of the resonators are identical.

model has been built and used for ultra-sensitive magnetic resonance force microscopy
(MRFM) [2, 5]. Figure 1 illustrates the mechanical structure of the nanoresonator
and the aforementioned coupling mechanisms. We begin by looking at the dynamics
of each model, then look closely at the resonant energy transfer performance of the
nanoresonators.

The dynamics of the system can be expressed by Langevin motion equation for
the tip of the resonator. After linearization for small deflections, we have

mf ẍ+Dẋ+ kx = F cos(ωt) +N(ωt), (1)

where x is the displacement at the tip of the beam, mf is the effective mass of the
system, and D is the dissipation coefficient. F = qE for electric coupling, while
F = T /L = µB/L for magnetic coupling. The term N(ωt) is an stochastic force with
the correlation of 〈N(t)N(t+∆t)〉 = 2DkBT δ(∆t), where kB and T are the Boltzmann
constant and temperature in Kelvin, respectively. In our systems of interest, as will be
shown later, the amount of energy stored in the resonator is well above kBT . Therefore,
we safely omit the stochastic term from (1). The system’s natural frequency and the
quality factor are given by

ω0 =

√

k

m
(2)

Q =

√
km

D
. (3)

The steady state solution of the system is

x(ωt) = xm cos(ωt+ ϕ), (4)

where xm and ϕ are the maximum deflection of the tip and the phase shift given by

xm(ω) =
F/m

√

(ω2 − ω2
0)

2 − (ωω0/Q)2
(5)

ϕ(ω) = arctan

(

ωω0/Q

ω2 − ω2
0

)

. (6)

• We consider a “purely classical” model for 
electromagnetic coupling of mechanical 
nanoresonators. 

• We are interested in
quantitative assessment
of the energy transfer
at resonance.

• We compare the 
performance of magnetic coupling with 
electric coupling.
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Methodology

• Resonant scattering theory (Coupled-mode 
theory)

• Fluxes instead of Forces.

• We consider the biological safe temperatures 
(RT)

• We assume that low viscosity conditions is 
synthetically achievable in the engineered 
system. 
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nanoresonator and causes oscillatory deflections in
the cantilever. A very similar model has been dis-
cussed in the Nanotube Radio [10].

• Magnetic coupling (M): Assume the tip of the
resonator is made of a ferromagnetic material such
as magnetite (Fe3O4) and has a magnetic moment
of µ. An AC magnetic field, B = B cos(ωt), gen-
erates a magnetic torque, τm = µ×B, and rotates
the tip leading to oscillatory beam deflections. A
device based on this model has been built and used
for Ultrasensitive Cantilever Magnetometry [11].

We first look at the dynamics of each model, then com-
pare their resonant energy transfer performance by ap-
plying the theory of scattering in electromagnetic waves.
The dynamics of the system can be expressed by

Langevin motion equation for the tip of the resonator.
After linearization for small deflections, we have

mf ẍ+Dẋ+ kx = F cos(ωt) +N
′

(ωt), (1)

where x is the displacement at the tip of the beam, mf

is the effective mass of the system, D is the dissipation
coefficient. F = qE for electric coupling, while F =
τ/L = µB/L for magnetic coupling. The term, N

′

(ωt)
is an stochastic force with the correlation of 〈N

′

(t)N
′

(t+
∆t)〉 = 2DkbT δ(∆t), where kb and T are the Boltzmann
constant and temperature in Kelvin, respectively. In our
systems of interest, the amount of energy stored in the
resonator is well above kbT . Therefore, we safely omit
the stochastic term from Eq. 1. The system’s natural
frequency and the quality factor are given by

ω0 =

√

k

mf
(2)

Q =

√

kmf

D
. (3)

The steady state solution of the system is

x(ω) = xm cos(ωt+ ϕ), (4)

where xm and ϕ are the maximum deflection of the tip
and the phase shift given by

xm(ω) =
F/mf

√

(ω2 − ω2
0)

2 − (ωω0/Q)2
(5)

ϕ(ω) = arctan

(

ωω0/Q

ω2 − ω2
0

)

. (6)

Finally, the necessary condition to achieve resonance is
D <

√

2kmf .
The dynamics of the system can also be expressed by

the following Langevin equation for rotational oscillation.

I θ̈ + Cθ̇ + κθ = τ cos(ωt) + ψ
′

(ωt) (7)

Here θ = x/L is the angular displacement, I ∼ mfL2 is
the system’s second moment of inertia, κ ∼ kL2 is the

rotational spring constant of the cantilever, and ψ
′

is
th stochastic torque caused by the thermal noise. For
magnetic coupling, τ = µB, while τ = qEL in the case of
electric coupling. The natural frequency, quality factor,
the steady state solution, and resonance condition will
be identical to the previous approach.

Resonant Energy Transfer–Let us estimate the en-
ergy absorbed by a nanomechanical resonator. The cou-
pling between external fields and the nanoresonator con-
sists of an absorption and a scattering processes. Accord-
ing to the scattering theory [13, 14], the power absorbed
by the resonant system equals to Pa = Φσa, where Φ is
the incident power flux, and σa is the absorption cross-
section given by

σa(ω) = 12π(
c

ω
)2

ΓaΓs

(ω − ωr)2 + (Γa + Γs)2/4
. (8)

Here c is the speed of light, Γa is absorption width, and
Γs is the scattering width. The widths are the ratio of the
power loss to the characteristic energy of the correspond-
ing process. By definition, Γi = 1/τi = ω/Qi, where τi
and Qi represent the relaxation time and quality factor
for the process i, respectively. The total energy absorbed
by the resonant system during the resonant process is
given by

∆U(ω) = Pa(ω)× τa =
Φσa(ω)

Γ
, (9)

where Γ = Γa + Γs is the total width of the system. For
nano-scale systems of interest, Γ ≈ Γa because Γs '
Γa. The maximal energy transfer occurs at the resonant
frequency and can be written as

∆U r =
48Φc2

ω2
r

(

Γs

Γ2
a

)

=
48Φc2

ω4
r

ΓsQ
2
a. (10)

Qa is obtained from Eq. 3. By definition, the width of
the scattering process is given by Γs = Pr/U , where U
is the total energy stored in the resonator, and Pr is the
radiative power of the resonator’s dipole. For the electric
dipole model (E), we have

PE
r =

1

4πε0

p20ω
4

3c3
(11)

UE =
1

2
kx2

m, (12)

where p0 = qxm is the maximal electric moment of the
resonator. This results in the following scattering width
for the system

ΓE
s =

q2

4πε0

2ω4

3c3k
. (13)

Replacing Eq. 13 in Eq. 10, we have

∆UE
r =

q2

4πε0

32ΦQa
2

ck
. (14)
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mf ẍ+Dẋ+ kx = F cos(ωt) +N
′

(ωt), (1)

where x is the displacement at the tip of the beam, mf

is the effective mass of the system, D is the dissipation
coefficient. F = qE for electric coupling, while F =
τ/L = µB/L for magnetic coupling. The term, N

′

(ωt)
is an stochastic force with the correlation of 〈N

′

(t)N
′

(t+
∆t)〉 = 2DkbT δ(∆t), where kb and T are the Boltzmann
constant and temperature in Kelvin, respectively. In our
systems of interest, the amount of energy stored in the
resonator is well above kbT . Therefore, we safely omit
the stochastic term from Eq. 1. The system’s natural
frequency and the quality factor are given by

ω0 =

√

k

mf
(2)

Q =

√

kmf

D
. (3)

The steady state solution of the system is

x(ω) = xm cos(ωt+ ϕ), (4)

where xm and ϕ are the maximum deflection of the tip
and the phase shift given by

xm(ω) =
F/mf

√

(ω2 − ω2
0)

2 − (ωω0/Q)2
(5)

ϕ(ω) = arctan

(

ωω0/Q

ω2 − ω2
0

)

. (6)

Finally, the necessary condition to achieve resonance is
D <

√

2kmf .
The dynamics of the system can also be expressed by

the following Langevin equation for rotational oscillation.

I θ̈ + Cθ̇ + κθ = τ cos(ωt) + ψ
′

(ωt) (7)

Here θ = x/L is the angular displacement, I ∼ mfL2 is
the system’s second moment of inertia, κ ∼ kL2 is the

rotational spring constant of the cantilever, and ψ
′

is
th stochastic torque caused by the thermal noise. For
magnetic coupling, τ = µB, while τ = qEL in the case of
electric coupling. The natural frequency, quality factor,
the steady state solution, and resonance condition will
be identical to the previous approach.

Resonant Energy Transfer–Let us estimate the en-
ergy absorbed by a nanomechanical resonator. The cou-
pling between external fields and the nanoresonator con-
sists of an absorption and a scattering processes. Accord-
ing to the scattering theory [13, 14], the power absorbed
by the resonant system equals to Pa = Φσa, where Φ is
the incident power flux, and σa is the absorption cross-
section given by

σa(ω) = 12π(
c

ω
)2

ΓaΓs

(ω − ωr)2 + (Γa + Γs)2/4
. (8)

Here c is the speed of light, Γa is absorption width, and
Γs is the scattering width. The widths are the ratio of the
power loss to the characteristic energy of the correspond-
ing process. By definition, Γi = 1/τi = ω/Qi, where τi
and Qi represent the relaxation time and quality factor
for the process i, respectively. The total energy absorbed
by the resonant system during the resonant process is
given by

∆U(ω) = Pa(ω)× τa =
Φσa(ω)

Γ
, (9)

where Γ = Γa + Γs is the total width of the system. For
nano-scale systems of interest, Γ ≈ Γa because Γs '
Γa. The maximal energy transfer occurs at the resonant
frequency and can be written as

∆U r =
48Φc2

ω2
r

(

Γs

Γ2
a

)

=
48Φc2

ω4
r

ΓsQ
2
a. (10)

Qa is obtained from Eq. 3. By definition, the width of
the scattering process is given by Γs = Pr/U , where U
is the total energy stored in the resonator, and Pr is the
radiative power of the resonator’s dipole. For the electric
dipole model (E), we have

PE
r =

1

4πε0

p20ω
4

3c3
(11)

UE =
1

2
kx2

m, (12)

where p0 = qxm is the maximal electric moment of the
resonator. This results in the following scattering width
for the system

ΓE
s =

q2

4πε0

2ω4

3c3k
. (13)

Replacing Eq. 13 in Eq. 10, we have

∆UE
r =

q2

4πε0

32ΦQa
2

ck
. (14)

Monday, February 27, 12



2

nanoresonator and causes oscillatory deflections in
the cantilever. A very similar model has been dis-
cussed in the Nanotube Radio [10].

• Magnetic coupling (M): Assume the tip of the
resonator is made of a ferromagnetic material such
as magnetite (Fe3O4) and has a magnetic moment
of µ. An AC magnetic field, B = B cos(ωt), gen-
erates a magnetic torque, τm = µ×B, and rotates
the tip leading to oscillatory beam deflections. A
device based on this model has been built and used
for Ultrasensitive Cantilever Magnetometry [11].

We first look at the dynamics of each model, then com-
pare their resonant energy transfer performance by ap-
plying the theory of scattering in electromagnetic waves.
The dynamics of the system can be expressed by

Langevin motion equation for the tip of the resonator.
After linearization for small deflections, we have
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nanoresonator and causes oscillatory deflections in
the cantilever. A very similar model has been dis-
cussed in the Nanotube Radio [10].

• Magnetic coupling (M): Assume the tip of the
resonator is made of a ferromagnetic material such
as magnetite (Fe3O4) and has a magnetic moment
of µ. An AC magnetic field, B = B cos(ωt), gen-
erates a magnetic torque, τm = µ×B, and rotates
the tip leading to oscillatory beam deflections. A
device based on this model has been built and used
for Ultrasensitive Cantilever Magnetometry [11].

We first look at the dynamics of each model, then com-
pare their resonant energy transfer performance by ap-
plying the theory of scattering in electromagnetic waves.
The dynamics of the system can be expressed by

Langevin motion equation for the tip of the resonator.
After linearization for small deflections, we have

mf ẍ+Dẋ+ kx = F cos(ωt) +N
′

(ωt), (1)

where x is the displacement at the tip of the beam, mf

is the effective mass of the system, D is the dissipation
coefficient. F = qE for electric coupling, while F =
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∆t)〉 = 2DkbT δ(∆t), where kb and T are the Boltzmann
constant and temperature in Kelvin, respectively. In our
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Finally, the necessary condition to achieve resonance is
D <
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The dynamics of the system can also be expressed by
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the system’s second moment of inertia, κ ∼ kL2 is the

rotational spring constant of the cantilever, and ψ
′

is
th stochastic torque caused by the thermal noise. For
magnetic coupling, τ = µB, while τ = qEL in the case of
electric coupling. The natural frequency, quality factor,
the steady state solution, and resonance condition will
be identical to the previous approach.
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ergy absorbed by a nanomechanical resonator. The cou-
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mf ẍ+Dẋ+ kx = F cos(ωt) +N
′

(ωt), (1)

where x is the displacement at the tip of the beam, mf

is the effective mass of the system, D is the dissipation
coefficient. F = qE for electric coupling, while F =
τ/L = µB/L for magnetic coupling. The term, N

′

(ωt)
is an stochastic force with the correlation of 〈N

′

(t)N
′

(t+
∆t)〉 = 2DkbT δ(∆t), where kb and T are the Boltzmann
constant and temperature in Kelvin, respectively. In our
systems of interest, the amount of energy stored in the
resonator is well above kbT . Therefore, we safely omit
the stochastic term from Eq. 1. The system’s natural
frequency and the quality factor are given by

ω0 =

√

k

mf
(2)

Q =

√

kmf

D
. (3)

The steady state solution of the system is

x(ω) = xm cos(ωt+ ϕ), (4)

where xm and ϕ are the maximum deflection of the tip
and the phase shift given by

xm(ω) =
F/mf

√

(ω2 − ω2
0)

2 − (ωω0/Q)2
(5)

ϕ(ω) = arctan

(

ωω0/Q

ω2 − ω2
0

)

. (6)

Finally, the necessary condition to achieve resonance is
D <

√

2kmf .
The dynamics of the system can also be expressed by

the following Langevin equation for rotational oscillation.

I θ̈ + Cθ̇ + κθ = τ cos(ωt) + ψ
′

(ωt) (7)

Here θ = x/L is the angular displacement, I ∼ mfL2 is
the system’s second moment of inertia, κ ∼ kL2 is the

rotational spring constant of the cantilever, and ψ
′

is
th stochastic torque caused by the thermal noise. For
magnetic coupling, τ = µB, while τ = qEL in the case of
electric coupling. The natural frequency, quality factor,
the steady state solution, and resonance condition will
be identical to the previous approach.

Resonant Energy Transfer–Let us estimate the en-
ergy absorbed by a nanomechanical resonator. The cou-
pling between external fields and the nanoresonator con-
sists of an absorption and a scattering processes. Accord-
ing to the scattering theory [13, 14], the power absorbed
by the resonant system equals to Pa = Φσa, where Φ is
the incident power flux, and σa is the absorption cross-
section given by

σa(ω) = 12π(
c

ω
)2

ΓaΓs

(ω − ωr)2 + (Γa + Γs)2/4
. (8)

Here c is the speed of light, Γa is absorption width, and
Γs is the scattering width. The widths are the ratio of the
power loss to the characteristic energy of the correspond-
ing process. By definition, Γi = 1/τi = ω/Qi, where τi
and Qi represent the relaxation time and quality factor
for the process i, respectively. The total energy absorbed
by the resonant system during the resonant process is
given by

∆U(ω) = Pa(ω)× τa =
Φσa(ω)

Γ
, (9)

where Γ = Γa + Γs is the total width of the system. For
nano-scale systems of interest, Γ ≈ Γa because Γs '
Γa. The maximal energy transfer occurs at the resonant
frequency and can be written as

∆U r =
48Φc2

ω2
r

(

Γs

Γ2
a

)

=
48Φc2

ω4
r

ΓsQ
2
a. (10)

Qa is obtained from Eq. 3. By definition, the width of
the scattering process is given by Γs = Pr/U , where U
is the total energy stored in the resonator, and Pr is the
radiative power of the resonator’s dipole. For the electric
dipole model (E), we have

PE
r =

1

4πε0

p20ω
4

3c3
(11)

UE =
1

2
kx2

m, (12)

where p0 = qxm is the maximal electric moment of the
resonator. This results in the following scattering width
for the system

ΓE
s =

q2

4πε0

2ω4

3c3k
. (13)

Replacing Eq. 13 in Eq. 10, we have

∆UE
r =

q2

4πε0

32ΦQa
2

ck
. (14)

3

According to basic rules of electrodynamics, the radiative
power of an oscillating magnetic dipole of moment µ is
given by replacing p0 → µ/c in Eq. 11. Therefore, for the
magnetic coupling model (M), that is a spherical MNP
vibrating with a maximum angular deflection of θm, we
have
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Note that Qa and k in Eqs. 14, 18 only depend on the
viscoelastic structure of the resonator, thus are indepen-
dent from the coupling type. With a similar viscoelastic
structure, the energy absorption value for electric and
magnetic coupling will be comparable if µ/Lc ≈ q. For
nano-scale systems of interest, the condition Lc < 1000
normally holds.
As a numerical example, we compare the energy trans-

fer performance of the magnetic and electric coupling in
the Nanotube Radio, a realistic example of a mechani-
cal nanoresonator [10]. We replace the electric dipole
of the nanotube tip with a magnetic dipole in the form
of spherical magnetite nanoparticle. According to the
original study, a Nanotube Radio built from a cylindri-
cal carbon nanotube of length L ≈ 1µm holding a net
charge of q = 200e absorbs an amount of energy enough
to detect radio signals from an electromagnetic radiation
with electric field intensity of E = 108 V/m. To achieve
the same amount of energy deposit, the magnetic mo-
ment of the replacement tip should be in the order of
µ ≈ qLc = 9.6 × 10−15 Am2, which can be obtained
by placing a spherical magnetite nanoparticle of radius
R ∼ 160 nm. Here we assume that the electrically cou-
pled Nanotube Radio also includes a non-magnetic tip of

the same size, which does not exist in the original de-
sign. To estimate the size of the magnetite nanoparticle
to be placed at the tip of a bare Nanotube Radio while
maintaining the energy transfer level, we need to account
for the change in the effective mass and the dissipation
coefficient as a result of adding the nanoparticle to the
system.
As another example, we conduct the energy transfer

analysis for a natural example of a magnetically coupled
system. Biogenic magnetite nano-particles called magne-
tosomes are found in the brain of many animals. They
were first discovered in bacteria that displayed magne-
totaxis [15], and are believed to participate in determin-
ing the orientation in several species such as migratory
birds [16]. Magnetosomes are embedded in the cytoskele-
ton bound to an viscoelastic system formed by a net of
protein fibers. According to Binhi [17], the mechanical
elastic energy of the oscillator is about 24kbT which is
of the same order as the magnetic energy due to the in-
teraction of the magnetosome’s magnetic moment with
the geomagnetic field in the equilibrium state. Note that
because this energy is an order of magnitude larger than
kbT , our assumption to neglect the stochastic term in
Langevin equation is valid. Thus, for magnetite parti-
cles with a density of ρ = 5200 Kg/m3 and a radius of
R = 100 nm, we derive an oscillator natural frequency
of ω0 = 1 MHz. A resonance is in principle not possible
if we adopt the standard viscosity of the cytoplasm [9].
However, in a carefully engineered synthetic system, one
can lower the viscosity in order to achieve a quality factor
ofQ = 100. In this case, one finds that for an electromag-
netic flux of 100 W/m2, a significant amount of energy
∆U = 25000 kbT is deposited into the system.
In conclusion, we have shown that low intensity ra-

dio frequency fluxes interact with certain nano-resonators
through the excitation of mechanical resonances. We pro-
vide examples suggesting that the engineering of high
quality factors Q opens new possibilities that these sys-
tems can couple to electromagnetic fields with sufficient
strength to allow significant energy transfer. Strikingly,
the strength of coupling to electromagnetic remains sig-
nificant even when the electric dipole of the Nanotube
Radio is replaced by the magnetic dipole of a magnetite
nanoparticle with a radius of 160 nm.
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• We performed our analysis on few 
nanoresonators that are already 
demonstrated in the literature:

• Example: Nanotube Radio 
K. Jensen, J. Weldon, H. Garcia, and A. Zettl, UC berkeley, 2007 

• NR uses electric coupling

• We show that the same energy transfer
performance is reached by replacing
the electric dipole of the original 
nanotube prototype with a spherical
Magnetite Nanoparticle of radius
160 nm.

The nanotube radio operates in a radically different manner
than traditional radios. Whereas traditional radios are entirely
electrical in nature, the nanotube radio functions at least in
part mechanically. Briefly, electromagnetic waves from an
incoming radio transmission impinge upon the nanotube
forcing it to physically vibrate through their action on the
charged tip. These vibrations are only significant when the
frequency of the incoming wave coincides with the nano-
tube’s flexural resonance frequency. As described in detail
below, the nanotube’s resonance frequency can be tuned
during operation, and hence the nanotube radio, like any good
radio, can be tuned to receive only a preselected band of the
electromagnetic spectrum. Already, this explains at least
superficially how the nanotube serves as both antenna and
tuner of a radio.
The amplification and demodulation stages rely on the

remarkable field-emission properties of carbon nanotubes,
which are due in large part to their needle-point geometry
that concentrates the electric field.7 The dc bias voltage
applied across the electrodes in Figure 2a produces a
nominally constant field-emission current. Mechanical vibra-
tions of the nanotube modulate the field-emission current,10
which then serves as the easily detected electrical signal.
Because the battery voltage source, rather than the incoming
electromagnetic wave, powers the field-emission current,
amplification of the radio signal is possible. Also, due to
nonlinearities inherent in field-emission, demodulation of the
radio signal occurs as well. Thus, all four essential compo-
nents of a radio receiver are compactly and efficiently
implemented by the vibrating and field-emitting nanotube.
Because of the critical role played by mechanical motion

of the nanotube during radio operation, visual observation
of the nanotube radio is invaluable. We accomplished this
by mounting the nanotube radio inside a high-resolution
transmission electron microscope (TEM). A sine-wave carrier
radio signal (generated for screening reasons inside the TEM)
was launched from a nearby transmitting antenna. Figure 2b
shows TEM micrographs of the nanotube attached to the

cathode (the anode is not shown as it is more than one micron
off the image toward the left). In the upper image, the
nanotube resonance frequency does not match the transmitted
carrier wave frequency; the nanotube is relatively motionless
and no radio reception can occur. Apparent in this image is
the negative charging of the tip of the nanotube, which
manifests itself as a significant brightening toward the
nanotube’s tip.11 In the lower image, the nanotube’s reso-
nance frequency has been brought into tune with the
transmission carrier wave frequency (251 MHz). Here the
oscillating electric field of the radio signal resonantly drives
the charged nanotube causing it to vibrate vigorously thereby
blurring its image.8 During this resonance condition, radio
reception is possible.
To correlate the mechanical motion of the nanotube to

actual radio receiver operation, we launched a frequency-
modulated (FM) radio transmission (amplitude-modulated
(AM) signals work as well) of the song “Good Vibrations”
by the Beach Boys. After being received, filtered, amplified,
and demodulated all by the nanotube radio, the emerging
signal was further amplified by a current preamplifier and
sent to an audio loudspeaker and recorded. The upper portion
of Figure 3 shows the frequency spectrum and audio
waveform of a 2 s segment of the song as transmitted, while
the lower portion of the same figure shows the same segment
as received by the radio. The nanotube radio faithfully
reproduces the audio signal, and the song is easily recogniz-
able by ear (see Supporting Information for audio and video
of this song and other nanotube radio classics). As a test,
during operation we purposely detuned the nanotube from
the carrier frequency, and as expected whenever mechanical
resonance was lost so was radio reception. We found it
straightforward, even without active feedback, to maintain
“lock” on a given radio transmission channel for many
minutes at a time. Of course, it is not necessary to operate
the nanotube radio inside a TEM. Using a slightly different
configuration, we successfully transmitted and received

Figure 2. (a) Schematic of the nanotube radio. Radio transmissions
tuned to the nanotube’s resonance frequency force the charged
nanotube to vibrate. Field emission of electrons from the tip of the
nanotube is used to detect the vibrations and also amplify and
demodulate the signal. A current measuring device, such as a
sensitive speaker, monitors the output of the radio. (b) Transmission
electron micrographs of a nanotube radio off and on resonance
during a radio transmission.

Figure 3. Transmitted and received audio waveforms (inset) and
frequency spectra of 2 seconds of the song “Good Vibrations” by
the Beach Boys. The nanotube radio faithfully reproduces the audio
signal, and indeed the song is easily recognizable by ear (see
Supporting Information).

Nano Lett., Vol. 7, No. 11, 2007 3509
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• Natural Example: Magnetosomes 

• We show that a significant amount of energy (~104 kT) can 
be deposited on magnetically coupled magnetosomes at 
resonance.  
This requires a synthetic encapsulation of the magnetic particle to 
reduce the viscosity. 

Energy Transfer Performance of Electromagnetically-Coupled Nanoresonators 7

Bacterium

Magnetosome Chain
Magnetosome

Elastic protein !bres µ

Figure 2. Magnetosome arrangement in magnetotactic bateria. The magnified
part shows how elastic protein fibres embed magnetite (Fe3O4) crystals in the
cytoskeleton. Interaction of the magnetic dipole of the crystal with external fields
within its viscoelastic environment can be analyzed by our presented theoretical
model.

by a net of protein fibres (See Figure 2.). According to Binhi [14], the mechanical
elastic energy of the oscillator is about 24kBT which is of the same order as the
magnetic energy due to the interaction of the magnetosome’s magnetic moment with
the geomagnetic field in the equilibrium state. Note that because this energy is an
order of magnitude larger than kBT , our assumption to neglect the stochastic term in
Langevin equation is valid. Thus, for magnetite particles with a density of ρ = 5200
Kg/m3 and a radius of R = 100 nm, we derive an oscillator natural frequency of ω0 = 1
MHz. A resonance is in principle not possible if we adopt the standard viscosity of
the cytoplasm [4]. However, in an engineered synthetic system, one can lower the
viscosity in order to achieve a quality factor of Q = 100. In this case, one finds that
for an electromagnetic flux of 100 W/m2, a significant amount of energy ∆U = 25000
kBT is deposited into the system. Equation (22) gives F̄ ∼ 1 pN, which is reasonable
for intracellular forces.

4. Conclusion

In conclusion, we have shown that carefully engineered magnetically-coupled
nanoresonators can match the energy transfer performance of its electrically-coupled
counterpart, while providing a more selective and robust interaction in challenging
environment such as biological systems. We presented a unifying model and
resonant energy-transfer equations for electrically-coupled and magnetically-coupled
mechanical nanoresonators and compared the resonant energy transfer performance for
the two couplings. Our analysis suggests that if the interacting electric dipole of a small
electrically-coupled resonator is replaced by a magnetic dipole, a comparable amount
of energy can still be deposited on the system. We provided numerical applications
of conducting our analysis on experimental nanoresonators such as Nanotube Radio,
which are already demonstrated in the literature. As an example, we showed the
strength of electromagnetic coupling in the Nanotube Radio remains the same using
a magnetite nanoparticle of radius 160 nm instead of the charged tip. In this
work, we focused on the quantitative aspects of the energy transfer. This opens

Monday, February 27, 12



Ongoing and Future Work

• Non-linear models

• Verification of the results by numerical methods 
such as Finite-element simulations

• Explore realistic mechanisms to demodulate the 
information from incoming energy bundles 
(messages).

• Manufacturing of a nano-receiver

Monday, February 27, 12



Summary

• magnetically coupled mechanical 
nanoresonators are promising tools to deliver 
energy at nanoscale. 

• The energy transfer performance of 
magnetically coupled systems is as good as their 
electrically coupled counterparts, if not better, 
within the scale of interest.

• Several applications exist in cellular biology 
(remote control and actuation), nanomedicine, 
nanorobotics. 
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