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Abstract
A method is presented for characterizing particle centres, particle size and crystal symmetries
with sub-pixel resolution from 8-bit digital images of colloidal thin films taken with a scanning
electron microscope (SEM). Digital images are converted to xyz data points by converting
colour contrast to a numerical intensity. The data are then passed through a modified form of a
Savitzky–Golay filter which allows particle centres to be determined. A subsequent routine is
presented that, by analysing the weighted standard deviation and average intensity of the
pixels along shifting rings, improves the accuracy of the detected particle centres and provides
the radius of each particle. Obtaining the particle centres allows the symmetry of each particle
(with respect to its neighbours) along with the mean crystal orientation to be obtained, all in
one cohesive package. A key advantage of the method presented here is that it is very robust
and works with both low- and high-resolution images—enabling, for example, routine
quantitative analysis of SEM images. Because of the low level of user input, the method can be
used to process a batch of images in order to characterize the evolution of samples.
Keywords: colloidal thin films, electron microscopy, polynomial fitting, bond orientational

order parameter, particle centres, particle size, particle symmetry, mean crystal orientation
(Some figures may appear in colour only in the online journal)

1. Introduction

However, these quantitative image-processing techniques are
much less often applied to scanning electron micrographs
of colloidal thin films. One reason is that these techniques
work less well for images with lower resolution, as when
characterizing large area grain structure in a colloidal thin
film, and images with a lower dynamic range, such as 8-bit
digital resolution.
A previous report developed a way to characterize
hemispherical grains of metal surfaces based on scanning
probe images [14]. The advantage of using scanning probe
microscopy (SPM) is that it allows access to all xyz data points
of the surface under study. Unfortunately most SPMs can only
collect images that are of the order of tens of micrometres
in lateral extent, which is far too limiting for the study of
colloidal surfaces. For this case, scanning electron microscopy
is the most useful technique for it allows surfaces ranging from
micrometres to millimetres in size to be imaged. However,

Real space (optical, electron and scanning probe) microscopy
methods provide valuable insights into single-particle-level
microstructure in experimental colloid science [1, 2]. Efforts
directed towards quantitative microscopy have focused on
locating particle positions in two and three dimensions for
high-resolution optical images [3–7]. Typical methods for
accomplishing this rely on a matrix convolution analysis
and are highly refined in their application to images of
monodisperse colloidal suspensions. However, the analysis of
scanning electron micrographs often involves lower resolution
images of touching and overlapping colloidal particles, and
analysis of such images is often qualitative (as in [9]) and
often appears to have been carried out manually (as in [8]).
Recently, there have been numerous studies exploring
methods to make uniform colloidal thin films [10–13].
0957-0233/12/045606+08$33.00
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analysing digital images is not as straightforward as analysing
ASCII height data direct from the instrument, since it is
necessary to assume that particle dimensions are related to
pixel intensity.
In this paper, we present an image analysis technique
that can work with 8-bit digital images (lossless or with
JPEG compression) with overlapping or touching features,
originating from instruments such as SEMs, scanning
probe microscopes or optical microscopes—that is used to
characterize microscale or nanoscale colloidal surfaces. In
particular, examples are given of how particle centres, particle
size, particle symmetry and mean crystal orientation can be
obtained from images with varying resolutions.

(a)

2. Model
Digital images, such as those shown in figure 1(a), are read
by the image analysis routine that is the outcome of this work.
The image shown in figure 1(a) is a typical SEM image of a
colloidal surface giving a two-dimensional representation of
a three-dimensional surface. In these images, a monochrome
colour contrast is used to distinguish high and low intensities
on the surface, where dark shades represent low intensities on
the image and light shades represent high intensities. From
figure 1(a), it is clear that the surface is composed of objects
with elliptical cross-sections with eccentricity very close to
zero. When a particle is highlighted as shown in figure 1(b),
the features become more difficult to recognize due to the
small number of data points (pixels) per object. Pixel grey
levels are a measure of intensity. In 8-bit contrast images,
each pixel has a greyscale value between 0 (pure black) and
255 (pure white). With all image pixels read by the routine,
the results are scaled such that the lowest pixel is assigned
a value of 0 and the highest 255. All intermediate pixel
values are assigned intensities from their corresponding scaled
values. Figure 2(a) shows the corresponding xyz data points
for the highlighted feature shown in figure 1(b). From the
3D plot in figure 2(a), the surface features of the colloidal
particle are even less apparent than the 2D image shown in
figure 1(b). Figures 1(b) and 2(a) clearly show the nontrivial
nature of analysing these types of images. The contrast is
made even greater when figure 2(a) is compared to figure 2 in
Rideout and Beaulieu [14]. The AFM data shown in this latter
figure have a much smaller statistical dispersion than the data
obtained from SEM images.
Once the images are converted into xyz data points, the
data are then subjected to a modified form of a Savitsky–Golay
filter by fitting successive overlapping search areas to a twodimensional polynomial and using the second derivative test
to find the crest of the particles. As reported in greater detail
in Beaulieu and Rideout [14], the data in each search area are
fitted to a polynomial as shown in equation (1), where n is the
polynomial order, p the number of terms in that polynomial,
and i and j are indices locating points inside the grid:
f (x, y) = a0 + a1 xi + a2 y j + a3 xi2 + a4 xi y j
+ · · · + a p ynj ≈ zk (xi , y j ).

(b)

Figure 1. (a) A typical scanning electron microscope (SEM) image
of a colloidal thin film. (b) Expanded view of a single particle from
(a) showing individual pixels.

2q+1 pixels, centred about (0, 0), the matrices may be written
as
⎡
⎤⎡ ⎤
2
1 x−q y−q x−q
x−q y−q · · · yn−q
a0
2
n ⎥⎢ ⎥
⎢1 x−q+1 y−q x−q+1
x
y
·
·
·
y
−q+1 −q
−q ⎥ ⎢a1 ⎥
⎢
⎢.
.
.
.
.
.. ⎥ ⎢ .. ⎥
.
..
..
..
..
..
⎣ ..
. ⎦⎣ . ⎦
2
ap
yq
xq
xq yq
· · · ynq
1
xq
⎡
⎤
z0
⎢ z1 ⎥
⎢
⎥
= ⎢ . ⎥,
(2)
⎣ .. ⎦
z(2q+1)2

(1)

where the matrix M is constructed from the independent
variables of the polynomial, the vector ã is composed of the
coefficients of the polynomial and the vector z̃ represents the

The fitting is done by expressing the polynomial fit for each
grid in a matrix format Mã = z̃. For a square grid of 2q+1 by
2
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each successive overlapping search area is fitted to a separate
polynomial, multiple maxima are occasionally found. For this
reason, a secondary polynomial fitting routine is applied to
areas where multiple particles are found. This routine simply
finds the average xy coordinates where multiple centres are
found and fits a polynomial in a grid about that point in
order to find the correct number of maxima. What follows
are improvements made upon the previous work [14].

(a)

3. Finding particle centres
Often, especially in images with low pixel per particle count,
the polynomial fitting stage produces particle centres that are
inaccurate. In images where each particle is shown by only
a few pixels, the discrepancy can be very noticeable (see
figure 3(a). To correct for this, an additional routine is used
that, while poor at finding particle centres initially, is excellent
at refining approximate particle centres and obtaining particle
size. This modelling stage takes as input the centres obtained
from the polynomial fitting routine and assumes the twodimensional cross section of the colloids represented by the
digital image is circular to a reasonable approximation. This
is accurate when the particle features are colloidal spheroids,
and a good approximation for a fairly wide range of even
non-spheroidal colloidal systems. The routine consists of
examining the pixels of a digital circle with a range of
radii in an area about the particle centre, and finding the
standard deviation and average intensity along the ring. In
colloidal systems, the interstitials between particles are lower
in intensity than the particles themselves. Thus, for each
centre obtained from the polynomial fitting results, the routine
shifts the centre of the ring around nearby locations to
find the sum of the relative intensity and standard deviation
max
+ σ /σ max where Iavg is the average intensity
β = Iavg /Iavg
max
is the largest intensity found for all
around the ring, Iavg
the rings analysed with the same radius, σ is the standard
deviation of the intensities of the ring and σ max is the
largest standard deviation found for all the rings with the
same radius. The xy data point with the lowest value of
β corresponds to the corrected particle centre. With this
model, only an estimate of the particle centre is required for
an accurate correction in location. Much like sanding must
preceed polishing, only rough estimations are required for
high accuracy corrections in this stage. Figure 3(a) shows
an image of a group of colloids with a typical example of
a centre estimated from the polynomial fit which is shifted
due to rounding error. Figure 3(b) shows the area analysed
with rings of various radii. The solid (pink) dots indicate
the centre of the rings while the (red) crosses indicate the
points investigated by the rings. The routine records the βvalues along the rings in locations around the preliminary
centre. The ring which has the lowest value of β provides the
corrected particle centre along with the size of the particle. In
figure 3(c)), the corrected centre is highlighted along with
the ring (shown here for clarity) obtained from the smallest
value of β recorded by the routine. Figure 4(a) shows
an example of an image of colloidal spheres with a large
polydispersity in both size and intensity. The routine described

(b)

Figure 2. (a) A 3D plot of the pixel intensities of the particle shown
in figure 1(b). (b) This 3D plot has a two-dimensional polynomial fit
placed on the points from (a).

surface intensities. In most cases, M is not a square matrix and
hence cannot simply be inverted to give the solution vector
ã. Therefore, an approximate solution to equation (2) can be
found by multiplying both sides by the transpose of matrix M
−1
and then by the inverse of the product (MT M) . The final
approximate solution to equation (2) then takes the following
form [15]:
−1

ã = (MT M) MT z̃.

(3)

Figure 2(b) gives an example of the above applied to the
highlighted area shown in figure 1(b). As can be seen, the
polynomial fit clearly reproduces the features of the surface.
Once the polynomial fit is obtained, the crest of the polynomial
(top of the colloidal particle) is found using a standard
Newton’s method routine [16]. This technique is also capable
of resolving particle centres to sub-pixel resolution, as the
polynomial is a continuous function over the grid. Because
3
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(a)

(a)

(b)

(b)

(c)

Figure 4. (a) An example of a polydisperse colloidal image with
included particle totals by radius (in pixels). Taken with permission
from [17]. The different particle markers refer to packing calculated
using the methods explained in the text. (b) Feature-size distribution
obtained using the program.

converting intensities to (x, y, z) data do not translate into
hemispheres; in some cases, the hemispheres are severely
lopsided. When the polynomial fitting routine is applied to
these particles, the maximum of the 3D representation of the
particles does not fall where it should appear based on the 2D
image. When the centre is within a few pixels away from the
true centre the centring routine described above works well
in relocating the centre. However, in cases where the initial
centre is far from the apparent 2D centre, the centring routine
can sometimes lead to less accurate results. The image in
figure 3(a) has 246 particles. The routine identified
approximately nine false-positives giving a 96% success rate in
identifying particles. The routine grossly located the particles
centre of approximately five particles. Including both false
positives and off-centre feature locations, the routine attained
a 94% success rate at identifying particles centres to ±3 pixels,
without tweaking of parameters or additional pre-processing
of images.
Although the combination of the two particle location
methods is often slower than others such as matrix
convolutions [3] (since the image must be divided into grids
which are analysed separately) the advantage of this routine
lies in its versatility with (intensity- and size-) polydisperse
and overlapping particles as is often found in scanning electron
micrographs of multilayer colloidal films.

Figure 3. A SEM image of a colloidal system showing several
particles. An initial estimate for the centre of one of the particles has
been provided. (b) The same SEM image, with the possible centre
shifts and rings highlighted. (c) The SEM image with the best fit
calculated with the circular modelling routine. A sub-pixel centre
has been interpolated from the best fit radius determined by the
routine.

above successfully finds most particles centres along with
the distribution of radii (figure 4(b)). Figure 4(a) shows
that although this routine finds most particles, there are
still some false positives. For example, one finds that the
routine identifies about nine particles where there are none.
Although these areas appear flat because of the contrast scale,
a closer look at the regions between the particles shows some
oscillations. As the image is processed, these oscillations are
fitted with a 2D polynomial and in some cases a maximum is
observed leading to the false identification of a particle.
Figure 4(a) also shows some instances where the centre of
the particle is clearly off centre. Although these particles are
seen as a circular from the 2D image, the 3D data obtained by
4
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(c)

Figure 5. Wigner–Seitz cell for a hexagonal (a) and square (b)
packed region. Note in (b) that all eight neighbours contribute to the
Wigner–Seitz cell. (c) With lattice distortions, this contribution is
more pronounced.
(ii )

(i )

Figure 7. A large scanning electron micrograph with magnification
5408× of 0.5 μm diameter silica colloids, spin-coated into a thin
film. Packing fractions: 25% square, 39% hexagonal, 36%
amorphous.

by considering the ratio of particles with one packing
characteristic to the total number of particles. Since it is
often useful to compare differences in packing fractions over
successive experiments, this feature has the potential to be
invaluable for studying the differences of a particular set of
systems compared to a control group.
Figures 7 and 8 show examples of large-area SEM images
of densely packed spin-coated colloidal films with varying
image resolution. The program successfully detects particle
centres, identifies the local symmetry (with a square overlaid
on a particle with local 4-fold symmetry and a triangle overlaid
on a particle with local 6-fold symmetry) and then calculates
the packing fraction, i.e. the percentage of the film that is
4-fold, 6-fold or neither (amorphous).
Often, it is useful to analyse the effect of an external
applied field to colloid crystal formation. For example, spincoated colloidal crystals exhibit polycrystalline orientational
long-range order in spite of small single-crystal sizes [10–
12]. One quantifiable method of analysis is to look at the
mean crystal orientation. A local crystal orientation is defined
here as the axis connecting a particle to a nearest neighbour
(a bond axis). In figure 6, where there are many differently
packed and oriented regions (‘domains’), the mean of these
local orientations is still useful as it can represent the overall
directional tendency for bonds between particles to form under
the influence of an external force, e.g. an external electric field
or a directional shear force.
A self-consistent measure of the mean crystal orientation
is obtained by considering the requirements of a representative
function f (θ ). This function must be periodic in angle,
give a specific base value such as zero when considering
isotropic features, and have a maximum when testing the angle
corresponding to any axis of orientation. This measure should
be high for both square and hexagonal symmetry, but be low
for amorphous/isotropic regions.

Figure 6. SEM image of a colloidal system, with square (i) and
hexagonal (ii) regions expanded.

4. Order parameters
With particle centres located, particle packing for a centre
located at ri can be quantitatively calculated via the bond
orientational parameter m (ri ), given by [18–20]
m (ri ) = eimθi j  j =

N
1  imθi j
e ,
N j=1

(4)

where θi j is the angle made with respect to any arbitrary (but
consistent over all calculations) axis by the segment connecting
particle i to its jth nearest neighbour, called a ‘bond’ in
analogy with atomic systems, N is the number of such bonds
and m is a parameter that differentiates square, hexagonal
and pentagonally packed regions. In our calculations, we set
N = m (i.e. we pick the m nearest neighbours).
Particles are assigned packing characteristics
corresponding to the highest value bond orientational order
parameter. An m-fold bond orientational order parameter is
1 for a perfectly m-fold coordinated site (i.e. m = N) and
smaller otherwise. For a hexagonal lattice (figure 5(a)) 6
will be high. For a square lattice (figure 5(b)), 4 and 8 will
be high; for real crystals with displacements from ideal lattice
positions (figure 5(c)) m = 8 is chosen instead of m = 4 to
evaluate 4-fold symmetry [18]). Another possible value is
m = 5 for pentagonal packing, which is largely an anomalous
state observed at the boundaries between other higher
symmetry states. The difference between square and
hexagonal packing is shown in figure 6. Particles with all
m-fold bond orientational order parameters below 0.5 (a
common benchmark) are considered amorphous. Packing
fractions can then be calculated over the entire system
5
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(a)

(b)

Figure 9. (a) A model square packed system, with an orientation of
20◦ from the vertical axis. θ j = (θ0 , θ1 , θ2 and θ3 ) is the angle of
nearest neighbour j measured from the vertical axis, and θa is the
arbitrary axis, also measured from the vertical axis. (b) f (θa )
evaluated for a range of angles on a real system similar to (a).

hexagonal-packed regions for some pertinent values of n,
calculated by finding
2π
n
0 cos (θ ) dθ

2π
for an idealized isotropic particle region and
m−1
j=0

cosn (θa − θ j )
m

=

m−1
j=0

(5)

cosn ((θa − θ0 ) − 2 jπ /m)
m
(6)

for regions that show square (m = 4) and hexagonal (m = 6)
particle packing. Certain combinations give results that are
dependent on the difference between the arbitrary axis and the
local orientation axis θ0 (the angle from the vertical axis of
some bond connecting the particle).
Considering table 1, one can weight averaged powers
of cosine and construct equation (7), which fulfils all our
requirements:
f (θa ) = 32cos6 (θa j ) j − 40cos4 (θa j ) j + 10cos2 (θa j ) j ,
(7)
where in usage f (θa ) is found for each relevant particle in
the image and then averaged. Perfect square or hexagonal
packing, arranged in an unbroken ‘domain’ such that θo
is constant throughout the image, will yield a maximum
value of 1 corresponding to the orientation axis that fits the
symmetry. In practice, colloidal films consist of a mixture of
differently packed particles in differently oriented ‘domains’.
Therefore, for anisotropic systems such as figure 6, which has
several visible domains, f (θa ) will have a maximum value
that is lower than a perfectly oriented feature consisting of a
single domain. The process of averaging f (θa ) is repeated for
θa ∈ (−90◦ , 90◦ ) to an arbitrary degree of accuracy and the
highest value is kept, corresponding to the best mean crystal
orientation. In figure 9(a), θa is being varied in a square packed
system oriented 20◦ from the vertical axis. Testing θa = 20◦
will yield a maximum for f (θa ). Figure 9(b) shows a graph of
f (θa ) for a square packed system oriented 20◦ from the vertical
axis, as illustrated in figure 9(a). Note that as expected, f (θa )
has a maximum at 20◦ , the mean orientation of the system,
and a minimum at approximately −25◦ , 45◦ counterclockwise
from the maximum, as one would expect in a square packed
region with orientation axes separated by 90◦ . As well, f (θa )
is zero at about −2.5◦ , halfway between the minimum at −25◦
and the maximum at 20◦ . This generalizes to a minimum f (θa )

Figure 8. Scanning electron micrograph with magnification 2500×
of 0.5 μm diameter silica colloids, spin-coated into a thin film.
Packing fractions: 35% square, 30% hexagonal, 35% amorphous.
Table 1. cosn (θa − θ j ) j for n = 2, 4, 6 evaluated for isotropic,
square and hexagonal symmetries.
n

Isotropic

Square

Hexagonal

2
4
6

1
2
3
8
5
16

1
2
3
+ 18 cos(4(θa − θ0 ))
8
5
+ 163 cos(4(θa − θ0 ))
16

1
2
3
8
5
16

+

1
32

cos(6(θa − θ0 ))

In order to measure the mean crystal orientation, an angle
θa measured from the arbitrarily chosen vertical axis is varied
as part of an automated routine. Here, we omit the i particle
reference subscript (see equation (4)) for convenience. We
can calculate cosn (θa − θ j ) j over the N particle nearest
neighbours (4 for square packed regions, 6 for hexagonal
packed regions), where θa − θ j is the angle between the chosen
axis and the bond axis connecting the particle with neighbour
j. Table 1 shows the result for isotropic, square-packed and
6
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6. Conclusion
A robust and cohesive method for characterizing particle
centres, size and symmetry has been presented that works
for highly crowded scanning electron microscopy images,
containing features with (often) overlapping intensity profiles,
low resolution of particles, polydispersity in size and intensity
and low overall dynamic range in intensity. Figures 7
and 8 show images of colloidal thin films analysed by
the methods described here, with particle positions and
packing highlighted. This routine is also viable for detecting
polydisperse collections of colloidal particles, as in figure 4.
Next, particles can be characterized into square,
hexagonal, pentagonal and amorphous regions according to
bond-orientational order parameters, and from this the mean
crystal orientation can be derived, even in samples with
mixed symmetries. The techniques laid out here can be used
to quantitatively study the effects of external variables on
colloidal formation in a succession of images. We are happy
to provide the source code of the program developed in this
work to interested users and those interested in expanding its
functionality.

Figure 10. Scanning electron micrograph with magnification
11 000× of 0.25 μm diameter silica colloids, spin-coated into a thin
film. Crystal orientation 39◦ ± 1◦ from vertical with a built-in axis
highlighter shown and emphasized.
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