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Abstract   Small-angle X-ray scattering (SAXS), a conventional and widely accepted technique, has been frequently used to evaluate the periodic

structure of semicrystalline polymeric materials. However, SAXA data interpretation relies heavily on intricate theoretical models and assump-

tions regarding the electron density profiles. In this study, we developed a simple image analysis method for calculating the sizes of both crys-

talline and amorphous regions, together with the long period, based on the images obtained via atomic force microscopy (AFM). This was con-

firmed by using melt-drawn poly(L-lactic acid) films composed of chain-folded lamellar crystals,  and the long period obtained through image

analysis (34.4 nm) was very close to that obtained by SAXS (34.9 nm), indicating the reliability of the method. The newly developed method can

be used to analyze the structure of films with fibrillar crystals, and even with shish-kebab structures, through the accurate and effective separa-

tion of shish and kebab structures individually. Undoubtedly, this work is of great significance for establishing precise structure-property correla-

tions and providing fundamental insights into polymer crystallization mechanisms.
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INTRODUCTION

As  is  known  to  us,  about  70%  commercial  polymers  are  crys-
talline materials. It is well documented that polymers crystallize,
in  most  cases,  through  chain  folding  into  a  lamellar  structure.
Consequently,  unlike  organic  and  inorganic  small  molecules,
polymers cannot fully crystallize, owing to the existence of chain
folds  and  non-crystallizable  parts  due  to  stereo-defects  of  the
molecular chains and their entanglement, and are thus referred
to as  semicrystalline polymers.  In  this  case,  polymer crystalliza-
tion generally produces a lamellar structure comprising alterna-
tively  aligned  crystalline  lamellae  and  amorphous  regions.  No-
tably, the performance of polymeric materials, for example, the
mechanical  properties  of  engineering  plastics,  conductivity  of
conjugated polymers, and piezoelectricity of piezoelectric poly-
mers, depends directly on the size and distribution of the crys-
talline and amorphous regions.[1−3] Therefore, quantitative anal-
ysis  of  crystalline  and  amorphous  structures  is  needed  to  pro-
vide  fundamental  insights  into  the  polymer  crystallization
mechanisms and to correlate the morphological structures with
the  properties.  For  this  purpose,  several  sophisticated  tech-

niques have been developed to characterize the lamellar struc-
ture of polymers with respect to the size and distribution of the
crystalline  and  amorphous  regions.  Among  these  techniques,
small-angle X-ray scattering (SAXS) is a universal and widely ac-
cepted  testing  method  that  has  been  extensively  applied  to
evaluate  the  long  period.[4−10] Also  the  average  lamellar  thick-
ness  and  width  of  the  amorphous  region  between  adjacent
lamellae  can  be  obtained  using  the  one-dimensional  correla-
tion function method. It should be noted that the SAXS method
(i) is optimally suited for systems with crystallinity either below
0.3  or  above  0.7,  but  with  challenges  for  ultrathin  polymer
films,[10] and (ii) cannot correlate the obtained results directly to
real-space  morphologies  observed  by  microscopies,  such  as
atomic  force  microscopy  (AFM)  and  transmission  electron  mi-
croscopy  (TEM).  However,  information  about  the  long  period
and  lamellar  thickness  cannot  be  directly  obtained  from  AFM
and  TEM  images.  Taking  these  into  account,  the  development
of a new method for analyzing the average width of alternating
crystalline  and  amorphous  regions  along  with  long  period
based  on  real-space  morphological  features  in  AFM  images  or
TEM  micrographs  is  of  great  significance,  as  it  can  offer  a
groundbreaking approach to correlate multiscale structural fea-
tures with macroscopic properties.

In  this  work,  we  developed  a  novel  image  processing  and
analysis  method  for  evaluating  the  long  period  and  sizes  of
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both crystalline and amorphous regions in polymeric materi-
als  based  on  AFM  phase  images.  Considering  the  highly  ori-
ented poly(L-lactic  acid)  (PLLA) ultrathin film as a model  sys-
tem,  the  long  period  estimated  by  our  newly  developed
imaging analysis method (ca. 34.4 nm) showed excellent con-
sistency  with  that  derived  from  SAXS  (approximately  34.9
nm). In addition, this method can also be used to analyze and
calculate  the  long  period  and  sizes  of  the  crystalline  and
amorphous regions of thin films with fibrillar crystals or shish-
kebab structures, demonstrating its robustness and universal-
ity.

EXPERIMENTAL

Materials
PLLA  with  a  weight-average  molecular  weight  (Mw)  of  2.2×105

g/mol  and  an  optical  purity  of  95%  was  purchased  from
Changchun SinoBiomaterials Co., Ltd., (China). Polyethylene (PE)
(Mw=9.9×104 g/mol) was supplied by Beijing Chemical Reagent
Co.,  Ltd. N,N-dimethylformamide  (DMF)  and  xylene  were  pur-
chased from Sinopharm Chemical Reagent Co., Ltd.

Sample Preparation
Highly oriented PLLA and PE films have frequently been used in
our  previous works,[11−21] and their  preparation procedures are
briefly described here. They were prepared using the melt-draw
technique  proposed  by  Petermann  and  Gohil.[22] Melt-drawn
PLLA and PE films were fabricated by spreading small amount of
PLLA (0.6 wt% in DMF) or PE (0.5 wt% in xylene) solutions onto
the preheated glass plates at 170 °C for PLLA and 140 °C for PE
first, and then picking up the thin molten PLLA or PE layer by a
motor-drive  cylinder  at  draw  speeds  of  25  cm/s  for  PLLA  and
5 cm/s for PE after evaporation of solvent, respectively.

To  prepare  highly  oriented  PE  films  with  fibril  structures,
the  as-prepared  melt-drawn  PE  films  were  further  stretched
along the molecular chain direction to the draw ratios (λ) of 2
and  3.[21] In  pursuit  of  this  objective,  a  small  amount  of
poly(acrylic acid) (PAA) aqueous solution (35 wt% of PAA) was
dripped and blade-coated uniformly on a melt-drawn PE film
supported  by  a  silicon  wafer.  After  dehumidification,  the
dried  PAA  thin  layer  thickening  approximately  1  mm  along
with  the  melt-drawn  PE  film  was  detached  from  the  silicon
wafer and cut into rectangular strips (20 mm × 8 mm) for sub-
sequent  stretching.  Stretching  was  performed  at  approxi-
mately  80  °C  for  softening  the  amorphous  PAA  layer  to λ=2
and  3,  then  cooling  down  to  room  temperature,  and  finally
wiping  off  the  PAA  layer  by  placing  the  strips  with  the  PAA
layer  downward  onto  distilled  water,  that  is,  the  PAA  layer
was  directly  in  contact  with  water.  After  completely  dissolv-
ing  PAA  through  repeated  water  washing,  the  PE  film  float-
ing on the water surface was transferred onto a silicon wafer
for AFM analysis.

Characterizations
AFM characterization was performed using a Bruker Dimension
Icon instrument operated in the tapping mode. Silicon tips with
an Al  coating,  a  resonance frequency of  300 kHz,  and a  spring
constant  of  approximately  26  N/m  were  used.  SAXS  measure-
ments  were  performed  using  a  modified  Xeuss  2.0  system
(Xenocs, France) equipped with a semiconductor detector (Pila-
tus  300K,  DECTRIS,  Swiss).  The  wavelength  of  X-ray  radiation

was  0.15412  nm.  The  beam  size  is  1.2  mm  ×  1.2  mm,  and  the
distance  between  the  sample  and  detector  is  2500  mm.  The
SAXS scattering pattern was collected over 1800 s in a vacuum
environment and corrected using standard procedures.

Methodology
The  fast  Fourier  transform  (FFT),  a  fundamental  method  for
time-domain to frequency-domain conversion, has been widely
applied  in  signal  processing,  image  analysis,  and  related  com-
putational  sciences.[23,24] For  an  image  containing  periodic
structural  features,  its  frequency-domain  image  obtained
through FFT processing provides the corresponding frequency
signals  in  the  normal  direction  of  these  periodic  structures.  By
selectively  filtering  specific  frequency  components  in  the  FFT
image corresponding to the periodic structures of interest while
suppressing others, inverse FFT (IFFT) can be reconstructed with
enhanced time-domain representations of  these structural  fea-
tures.  This  can  effectively  improve  image  quality,  increase  the
signal-to-noise ratio,  and highlight periodic features for further
analysis.

RESULTS AND DISCUSSION

Image Processing Procedure
Fig.  1 presents  the processing procedure of  an AFM phase im-
age  with  parallel  aligned  lamellar  structure  to  evaluate  the
lamellar thickness, width of amorphous region and long period
of  it. Fig.  1(a)  is  an  AFM phase  image of  PLLA melt-drawn film
after successive annealing at 170 °C for 1 h, 150 °C for 0.5 h, 178
°C  for  3  min,  and  150  °C  for  0.5  h,  respectively,  which  has  al-
ready been presented in a previous work and reproduced here
with  permission.[11] It  shows  well-defined  and  highly  ordered
structure with lamellae parallel to each other, and is ideal for the
new developed method for quantitative evaluating the long pe-
riod, lamellar thickness, and width of the amorphous region. To
this  end,  the  corresponding  FFT  image  of Fig.  1(a)  is  first  ob-
tained  as  presented  in Fig.  1(b),  where  four  distinct  frequency
signal spots with central symmetry are observed, reflecting the
highly  ordered  periodicity  of  the  lamellar  structure.  To  further
enhance the periodic character of the layered structure,  a rect-
angular mask has been used to the FFT image (Fig. 1b) for selec-
tively emphasizing the four periodic signal  spots,  and thus ob-
taining clearer image for subsequent analysis (Fig. 1c). The four
interested signal spots shown in Fig. 1(c) are then subjected to
IFFT  to  reconstruct  the  spatial-domain  image  as  shown  in Fig.
1(d).  For  subsequent  image  processing  requirements,  the  BGR
color image shown in Fig. 1(d) needs to transform into an 8-bit
grayscale image (Fig. 1e). The image in Fig. 1(e) should be then
rotated  to  achieve  vertical  alignment  of  the  highly  ordered
lamellae  (Fig.  1f),  after  which  a  square  region  as  shown  in Fig.
1(g) has been cropped for further analysis. Following image bi-
narization of Fig. 1(g) to generate Fig. 1(h), the resultant binary
image (Fig. 1h) has been applied to quantitative structural anal-
ysis  for  determining  the  long  period,  lamellar  thickness,  and
width of amorphous region using a custom-developed Python-
based image analyzing algorithm. It  should be mentioned that
the  binary  image  derived via FFT-masking-IFFT  processing  re-
tains  nearly  all  the  periodic  structures  of  the  binary  image  of
original image, while simultaneously filtering out the noise, as il-
lustrated in Fig. S1 (in the electronic supplementary information,
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ESI).
The  logic  and  approach  of  the  algorithm  are  briefly  de-

scribed below. In the long period analysis performed with Fig.
1(h),  the  length  of  every  sequence  of  adjacent  black  and
white pixels in each pixel line is measured, then transformed
into the length in real  space,  and finally  added to a list  used
for analyzing a long period from a statistical perspective. Sim-
ilarly, when evaluating the thickness of crystalline domains or
the width of amorphous regions, the length of every succes-
sive  white  or  black  pixel  blocks  was  documented,  trans-
formed into the length in real space, and used to evaluate the
lamellar thickness or the width of amorphous regions, respec-
tively. The results obtained are shown in Fig. 2 as distribution
histograms.  Based  on  the  Gaussian  fitting  analysis  in Fig.  2,
the  width of  the  amorphous  regions,  lamellar  thickness,  and
long  period  of  the  PLLA  melt-drawn  film  are  determined  to
be  9.8,  26.1  and  34.4  nm,  respectively.  Evidently,  the  sum  of
both  the  width  of  the  amorphous  regions  and  the  thickness

of the crystalline domains (35.9 nm) aligned well with the av-
erage value of the long period (34.4 nm). Moreover, it is clear
that  the calculated value of  long period by AFM image (34.4
nm)  is  very  close  to  that  obtained  by  SAXS  technique  (34.9
nm), as shown in Figs. 3(a) and 3(b), underscoring the validity
of the newly developed evaluation methodology. It should be
noted  that  the  resolution  of  the  AFM  images  can  affect  the
calculated  values  of  the  amorphous  region  width,  lamellar
thickness,  and  long  period.  We  acquired  a  series  of  AFM  im-
ages (presented in Fig. 1g) with resolutions ranging from 100
× 100 pixels to 2172 × 2172 pixels and subsequently calculat-
ed  the  width  of  amorphous  regions,  lamellar  thickness,  and
long period for all images obtained in this manner. The corre-
sponding results are shown in Fig. S2 (in ESI). It is evident that
with  increasing  image  resolution,  the  sizes  of  both  the  crys-
talline and amorphous regions, as well as the long period, ex-
hibit  an  initial  significant  variation  followed  by  a  plateau
stage. Constant fitting is performed on the data presented in
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Fig. 1    Programming flowchart for evaluating the thickness of lamellae or width of crystalline domains, the width of amorphous regions
and long period of oriented lamellar structure in semicrystalline polymer film based on AFM image. Part (a) is the AFM phase image of
melt-drawn PLLA ultrathin film after annealing at 178 °C for 5 min and then 150 °C for 1 h (Reproduced from Ref. [11]; Copyright (2021),
American  Chemical  Society).  The  scanning  size  of  part  (a)  is  2  μm  ×  2  μm.  Parts  (b−h)  show  the  results  obtained  by  sequentially
processing  part  (a) via (b)  FFT  processing,  (c)  masking,  (d)  IFFT  processing,  (e)  grayscale  conversion,  (f)  rotation,  (g)  cropping,  and  (h)
binarization, respectively.
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Fig. 2    The distribution histograms of the width of amorphous regions (a), thickness of crystalline domains (b) and long period (c) derived from
AFM image described in Fig. 1 based on custom-developed image analyzing method. The red lines in parts (a), (b), and (c) represent Gaussian fits
to the distribution histograms.
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Fig.  S2  (in  ESI),  and  the  corresponding  results  are  summa-
rized in Table S1 (in ESI). These analyses demonstrate that the
resolution at which the plateau begins (plateau onset resolu-
tion) for the amorphous region width, lamellar thickness, and
long period is 193, 114, and 133 pixels, respectively. This indi-
cates that the minimum resolution required to reliably calcu-
late the width of amorphous regions,  lamellar thickness,  and
long period from AFM images is 193 × 193 pixels. In addition,
Fig. S2 and Table S1 (in ESI) clearly show that the mean value

of  the  long  period  obtained via constant  fitting  is  34.95  nm,
which  exhibits  excellent  consistency  with  the  value  derived
from SAXS (34.9 nm).

Analysis of Oriented Films with Fibrillar Crystals
Based on Image Processing Method
It  should  be  noted  that  unlike  films  with  chain-folded  lamellar
crystals,  the  long  period  and  widths  of  both  crystalline  and
amorphous regions of samples with fibrillar  crystals are unable
to be characterized by SAXS technique. However, it can be ana-
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Fig. 3    Two-dimensional SAXS pattern (a) and corresponding one-dimensional SAXS curve (b) of the oriented PLLA film as used in Fig. 1(a).
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Fig. 4    AFM phase images of a PE melt-drawn ultrathin film further stretched along original  chain orientation direction to λ=3 before (a)  and
after  (b)  FFT-masking-IFFT  processing.  The  scanning  size  is  2  μm  ×  2  μm.  The  distribution  histograms  of  the  widths  of  amorphous  (c)  and
crystalline (d) regions and corresponding long period (e) derived from part (b) based on custom-developed image processing method. The red
lines in parts (c), (d), and (e) represent Gaussian fits to the distribution histograms. The white arrow in part (a) indicates the stretching direction of
the melt-drawn PE ultrathin film. (a) is reproduced with permission from Ref. [21]; Copyright (2025), Elsevier Ltd.
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lyzed using the developed image-processing method. As an ex-
ample, Fig.  4(a)  shows  an  AFM  phase  image  of  an  oriented
polyethylene  (PE)  film  containing  predominantly  fibrillar  crys-
tals, which was prepared by uniaxially stretching melt-drawn PE
ultrathin films along its  original  molecular chain orientation di-
rection to a draw ratio of λ=3.[21] The corresponding image gen-
erated by applying FFT-masking-IFFT processing to the image in
Fig. 4(a) is shown in Fig. 4(b). It is obvious that Fig. 4(b) exhibits
remarkable recovery of fibrillar crystal details after FFT-masking-
IFFT processing and retains the fine structural features shown in
Fig. 4(a). Based on the image analysis of Fig. 4(b), the width dis-
tribution histograms of amorphous regions and fibrillar crystals,
together with long period are obtained and manifested in Figs.
4(c),  4(d)  and  4(e),  respectively.  Gaussian  fitting  analysis  yields
the average values  of  12.1,  18.8  and 32.6  nm for  these respec-
tive parameters. According to a previous work,[21] it has been re-
vealed that, except for the majority of oriented crystalline fibrils,
there are also a minority of granular microcrystals in the PE film
stretched along its molecular chain direction to λ=2, as shown in
Fig.  5(a).  The existence of  these granular  crystals  may compro-
mise the accuracy of width measurements for both fibrillar crys-
tals and amorphous regions. To check the robustness of our de-
veloped  evaluation  method,  the  image  shown  in Fig.  5(a)  was
used to analyze and calculate the widths of both the crystalline
and  amorphous  regions  and  the  related  long  period. Fig.  5(b)
shows  the  image  obtained  through  the  FFT-masking-IFFT  pro-

cessing of Fig. 5(a). With a close inspection, it is discovered that
Fig.  5(b)  strikingly  recovers  the  structural  details  of  the  fibrillar
crystal  in Fig.  5(a)  and meanwhile  eliminating the granular  mi-
crocrystals in Fig. 5(a). In this case, precise measurements of the
widths of both fibrillar crystals and amorphous regions will not
be influenced. Therefore, the width distributions of amorphous
regions and fibrillar crystals, along with the long period distribu-
tion, were obtained through the analysis of Fig.  5(b),  as shown
in Figs. 5(c), 5(d) and 5(e), respectively. Gaussian fitting analysis
gives the average values of 12.1, 17.2, and 33.6 nm for these pa-
rameters,  respectively.  Evidently,  the  widths  of  both  crystalline
and amorphous regions, as well as the long period derived from
Figs.  4(a)  and  5(a),  are  closely  comparable,  demonstrating  the
reliability  and  robustness  of  our  developed  image  analysis  ap-
proach.

Analysis of Shish-kebab Structure Based on Image
Processing Method
For shish-kebab structures composed of fibrillar and chain-fold-
ed lamellar crystals, it is challenging to calculate the sizes of the
crystalline  and  amorphous  domains  and  long  period  because
fibrillar  crystals  and  lamellar  crystals  are  aligned  perpendicular
to each other and mutually interfere. The newly developed im-
age  analysis  approach  can  yet  effectively  analysis  the “shish”
and “kebab” parts  in  a  shish-kebab  structure,  respectively.  To
demonstrate  this,  we selected an AFM phase image of  a  melt-
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Fig. 5    AFM phase images of a PE melt-drawn ultrathin film further stretched along original  chain orientation direction to λ=2 before (a)  and
after (b) FFT-masking-IFFT processing. The scanning size of part (a) is 2 μm × 2 μm. The distribution histograms of the widths of amorphous (c)
and crystalline (d) regions and the corresponding long period (e) derived from part (b) based on custom-developed image processing method.
The red lines in parts (c),  (d),  and (e) represent Gaussian fits to the distribution histograms. The white arrow in part (a) indicates the stretching
direction of melt-drawn PE ultrathin film. (a) is reproduced with permission from Ref. [21]; Copyright (2025), Elsevier Ltd.
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drawn  PE  ultrathin  film  (Fig.  6a),  which  was  previously  con-
firmed to contain well-defined shish-kebab morphologies,  as  a
representative sample.[21] Fourier transformation was applied to
the  AFM  image  to  obtain  the  corresponding  FFT  image,  as
shown in Fig. 6(b). It is clear that the FFT image of the film with
the  shish-kebab  structure  shows  two  frequency  signal  spots
(marked  by  blue  dashed  boxes)  corresponding  to  the  chain-
folded lamellae, that is, the kebab structure, and two frequency
signal streaks (indicated by red dashed boxes) related to the fib-
rillar crystals (i.e.,  shish structure). The frequency signal spots in
blue dashed boxes and frequency signal  streaks in red dashed
boxes  are  subsequently  converted  into  spatial-domain  images
via IFFT separately, and thus visualizing the “kebab” and “shish”

structures  individually,  as  presented  in Figs.  6(c)  and  6(d),  re-
spectively.  To  check  whether  the  structural  details  of  original
AFM phase image in Fig. 6(a) can be recovered or not, the IFFT
images of the shish (Fig. 6d) and kebab (Fig. 6c) structures were
integrated into a single fused image according to a pyramid im-
age  fusion  method.[25] As  shown  in Fig.  7(a),  the  fused  image
preserves nearly all the fine structural details as the original AFM
phase image in the grayscale mode (cf. Fig. 7b). This is more un-
ambiguously confirmed by the movie shown in Movie S1 in ESI.

The  above  results  demonstrate  that  the  image  analysis
method developed in this study can accurately and effective-
ly separate the shish and kebab parts of a shish-kebab struc-
ture. In this case, the sizes of the crystalline domains and long
period of both the chain-folded lamellae and fibrillar crystals
can  be  analyzed  and  evaluated. Fig.  8 presents  the  distribu-
tion histograms of  the width of  amorphous regions (Fig.  8a),
the thickness of chain-folded lamellae (Fig. 8b), and long peri-
od (Fig. 8c) obtained from the kebab structure image separat-
ed from the AFM phase image of melt-drawn PE shown in Fig.
6. Gaussian fitting results indicate the average values of 15.7,
16.0  and  29.7  nm  for  these  parameters,  respectively.  It  is
worth mentioning that the long period measured perpendic-
ular to the kebab structure from the AFM image (29.7 nm) is
very close to that obtained by the SAXS results (27.9 nm) pre-
sented in Fig. S3 (in ESI), further demonstrating the validity of
the  newly  developed  methodology.  Similarly,  according  to
the shish structure image separated from the AFM phase im-
age of melt-drawn PE, the widths of both amorphous regions
and  fibrillar  crystals,  together  with  long  period  are  deter-

 

a b

c d

 
Fig.  6    The  illustration  showing  the  structure  separation  of  chain
folded lamellae and fibrillar crystals derived from (a) the AFM phase
image of melt-drawn PE film. The scanning size of part (a) is 2 μm ×
2 μm and the white arrow in part (a) indicates the drawing direction
of  melt-drawn  PE  film  during  preparation.  AFM  phase  image  is
reproduced  with  permission  from  Ref.  [21];  Copyright  (2025),
Elsevier Ltd. Part (b) presents the FFT image of part (a), in which the
blue  and  red  dashed  boxes  mark  the  frequency  signals
corresponding  to  the  chain-folded  lamellae  and  fibrillar  crystals  in
part  (a),  respectively.  Parts  (c  and  d)  are  reconstructed via IFFT
processing  from  the  filtered  frequency  signals  of  the  chain-folded
lamellae and fibrillar crystals extracted from part (b).
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Fig. 7    (a) The integrated image derived from isolated chain folded
lamellar  and  fibrillar  crystal  structures  shown  in  Fig.  6  (a)  and  the
original grayscale AFM phase image of melt-drawn PE film (b).

 

0

2000

4000

6000

8000

10000

12000

C
o

u
n

t

C
o

u
n

t

C
o

u
n

t

La=15.7 nm

0

3000

6000

9000

12000
Lc=16.0 nm

0 10 20 30 40 50 60 70 80 90
0

3000

6000

9000

12000

15000

Long period (nm)

L=29.7 nm

0 5 10 15 20 25 30 35 40 45 50

Amorphous width (nm)

0 5 10 15 20 25 30 35 40 45 50

Lamellar thickness (nm)

a b c

 
Fig. 8    The distribution histograms of the width of amorphous regions (a), the thickness of chain-folded lamellae (b), and long period (c) derived
from the kebab structure image shown in Fig. 6(c).
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mined as 14.6, 15.0 and 36.1 nm, respectively, as presented in
Fig.  9.  It  is  worth  mentioning  that  the  average  width  of  the
fibrillar  crystals  (measured  perpendicular  to  the  shish  struc-
ture) in the melt-drawn PE film (15.0 nm) is  slightly less than
that in melt-drawn PE film further stretched to λ=2 (17.2 nm)
and λ=3 (18.8 nm). This is reasonable and can be explained as
follows.  As  the melt-drawn PE film is  further  stretched along
its  original  molecular  chain  direction,  the  chain-folded  PE
lamellae  undergo  fragmentation  followed  by  reorganization
into fibrillar crystals, which finally results in an increase in the
size of the fibrillar crystals.

CONCLUSIONS

In summary, an image analysis method for evaluating the sizes
of both crystalline and amorphous regions, as well as long peri-
od  of  oriented  semi-crystalline  polymer  film  has  been  devel-
oped in this work. For the annealed PLLA melt-drawn film com-
posed of well-defined chain-folded lamellar crystals, its long pe-
riod evaluated by the imaging analysis method (34.4 nm) is very
close  to  that  derived  from  the  SAXS  results  (34.9  nm).  This
method  can  also  be  used  to  estimate  the  average  widths  of
both crystalline and amorphous regions as well as the long peri-
od of PE films with predominate fibrillar crystals. The results ob-
tained for melt-drawn PE ultrathin films further stretched along
the original chain orientation direction to λ=2 and 3 show that
the  widths  of  the  fibrillar  and  amorphous  regions,  along  with
long period, of them are almost identical. In addition, it is unam-
biguously demonstrated that our developed method is applica-
ble to the analysis of shish-kebab crystal structures through ac-
curate  and  effective  separation  of  the  shish  and  kebab  struc-
tures individually. It should be noted that AFM characterizes on-
ly the surface rather than the bulk crystallization morphologies.
Therefore,  the  method described herein  is  only  suitable  for  ul-
trathin film samples, since in such confined systems, the surface
crystal  morphology  observed  by  AFM  is  representative  of  the
overall  sample structure.  We hope that the developed method
can be extended to the analysis of non-oriented structures and
other  multiscale  structures  by  employing  artificial  intelligence
and machine learning.
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A Simple Method for Evaluating Periodic Structures Based on Atomic Force Microscopy Images
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Small-angle X-ray scattering (SAXS) is widely used to characterize periodic structures in semicrystalline polymers but re-
lies  on complex  models.  We propose a  simple  atomic  force  microscopy (AFM)  image-analysis  method to  measure  crys-
talline, amorphous sizes and long period. The method can also analyze fibrillar and shish-kebab structures accurately.
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