




 

compression [10, 11]. Hysteresis losses range from 

5% to 30%, depending on the fiber. The recoverable 
energy stored in a spring corresponds to the area 

under the unloading curve, so to achieve high energy 

density, it is of interest to maintain elastic behavior 

and limit hysteresis. The energy density of the fiber in 
Fig. 3a is 22 kJ/m

3
, and the highest energy density 

recorded to date is 200 kJ/m
3
 [6]. The stress-strain 

behavior of the fiber changes significantly after the 
first load cycle but subsequently remains consistent, 

indicating that permanent structural changes have 

taken place in the fiber during only the first load. The 
corresponding electrical resistance measurements are 

plotted (along with stress) vs. time in Fig. 3b and 

show a similar pattern of a permanent resistance 

increase along with strain dependent, reversible 
resistance variations. By the end of the test, the 

electrical resistance across the fiber has permanently 

increased by 0.12 Ω. Both the mechanical and 
resistance measurements indicate permanent 

modification of the structure of some (but not all) 

parts of the fiber during testing, likely including the 
early breakage of a fraction of the fiber’s constituent 

CNTs. The breakage occurs primarily during the first 

loading cycle – stress peaks at 0.28 N/tex during the 

first loading cycle, and then stays more or less 
constant at 0.25 afterwards. There is also an increase 

in the stiffness of the fibers after the first cycle (Fig. 

3a).  
An examination of the internal structure of the 

fibers (Fig. 1) provides insight into the mechanical 

and electrical responses in Fig. 3. While there is 

general alignment of CNTs along the fiber axis, it is 
apparent that the CNTs show significant tortuosity, 

presumably in response to atomic defects, leading in 

turn to entanglement between adjacent CNTs and 
imperfect packing and alignment. As a result, each 

CNT in the fiber contains a variable amount of slack, 

and different CNTs will become taut at different 
applied strains. In turn, a strain applied to a fiber 

below the ultimate fracture strain may cause a small 

fraction of the CNTs in the fiber to fracture, leading to 

a jump in resistance during the first load of a cyclic 
loading test. Since subsequent load cycles do not 

increase the strain above the maximum strain of the 

first load, they do not cause significant amounts of 
additional CNT fracture and thus demonstrate 

consistent, repeatable behavior. Applying a strain 

likely straightens some of the CNTs within a fiber. As 
such, the first load removes the slack in a portion of 

the CNTs. In subsequent cycles, there is an observed 

increase in stiffness because more CNTs become taut 

and contribute to bearing the load.  
Fig. 4a shows the stress-strain curves resulting 

from five cyclic loading tests on a fiber; the maximum 

applied strain in each test is increased step-wise from 
0.05 to 0.13 by increments of 0.02 until fracture. Non-

linearity, hysteresis, stress softening, and an increase 

in stiffness after the first load in each test are again 

observed. On the first load of each test beyond the 
first one, the fiber initially follows the loading path of 

the previous test. Once the fiber reaches the maximum 

applied strain of the previous test, the stiffness starts 
to decrease. Fig. 4b shows the corresponding 

electrical resistance across the fiber as a function of 

time. Electrical resistance across the fiber is 
permanently increased after the first load cycle in 

each test, indicating that permanent changes have 

taken place in the fiber as a result of increasing the 

maximum applied strain.   
 

 

 
Fig. 4: (a) Stress plotted as a function of strain during 

five sequential cyclic loading tests each with 

progressively higher strains, and (b) electrical 

resistance as a function of time during the same five 

tests.  
 

It is also useful to examine the behavior of the 

fibers under a large number of loads. Fig. 5 shows the 
stress and electrical resistance of a fiber during 75 

loading cycles. The fiber reversibly stores energy with 

a density of 21 kJ/m
3
. Although there is an initial drop 

in stress and a jump in resistance, the subsequent 

essentially stable stress levels and only slight increase 
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in resistance demonstrate fairly consistent behavior 

during longer-term loading and indicate that there is 
potential for reversible behavior in energy-storing 

CNT springs. Cyclic load tests over larger number of 

cycles will be necessary to demonstrate the fibers’ 

longer term evolution. 

 

 
Fig. 5: Stress and electrical resistance as a function 

of time for a fiber being subjected to 75 identical, 

equally spaced cyclic loads.  

 

CONCLUSION 
Correlated stress and electrical resistance 

measurements provide valuable insights into the 

mechanisms taking place inside CNT fibers during 
tensile loading. The highest measured strength and 

stiffness in the fibers are 0.5 N/tex and 24 N/tex. 

While elastic loading is optimal to maintain reversible 

energy storage, these tests indicate that there are 
mechanisms taking place within the fibers that cause 

loading to deviate from purely elastic behavior. Only 

a portion of the CNTs contribute to bearing a load at a 
given strain, and the variable amount of slack within 

each CNT due to atomic defects and tangling causes 

different CNTs to fracture at different strains. To 
improve the mechanical properties of the fibers and to 

achieve more elastic behavior, the fibers require a 

lower defect density so that CNTs are straighter, can 

be packed together more densely, contain less slack, 
and can be loaded uniformly throughout the fiber. 

Under longer-term cyclic loading, the fibers show 

fairly consistent load-bearing capabilities over time, 
indicating the excellent potential of CNT fibers for 

reversible behavior as energy-storing springs. 
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