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Abstract— Electromagnetic interactions with biological sys- magnetometry [6], [7]. The interaction of electro-magaoeti
tems promise new possibilities in medical applications and fields with magnetic particles in biological settings was
synthetic biology. Creating a controlled action in biologcal partially investigated in [1], [8]. However, such studiesyo

systems requires an efficient transduction of the electrongnetic . d
energy to thermal or mechanical biosignals. In this paper, & considered the effects of extremely low frequency fields,

present the design and optimization for a nano-scale magniet Which resulted in considering the over-damped regime and
torque transducer based on a tunable nanomechanical res- overlooking the possibility of a high-frequency resonator
onator. Operating in the resonance regime allows the pres¢éed  Finally, non-resonating transduction of relatively higle-f
system to efficiently absorb a large amount of energy from o ,ency electromagnetic fields (i.e., 100s KHz) into acorati

the source. In addition, systems tuned on well separated . tinated using the AC tibility of i
resonance frequencies may operate simultaneously withoany ~ WaS Investigated using the susceptibility of magnetic

interference. We describe the theoretical model of the sysm Nanoparticles but showed very limited efficiency (i.e.; 30
and show the possibility of achieving the resonance in biotpcal ~ of the energy is transduced into actuation the remaining was

settings for a system with reasonable dimensions. dissipated as heat) [11], it was however utilized for tagdet
hypothermia against cancerous cells [12].
. INTRODUCTION The structure of this paper is as follows. Section II

Remote interaction with biological systems has the pdPresents the basic theoretical model of the system. The
tential to enable a large number of applications such adnetic and fluid dynamics analysis is presented and the nec-
the investigation of mechanical properties of the cell an@ssary conditions to achieve resonance are derived. 8ectio
molecular signalling pathways (e.g., through targetedi-act!ll presents the design considerations along with numerica
ation of mechano-sensitive and thermo-sensitive ion chafesign examples. Section IV discusses the results ancb8ecti
nels), the modulation of cell functions, and controlledgiruV concludes the paper. In the following sections, boldface
delivery [2], [3], [4], [5]. letters represent vectors. For a given veatpe, denotes a

We propose a design for a passive nano-scale W|re|e§§|t vector of its direction and denotes its magnitude.
receiver that can operate in a viscous bio-material and that
can be tuned within a wide range of radio frequencies (100s ) ) ] ) )
MHz - few GHz). The receiver is composed of an integrated 11€ resonator considered in this design consists of a
magnetic nanoparticle with a carbon nanotube. We sho(pulti-wall carbon nanotube (MWCNT) cantilever, which is
through theoretical analysis that such a receiver can effeg@mped to the surface, and firmly attached to a spherical
tively resonate with radio frequency signals and efficignt| Magnetic nanoparticle (MNP) on the free end. An alternating
transduce the high frequency magnetic torque into actati¢Xternal magnetic field exerts a magnetic torque on the MNP
(e.g., 100nm carbon nanotube bound to 100nm magnefitéating an elastic deflection in CNT (See Fig. 1). _
nanoparticle can resonate at 150 MHz). This is made In this sectlon,_we provide a deta_uled the_oret|_cal analysis
possible thanks to advances in the manufacturing of carbof! the aforementioned resonator. First, to simplify thecth
nanotubes and magnetic nanoparticles. Tunable resonancégiical analysis, we propose the following set of assunmstio
high frequency is the key in enabling multiplexed interaesi « The deflection of the cantilever beam is generally a
and more sophisticated targeted actuations. three-dimensional problem. However, we reduce the

Nano-resonators have received significant attention in the Problem to 2-D by neglecting the Poisson'’s ratio of zero
last few years. However, most previous work investigates (v=0).
mechanisms operating in vacuum and relying on the effects® We considersmall deflectionsof the cantilever beam
of electrical fields [9], [13], [10]. The viscosity of biolégal (sin@ = 6).
tissue and its interaction with the electrical field maketsuc * Forces and torques due to gravity and geomagnetic field
approaches impractical for resonance at high frequencies. are neglected.

Similar resonators with a ferromagnetic tip mounted on a * The MNP is a single-domain magnetic particle of

mechanical cantilever have been used in vibrating caetiley ~ Magnetite (FgO,) with a permanent magnetic moment,
therefore showing nsuperparamagnetibehavior.
Hooman Javaheri and Guevara Noubir are with the College oh-Co  « We neglect the cantilever’'s mass since it is much smaller

puter and Information Science, Northeastern UniversitystBn MA 02115 than the mass of MNP.
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Fig. 1. The illustration of the system. (a) an overview of doenponents of the nanomechanical resonator at initialt)laefd operating (Right) conditions.
Dimensions and angles used in the theoretical analysisharers (b) Cross section of the carbon nanotube cantilever.

AssumeR andL denote MNP’s radius and the cantilever'sUsing Eq. 2 and 3, the resonance condition and the resonant
length, respectively. Assume the resonator sits in xge frequency will be

plain. Initially, the magnetic moment of MNTy, aligns C < V2Kl 5
with the cantilever directiony(axis). A horizontal alternating ®)
magnetic fieldB = Bcog wt), provides the external magnetic 2kl —C?

torque, Tm = U x B, to the resonator. The combination of W = 212 6)

the elastic and magnetic torques along with the dissipati
torques (viscous drag forces etc.) create a damped harm
oscillator. The equation of motion for rotational oscilbats
of the systems is the following:

Orl%or a small damping ratio (i.ef < 1, typically less than
8.85), the quality factor of the resonance equ@ls 1/2¢ =
VKI/C. This is particularly useful for determining the res-
onator’s absorbed power. By definition,

Maximum energy stored in the system

;o (M
] Power absorbed by the system
where 8 denotes the angular displacement of the beam, a%ere the maximum energy stored in the system is given by

|, C andk are the system’s moment of inertia, dissipation: g2 /> ‘Finally the bandwidth (or absorption width)
coefficient and coefficient of elasticity resulting from the;g Aw = /Q

cantilever deflection, respectively.

16 +COH+kB = Ty (1)

Q= x

B. Model-Specific Solution

A. General Steady-State Solution and Resonance Conditiondn this section, we derive the equations fiorC, k, and

am for the presented resonator by computing the torques
and moments of inertia with respect to the cantilever’s base
External electromagnetic torque is given by

The natural frequency and damping ratio for a syste
described by Eq. 1 is as follows:

LT
= \/IE @) Tn = x B = uBsin(- — 6)cogwr) (8)
C C 3 = UBcog8)cogwt)
= 2lay  2vkl ® = uBcogwt). 9)
The steady state solution for the system is given by Neglecting the mass of the cantilever, the moment of inertia
of the system equals the moment of inertia for a spherical
o(t) = KB coqwt + @) (4) mass (i.e. the MNP) with respect to cantilever’s base, and is
Zmw ’ given by
| = 2mR 4+ mD? (10)
whereZm(w) = \/(20)05)2+ (0 — w?)2/w? is the system’s 5 ’

impedance, andp(w) = arctari2wanl/(w? — wg)) is the wherem is the mass of the MNP, anB = (I +R) is the

phase shift from the driving torque. distance of MNP’s center of mass from the base. Therefore,
For such an oscillator, resonance is possible if and only 2 2

if { <+/2/2, which means the system is underdamped. I_m(5R2+D ) (1)

The corresponding resonant frequency is given day= _ A ERZ | +R)2 12

/1 — 272 at which maximum deflection8may OCCUrS. 3 p (5 +(+R%), (12)



wherep is the density of the magnetite.

The elasticity coefficient (i.e. equivalent spring con$tan s
for a cantilever beam is given by Bernoulli-Euler equation
For small deflections of the beam with a torque load at th
tip, we have

Resonant Frequency, o (Hz)

o' 10°

El;

| )
whereE, I¢, and| are Young’s modulus, second moment
of cross-section, and length of the beam [15]. MWCNT i
basically a cylinder, thug = Z (rg—rf*) wherer, andr;
are outer and inner radii of the CNT.

k= (13)

Cantilever Length, | (nm)

3
1 10
Dissipation Mechanisms:Several dissipation mecha- MNP Radius, R (nm)
nisms may affect the oscillations of the resonator. Th
L . . e ) . Quality Factor, Q
dissipations in nanoresonators can be divided into two ce 16° ;

egories: a)intrinsic losses which are due to imperfections , : ; e
and interactions within the structure of the resonator.(e.( ‘ o : o , %
phonon-phonon interactions, thermoelastic effect).Hx}

trinsic losses which are the result of interactions with the &
surrounding environment (e.g. viscous friction, clamping 20
losses). In this model, we only consider the extrinsic dis 15
sipations. The viscous nature of the biological media make 10
the viscous friction the dominant factor among the extdnsi .
losses. For the sake of simplicity in this paper, we onl

consider dissipations due to drag forces in the fluid. Sma 10" 10° 10°
particles such as nanoresonator components have very sn MNP Radius, R (nm)
Reynolds numberRe — 0), thus fluid behaviour follows

the Stokes’ law. For a spherical object of radiRsn this

condition we have Fig. 2. (Color online) Resonant frequenay (upper graph) and Quality
' factor (lower graph) for reasonable range of values for MBRéHus (10 nm

Fp = 671Rnv, (14) <R< pum) and_ CNT length (5 nm< | < pum). T_he_points located outside
the colored region represent overdamped oscillationspl@Grare generated

wheren andv are fluid viscosity and velocity of the object. " MATLAB.
Substituting forv= (I + R)0, andC = 1p/6, we have

2

10

Cantilever Length, | (nm)

10

C— b _ Fox (I+R) require radical changes in the design and setup and might not
6 6 be possible at all. In contrast, structural parametersigeov
= 61RN (I + R)%. (15) much wider range of flexibility, thus make good tuning

Note that because of the small moving area, the drag forcggrameters_ for the resonator. ) o
A numerical example for design and optimization of a

on the cantilever are negligible and not considered. . ) X
Substituting from Eq. 12, 13, and 15 results in the eX[eal world system is present_ed below. Note that in this
panded form of resonance condition below: exampleR and | serve as tuning parameters apd the rest
of the parameters are given as follows: MNP is made of
54n%(1 + R)* < EpR(ngJr(I +RA)(rd—rh). (16) mag_netite (Fﬁ)4_) with desity of p = 5200 Kg/nt. The
5 cantilever beam is a carbon nanotube with Young’ dul
g's modulus
IIl. DESIGN AND OPTIMIZATION of E =5 TPa, and outer and inner radiigf= 5 nm,rj = 2
Having explored the theoretical model for the systemM, respectively. The system will be installed in an aqueous
this section discusses the design and optimization of ttffIvironment, thereforg = 103 Pa.s . Finally, the overall
system. The goal is to design and to optimize a resonatéize of the system should stay within reasonable range for
that operates at a given resonant frequency in a given nhiological application (i.e. less than few micrometers).
croenvironment. Identifying the key parameters of thegiesi We first look at the possibility of the resonance for
is necessary to achieve the desired performance. The eqgdch a system. The resonance happens provided that the
tions derived in the preceding section include two différeninequality presented in Eq. 16 is fulfilled. Fig. 2 shows
types of parameters. First are thmaterial propertieswhich  the resonant frequency and quality factor for the system for
include Young’s modulusKE), density ), and viscosity of reasonable values & andl. Data from Fig. 2 suggests that
the microenvironmenty). Second arstructural parameters resonant conditions are achievable for a large range ofiguni
which are MNP radiusR), CNT length (), and radii (, parameters (Colored region).
andr;). Adjusting the material properties could potentially The next step is to find the optimal configuration (or an
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3 V. CONCLUSIONS

We present a nano-scale radio-receiver that is capable
of achieving resonance in biological settings. The system
= o is based on a magnetic nanoparticle attached to a carbqn
£ nanotube cantilever. The receiver transduces the magnetic
g 10{"""““#\\ : R ——— | field into a radio-frequency torque. The benefit of using
5 f=300MHz N magnetic fields is that, unlike electric fields, they couple
g weakly with non-targeted biological tissues. This makes
= tunable resonance at fairly high frequencies feasible @ bi
8 logical settings, therefore enabling several unique cidipab
. such as multiplexed interaction and targeted actuation. We
i \ 1 conduct theoretical analysis for the system and predict the
_ - . desired functionality within reasonable scale for frequen
10 MNP Radits, R (nm) 10 (few MHz - few GHz), carbon nanotube size (100s nm),

and magnetic nanoparticles size (100s nm). We believe this
Fig. 3. (Color online) Optimization look-up graph for a matite/(5,2)-  Will open several new avenues for research in the areas of
CNT resoator operating in water at 60 MHz (blue line) and 30BIZM  targeted actuation of mechano-sensitive and thermo+sensi

(purple). Any point on an specific frequency line is a valichfiguration for . . .
R andl, which results in a resonator with resonant frequency oflittess ion channels, the modulation of cell functions, and coirecbl

nominal frequency. Graph is generated inxMAB . drug delivery.
ACKNOWLEDGEMENTS

optimal set of configurations) in which the resonator operat  1his material is based upon work supported by the
at desired resonant frequency. This is possible by detémgin National Science Foundation under Grant No. CISE/CNS
the cross section of the graph of resonant frequency 0958927.

a function of R and | at given frequency. Operating at REFERENCES

a frequ.ency IS not_possmle if the CI’OS_S section Is empty 1] Winklhofer and Kirschvink. A quantitative assessmerft torque-
Otherwise, each point on the cross section representsd vall * ransducer models for magnetoreception. Journal Of TheRyciety
configuration in which the resonator operates at the desired Interface (2010) vol. 7 pp. S273-S289

frequency. Fig 3 illustrates this process for our numericalZ] Dobson. Remote control of cellular behaviour with maimaanopar-
ticles. Nature nanotechnology (2008)

example. As shown on the grapR £ 100nm,| =42nm) (3] Mannix et al. Nanomagnetic actuation of receptor-meiasignal
configuration leads to resonant frequencyfpf= 50 MHz, transduction. Nature nanotechnology (2008) vol. 3 (1) (p4G
while f. = 300 MHz can be achieved by choosinB(: [4] Chen. Remote control of living cells. Nature nanotedbgg (2008)
r . ,I5] Huang et al. Remote control of ion channels and neuronsutih
50nm|l = 30nm). These are reasonable values in today magnetic-field heating of nanoparticles. Nature Nanoteldyy
manufacturing technology. (2010) vol. 5 (8) pp. 602-606
[6] Stipe et al. Magnetic dissipation and fluctuations inivitlial nano-
magnets measured by ultrasensitive cantilever magnetpnidtysical
IV. DiscussION Review Letters (2001)
. . L L . [7] Zhang and Hammel, Magnetic resonance force microscojii &
The tiny size of nanoresonators significantly limits their ~ ferromagnetic tip mounted on the force detector, SolideShmclear
amount of energy. With such limited energy budget, over-  Magnetic Resonance, Volume 11, Issues 1-2, March 1998, pf265

. : . . . 8] Adair. Constraints on biological effects of weak extedylow-
coming the ambient thermal noise (iksT, wherekg is frequency electromagnetic fields. Physical Review A (19¢dl) 43

the Boltzmann constant aridis the temperature in Kelvin.) (2) pp. 1039-1048
becomes a challenging obstacle. In order to have a meanin{fl Jensen et al. Nanotube radio. Nano letters (2007) val1j fp. 3508-

: . . : 3511
ful Impact on the Surroundmg microenvironment, the totaﬂlO] Poon et al. Optimal Frequency for Wireless Power Traesion Into

energy of the resonator must excded . This determines Dispersive Tissue. Antennas and Propagation, IEEE Tréineacon
the sensitivityof the resonator to external actuations. (2010) vol. 58 pp. 1739 - 1750

. . . . J11] Janssen et al. Controlled torque on superparamagibetads for
Another Important challenge is the mechanism by Wh'Ch functional biosensors. Biosensors & Bioelectronics (32089. 24 (7)

the CNT is attached to the MNP. A very strong (covalent)  pp. 1937-1941
bond is required to achieve gOOd performance. While thid2] Hergt et al. Magnetic particle hyperthermia: nanojpketmagnetism

. . . and materials development for cancer therapy. Journal QB
process of attaching an MNP to a CNT is still underexplored, -, densed Matter (2006) vol. 18 (38) pp. S2919-S2934

recent research demonstrates manufacturing similar dmnds[13] Dykman et al. Spectrum of an Oscillator with Jumpingdgrency and
chemically modifying the surface of MNPs and CNTs [16]. the Interference of Partial Susceptibilities. PhysicaviBe Letters

: : : (2010) vol. 105 (23) pp. 230601
Finally, even in the case of good coupling between th@ 4 Gupta et al. Synthesis and surface engineering of isédeonanopar-

nanoresonator and the external field, the oscillationstaven ticles for biomedical applications. Biomaterials (2005).\26 (18) pp.
ally become non-linear. This makes the design that is on Yo, 3995-4021

b d l fl d d ffici Meirovitch. Fundamentals of Vibrations. McGraw-H{l000)
ased on linear resonance flawed and not sufficient. In t ] Jong Hyun Choi et. al. Multimodal Biomedical ImagingtwiAsym-

work, we skipped the non-linear analysis due to the limited  metric Single-Walled Carbon Nanotube/lron Oxide NandparCom-
Space plexes. Nano Letters 2007 7 (4), 861-867



