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Abstract: The potential performance of carbon nanotubes (CNTs) as springs for elastic energy storage is
evaluated. Models are used to determine an upper bound on the energy density that can be reached in defectfree individual CNTs and in assemblies of such CNTs. Millimeter-scale CNT springs are constructed using 3
mm tall forests of multi-walled CNTs as the starting material, and tensile tests are performed to measure the
s rings‟ sti ness, strength and elastic ro erties The highest recorded values for specific strength and
specific stiffness are 0.7 N/tex and 21 N/tex, respectively. The measured strain energy density of these
continuous CNT fibers is equivalent to the energy density of steel springs.
Key words: Carbon nanotubes, fibers, energy storage, energy density, mechanical springs

1. INTRODUCTION

2. ENERGY STORAGE MODELING

A new approach to storing energy in carbon
nanotubes (CNTs) is presented, along with its
calculated performance and initial experimental
results. In this approach, an ordered grouping of
carbon nanotubes (CNTs) is used as a spring to store
energy for later use, much as a steel spring stores
energy in a mechanical watch. The CNT spring differs
from a conventional steel spring in the exceptional
material properties that its CNT composition offers.
The mechanical properties of CNTs include a high
effective
oung‟s
odulus o ca. 1 TPa and
experimentally demonstrated elastic strains as high as
6% [1], with theoretically predicted strains as high as
20% [2] in the absence of defects. Together, these
properties offer the potential for elastic energy storage
systems at energy densities that are three orders of
magnitude higher than those of conventional steel
springs, and indeed comparable to lithium-ion
batteries.
At the molecular scale, CNTs can function as
mechanical springs that store a great deal of energy for
their size due to their networks of strong, carboncarbon bonds. The challenge remains to build springs
that store macroscopically significant amounts of
energy in large arrays of nanotubes and recover the
energy in a controlled fashion. In this paper, we first
present models of energy storage in CNTs to
determine the theoretical upper bound on the elastic
energy that may be stored in CNTs, and the optimal
mode of deformation for energy storage. Next, we
summarize the results of experimental tests performed
on a first generation of springs to examine the
performance of CNT groupings as mechanical springs.

The energy density that can be stored in a CNT
under a load is estimated by treating a CNT as a
hollow, cylindrical beam and assigning a thickness of
0.34 nm to each CNT shell based on the continuum
assumption [3
he co
only e loyed oung‟s
modulus of 1 TPa is employed. For a CNT loaded in
tension or compression, the energy density is
1
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where E is the oung‟s odulus,
is the applied
strain, and k is a factor to account for the unfilled
space at the center of a CNT and/or the volume
fraction of CNTs within groupings. In tension, the
maximum strain that can be applied is limited only by
the elastic limit. In compression, the maximum applied
strain is limited by either the elastic limit or the
buckling limit, whichever is reached first. In bending,
the maximum energy density of a CNT is
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where ri and ro are the inner and outer radii of the
continuum cylinder, max is the maximum applied strain
at which either the elastic limit is reached or buckling
occurs, and k accounts for the volume fraction of
CNTs in a grouping. Finally, in torsion the maximum
energy density in a CNT is
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where G is the shear modulus, J
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polar moment of inertia of the beam, and Mcr is the
35

Proceedings of PowerMEMS 2008+ microEMS 2008, Sendai, Japan, November 9-12, (2008)

maximum moment that can be applied before reaching
the elastic limit or the onset of buckling.
Analysis of Eqs. 1-3 for single-walled (SWCNTs)
and multi-walled CNTs (MWCNTs) with different
diameters and number of shells reveals that in bending,
compression and torsion, higher energy densities can
be reached in SWCNTs than in MWCNTs because of
their higher buckling strains [4] and greater radial
stability [5]. In tension, SWCNTs are favored over
MWCNTs because of the difficulty of grasping and
loading MWCNT inner shells [6].
The maximum strain energy density of SWCNTs
is plotted as a function of diameter in Fig. 1 for four
deformation modes. The energy density in
mechanically deformed SWCNTs is highest under
tensile loading as long as elastic strains greater than
9% can be reached. Assuming maximum elastic strains
of 15%, the energy density in CNT springs is predicted
to be three orders of magnitude greater than the
maximum energy density of steel springs and eight
times greater than the energy density of lithium-ion
batteries.

stretched spring in place prior to discharge and
optionally control the rate of energy release from the
spring [4]. Fig. 2 plots the predicted energy density of
a system that includes a support structure and a spring,
and shows a maximum achievable overall stored
energy density that is comparable to lithium-ion
batteries. Even once a support structure is considered,
a CNT spring stores energy with a density more than
two orders of magnitude higher than a steel spring and
on the same level as batteries.

3. MECHANICAL PROPERTIES OF FIBERS
Fibers of continuous MWCNTs were fabricated to
study their mechanical properties and energy storage
capabilities. These milliscale CNT springs were
constructed from 3 mm tall forests of MWCNTs (Fig.
3). Each spring was created by removing a small fiber
from the edge of a forest. Additional springs were
constructed from 1.2 mm tall pillars with 200 µm by
200 µm cross-sections. Both the pillars and forests are
made of MWCNTs with an average of 4-5 shells and
mean outer diameters of 10 nm. The areal density of
the forests is 2-2.5 x 1014 MWCNTs/m2, corresponding
to a mass density of 0.015-0.019 g/cm3.
A range of techniques were tested for creating
compact, ordered, interacting groupings of CNTs from
the starting forest material, including compaction by
mechanical pressure and capillary-driven densification
[7] using hexane, toluene and benzene. Capillarydriven densification increased the initial density of the
fibers by a factor of 7, while mechanical compression
increased the density by a variable factor as high as 16.
Both densification techniques resulted in densities far
below the upper limiting density of graphite. The
densified fibers were secured to a frame using epoxy,
and tensile tests were performed on the springs to
measure their stiffness, strength, and elastic properties.
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Fig. 1: Strain energy density in SWCNTs as a function
of diameter for different deformation modes．
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Fig. 3: (a) A forest of 3mm tall MWCNTs and an array
of 1.2mm tall pillars (b) Fiber in a loading frame.
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The fibers were loaded in tension up until failure to
obtain stress-strain curves. From these tests, one can
calculate both stress within the fiber (using the outer
cross-sectional area of the densified fiber) as well as
the stress in the CNTs (using the effective loading area
of the CNT shells within the fibers, estimated from the
volume fraction of the as-grown forests). A typical
stress-strain curve is shown in Fig. 4, exhibiting a

Fig. 2: Energy density of SWCNTs bundles under
tensile loading with support structures made of single
crystal diamond, silicon and silicon carbide.
Models were also generated of a more complete
system, to represent a power source that includes not
only a CNT spring but also hardware to hold the
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but remains consistent following the second cycle.
These subsequent load-unload curves display an
increased modulus, once slack has been removed, as
well as hysteretic behaviour. This presumably arises
because the CNTs grown in the forests are not straight
and perfectly aligned, but exhibit bending and kinks.
The first loading cycle loads the fiber while taking up
the slack, while subsequent loading cycles simply load
the fiber once slack has been removed. These results
indicate considerable disorder at the micro/nanoscale.
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linear relation between stress and strain. The
maximum strength and stiffness of the fibers obtained
to date are 70 MPa and 1.7 GPa, and the maximum
measured strength and stiffness just considering the
CNT area obtained to date are 1.6 GPa and 45 GPa,
respectively. The conservative assumption is made that
all shells within the MWCNTs are supporting loads; if
it is assumed that only the outer shells support the
load, the highest strength and stiffness just considering
the CNT area become 2.8 GPa and 89 GPa. The strain
at failure for the fibers was variable and ranged
between 1% and 20%. Failure of the fibers tends to
occur as a single unit, with the fracture zone tending to
be a clean cut across the fiber; this indicates that there
are interactions between CNTs throughout the crosssection of the fiber.
Data for fiber strength and CNT strength are plotted
as a function of uncompressed fiber cross-sectional
area in Fig. 5. The plots reveal that higher strengths
were measured in smaller fibers. The same trend was
observed between modulus and area, with the highest
fiber and CNT moduli measured in fibers with the
smallest cross-sectional areas. These results may be an
indication of uneven tensile loading within the fibers,
which would concentrate the load to particular regions
within the fiber and produce lower than expected
failure loads. As a result, higher fiber strength and
stiffness, as well as more accurate CNT strength and
stiffness, are recorded in smaller fibers, where uniform
loading is more achievable. Uneven loading may be
the result of the epoxy grips or non-uniformities in the
fibers due to the densification process. The large
spread in the strength and stiffness data can likely be
attributed to uneven loading, though uncertainties in
the density of the forests may also have been a
contributing factor.
The results are further summarized in Fig. 6, which
plots the specific stress vs. specific stiffness. The
highest recorded specific strength and stiffness are
0.73 N/tex and 21.5 N/tex. While encouraging, these
preliminary results fall below the highest values
obtained for fibers to date by direct spinning from the
gaseous phase [8]. This is not surprising given that the
starting material in the spinning technique is made of
high-quality, high temperature grown single- and
double-walled CNTs rather than the lower
temperature, 4-shell MWCNTs forests used here. The
fact that the strength reported here is as high as it is
indicates the strength-inducing advantages of the fiber
assembly approach based on forests as the starting
material.
Cyclic loading tests (Fig. 7) performed on the fibers
provide additional insight into the mechanisms taking
place within the fiber during tensile loading. The
loading behaviour changes after the first loading cycle
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Fig. 4: CNT stress and fiber stress vs. strain for a
typical fiber loaded in tension up to failure.
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Fig. 5. (a) Fiber strength and (b) CNT strength plotted
as a function of uncompressed fiber area.
The strain energy density stored in a fiber under a
load is
(4)
This energy density calculation is applied only to
loading cycles after an initial load-unload cycle
(corresponding to cycle 2 through 5 in Fig. 7) once the
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Specific Strength (N/tex)

slack in the fiber is taken up. The maximum
recoverable energy recorded to date is 2×103 kJ/m3 or
15 kJ/kg, which is comparable to the energy density by
volume and greater than the energy density by mass of
steel springs. The energy density by volume remains
three orders of magnitude lower than the theoretically
predicted maximum energy density, and provides a
lower bound on what could be achieved in more
advanced implementations of CNT springs.

create higher density fibers that are able to support
loads uniformly. Techniques to straighten the CNTs
and improve the internal organization within the
forests are still needed to produce fibers that exhibit
elastic behaviour and can act as elastic springs. The
current energy density that was stored and
subsequently released from this first-generation of
fibers already matches the energy density of steel
springs, but still remains three orders of magnitude
below the maximum predicted theoretical energy
density of CNT springs.
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strength for fibers densified using capillary forces．
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