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Abstract — Permanently implanted sensors witt
continuous monitoring of pressure for cardiovasu-
lar applications are particularly attractive as they
provide additional opportunities for better therapies
and enhanced quality of life. In Abdominal Aortic
Aneurysms (AAAs), where stentgrafts are frequert-
ly used for treatment, are exemplary applicationsdr
this type of device. This paperintroduces a new
carbon nanotube (CNT)based flexible capacitive
sensor along with two different reading systems
based on inductive-coupling. Theabrication process
for the flexible sensorand the main characteristics of
the reading systems are presenteds well assimula-
tion results and preliminary experimental results of
CNT-PDMS elements. Electrical conductivity of
PDMS membranes withembedded aligned CNTSs i
10 S/m, in the direction perpendicular to the CNT
axis.

Keywords: I nductive-Coupling, Stent-
Graft, Pressure Sensor, Carbon Nanotube.

| - Introduction

Abdominal aortic aneurysms (AAAs) are a comi
vascular disease affectid® per 100 000 persc-year
[1] and areexpected to increase withe rise in life’s
expectancy.Nowadays, two treatments are avble:
conventional surgical repa(open surgery) and eo-
vascuar aneurysm repair (EVAR). EVAR is a minil-
ly invasive procdure in which a ste-graft is guided
from the femoral aery to the affected artery sment in
order to prevent wall rupture, thereby shielding
aneurysm from the blood pressure (BP). This treat
requires regular surveillance in order to detect
prevent complications such as graft migration, tc
fracture, endoleaks, enlargement of the aneurysm
and AAA rupture.Despite the advances in EVAR
recent years, retervation is still needed in ~10 %
patients [2. Therefore, procedures for mtoring and
supervising arerucial in detecting future problems a
improving overall efficacy of AAS repa

The sensing methods used in today’s procedie-
quire along time to complete, causing discomfort to
patients while exposing theto carcinoenic risks [2-4]
due toionization radiation (e. g. computed tomograpl
Moreover, the results are not always accurate @
detection, leading in some cases to -positive find-
ings [4].

This work proposea new method to monittAAAs
after the EVAR procedure. Thaonitoring system use
inductive€oupling to deliver energy and to comri-

cate with a flexiblecapacitive sensor that is placed
inside the aortic aneurysm sagrefabricatedand at-
tached to the stent-grafthe proposed solutic does not
requre any additional surgical intervention, and
passive except when reachel systenshould be able to
incorporate multiple sensordigure 1) rather than a
single sensor to increase bothe efficiency of the
monitoring system, provide importainformation about
the evolution of the aneurysm, as well as effetyn
eliminate false positives by providing statisti¢afor-
mation as a function of spatial placement of thétipla
Sensors.

Each sensor comprises an LC resonant cirwith a
different oscillation frequency. Thmonitoring system
is based on the deviation of the sensors’ oscilla
frequency by means of a capacitive pressure traes
This paper focusesnainly on the telemet reader
system, themost critical block of the entirreading
circuit, and on the fabrication technology of thregsure
sensor, given requirements that the sensor beHigl¢
extremely flexible and characterized by a very $I
profile (in line with the minimall-invasive procedure
used for endoprosthesis deyinent)

This paper is divided in four major sections. Sm
Il describes the two alternatiwércuits being develope
for the communicationwith the sensors. Section
provides thedetails of the flexible sensor fabricati
process. Section IV showsme of the preliminary
results obtained andnglly, section V highlights th
conclusions and points ofutture work
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Figure 1: Abdominal aorta aneurysm after EVAR, featul
the sensor cluster attached to the s-graft.

Il - Reader/Sensors Communicatio

The system oscillatiofrequency was chosen tp-
erate in the frequency barfdom 125 MHz to 20.0
MHz allocated specificallyfor medical applications
This frequency band was alselectedbecause, unlike
the low frequencies fooperation, it does not ruire
inductors and capdoirs with larg: dimensions that
would affectthe overall sensors’ area. Additionally, !



band guarantees some protection against biolc
effects and interferences generated by other elgic
equipment. The frequency band from.0 MHz to 37.5
MHz can also be adopted (the saraBonale discusse
before also applies).

Next, two different circuit methodologiesunder
study to read thseignals from the sensors discussed.

A. Reader Based on an ImpuRespons

The first method is based on the sensors’ im|
response. Figure 2 shows teehematicof the system
including both the read@&nd sensor circuits. TIR,and
Ry resistors are the parasitiesistances values from t
inductorsL, andL,

In order to read the sensaesponsea square wave
Vs is sent through the inductdy, that in turn activate
the sensor by generating rmagnetic field.Once the
sensor is activated, the outpygsupeimposesthe signal
sent by the reader (the input) pthe sensor: response.

The duplication of thecircuit marked as “twin”is
necessary for the successful reconstruction of
sensors’ signal. The use @fsquare wave to activate
sensors has thdrawback of producing a high numbe
harmonics in thegader’s output preventing the reci-
tion of thetrue signal sent by the sensors. To detec
sensors’ signal, the “twin” circuiénable the elimina-
tion of the unwanted harmonieg, by subtractionyv, -
Vio)-
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Figure 2: Reader’s circuit based an impulse in|
B. Reader Based on Power Transmis

The second method &milar to the operation of a
network analyzer, wheresine waves with differer
frequencies are sent tbe network tocharacterize the
transmitted power. Since each sen$@: an unique
impedance at thescillation frequency, this is reflect
in the powerransmitted when the sine wave freque
matches theensors’ oscillation frequen
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Figure 3: Reader’s circuit based on thevper transmissiol

Figure 3 shows thechematicof the described sys-
tem. The transformer captures the cui i(w) that is
being drawnand converts the current ti proportional
voltage vi(w) that is used to calculate ' proportional
transmitted power adescribed in equatit 1:

13 1 X
P = H';Pf(w) = E'Z”u(m)”oi(‘”) @

j=0

IIl - Sensors’ Fabrication and Specificatior

Given thecharacteristics of the application (then-
sor will be attached to the st-graft), the capacitive
sensor must be foldable, extremely flexible andrac-
terized by a very small profile. In addition, thehnd-
ogy should be simple and biocompatible. ‘on based
microtechnologies are widely used in implante
medical devices [5], but due to the applicationcfpza-
tions, a new fabrication process is introdu

The proposed fabrication process uses carboo-
tubes (CNTSs) to build the conductive elens, namely
the inductor and the capacitor electrodes. The CAE
embedded in a flexible substrate of polydimethgx-
ane (PDMS), a transparent, nontoxic and bicpatible
silicone elastomer.
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Figure 4:Fabrication process flow for tl development of a
flexible pressure sensor.

The fabrication process flow for the developmer
the flexible pressure sensor is schematically prese
in figure 4 Two different approaches abeing pursued
to manufacture the flexible€NTs embeddecPDMS
films (figure 4). On oneide, molds are fabricated usi
SU-8, a photoresisesin with excellent lithographic at
optical characteristics (figure 4a The high structural
ratio of SU-8 allows btaining structures with hig
dimensional control, an essential property to ena
accurate control of the PD®&membrane thickne. On
the other side, acrylic molds are produced by C
milling (figure 4all). This technique presents sol
advantages relatively to S8-molding, such as low



costs and faster production times, but it is asdedi has proven successful in our work as well, and bell
with poorer dimensional control. used for future experimentation (figure 4d).

The electric components (capacitor electrodes and Regarding the main specifications for the transduc-
inductor) are based on continuous aligned CNTs, d@i®n element (pressure sensor), namely dynamicerang
shown in figure 4b. Chemical vapor deposition (CVDYesolution and accuracy, they can be retrieved fitwen
is used to grow forests or “carpets” of verticadljgned maximum values of blood pressure within the human
CNTs (VACNTs) [6]. A SC silicon substrate with body and required accuracy and maximum errors
patterned with 1/10nm Fe/#&D; catalyst and placed in a admitted by the legislation for pressure measurémen
horizontal quartz tube furnace at atmospheric press devices [12]. For aortic aneurysm pressure measmem
at 750 °C [7] for the CNT growth. This method hlas t the sensor should have a dynamic range between
advantage of allowing the growth of high puritygihi 20mmHg and 250mmHz, a 1mmHg resolution and an
yield and vertically aligned continuous CNTs. Figltr absolute accuracy below 5mmHg [13].

shows two different experimental structures obtine Vo Ve

using this method. The CNTs are nominally 8 nm in 0 ! i - 5

dia., contain 2-3 walls, and spaced ~80 nm ap&imgji so b b R Sensor 2 : :
a bulk volume fraction of ~1%. .l ; |
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Figure 5: SEM images of two different CNT-based stmes: A S = e = =
a) "zero” shape and b) forest (no shape) of CNTSs. ) Frequency (MHz) i

Next, the CNTs are embedded into the polymer mdrigure 7: Agilent ADS Fourier analysis of the reddesircuit
trix (PDMS). This step is schematically represenited based on the impulse response.
Figure_4c, for both S_U-8 and acrylic molds. The-sub_ IV - Results
strate is placed against the molds, and the PDMS is
introduced in the cavities through a hole, followmgd A. Reader

the curing of the elastomer. This follows S|m|Iao_<pe- The simulation results of the circuits describediea
dures demonstrated for SU-8 and several epoxie8, [7,o; are presented in this section. Figure 7 shows th

9 and 10] that utilize the CNT alignment to enhanCPesponse\(o'Vto) of two different sensorsL¢=10uH
capillary action of drawing the polymer into thégakd Cs=14pF and Ls=10uH, Cs=10pF and k51:0.06:
CNT network. — ks=0.06, ks;7=0.01) when a square wave is applied to
4 ; - T - the reader. Figure 7 shows the Fourier transfornhef
.1 | _ response signal of Figure 6. These simulationsidens
ideal components and therefore the output shows no
distortion. Small asymmetries in the real case gdllise
deviations in the circuits that fail to completadjimi-
nate the harmonics in the output signal, contritgutio
distortion after the subtraction operation. Moragike
differential amplifiers used have finite values afm-
. mon mode rejection ratio (CMRR) and therefore the
subtraction operation is also not ideal.

The simulation results from the™®approach, the
=S 5 i = . o circuit based on the power transmission, are pteden

Time (us) in Figure 8. This circuit presents some advantages

relatively to the impulse response based readee sin
does not require subtraction and consequently has a
lower output distortion. On the negative side, tiisuit

The flexible pressure sensor is composed of thrée more complex due to the sine wave frequency pwee
thin layers, with the top and bottom layers definthe ing and requires more time to acquire the complate.
inductor and the electrodes, and the middle onimidef
the dielectric (air). This configuration requiresniding
of PDMS membranes. In [11], five different bonding The key step of the fabrication process is the GNT’
techniques were tested and the highest reported bampregnation by PDMS, and respective mechanical and
strength was obtained for both partial curing amd u electrical properties (required for the sensor gigsi
cured PDMS adhesive techniques. The latter approaBloth acrylic and SU8 molds have been fabricated

Voltage (mV)

Figure 6: Agilent ADS transient simulation of treader’s
circuit due to an impulse input.

B. Sensors’ Process Fabrication Characterization



(Figure 9, and are being used to build the PS
flexible membranes withembedded aligned CN°
(Figure 10).
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Figure 8 Agilent ADS simulation of the reader’s circuitdwmal
on the transmitted power.

First measurements to a series of samples (P
membranes with embedded CNTi®jlicate al electrical
conductivity of 1143 S/m with standard deviation
13,37 S/m in the direction perpendicular to the C
axis. Recent work has shown that conductivity in

direction parallel to CNTs for polym-nanocomposites

containing aligned CNTs is 180X that in the dirc-
tion perpendicular to the CNT axis [[1és found hereil
for PDMS).

B I Sl inch
Figure 9: Fabricated a) SU-8nd b) acrylic molds for the
production of PDMS membranes.

V - Conclusions

This paperpresented two different solutions 1
wireless monitoring of AAA based on implantal
flexible pressure sensors. The first solution (ifep
response) does not require high circuit complewityle
the second solution, based on power transmissg
more complex with regard to the sinusoidal sou
controllability, but enables an improved and m
informationrich output signal to be captur

The flexible pressure sensors will be based ori-
ble PDMS membranes with embedded CNTSs.
process is under rabanical and electrical characta-
tion and first functional pressure sensors are &bejk

soon. Prototypes of the telemetric reading systee
also under development and will provide more dat
access which of the two solutions will perform bet

R i

20 linch

Figure 10:PDMS membrane with embedded C (the “z”
axis corresponds to the direction of CN
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