
Integration of Crystal Morphology Modeling and
On-Line Shape Measurement

R. F. Li, G. B. Thomson, and G. White
School of Engineering and Physical Sciences, Heriot-Watt University, Edinburgh EH14 4AS, U.K.

X. Z. Wang, J. Calderon De Anda, and K. J. Roberts
Institute of Particle Science and Engineering, School of Process, Environmental and Materials Engineering, University of

Leeds, Leeds LS2 9JT, U.K.

DOI 10.1002/aic.10818
Published online April 5, 2006 in Wiley InterScience (www.interscience.wiley.com).

Introduction

The shape of pharmaceutical crystals grown from solution is
known to have an important effect on the end-use functional
properties and downstream processing, and handling of the
product. Significant progress has been made in recent years in
both crystal morphology modeling and shape measurement
using on-line imaging techniques. The current investigation of
an approach for integrating both techniques is motivated by the
prospect that such integration can lead to a useful instrument
for validating morphology prediction models, for constructing
3-D shapes from 2-D on-line images, as well as for the poten-
tial of obtaining crystal size and growth rates of individual
facets of a 3-D crystal.

Early morphological modeling techniques were based on
Bravais-Freidel-Donnay-Harker (BFDH) law and Hartman-
Perdok’s periodic bond chain (PBC) theory.1 The BFDH law
states that, allowing for submultiples of the interplanar spacing
due to space group symmetry (that is, centering, screw axes,
glide planes), the most important crystallographic forms have
the greatest interplanar spacing. The law related the external
crystal shape to the internal crystallographic structure, which is
still useful for quickly identifying the likely growth faces. The
PBC theory extended the idea inherent in the BFDH law by
considering the strength and stoichiometry of the solid-state
intermolecular forces involved in the crystallization process, in
particular through calculation of the surface attachment energy,
that is, the energy released on the addition of a building unit to
the surface of a growing crystal which is taken as a measure of
the relative growth rate of that face. The methods implement-

ing these theories and resulting developments are now well
established and reliable software tools are now available. These
methods have been widely and successfully used to predict the
crystal shape of organic compounds such as pharmaceuti-
cals,2-10 and been implemented in computer programs, such as
HABIT11,12 Cerius213, and MORANG14. A major limitation of
these methods is that they have only taken into consideration of
the internal structure information of the crystal, such as unit
cell parameters, fractional coordinates and symmetry informa-
tion, but have largely ignored the effects of process operating
conditions, such as supersaturation, cooling rates, solvents,
impurities or additives.

New approaches have been proposed in the past 10 years that
use modified Hartman and Perdok’s attachment energy,15,16

detailed kinetics principles,17-21 and Monte Carlo tech-
niques22,23 with the attempts to incorporate the effect of sol-
vents, additives, supersaturation and cooling rates into crystal
morphology prediction models. Clydesdale et al.15,16 used mod-
ified Hartman and Perdok’s attachment energy to model the
crystal morphology in the presence of blocking tailor-made and
disruptive tailor-made additives. Bennema’s group have used
detailed crystal growth kinetics as means of predicting crystal
morphology grown from solution.17,24,25 In their method, the
kinetic models are simplified to retain only one solvent depen-
dent parameter which can be derived from computer simulation
of the solid-fluid interaction. Doherty’s group developed a
similar approach based on the detailed crystal growth kinet-
ics18-21 through a method which requires only a calculation of
the nature of the intermolecular interactions along the different
growth directions, rather than complex simulation. Monte
Carlo simulation was also investigated by Boerrigter et al.22

with the aim of incorporating the effect of supersaturation on
crystal morphology modeling and more recently, Gadewar and
Doherty26 developed a dynamic model that allows for the
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prediction of the shape evolution of 2-D crystals from arbitrary
initial shapes. This model not only can account for faces
appearing and disappearing during the evolution, but also can
predict the crystal shape at steady state. Comprehensive review
of the literature on morphological modeling has been made by
Winn and Doherty27, Rohl28, Clydesdale et al. 8-10

Another important area for crystal shape investigation is its
on-line measurement. Although it has been mainly aimed at
real-time monitoring and control, in principle, could be used
for validation of modeling techniques. Laser diffraction29,30 and
ultrasound31 have been investigated for this purpose, but the
most promising technique seems to be on-line microscopy
imaging. Patience and Rawlings32,33 studied the use of the
Lasentec34-36 particle vision measurement (PVM) system to-
gether with a stop-flow-cell system for measuring crystal
shapes on-line. In a previous study, Calderon De Anda et
al.37-41 reported the use of an on-line imaging system developed
by the pharmaceutical company GlaxoSmithKline for monitor-
ing polymorph transitions and crystallization on-set. Calderon
De Anda et al.39 also developed an effective multiscale ap-
proach for the image analysis of in-process data, as well as a
method for classification of crystal polymorphic and morpho-
logical forms.41

The purpose of this article is to present the camera model —
a new approach for integrating both crystal morphological
modeling and on-line shape measurement techniques. The
communication is organized as follows. In the next section, the
overall framework of the proposed methodology will be pre-
sented. The details of the methodology, that is, the camera
model, the 2-D shape descriptors, and the approach for rotating
the 3-D crystal in order to generate 2-D projections, will be
described in the Camera Model and Shape Descriptor section.
A case study using the proposed method for real time recog-
nition of crystal polymorphs will be discussed in the Case
Study: Crystallization of the � and � Forms of (L)-Glutamic
Acid section, and the final remarks will be made in the last
section.

Framework

The overall framework for integrating shape modeling and
measurement is summarized in Figure 1. It consists of five
component modules: morphological modeling for predicting
3-D shapes; 3-D shape rotation and use of a camera model for
projecting a 3-D crystal to a library of 2-D images; real 2-D
images acquisition from on-line imaging instrument; on-line
image analysis; and matching between images in the library
and the processed on-line images.

The top-left dashed box is the component for 3-D shape
generation using morphological modeling. As reviewed in the
first section that although early methods and software, such as
Cerius213, Habit11,12,15, and MORANG14 only considered crys-
tal internal structure information, progress is being made to
consider engineering operational conditions including super-
saturation, solvents, additives and cooling rates.18-22 In addi-
tion, although not included in Figure 1, other experimental
techniques for crystal shape determination can also be used,
such as the high-throughput technique, which can simulta-
neously conduct hundreds of experiments under different op-
erating conditions and has been used in polymorphic screen-
ing.42

The bottom left dashed box is the step to project a 3-D
crystal shape to 2-D images through rotating the crystal in the
multidimensional space and using the camera model. Although
in order to provide a credible 2-D image library of an arbitrary
shaped object the necessary rotation angles can be indefinite,
for a crystal that has a structured shape, the rotation angles
needed can be estimated, as will be demonstrated in the next
section.

The two dashed boxes on the righthand side of Figure 1 are
raw image acquisition from reactors using on-line imaging
instrument, and image processing for the purpose of extracting
objects from the background of an image and for removing
noises.

The bottom box is the step to calculate the shape descriptors
and the similarity distances between the 2-D images in the
library and obtained on-line.

Camera Model and Shape Descriptor
Camera model

Recording images using a camera model is equivalent to
mapping an object point in the object space to an image point
in the image space.43 The camera model (also known as the
pinhole camera model) can be illustrated using Figure 2. Under
the pinhole camera model, a point in the object space with
coordinates X � (X, Y, Z)T is mapped to a point x with
coordinates (fX/Z, fY/Z, f)T on the image plane. The mapping
can be written as

�X, Y, Z�T x � fX/Z, fY/Z�T (1)

On the above projection, the camera position is called the
camera center. The line from the camera center perpendicular

Figure 1. Proposed framework for the integration of
morphology modeling and on-line shape mea-
surement using the digital video microscopy
system
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to the image plane is called the principal axis, and the point
where the principal axis meets the image plane is called the
principal point. If the object and image points are represented
by homogeneous vectors, the above projection is very simply
expressed as a linear mapping between their homogeneous
coordinates. In particular, Eq. 1 can be written in terms of
matrix multiplication as

�
X
Y
Z
1
� x �fX

fY
Z
� � �f 0

f 0
1 0

� �
X
Y
Z
1
� (2)

In the real situation, the relationship between 3-D world point
and image point can be more complex than the above equation.
We have to consider some more situations, such as when the
origin of the image coordinate system is not principal point p,
the object coordinate system is different from the camera
coordinate, the image coordinates are measured in pixels, and
distortion of camera lens. The general expression of the camera
model can be written as

�x
y
z
� � �p11 p12 p13 p14

p21 p22 p23 p24

p31 p32 p33 p34

� �
X
Y
Z
1
� � P�

X
Y
Z
1
� (3)

where the matrix P is called calibration matrix of the camera,
which includes the internal and external parameters of the
camera. These parameters can be determined by camera cali-
bration. Camera calibration is usually to design a calibration
object whose geometry in the 3-D space is known, then uses
the point correspondences between 3-D points and 2-D image
points to determine the camera parameters. However, in our
system, the camera model is only used to transform the 3-D
object to 2-D images. In this case, we are only concerned with
the 2-D projection onto a plane of the 3-D polyhedral shape.
Therefore, we can design a camera system where the origin of
image coordinate system is principal point p, the object coor-
dinate system is the same as the camera coordinates, and
distortion of camera lens can be ignored. In this way, we can
directly use Eq. 2 as the camera model. The parameters f in Eq.
2 can be freely chosen because it only affects the size of the
transformed image. In this work we used such a camera system
where the coordinates of a crystal can be obtained by crystal
rotation.

Shape descriptors

A number of techniques have been proposed in recent years
to use descriptors to represent the shape of an object. These
techniques can be generally categorized into two classes: con-
tour-based and region-based methods. The details of the meth-
ods can be found in a recent review article.44

In this work, Fourier descriptors were used to extract fea-
tures from the crystal 2-D shapes. Fourier descriptors can be
obtained by applying the Fourier transform on shape boundary
signatures, such as curvature, radius and complex coordinates.
It is found that shape classification performances based on
these three signatures do not differ significantly.45 In our sys-
tem, we used radius-based signature, mainly because it is the
simplest to implement.

Radius-based signature consists of a number of ordered
distances from the shape centroid to boundary points (called
radii), as shown in Figure 3.

ri � �� xi � xc�
2 � � yi � yc�

2 �i � 0, 1, 2 . . . N � 1� (4)

Where ri is the distance from the shape centroid (xc, yc) to the
ith boundary sampling point (xi, yi), N is the number of the
sampling points. In our system, 64 uniformly sampled bound-
ary points and, thus, 64 ordered radii are used as shape signa-

Figure 3. Definition of the radius-based shape signature
used in the shape analysis.

Figure 2. Basic principles underpinning the pinhole
camera model, (a) the basic concepts, and (b)
the projection geometrics.45
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ture. The boundary points are sampled such that the number of
pixels along the boundary between each two neighboring
points is the same. The Fourier descriptors (FD) based on the
shape radii are then given by

Fn �
1

N �
i�0

N�1

ri exp��j2�ni

N � , n � 0, 1, . . . , N � 1 (5)

The FDs acquired in this way is translation invariant due to the
translation invariance of the shape radii. The orientation invari-
ance is achieved by ignoring the phase information of FDs. We
only use the absolute value of the descriptors, that is, 	Fn	, is
invariant to rotation. 	F0	 reflects the average value of the shape
radii, which is dependent on the scale of the shape, thus
	Fu	/	F0	 will be scale invariant. Since the centroid distance is
a real value function, only half of the FDs are needed. The final
Fourier descriptors can be expressed as

FDk � 	Fk	/	F0	, k � 1, 2, . . . , N/2. (6)

In the descriptors, the low-frequency descriptors contain infor-
mation about the general shape, and the higher frequency
descriptors contain information about smaller details.

The Fourier-descriptor based similarity distance can be ex-
pressed as

dsim � � �
i�1

L

(FD1,i � FD2,i)
2� 1/ 2

(7)

where FD1,i FD2,i is the ith Fourier descriptor of the images 1
and 2, respectively, L is the number of the Furier descriptors

used to represent the shape. The smaller the similarity distance,
the more similar the two images.

Crystal rotation

The method for rotating a 3-D crystal in order to produce any
possible 2-D projections using a camera model is illustrated in
Figure 4. If the camera is placed at a point on the X axis, as
shown in Figure 4, the rotation around X axis will not result in
different 2-D shapes, but only change the orientations of the
same 2-D shape. As a result, the rotation around X axis can be
ignored. Since the crystal is a facetted object, when rotating
around an axis, either Y, or Z, from one angle to another at a
very small step, for example around Y axis, the 2-D shapes
corresponding to the two positions may only change very little.
Figure 5 shows some 2-D shapes when rotating a crystal at
different angles from a position, 1°, 2°, 3°, 4°, 5°, 6°, 7°, 8°, 9°,
10°, and 11° around Z axis, from which it is clear that even
when rotating the crystal 11° from the initial position, the 2-D
shape does not change very much. This means that the number
of 2-D shapes having significant difference with each other is
limited. Here the words “significant difference” although are
vague, can be defined by the users. For instance, it can be
defined as that as long as the number of edges in the projected
2-D images changes (increases or decreases), then it is consid-
ered as a new 2-D image that has significant difference from its
last image. It is worth pointing out that the minimum degree at
which the crystal needs to rotate is dependent on the complex-
ity of the 3-D crystal and the initial position of rotation.

Two possible methods of rotation are proposed here but only
one is used in this study. The first approach is to use a fixed
rotation angle to continuously rotate the crystal. In this case,
the value of the angle must be small enough so that the
similarity distance between two 2-D shapes corresponding to
any two neighboring orientations is smaller than a predefined
threshold value. The detailed steps of this rotation are de-
scribed below:

1. Let i � 1, read the initial orientation data;
2. From the initial orientation, rotate the crystal (i��) (i �

1, 2, 3. . . M) degree around the Z axis, respectively. This will
produce M new orientations.

Figure 4. Axial conventions used for the crystal rotation
method.

Figure 5. Projected 2-D shapes from 3-D onto a plane
following rotation at different angles.
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3. From each of M new orientations, rotate the crystal,
(j��) (j � 1, 2, 3. . . N) degree around the Y axis, respectively.

where, �, � are the step rotation angles around Z and Y axes,
respectively, then M � 360/� and N � 360/� are the rotation
times around Z and Y axes, respectively. The number of total
orientations based on the above steps is M � N, which means
that each 3-D crystal will have M � N projected 2-D images in
the library.

An alternative approach of rotation is to use variant rotation
angles. In this approach, when rotating the crystal around an
axis from one position to the next position, the angle between
the two is chosen so that the similarity distance of the two 2-D
shapes corresponding to the two positions is larger than a
threshold value sd1 and smaller than another threshold value
sd2 (sd1 � sd2). The advantage of this rotation method is that
it can reduce the size of the 2-D image library generated.

In this study, only the first approach, that is, the fixed
rotation angle method is used, which produces M � N orien-
tations of a crystal. The 3-D crystal at these M � N orientations
is then transformed into M � N 2-D shapes using the camera
model. For each of these transformed 2-D shapes, the Fourier
descriptors are calculated, which are stored in an image data-
base for future matching with online images. In the database,
each set of FDs represents a 2-D shape of the crystal at an
orientation. When online images become available, the FDs of
the online images will be first calculated. Then the most similar
2-D shapes with the online image in the database will be
retrieved through calculating the similarity distance between
the online image and database images.

Case Study: Crystallization of the � and � Forms
of (L)-Glutamic Acid

In this section, we apply the method for real-time recogni-
tion of the polymorphs of (L)-glutamic acid during its batch
cooling crystallization from supersaturated aqueous solution.
Although there are established techniques for on-line identifi-
cation of crystal polymorphs such as X-ray diffraction and
Raman spectroscopy,46 here the purpose is mainly to exemplify
the use of integration of crystal morphology modeling and
shape measurement and the associated utility of this approach
for following crystal growth and polymorphic transformation
processes.

Morphological prediction from the crystallographic data

(L)-glutamic acid has two known polymorphs: the prismatic
� and needle-like � forms. The crystal structure of the �-form
has space group symmetry P212121 with four molecules in the
unit cell (a � 7.068 Å, b � 10.277 Å, c � 8.755 Å, � � � �
	 � 90°)47, the �-form belongs to the same space group but has
different parameters of the unit cell (a � 5.159 Å, b � 17.34
Å, c � 6.948 Å, � � � � 	 � 90°)48. The detailed structure
information of these two forms can be obtained from the
Chemical Database Services.49 Based on the 3-D crystallo-
graphic structure information of the two forms of (L)-glutamic
acid, these morphologies were predicted using a range of
computer morphology simulation software packages including
Cerius213, MOPAC50, HABIT11,12, and SHAPE51. In this ap-
proach, Cerius2 was used to generate the basic symmetry
information of the crystals and via the BFDH rules produce a
list of the likely low-index growth faces and MOPAC was used
to calculate the partial atomic charges. The attachment energies
for the selected growth faces was obtained using HABIT from
which the morphology of the crystal was simulated by setting
the relative crystal growth rate to be proportional to the surface
attachment energy using the program SHAPE. Background

Figure 6. Predicted crystal morphologies for (L)-glu-
tamic acid based on attachment energy calcu-
lations, (a) � - form, (b) � - form.

Figure 7. Comparison of the similarity distances be-
tween the original and rotated images at dif-
ferent rotation angles and different initial po-
sitions.
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articles together with more details of the procedures adopted
for predicting the crystal morphology using this approach can
be found in the references.9, 10, 12 Figure 6 shows an example of
the resultant predicted 3-D shapes of the � and � forms,
revealing the � form to be dominated by the (001) face, and the
� form to be dominated by the (010) face.

2-D image library generation through rotating 3-D
crystals

The extraction of the 2-D projected perimeter maps from the
rotation of the predicted 3-D shapes can be illustrated using the
distinctive morphologies of the � and � forms of (L)-glutamic
acid. The key parameter in crystal rotation is the rotation angle,
which is the angle between the two neighboring orientations. A
large rotation angle can result in loss of information, but a
small angle can lead to an unreasonably large size for the image
library. In practice, trial-and-error methods can be used to
determine an appropriate interval for the angular rotation. This
approach is demonstrated in Figure 7 which shows the simi-
larity distance between the original and rotated images of the �
form of (L)glutamic acid when rotating the crystal shape by
different angles of 1°, 2°, 4°, and 10°, respectively, from
different orientations. From this Figure, we can see that larger
angles give larger similarity distance between the original and

Figure 8. Some 2-D projected image examples of (L)-
glutamic acid crystal in the generated image
library, (a) � - form, (b) �-form.

Figure 9. Experimental setup comprising automated 500
mL batch reactor equipped with the on-line
digital video microscopy system.40

Figure 10. Four on-line images of (L)-glutamic acid
taken with digital video microscopy system,
(a) raw images, and (b) segmented images.
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rotated shapes. 4° and 10° give larger distance, and the library
size when rotation angle is 1° will become very large, thus, 2°
is a suitable choice.

When the rotation angle is 2°, the size of the image library
produced by the � and � forms of Figure 6 is 2 � 180 � 180.
The calculated Fourier descriptors for the library images are
stored in a database. Some examples of the 2-D library image
are shown in Figure 8.

On-line image processing and recognition of polymorphs

The on-line imaging system employed in our study was
developed by GlaxoSmithKline (GSK).52, 53 Figure 9 shows a
snapshot of the imaging system. A CCD camera fitted with
Navitar Precise Eye/Mitutoyo optics is employed for image
acquisition with a maximum frequency of up to thirty images
per second with a pixel resolution of 640 � 480, and a field of
view from 140 
m to 16mm dependent on calibration lenses
employed. The camera was situated just outside the reactor
wall and an image window was attached to the external reactor
wall to minimize convexity effects on the images. To provide
illumination, a xenon strobe light source was used with the
light being conducted using a fiber optic guide. Camera acqui-
sition and strobe are synchronised to freeze the moving parti-
cles by using a camera interface box developed by GSK. The
captured images are sent to a PC running Video Savant�
software54 for acquisition, storage and management of frames.
To enhance the contrast of particles from image background,
two fiber optic light guides can also be used, both adjustable in
angles and distances from the camera. The overall system
allows the capability to visualize and record in real-time every

event occurring throughout the complete batch crystallization
run. In an early report we have used this instrument as set-up
to monitor the batch cooling crystallization of (L)-glutamic
acid and demonstrated it’s capability to be able to track the
crystallization on-set point and follow the dynamic transition
between the � and � polymorphic forms.40 We have also
developed a multiscale approach for extracting crystal object
from raw on-line images.39

Figure 10 shows four on-line images obtained using the
imaging system during a typical batch crystallization experi-
ment together with their segmented images using the image
segmentation method reported earlier.39 For the five segmented
crystals, descriptors were calculated, and their matching results
with the 2-D library are given in Table 1. For each crystal the
most similar three images in the library are listed. From the
results it can be seen that within the five crystals, two crystals
are � form and three are � form.

Figure 11a shows a more complex on-line image containing
more crystals. Figure 11b shows the segmented image. The
matching results are listed in Table 2, which shows that all four
crystals are � form.

In previous work,39 a laboratory particle shape analysis
system, the PVS 830,55 was also used. Figure 12 shows one of

Figure 11. A more complex on-line image of (L)-glutamic
acid taken with digital video microscopy sys-
tem, (a) raw image, and (b) segmented image.

Table 1. The Image Matching Result for Images
in Figure 10

Online Images
Retrieved Image

Reference
Similarity
Distance Polymorph

BetaM042182 1.40 �

BetaM112182 1.44 �

BetaM112358 1.48 �

BetaM280330 0.88 �

BetaM104030 0.89 �

BetaM284330 0.96 �

AlphaM176054 0.87 �

AlphaM356126 0.88 �

AlphaM176234 0.88 �

BetaM022228 0.46 �

BetaM022048 0.51 �

BetaM320134 0.52 �

AlphaM356018 0.65 �

AlphaM354198 0.68 �

AlphaM004016 0.68 �
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the images obtained from this instrument, which contains three
crystals (the one located at edge is ignored). Table 3 lists the
matching results.

This case study presents the results and analysis of a number
of online crystal images for two forms of (L)-glutamic acid
which have been used to test the proposed method, all of which
demonstrate that this method gives excellent results. Despite
this, we have also found that the method dose not give such a
good match for some special situations, for example, for small
crystal size or when the habit of the crystal changes too much
due to the crystal breakage and significant change of the growth
environment of the crystals. This problem can in principle be
solved through future development of the image library gen-
eration system.

Final Remarks

In this article, a new methodology called camera model for
integrating crystal morphological modeling with in situ shape
measurement using on-line microscopy is proposed and illus-
trated by applying it to polymorphic recognition in (L)-glu-
tamic acid cooling crystallization. The integration offers a
potentially useful instrument for future crystallization studies,
for example, for validation of morphological prediction mod-
els, for constructing 3-D shapes from on-line 2-D images, as
well as for determination of crystal growth rates of individual
facets.
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BetaM128064 0.52 �

BetaM276036 0.55 �

BetaM128244 0.60 �

BetaM308116 0.67 �
BetaM058212 2.36 �
BetaM058032 2.39 �
BetaM274148 2.45 �
BetaM096032 2.50 �
BetaM094212 2.51 �
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