
IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 58, NO. 7, JULY 2010 2169

Polymer-Carbon Nanotube Sheets for Conformal
Load Bearing Antennas

Yijun Zhou, Member, IEEE, Yakup Bayram, Senior Member, IEEE, Feng Du, Liming Dai, and
John L. Volakis, Fellow, IEEE

Abstract—We propose a conductive carbon nanotube (CNT)
sheet to realize conformal antennas on polymer substrates.
Polymer-ceramic composites (rubber-like structures) have good
RF (high dielectric constant and low loss tangent) and desirable
mechanical properties (conformal, flexible and lightweight).
However, there is a challenge in printing metallization circuits
on polymer substrates due to their hydrophobic nature. Also,
they are associated with low metal-polymer adhesion, causing
peeling under stain or tensile stresses. To address these issues, in
this paper, we consider the approach of embedding high density
vertically-aligned carbon nanotubes within the polymer composite
to achieve a CNT sheet having high structural compatibility.
We present the fabrication process to achieve high conductivity
CNT sheets and construct a sample polymer-CNT patch antenna,
yielding a 5.6 dB gain. This is only 0.8 dB lower than that of
an ideal patch made of perfect electric conductor (PEC). Strain
and tensile tests are also carried out to evaluate electrical perfor-
mance of the polymer-CNT sheet as it is bent and stretched. Our
measurements show that the proposed conductive polymer-CNT
sheet is highly flexible and preserves good conductivity under
small bending and stretching. The CNT sheet retains acceptable
performances even after 100 bending and 13% stretching. The
proposed polymer-CNT sheets are well suited for load bearing
antenna applications.

Index Terms—Carbon nanotube sheet, load bearing antenna,
polymer printing, polymer-ceramic composite, stain and tensile
stresses.

I. INTRODUCTION

C
ONFORMAL lightweight polymer-based materials are

important for load-bearing antennas and multilayer RF

front-ends for small aircrafts and body-worn applications. There

is also interest for multilayer three-dimensional RF front-end

architectures with each layer bearing different functionalities.

Such conformal antenna and multilayer circuit structure call for

a new class of materials with desirable electrical/RF (low loss,
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high permittivity), mechanical (flexible, lightweight, strong

shear and tensile rating) as well as thermal properties.

Among available materials, polymer composites (such as

PDMS-D270 and PDMS-MCT composites) are attractive be-

cause they are extremely flexible and not as sensitive to large

temperature variations. They also have low loss ( )

up to several GHz and controllable dielectric constants (relative

permittivity of ) [1], [2]. Further, as compared to

other materials such as those based on liquid crystal polymers

(LCP) [3] and low temperature co-fired ceramics (LTCC) [4],

PDMS composites can be processed at room temperature.

Specifically, for bonding LCP and LTCC layers, they must be

heated (300 for LCPs and 1000 for LTCCs) at temper-

atures that could cause failure to some IC components and

fragile wire bonds. With these issues in mind, PDMS compos-

ites are well suited for conformal load-bearing antennas and

RF systems integration. However, metallization or printing on

PDMS composites remains a challenge. Specifically, common

lift-off lithography methods using metal evaporation does not

work well for PDMS due to poor metal-polymer adhesion [5].

Further, interface incompatibilities can easily cause detachment

of the printed layers under bending or tensile stress.

In this paper, we propose a novel polymer-printing tech-

nology utilizing carbon nanotube (CNTs) sheets. Specifically,

multiwalled carbon nanotubes (MWNTs) are vertically grown

out of the polymer surface in a similar way as body hair, but

in much higher density (about 3 ) to

form a CNT sheet with nanotube lengths being a few hundred

micro-meters. Since the CNTs are embedded into the polymer,

they do not peel-off as is the case with metallization typically

done via evaporation. More importantly, by controlling the

length and density of carbon nanotubes, high surface conduc-

tivity is achieved with concurrent mechanical flexibility, high

conformality and good structural compatibility. Below, we first

describe the equivalent circuit model of the CNT sheet and its

fabrication process. Then, a polymer-CNT patch antenna is

“printed” and measured as an application example. The flexi-

bility and stability of the polymer-CNT sheet are subsequently

evaluated by carrying out strain and tensile tests. At the end of

the paper, we also present measurements for two examples of

conformal CNT patch antennas on a cylindrical surface.

II. CARBON NANOTUBE SHEET PRINTING ON POLYMERS

Carbon nanotubes (CNTs) have drawn significant atten-

tion in the RF community due to their superior mechanical

properties and potential applications to antennas. Specifically,

0018-926X/$26.00 © 2010 IEEE
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Fig. 1. Illustration of the vertically aligned polymer-CNT sheet (in actual and
model form). (a) Printed polymer-CNT patch. (b) Illustrative model of vertically
aligned CNTs. (c) Ohm’s law for a single CNT.

metallic CNTs do not oxidize [6] and are not susceptible to

moisture [7], [8]. CNTs are also stable at high temperatures

up to 700 [6], a desirable characteristic for harsh and high

temperature environments. Further, CNTs are attractive in

realizing antennas at millimeter wave, even up to optical fre-

quency range [9]–[13]. For example, it has been reported that a

single CNT dipole exhibits significantly slower wave velocities

( , where is the speed of light) above the relaxation

frequency of around 53 GHz [9], [11]. However, so far, reported

antennas have exhibited low radiation efficiencies due to their

high resistive loss [9], [11]. This is common for all nano-radius

wires including CNTs, which have large intrinsic resistance

(around 6 ), viz. too lossy for most microwave applica-

tions. However, CNT ensembles or arrays have shown to have

improved surface conductivity [14]. For example, nonaligned

CNT ensembles have been reported to reduce sheet resistance

down to around 20 [15]. However, even this lower

resistance is still too high to realize efficient CNT antennas.

Alternatively, e-textiles have been pursued to improve sheet

conductivity by weaving the nanotubes within cotton fibers

[16]. Nevertheless, flexibility and polymer-CNT adhesion

under bending stress are compromised with cotton microfibers.

In this paper, we propose to grow vertically aligned CNTs in

the polymer substrate [Fig. 1(a)]. Using this approach, we aim

to address conductivity and CNT printing issues on polymers.

Fig. 2. SEM photograph of the CNT array. (a) Cross-section view of the CNT
array. (b) Top view of the CNT array.

A. Circuit Model of the Vertically Aligned CNT Sheet

Fig. 1(a) shows a CNT sheet printed on a PDMS composite

substrate. Since the CNTs are grown vertically and embedded

inside the polymer substrate, the polymer-CNT sheet can be

treated as a composite, where the fillers being the carbon nan-

otubes. The composite’s conductivity is, of course, dependent

on the CNT density. In accordance with percolation theory

[17]–[19], the conductivity of the polymer-CNT sheet, , is

given by

(1)

where is the CNT volume density, is the percolation

threshold density, and is an exponent related to the conduc-

tivity. To obtain an explicit expression for the conductivity,

we proceed to model the CNT sheet as an array of touching

nanowires [Fig. 1(b)]. This simplified model is valid only

for high density CNT sheets, and provided the nanotubes are

entangled as shown in Fig. 2(b). In this case, the electric current

flows perpendicular to the nanotube stems via the vertically

touching CNTs.

We can calculate the CNT sheet resistance by using the cir-

cuit model in Fig. 3. This is a parallel circuit of resistors, each

representing the resistance of individual CNTs in perpendicular

direction ( ). Referring to Fig. 3, the CNT surface resistance

is calculated to be

(2)

where is a constant related to the CNT density (in essence the

number of CNTs). As shown in Fig. 1(c), the resistance along

the perpendicular direction can be calculated by adding up the
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Fig. 3. Model of the CNT array for sheet resistance calculation.

resistance of each segment of length and cross-sectional area

, giving

(3)

with having the effective resistivity of a single CNT. By com-

parison, when the current flows along the tube’s length, the re-

sistance becomes [see Fig. 1(c)]

(4)

Since , then , and this is the primary reason

for the low values, making the proposed CNT arrangement

attractive for antennas and RF printing.

As predicted by the above simplified CNT model [Fig. 1(b)]

and (3), the CNT density and length are two key parameters to

achieve high conductivity. High CNT density (or small spacing

distance between CNTs) will increase CNT percolation, leading

to higher conductivity. As our fabrication limits for the CNT

separation distance are around 100 nm, we tried to compress

the CNT arrays to reduce spacing distance down to around 20

nm. Doing so, the corresponding resistance was reduced by 50

times. However, the resulting CNT sample was too small for

antenna fabrication. Therefore, as a next step, we will carry

out larger area fabrication for the compressed ensembles. In-

creasing CNT length ( ) can also reduce resistance. However,

this holds for highly entangled CNT arrays. In practice, the CNT

array is less entangled as we increase the length. Therefore, in-

creasing length may not improve conductivity beyond certain

point (around ). In the next sections, we focus on

the fabrication and characterization of such vertically aligned

CNT array. When the nanotubes are about 200 tall and

spaced about 100 nm apart, the achieved DC sheet resistance

of the sheet is about 1 . This represents a significant

decrease as compared to the single CNT dipole [9] or the non-

aligned CNT ensemble [15].

B. Carbon Nanotube Sheet Fabrication Process

The vertically aligned CNTs are synthesized via a chemical

vapor deposition (CVD) process [20] (see Fig. 4). The process is

as follows: First we sputter an array of ferrous particles on a sil-

icon wafer to serve as catalysts for CNT growth. Next the silicon

substrate is placed inside a tube furnace (Thermolyne 79400)

and methane gases ( ) are blown into the furnace via a car-

rier argon flow. At high temperature (1000 ), methane gases

are decomposed into carbon atoms, aligned along the catalyst

Fig. 4. Process for growing vertically aligned CNTs.

Fig. 5. Process for transferring the CNT sheet onto the polymer composites.

particles into cylinder forms. By controlling the furnace temper-

ature (1000 ) and deposition time (2 hours), we can achieve a

vertically aligned CNT array on the silicon wafer as shown in

Fig. 2.

At the 2nd step we transfer the CNT sheet onto the polymer

substrate using a two-stage curing process. First a thin PDMS

composite layer is spin-coated onto the CNT sheet as displayed

in Fig. 5. After curing, the CNTs are implanted inside the

thin polymer layer to form a polymer-coated CNT sheet. The

polymer-coated CNT sheet is then detached from the silicon
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Fig. 6. Simulation model and fabricated polymer-CNT patch.

wafer by dissolving on the Si surface using hydroflu-

oric (HF) acid. During this process, we observe a

shrinkage of the polymer, further increasing the CNTs density

and improving conductivity. In the final (and 3rd) step, we

embed the polymer-coated CNT sheet into a larger customized

polymer-ceramic substrate for antenna realization. During this

curing stage, the polymer-ceramic substrate cross-links with

the coated polymer, leading to a strongly bonded CNT sheet on

the polymer-ceramic substrate.

III. RF AND MECHANICAL PERFORMANCE EVALUATION

We now proceed to characterize the RF and mechanical

properties of a fabricated CNT antenna. Specifically, a sample

polymer-CNT patch antenna was designed and fabricated as

shown in Fig. 6. We then measured the CNT-polymer antenna

performance and compared it with simulations for a perfectly

electric conductor (PEC) patch on a similar substrate. This was

followed by strain and tensile tests to examine the flexibility

and stability of the CNT sheet under load bearing conditions.

An evaluation of CNT patch under conformal installation was

also carried out.

A. CNT Microstrip Patch Antenna

Referring to Fig. 6, we show a 31 mm 31 mm CNT sheet

on a 56 mm 56 mm PDMS-MCT substrate, having a dielec-

tric constant of and loss tangent of

at the resonant frequency of 2.25 GHz. The patch was fed

by a coaxial probe soldered to the CNT sheet by conduc-

tive epoxy. The polymer-CNT patch was then measured on

a 150 mm 150 mm ground plane at the Ohio State Uni-

versity-ElectroScience (OSU-ESL) anechoic chamber. The

measurement data were then compared with HFSS simulations

for perfectly electric conductor (PEC) patch and a finite con-

ductivity patch (surface resistivity: 0.9 ). As shown

in Fig. 7, the measured gain (blue solid curve) agrees well with

the finite conductivity patch (dashed curve), verifying the low

sheet resistivity (0.9 ) of the polymer-CNT sheet.

Further, the radiation pattern [Fig. 7(c)] is that of typical patch

antenna. More specifically, the measured gain of the CNT patch

was 5.6 dB, i.e., only 0.8 dB lower than that of the simulated

PEC patch (dotted curve) of the same dimensions and substrate

dielectric properties. Indeed this is a very good RF performance

for practical applications.

Fig. 7. Measured RF performance of the polymer-CNT patch antenna. (a) Re-
flection coefficient (S11). (b) Realized gain. (c) �-plane pattern.

B. Strain and Tensile Tests

As load bearing antennas are subject to vibration and tem-

perature change, they are usually deformed by bending or

stretching. Therefore, it is critical to characterize their electrical

properties under strain and tensile stresses. Specifically, it is

desirable that the CNT sheet conductivity remains stable as the

substrate it bent or stretched. Here, we only measure the CNT

sheet DC resistance under different stain and tensile stresses

(which is related to the RF performance of the CNT surface).

Fig. 8(a) shows the measurement setup for the bending test.

As seen, we clamped a sample polymer-CNT sheet at the two

ends and exerted an external force using a universal test machine

to deform the polymer substrate. The deformation was evalu-

ated by the degree of bent angle ( ). The DC sheet resistance

was subsequently measured and recorded as the sample was de-

forming. Fig. 8(b) gives the measured sheet resistance versus ap-
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Fig. 8. DC sheet resistance versus strain. (a) Measurement setup. (b) DC sheet
resistances versus strain.

plied strain. We observed that the DC sheet resistance was fairly

stable within a large range of angles up to . As ex-

pected, the resistance decreases when positive strain is applied

since the CNTs are pushed towards each other. In contrast, neg-

ative strain further separates the CNT “hairs,” leading to higher

resistance. Since the rate of decrease/increase in resistance is

slow, we expect that RF performance degradation will also be

comparatively slow.

It is important to characterize the conductivity of the

polymer-CNT sheet under stretching condition as well (not

just bending). To do so, we employed the setup shown in

Fig. 9(a) and measured the DC sheet resistance as the sample

was elongated. In this setup, the degree of elongation is defined

as , where is the original length of the sample and

refers to the length after stretching. Obviously, stretching led to

a decrease in the CNTs density, leading to an increase in resis-

tance as depicted in Fig. 9(b). This behavior also agrees with

percolation theory that predicts an exponential relationship be-

tween conductivity and CNT density. Nevertheless, the sample

resistance was fairly stable within 2% of elongation, a typical

maximum stretching for most practical applications. In the

future, we expect to improve the CNT sheet conductivity under

large strain and tensile stresses by sputtering metal nanoparti-

cles on the nanotubes and by inter-dispersing horizontal CNTs

into the vertically aligned CNTs.

C. Conformal CNT Patch Antennas

We examined two conformal CNT patches mounted on a

cylinder surface [21]. As shown in Fig. 10, we attached a

polymer-CNT patch on a metal cylinder (80 mm in diameter

and 160 mm in length). Referring to Fig. 10(a), the patch is bent

along the -plane, implying that the current flows along the

circumferential direction. Alternatively [see Fig. 10(b)], when

Fig. 9. DC sheet resistance versus tensile stresses. (a) Measurement setup. (b)
DC sheet resistances versus tensile stresses.

Fig. 10. Photograph of the cylindrically mounted polymer-CNT patch an-
tennas. (a) �-plane bending. (b) �-plane bending.

the patch is bent in the -plane, the current flows along the

axial direction. We remark that bending led to a 13% stretching

in this case. Therefore, the -plane resonance frequency was

decreased from 2.25 GHz to 1.95 GHz. This frequency shift

can be justified by taking into consideration Young’s modulus

of the polymer substrate and the geometry of the platform.

The measured reflection coefficient and radiation patterns of

the conformal CNT patches were identical to the simulated PEC

patch on the same cylinder surface. However, we are most in-

terested in the gain performance as stretching changes the CNT

patch conductivity. Indeed, as shown in Fig. 11(a), the -plane

bent CNT patch had a gain of 1.7 dB at 1.95 GHz, viz. 3 dB

lower than that of a simulated PEC patch in the same bent con-

figuration. This is because the CNT surface resistivity was in-

creased since the bending (100 ) and stretching (13% elonga-

tion) reduced the nanotube density. The corresponding -plane

CNT patch had a larger measured gain of 2.9 dB at 2.25 GHz,
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Fig. 11. Measured broadside gain of the conformal CNT patches mounted on
the cylinder shown in Fig. 10. (a) �-plane bending. (b) �-plane bending.

viz. 1.5 dB lower than the simulated PEC patch on the same

cylinder [Fig. 11(b)]. This larger gain is due to that the radiating

currents flow vertical along the unbent direction of the CNT

patch. For most practical applications, the antennas will not be

subjected to such large bending or stretching. Therefore, we ex-

pect higher antenna radiation gain as the strain and bending will

be smaller.

IV. CONCLUSION

We presented a flexible, lightweight and conductive

polymer-CNT sheet for conformal load bearing antennas

and RF circuits. The CNT sheet is realized by growing a high

density of aligned CNTs (200 tall and 100 nm apart) to

practically form a conducting sheet on the polymer matrix.

As the CNTs are implanted within the polymer substrate, the

approach leads to structural integrity under stress, strain and

bending.

In this paper, we described the fabrication process and pre-

sented a circuit model to calculate the CNT sheet conductivity.

The measured patch resistivity was only 0.9 (as com-

pared to 20 reported with other CNT ensembles [15].

A sample polymer-CNT patch antenna was fabricated and mea-

sured to exhibit a gain of 5.6 dB, viz. only 0.8 dB less than that

of a simulated ideal patch. Mechanical tests were also carried

out to demonstrate the flexibility of the polymer-CNT sheets.

Further, two conformal CNT patch antennas were fabricated

and measured. The latter had an acceptable gain performance

for practical applications, making the proposed polymer-CNT

sheets suitable for conformal load bearing antennas.
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