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Advanced technique for a quantitative characterization and analysis of filamentous materials 
morphology by transmission electron microscopy (TEM) was developed. A computer 
program package that realizes an interactive algorithm of filaments morphology parameters 
measurement on TEM images was built. Nonparametric kernel density estimation method [1] 
was used for statistical analysis. The technique was applied to the characterization of the 
morphology of nitrogen containing carbon nanofilaments. The results obtained demonstrate 
higher capabilities of the technique as compared to commonly used histogram analysis. 
 
Within the frame of this study the computer program for filaments morphology determination 
was developed in the framework of Image AnalySISTM. The program realizes an interactive 
algorithm of linked parameters (inner and outer diameter and length) measurement. Digitized 
electron microscopy images and scale information are the input data for the program. 
 
We suggest characterizing the morphology of filamentous materials by diameter distribution 
vs filaments length instead of filaments number. This definition solves the problem of 
filaments breaking during TEM sample preparation, as lengths of fragments are accumulating. 
 
For the statistical treatment of the data a nonparametric kernel density estimation technique 
[1] was used. The distribution density function estimation ( )xf̂  is calculated as follows: 
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 is the bandwidth. The variable bandwidth h ( )xh  should be used for the multimodal 
distributions. 
 
The technique allows calculating the asymptotic mean squared error (AMSE) in each point, 
which characterizes the deviation of the distribution density estimation from the actual 
distribution density function. 

( ) ( ) ( )
( ) ( ) ( )244

4
1 xfxh

xhN
KRxfxAMSE K ′′+

⋅
≈ σ , where ( )dzzKzK ∫= 22σ , ( ) ( )dzzKKR ∫= 2 , 

 is the actual distribution density function, in practice been substituted by the estimation 
. In the case of normal distribution the optimal bandwidth value is as follows [2]: 
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For the case of multimodal distribution the iterative distribution refinement procedure was 
suggested. The distribution estimated for the “normal hypothesis” was approximated by the 
sum of Gaussian functions (one for each distinct peak). Then the new  function was 
calculated as follows: 
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function. Iterations had proceeded until ( )xf̂  function became stable. 
 
Nitrogen containing carbon nanofilaments grown by CVD technique were used as an example 
of practical application of the technique. Nickel bimaleate was used as a catalyst precursor, 
gas mixture consisted of argon (Ar) and acetonitrile (CH3CN), a temperature of a synthesis 
was 800°C. Electron microscopic images at x15000 magnification were acquired at JEM 
100CX microscope. 1065 filaments were included to obtain a good statistics. 
 
The diameter distribution of filaments length on the Fig.1 is approximated well with three 
gauss functions which parameters are summarized in the table: 
 
peak α nm σ nm Amplitude mkm/nm 
1 18 7 146 
2 69 17 234 
3 54 48 648 

 
These three peaks correspond to the three morphological types of filaments as represented at 
Fig.2: (1) thin filaments; (2) thick exfoliated filaments; (3) thick solid filaments. 
 

20 40 60 80 100 120 140
0

2

4

6

8

10

12

14

16

L 
m

km
/n

m

D nm

 distribution
 approximation
 gausses

Fig.1 The diameter distribution of filaments’ length 
is approximated well with three gauss functions. 

Fig.2 The three morphological types 
of filaments: (1) thin filaments; (2) 
thick exfoliated filaments; (3) thick 
solid filaments. 
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