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(ECT) and electrical impedance 
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modalities which can be used to 

characterize electrical properties 

inside different processing ves-

sels. In this thesis, ECT and EIT 

have been applied in monitoring 

of three common pharmaceuti-

cal unit processes: high-shear 
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and dissolution testing. The thesis 

describes various technical means 

how to implement the imaging 

modalities, studies the applica-

bility and shows how to generate 

appropriate process monitoring 
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ABSTRACT

In the pharmaceutical industry, the measurement techniques that
are normally used to monitor manufacturing processes can some-
times be inadequate. For example, sampling methods are often
slow and cumbersome, and methods based on point measurements
can be unrepresentative. Therefore, there is a need for more com-
prehensive measurement techniques, such as electrical tomography
imaging.

In this thesis, electrical capacitance tomography (ECT) and elec-
trical impedance tomography (EIT) have been applied in monitor-
ing of three common pharmaceutical unit processes. In electrical
tomography, a set of electrodes is attached onto the surface of the
object under study, electrical measurements are carried out through
the electrodes, and tomograms that illustrate the electrical proper-
ties of the interior are reconstructed with the help of the measured
data and mathematical algorithms.

In the first study, ECT was used to monitor high-shear granu-
lation of pharmaceutical powders. In high-shear granulation, pow-
ders are built up into granules with the help of high-speed im-
peller blades and liquid addition. In the second study, fluidized-
bed drying of pharmaceutical granules was monitored with ECT.
In fluidized-bed drying, wet granules are dried with the help of
a heated stream of air. In the third study, dissolution testing of
pharmaceutical tablets was monitored with EIT. The testing is car-
ried out to study and develop the drug release properties of solid
dosage forms and to assure adequate batch-to-batch consistency in
manufacturing.

In this thesis, various technical means about how to implement
the imaging modalities to monitor these processes have been de-
scribed, the applicability of the imaging modalities has been veri-
fied with realistic materials and experimental conditions, and sig-
nals for process monitoring purposes have been generated with the
help of the reconstructed tomograms. It is concluded that ECT and
EIT are versatile imaging modalities that can be applied for diverse



processes with the help of appropriate technical and computational
customization.

Universal Decimal Classification: 621.317.33, 621.317.73
National Library of Medicine Classification: WN 206, QV 778
PACS Classification: 84.37.+q, 87.63.Pn
INSPEC Thesaurus: process monitoring; manufacturing processes; phar-
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electric impedance; electric impedance measurement; electric impedance
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teollisuus; kapasitanssitomografia; impedanssitomografia; rakeistus; kui-
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ABBREVIATIONS

1D One-dimensional
2D Two-dimensional
3D Three-dimensional
API Active pharmaceutical ingredient
CFD Computational fluid dynamics
ECT Electrical capacitance tomography
EIDORS Electrical impedance tomography and diffuse optical

tomography reconstruction software
EIT Electrical impedance tomography
EMA European Medicines Agency (previously EMEA)
ERT Electrical resistance tomography
FDA United States Food and Drug Administration
FEM Finite element method
FFT Fast Fourier transform
MCC Microcrystalline cellulose
MIT Magnetic induction tomography
NIR Near infra-red
PAT Process analytical technology
PCA Principal component analysis
PCB Printed circuit board
PID Proportional intergral derivative
PVP Polyvinylpyrrolidone
USP United States Pharmacopoeia
UV Ultraviolet
VIS Visible light



NOMENCLATURE

B Magnetic field
C Capacitance (measured)
c Drug concentration
ct(x) Drug concentration distribution at time point t
D Electric displacement field
E Electric field
eex Surface of the excitation electrode
el Surface of the lth electrode
f1 Difference factor
H Magnetic field intensity
I Electric current
i Imaginary unit
J Jacobian matrix
Jz Jacobian matrix with respect to contact impedances
j Electric current density
K Reconstruction matrix
L Regularization matrix
Lz Regularization matrix for contact impedances
m Number of measurements
mt Mass of the released drug at time point t
N Number of discretization points
Ns Number of samples taken during dissolution testing
Ne Number of electrodes
n Number of discretization points
Q Electric charge (measured)
Q Set of measured electric charges
Qref Set of measured reference charges
q Electric charge (computed)
q Set of computed electric charges
t Time
U Voltage (computed)
U Set of computed voltages
u Electric scalar potential
u, uh(x) Potential distribution
V Excitation voltage



V Set of measured voltages
V ref Set of measured reference voltages
vdist Superficial gas velocity (at the distributor level)
vq Noise in charge measurements
vq,ref Noise in reference charge measurements
vv Noise in voltage measurements
x Spatial coordinate vector
z Contact impedance
z Set of contact impedances
zref Set of reference contact impedances
α Regularization parameter
αz Regularization parameter for contact impedances
δvq Difference of noise terms
ε Permittivity
ε, ε(x) Permittivity distribution
εlin Permittivity distribution at linearization point
εpr Prior assumption for the permittivity distribution
εr Relative permittivity
εref Reference permittivity distribution
εvac Vacuum permittivity, 8.8542 ×10−12 Fm−1

η Outward unit normal vector in EIT
κ Step parameter
μ Magnetic permeability
ν Outward unit normal vector in ECT
ρ Electric charge density
σ Conductivity
σ, σ(x) Conductivity distribution
σpr Prior assumption for the conductivity distribution
σref Reference conductivity distribution
φ, ϕ Basis function in FEM
χ Moisture content
Ω Domain
Ωel Volume that covers the lth electrode
∂Ω Boundary of the domain
∂Ωsc Boundary of the screens
ω Angular frequency
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1 Introduction and back-
ground

At the beginning of the 21st century, it was realized in the phar-
maceutical industry that it had lagged behind other areas of in-
dustry in its manufacturing techniques and especially in its pro-
cess monitoring techniques. There were several reasons why this
had occurred, but the most commonly mentioned reason was the
strict regularization within the industry practised by the author-
ities which did not encourage to make any improvements [1–3].
Another reason that was quoted in [3] was that spending money
in order to improve the manufacturing did not seem as good an
investment as spending the same money in an effort to find a new
medicine. However, since the research and development costs were
increasing while the amount of new medicines per year entering
the market was not [4], and in addition, since the generic drug
companies started to compete with the traditional companies for
the same group of consumers with lower prices, further savings in
the manufacturing costs needed to be made.

At this point, the most important authority of the pharmaceuti-
cal industry, the U.S. Food and Drug Administration (FDA) woke
up and released guidance for the industry which described the use
of process analytical technology (PAT) as a framework for develop-
ment, manufacturing and quality assurance [2]. Soon after that, the
European Medicines Agency (EMA, previously EMEA) followed
with a similar initiative. From the regulators’ point of view, achiev-
ing more consistency and improvements in the quality (and thus
also in the safety) of the drug products was seen as an important
motivation to support PAT activities.

The FDA’s guidance [2] considers ”PAT to be a system for de-
signing, analyzing, and controlling manufacturing through timely mea-

Dissertations in Forestry and Natural Sciences No 68 1
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surements (i.e, during processing) of critical quality and performance at-
tributes of raw and in-process materials and processes, with the goal of
ensuring final product quality.” In other words, the ultimate goal of
PAT can be broken into three parts: (i) to identify the critical ma-
terial and process attributes that affect the product quality, (ii) to
understand how they affect the product quality, for example with
the help of mathematical models, and finally (iii) to monitor these
attributes and to control the process in real time (or near-real time)
in order to assure the quality of the final product [2, 5].

In this thesis, PAT is used as a guiding framework in the imple-
mentation of electrical tomography imaging techniques to monitor
three unit processes commonly used in the pharmaceutical indus-
try. The construction of adaptive process control loops is considered
to be beyond the scope of this thesis.

1.1 OPERATIONAL PRINCIPLE OF ELECTRICAL TOMOGRA-
PHY

Most common materials can be regarded as either insulators or con-
ductors based on their electrical properties. The insulators can be
characterized based on their dielectric permittivity and the conduc-
tors on their electric conductivity. For bulk materials, these prop-
erties can be determined with the help of either capacitance or re-
sistance measurements. In electrical tomography, this concept is
taken one step further: the aim is to determine the distribution of
these properties inside an object with the help of a series of electri-
cal measurements made around the boundaries of the object.

The concept of electrical tomography consists of electrical capac-
itance tomography (ECT), electrical impedance tomography (EIT),
electrical resistance tomography (ERT) and magnetic induction to-
mography (MIT). In this thesis, the first three techniques will be
considered. The operational principle is as follows: first, a set of
sensing electrodes is attached onto the surface of the object be-
ing studied, second, electrical boundary measurements are made
through the electrodes, and third, the electrical properties inside

2 Dissertations in Forestry and Natural Sciences No 68



Introduction and background

the object are reconstructed with the help of the measured data and
mathematical algorithms. These steps are pictured in figure 1.1.

Figure 1.1: (a) A set of electrodes is patterned on a flexible copper-coated laminate and
the laminate is attached around a plastic tube. The electrodes are covered with a copper
shielding (or a screen) to diminish external noise. This piece of equipment is called an ECT
sensor. (b) A piece of wood is placed inside the sensor. (c) An ECT measurement device
measures capacitances through the coaxial cables that are connected to the electrodes. (d)
With the help of the measured data and mathematical algorithms, a tomogram that repre-
sents the permittivity distribution inside the sensor is reconstructed. The ECT equipment
and the software seen in the photographs are products of Process Tomography Ltd.

ECT is commonly used when the studied object consists of insu-
lating media and ERT when the object consists of conductive media.
In EIT, both kinds of media can be present. It is noteworthy that in
the literature, EIT and ERT are often regarded as the same modal-
ity. This is partly a naming convention and partly because there are
only few EIT measurement systems that can provide the measure-
ment data that is needed in order to reconstruct both conductivity
and permittivity distributions; usually only the conductivity distri-
bution is reconstructed, thus the modality in question is actually
ERT.

1.2 UNIT PROCESSES IN THE PHARMACEUTICAL INDUS-
TRY

At the moment, the pharmacetical industry is heavily batch-oriented
in terms of its manufacturing techniques. There are manufacturing
processes for two purposes: first to synthesize active pharmaceuti-
cal ingredients (APIs) and second to manufacture different dosage
forms (these are also called the primary and secondary manufactur-

Dissertations in Forestry and Natural Sciences No 68 3
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ing, respectively). The PAT concept is mainly intended for processes
utilizing the latter purpose [3]. Figure 1.2 shows one possible chain
of unit processes (or unit operations) that are needed to produce
pharmaceutical products. The end product of the chain is typically
a tablet.

Figure 1.2: A possible chain of unit processes for manufacturing pharmaceutical tablets.
The unit processes that are colored with gray are the ones that are studied in this thesis.

The raw materials in tablet manufacturing are often powders.
In addition to API, the materials may include fillers, binders and
disintegrants. At the start, the raw materials are milled if they are
not yet in a suitable powder form. In the blending process, the
powder mixture is homogenized. The powder blend can next be
compressed directly into a tablet; however, often granulation pre-
cedes this process.

In the granulation process, the powders are enlarged into gran-
ules. Granules are preferred because they flow better, are easier to
process, do not cause dust -related problems and sometimes can
provide better drug content uniformity. Wet granulation [6–9] is
one of the methods which can be used to form granules and it can
be carried out in a high- or low-shear granulator, a fluidized-bed
granulator or a drum granulator. Other common methods are dry
granulation in a roll compactor [10] and melt granulation in either
a high-shear mixer [11] or a fluidized-bed granulator [12].

After wet granulation, the granules need to be dried. Dry-
ing of granular materials is usually carried out in a fluidized-bed
dryer [13,14] or a tray dryer. Tabletting is usually achieved through
compaction [15, 16]. An optional step is coating of the tablets’ sur-
face which can be used to fine tune the drug release properties or
to improve preservation during storage. Finally, dissolution test-
ing [17] is carried out on a sample set of the end-product batch to
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ensure adequate drug release properties and batch-to-batch consis-
tency.

Recently, much attention has been paid to continuous process-
ing because it can further improve the product quality and reduce
the costs [18]. It is worth noting, that also the FDA’s PAT guidance
for industry mentions continuous processing as one of the means
to ”improve efficiency and manage variability” [2].

In this thesis, three unit processes have been studied with elec-
trical tomography imaging: the granulation process in a high-shear
mixer, the drying process in a fluidized-bed dryer and the dissolu-
tion testing in USP apparatus II.

1.2.1 High-shear granulation

In high-shear wet granulation, powder particles are built up into
granules with the help of high speed impeller blades and liquid
addition. The liquid binds the powder particles together, and the
blades are needed for mixing the material and breaking up big ag-
glomerates (see figure 1.3). There are different kinds of high-shear
granulators with variations in the number, size and shape of the
mixing blades. A laboratory -scale high-shear mixer is presented in
figure 1.4.

The adjustable process parameters include impeller speed, liq-
uid addition method/rate and processing time. In addition, there
are parameters that are usually kept fixed during the process such
as the type of impeller, the compositions and total amount of raw
materials. Even minor changes in the adjustable process parameters
can affect the outcome. Usually, the objective is to produce granules
with a consistent particle size distibution.

Traditionally, the torque and power consumption of the mixer
have been used as measures of the phase of the granulation pro-
cess [19,20]. Recently, near infra-red (NIR) detectors [21,22], acous-
tic emission spectra [23], image processing [24] and microwave mea-
surements [25] have been applied for in-line monitoring. However,
until now electrical tomography techniques have not been used for

Dissertations in Forestry and Natural Sciences No 68 5
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Figure 1.3: According to [6], granulation is characterized with the help of three rate
processes: wetting and nucleation (top row), consolidation and coalescence (middle row)
and attrition and breakage (bottom row).

this purpose.

1.2.2 Fluidized-bed drying

The drying of the wet granules is usually performed in a fluidized-
bed dryer. In the dryer, moisture is transferred from the wet gran-
ules to a heated stream of air that is injected through the material.
Fluidized-beds are usually either cylindrical or conical in shape. A
laboratory scale fluidized-bed is shown in figure 1.5.

The adjustable process parameters are the humidity, tempera-
ture and velocity of the fluidizing air and processing time. The
objective is to obtain granules with a desired moisture content. Fur-
thermore, hydrodynamics (or fluid dynamics) has an effect on the
particle size distribution, and since the hydrodynamics change as
the granules dry, it is preferable to be able to adjust the hydrody-

6 Dissertations in Forestry and Natural Sciences No 68
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Figure 1.4: A laboratory -scale high-shear granulator.

namics during the process.
Traditionally the temperature and humidity of the outlet air has

been used in monitoring of fluidized-bed drying. Other methods
include NIR detectors [26], microwave resonance technology [27]
and triboelectric probes [28]. The hydrodynamics of fluidized-beds
is usually assessed with the help of pressure measurements. Pres-
sure measurements have also been used in a few studies to investi-
gate the hydrodynamical conditions during drying [29–33]. In ad-
dition, ECT has previously been used in monitoring of the process,
this will be further discussed in section 1.4.3.

1.2.3 Dissolution testing

Dissolution testing is used to investigate drug release from tablets,
and it is a tool applied in tablet development, and a quality con-
trol method to demonstrate adequate batch-to-batch reproducibil-
ity. The testing methods need to be approved by the official reg-
ulatory authorities, and one of the most commonly used methods

Dissertations in Forestry and Natural Sciences No 68 7
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Figure 1.5: A laboratory -scale fluidized-bed reactor.
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is the United States Pharmacopoeia (USP) defined USP dissolution
apparatus II.

In the USP II method, a tablet is inserted into a standardized
vessel that is normally filled with 500 – 1000 ml of buffer solution.
The buffer solutions imitate the pH and the temperature of gastric
or intestinal fluids. A USP defined paddle rotates inside the vessel
at a constant rate, usually in the range of 50–100 rpm. A photo-
graph of the apparatus is presented in figure 1.6.

The dissolution testing is monitored by measuring drug con-
centration from a certain location i.e. according to USP directions,
this should be between the liquid surface and the top of the pad-
dle and more than one centimeter from the edge of the vessel.
There are different ways to perform the monitoring e.g. traditional
cannula sampling and automated sippers combined with off-line
analysis such as UV/VIS spectrophotometry or high performance
liquid chromatography. In-line monitoring methods include fiber-
optic probes [34, 35], potentiometric sensors [36, 37] and conductiv-
ity probes [38]. Electrical tomography techniques have not been
previously used for this purpose.

Figure 1.6: The USP dissolution apparatus II.
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1.3 MOTIVATION FOR ELECTRICAL TOMOGRAPHY

One of the most versatile and common measurement technique
used in in-line monitoring of pharmaceutical processes is NIR [39].
Other commonly used techniques are acoustic emission, microwave
measurements and different probes utilizing electric measurements.

One can criticize the above mentioned techniques that they ei-
ther measure processes in a pointwise manner (or from a rela-
tively limited area) or by averaging the whole studied medium.
Point measurements can be problematic: the results may depend
strongly on the location of the sensor especially if inhomogenities
are present; the number of possible installation locations is often
limited; the installation of the sensor may require a hole being
drilled into the processing vessel; and the sensor may need to be
located inside the processing vessel which is not always feasible.
Averaging the whole medium does not take into account any local
inhomogenities nor the structure of the target. One further problem
especially associated with NIR is the contamination of the observa-
tion window which can prevent the NIR measurements. Due to the
above mentioned reasons, the presently used measurement tech-
niques can sometimes be inadequate and that there is a need for
more comprehensive monitoring tools.

Electrical tomography techniques are attractive alternatives to
overcome these drawbacks, since they are non-intrusive, non-inva-
sive, and the monitoring can be carried out in-line. The non-intru-
siveness and non-invasiveness are important for the pureness of the
product. These properties are especially evident in ECT in which
the measurement electrodes can be installed on the outer surface of
the product bowl; in ERT and EIT, however, the electrodes usually
need to have a galvanic connection to the target and are therefore
installed on the inner surface of the bowl. Furthermore, in-line
monitoring is required to be able to control the processes in real
time. The required monitoring signals are often relatively easy to
obtain.

Electrical tomography imaging can be more comprehensive in
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the sense that it provides both local and global information from
the processes. The result of the measurements is usually either a
two-dimensional (2D) or three-dimensional (3D) tomogram which
describes the electrical properties of the target, and it can be used
to detect local differences or to calculate characteristic numbers that
describe the whole target.

Electrical tomography techniques are versatile monitoring tools,
and they have previously been found useful, for example, in mon-
itoring of mixing [40–45], separation [43, 44, 46–48], multi-phase
flows [43, 49–54] and transportation [43, 51, 55]. Other uses include
medical [56–58] and geophysical applications [59–61] and non-de-
structive testing [62].

1.4 LITERATURE REVIEW

This section reviews how pharmaceutical processes have previously
been studied with electrical tomography.

1.4.1 Manufacturing processes of APIs

Ricard et. al. have described the use of ERT in several API manu-
facturing processes [44, 63]. They presented a glass reactor suitable
for ERT measurements and accommodating different pharmaceuti-
cal processes [63]. ERT was used to monitor the hydrolysis of ethyl
acetate in the reactor, and it was found that the conductivity de-
creased as the hydrolysis proceeded. The results were successfully
compared with Raman spectroscopy measurements and modelling
results.

In [44] a chemically compatible linear ERT sensor was used for
measurements in two different lab-scale vessels. The experiments
included monitoring of paracetamol crystallization. The crystalliza-
tion process was carried out by cooling, and therefore the relation-
ships between temperature, concentration and conductivity had to
be first established. In the crystallization experiment, it was found
that the conductivity decreased as the process proceeded, and the
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Ville Rimpiläinen: Electrical tomography imaging in pharmaceutical
processes

conductivity curve bore strong resemblance to the particle count
curve that was monitored with a reference method. In addition, it
was found that ERT could be used to monitor phase dispersion and
phase separation in liquid-liquid processes.

1.4.2 Fluidized-bed granulation

Two granulation processes with different batch size were monitored
with ECT in [64]. It was noted that the distribution of solids and
hydrodynamic properties change during the granulation. Further-
more, sticking of wet material to the walls could be seen in the
capacitance data, and the frequency spectra computed with fast
Fourier transform (FFT) displayed differences as a function of time.

1.4.3 Fluidized-bed drying

ECT has previously been used to study fluidized-bed drying in few
studies by two groups. First, Professor Pugsley’s group related the
capacitance data from a packed bed of wet granules with mois-
ture, and compared the radial density profiles determined from
2D-ECT and X-ray tomograms [65]. Subsequently, S-statistic anal-
yses of ECT data and 2D-tomograms were used to interpret the
hydrodynamic changes occurring during drying [66].

Professor Yang’s group compared results from mathematical
models, computational fluid dynamics (CFD) simulations and ECT
measurements; associated capacitance measurements from a packed
bed and during minimum fluidization of wet granules with mois-
ture; and presented 2D-tomograms of the distribution of solids [67].
2D-tomograms and frequency spectra computed with FFT were
presented in [64]. They demonstrated an online method for control-
ling air flow rate during drying based on ECT measurements and a
mathematical model [68]. They also investigated the effects of the
excitation signal frequency and the data normalization method to
the ECT results [69].

The reasons why fluidized-bed drying was chosen here as one
of the processes to be studied, even though it had already been used
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for that purpose, was that all the previous studies had been carried
out using 2D-tomography and without taking the conical geometry
of the product bowl into account. The utilization of 3D-tomography
and the correct geometry are essential due to the fact that in such
a chaotic process as fluidized-bed drying, one can hardly assume
that the material distribution would be homogeneous in a vertical
direction as is required for 2D-tomography, or that the varying di-
ameter of the conical product bowl would not have any effect on
the material distribution.

1.4.4 Fluidized-bed coating

Microcrystalline cellulose (MCC) particle concentration was stud-
ied during a coating process using ECT in [70]. 2D-tomograms,
spatial mean concentration and fluctuations in the mean concentra-
tion were presented as a function of time. Based on the results, it
was concluded that clusters were formed frequently during the first
half of the process and rarely during the second half. Furthermore,
particle movement was analyzed based on wavelet multi-resolution
technique.

1.5 AIMS

In this thesis, three unit processes were investigated with electrical
tomography. In each study, the aim was to generate signals from
the tomograms that could be utilized for process monitoring. Var-
ious technical steps were needed first to implement the electrical
imaging modalities. In addition, an effort was made to use realistic
materials and relevant experimental conditions in all the studies.
In the following, these aims and steps will be described in greater
detail.

In the first study (Publication I), electrical capacitance tomog-
raphy was used for monitoring the high-shear granulation. ECT
was selected here because the used powders were insulating, even
though at the end of the granulation process, the wet granules could
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also have had electrically conductive properties. The aim and the
technical steps in this study were as follows:

AIM: to develop 2D-ECT so that it could be used to monitor
the progress of high-shear granulation.

STEP 1: to design and build an ECT sensor that could be used
as a product bowl in high-shear granulations.

STEP 2: to take the metallic shaft in the middle of the sensor
into account in such way that the tomograms would not be
deteriorated; normally there are no metal objects inside ECT
sensors because they would distort the electric field that is
used for measurements.

In the second study (Publication II), ECT was used for monitor-
ing the fluidized-bed drying. ECT was selected because the mixture
of air and wet granules was predominantly insulating; however,
the wet granules could also have had some electrically conductive
properties at the beginning of the experiments when they were in a
packed-bed state. The aim and steps in this study were:

AIM: to develop 3D-ECT so that it could be used to monitor
both the moisture content and hydrodynamics of wet granules
during fluidized-bed drying.

STEP 1: to take the correct geometry of the conical product
bowl into account by using three-dimensional ECT and the
finite element method (FEM).

STEP 2: to convert the 2D-ECT monitoring equipment to pro-
duce 3D-tomograms by computational means; the used ECT
equipment was originally designed to carry out the measure-
ments that were needed for producing two separate 2D-tomo-
grams.

STEP 3: to reconstruct 3D moisture distributions.
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In the third study (Publications III and IV), electrical impedance
tomography was used for monitoring drug release from tablets. EIT
was selected because the dissolution vessel was filled with liquid
that was customized for EIT measurements. The aim and the steps
in this study were:

AIM: to develop 3D-EIT so that it could produce drug release
and drug release rate curves during dissolution testing.

STEP 1: to modify the USP dissolution apparatus II so that it
would be suitable for EIT measurements.

STEP 2: to choose the materials in such way that the release
of the drug substance could be observed with EIT.

STEP 3: to take the rotating paddle and the changing contact
impedances1 during the drug release appropriately into ac-
count; usually there are no additional objects inside EIT sen-
sors because they affect the measurements, and the contact
impedances are kept constant.

STEP 4: to reconstruct 3D concentration distributions.

1The contact impedances are used to model the drop in the electric potential
that occurs when electric current flows through an electrode surface into the stud-
ied object.
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2 Theory of electrical tomog-
raphy

In electrical tomography, the estimation of the distribution that
characterizes electrical properties of the domain requires solving
both the forward and inverse problems. The forward problem
describes how the desired distribution is related to the measured
quantities, and in the inverse problem the distribution is estimated
based on boundary measurements. In this section, the forward and
inverse problems of ECT and EIT are described. For reviews on
ECT and EIT, see [51, 71–73] and [51, 56, 74–76], respectively.

The derivation of both forward problems start from the macro-
scopic Maxwell equations [77] that are valid in the imaging domain
x ∈ Ω ⊂ R3, t ∈ R

∇× E(x, t) = −∂B(x, t)
∂t

(2.1)

∇× H(x, t) = j(x, t) +
∂D(x, t)

∂t
(2.2)

∇ · D(x, t) = ρ(x, t) (2.3)

∇ · B(x, t) = 0 . (2.4)

Here, E(x, t) is the electric field, B(x, t) the magnetic field, H(x, t)
the magnetic field intensity and D(x, t) the electric displacement
field. Furthermore, j(x, t) is the electric current density, ρ(x, t) is
the electric charge density, x ∈ Ω is the spatial coordinate vector
and t is time. The mathematical notation ∇× is the curl operator,
∇· is the divergence operator and ∂/∂t is the time derivative.

The following relations apply if the medium is assumed to be
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linear and isotropic

D(x, t) = ε(x)E(x, t) , (2.5)

B(x, t) = μ(x)H(x, t) , (2.6)

j(x, t) = σ(x)E(x, t) , (2.7)

where ε(x) is the dielectric permittivity, μ(x) the magnetic perme-
ability and σ(x) the electric conductivity.

In the following forward problem formulations, the assump-
tions about the electrical properties of the studied media are made
based on the imaging technique in question, and the assumptions
about the excitation signals are made based on the corresponding
signals that were used in the experiments.

In the inverse problem formulations, the deterministic framework
has been utilized. A few alternative approaches will be described
in section 2.3.

2.1 ELECTRICAL CAPACITANCE TOMOGRAPHY

2.1.1 Forward problem

In ECT, the studied medium is assumed to be essentially insulat-
ing i.e. the electrically conductive properties of the medium are
assumed to be negligible (σ(x) ≈ 0). Furthermore, here it is as-
sumed that the excitation signal is a potential signal which has a
square wave form. In essence, this means that the fields are as-
sumed to be constant and time independent during the excitation /
measurement cycle. Now, the Maxwell equations can be rewritten

∇× E(x) = 0 (2.8)

∇× H(x) = 0 (2.9)

∇ · D(x) = ρ(x) (2.10)

∇ · B(x) = 0 . (2.11)

The domain Ω of a typical ECT sensor is depicted in figure 2.1.
It consists of the region of interest, the measurement electrodes that
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are mounted on the surface of an insulating wall, and the grounded
screen(s). The electrically grounded outer-screen reduces the exter-
nal noise and it is separated with an insulating layer (typically air)
from the interior. There may also be grounded screens between the
electrodes. If all these parts are taken into account in the forward
model, the model is sometimes called the complete sensor model [78].

Figure 2.1: A typical ECT sensor consists of the region of interest, electrodes (e1, · · · , e8)
that are mounted on the surface of an insulating wall and the grounded outer-screen.

In the forward problem, the electric potential distribution and
the electric charges at the electrodes are solved with the help of the
known excitation signals and the known permittivity distribution.
The permittivity is defined as

ε(x) = εvacεr(x), (2.12)

where εvac ≈ 8.8542 × 10−12 Fm−1 is the vacuum permittivity and
εr(x) ≥ 1 is the relative permittivity of the medium.

The potential distribution is solved inside the domain Ω using
the Poisson equation and suitable boundary conditions. The Pois-
son equation can be derived from equations (2.8) and (2.10) by first
noting that since the curl of E(x) is zero, the electric field can be
written in terms of an electric scalar potential u(x) in the following
way

E(x) = −∇u(x), (2.13)

where ∇ is the gradient operator. Since there are no free charges
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inside the domain, the equation (2.10) can be written as

∇ · D(x) = 0 . (2.14)

Now, by inserting the equations (2.5) and (2.13) in (2.14), the fol-
lowing result is obtained

∇ · D(x) = 0 (2.15)

⇔ ∇ · ε(x)E(x) = 0 (2.16)

⇔ ∇ · ε(x)∇u(x) = 0 , (2.17)

which is the Poisson equation. The boundary conditions for (2.17)
depend on the measurement set-up, but usually the conditions are

u(x) = 0, x ∈ ∂Ωsc ∪Ne
l=1 el \ eex (2.18)

u(x) = V, x ∈ eex (2.19)

ε(x)
∂u(x)

∂ν
= 0, x ∈ ∂Ω \

{
∂Ωsc ∪Ne

l=1 el

}
(2.20)

Here, ∂Ω is the boundary of the domain, ∂Ωsc denotes the screens
which are electrically grounded, el the surface of the lth electrode,
Ne the number of electrodes, eex the surface of the excitation elec-
trode, V is the excitation voltage, and ∂u(x)/∂ν is the derivative
of the potential in the direction of the outward unit normal vec-
tor ν1. The condition (2.18) is valid at the sensing electrodes and
at the electrically grounded boundaries, and the condition (2.19)
is valid at the excitation electrode. The condition (2.20) is valid at
the boundaries that are not made of metal and therefore are not at
some specific potential, and the condition means that the electric
displacement field is zero in the direction of the unit normal at the
boundary.

Usually in ECT, the measured quantities are capacitances be-
tween electrodes. However, the measurements can also be formu-
lated with respect to electric charges with the help of the relation-
ship

Q = VC, (2.21)
1Here the word ”outward” means outwards from the electrode i.e. away from

the electrode surface.
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where Q denotes the electric charge, V excitation voltage and C
capacitance. Electric charges can be more straightforward in cases
where several electrodes are excited simultaneously.

Now, the electric charge of the lth electrode can be solved by
integrating the equation (2.10) over the electrode volume Ωel∫

Ωel

∇ · D(x)dx =
∫

Ωel

ρ(x)dx. (2.22)

The right-hand-side of the equation (2.22) is equal to the total elec-
tric charge ql , and the left-hand-side can be transformed into a sur-
face integral using the divergence theorem∫

el

D(x) · dS = ql . (2.23)

This can be further modified into the form

ql(ε) =
∫

el

D(x) · dS (2.24)

=
∫

el

ε(x)E(x) · dS (2.25)

= −
∫

el

ε(x)∇u(x) · dS (2.26)

= −
∫

el

ε(x)∇u(x) · νdS (2.27)

= −
∫

el

ε(x)
∂u(x)

∂ν
dS. (2.28)

In practice, the Poisson equation (2.17) is often solved numeri-
cally, for example, with the help of the finite element method (FEM),
for example. In that case, the permittivity distribution can be dis-
cretized as

ε(x) =
n

∑
i=1

εiφi(x), (2.29)

where φi(x) are the chosen basis functions for the permittivity dis-
tribution and n is the number of discretization points. Moreover, it
is denoted that ε = [ε1, ε2, · · · , εn]T is the vector representation of
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ε(x). The potentials are now solved from the discretized form of
equation (2.17), and the potential distribution after the discretatiza-
tion is of the form

u(x) ≈ uh(x) =
N

∑
i=1

ui ϕi(x), (2.30)

where ϕi(x) are the chosen basis functions for the potential distri-
bution and N is the number of discretization points. The vector
representation for uh(x) is u = [u1, u2, · · · , uN ]

T.
The observation model for ECT measurements can be written

using the equation (2.28), and it is of the form

Q = q(ε) + vq , (2.31)

where Q = [Q1, Q2, · · · , Qm]T is a vector containing the measured
electric charges, m is the number of measurements, q = [q1(ε), q2(ε),
· · · , qm(ε)]T connects the permittivity distribution with the elec-
tric charges, and vq = [vq

1, vq
2, · · · , vq

m]
T is the additive measurement

noise.
For numerical implementations, the variational form and the

FEM-approximation of the 3D-ECT forward problem is presented
in the Appendix. Other descriptions of the numerical implementa-
tion can be found in [79, 80].

2.1.2 Inverse problem

In the inverse problem, the permittivity distribution is solved with
the help of the known electric charge data Q. A common method
in electrical tomography is to use difference imaging [81]. In the dif-
ference reconstuction method, the permittivity distribution is es-
timated based on the differences between the measured and the
reference data.

In the derivation of the method, linearization of the model (2.28)
is needed: the Taylor series expansion at a chosen linearization
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point εlin is of the form

ql(ε) =ql(εlin) +
n

∑
i=1

∂ql

∂εi
(εi − εlin

i )

+
1
2!

n

∑
i=1

n

∑
j=1

∂2ql

∂εi∂εj
(εi − εlin

i )(εj − εlin
j ) + · · · (2.32)

Next, the Taylor series is approximated by omitting the higher order
derivatives

ql(ε) ≈ ql(εlin) +
n

∑
i=1

∂ql

∂εi
(εi − εlin

i ). (2.33)

When the same approximation is used for all the electric charges,
the following matrix equation is formed

q(ε) ≈ q(εlin) + Jεlin
(ε − εlin). (2.34)

Here, Jεlin
= J is the Jacobian matrix (sometimes referred to as

the sensitivity matrix) computed at the linearization point. The
Jacobian is an m × n matrix and it is defined as

J =

⎡⎢⎢⎢⎢⎣
∂q1
∂ε1

∂q1
∂ε2

· · · ∂q1
∂εn

∂q2
∂ε1

∂q2
∂ε2

· · · ∂q2
∂εn

...
. . .

...
∂qm
∂ε1

∂qm
∂ε2

· · · ∂qm
∂εn

⎤⎥⎥⎥⎥⎦ . (2.35)

Next, the approximation of the observation model for measured
charges Q and for reference charges Qref =

[
Qref

1 , . . . , Qref
m
]T

can be
written as

Q ≈ q(εlin) + J(ε − εlin) + vq (2.36)

Qref ≈ q(εlin) + J(εref − εlin) + vq,ref. (2.37)

The linearized permittivity distribution εlin is often the same as the
reference distribution εref. Next, the equations (2.36) and (2.37) are
subtracted

Q − Qref ≈ J(ε − εref) + δvq, (2.38)

Dissertations in Forestry and Natural Sciences No 68 23
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where δvq =
[
(vq

1 − vq,ref
1 ), . . . , (vq

m − vq,ref
m )

]T
is the difference of

the noise terms. The permittivity distribution which is to be solved
is the solution of the following minimization problem

min
ε

{
‖(Q − Qref)− J(ε − εref)‖2

}
, (2.39)

where the norm is the 2-norm in Rn. The minimization problem,
however, is ill-posed, and usually it is replaced with a well-posed
problem that is achieved with the help of regularization. In this
case, the well-posed problem that utilizes Tikhonov regularization
is

min
ε

{
‖(Q − Qref)− J(ε − εref)‖2 + α ‖L(ε − εref)‖2

}
. (2.40)

Here, the regularization term is α ‖L(ε − εref)‖2, where α is a posi-
tive scalar and called the regularization parameter, and L is called
the regularization matrix. The solution of this minimization prob-
lem is

ε − εref = (JT J + αLTL)−1 JT(Q − Qref) (2.41)

⇔ ε − εref = K(Q − Qref). (2.42)

One benefit of this method is that the difference of the measure-
ment data can cancel out some static measurement errors. Further-
more, the method is fast to compute since the computations consist
of only one matrix-vector multiplication. This is because the matrix
K can be computed beforehand.

The drawback of the difference reconstruction method is that
it is not always possible to measure the reference data, and some-
times further accuracy is required. In those cases, absolute imaging
techniques can be used. As an example, the minimization problem

min
ε

{
‖(Q − q(ε))‖2 + α

∥∥L(ε − εpr)
∥∥2
}

(2.43)

can be solved with the help of the iterative Gauss-Newton method:
the ith iteration is of the form

εi+1 = εi + κi(JT
i Ji + αLTL)−1

[
(JT

i (Q − q(εi))− αLTL(εi − εpr)
]

,
(2.44)
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where κi is the step parameter, q(εi) contains the electric charges
computed from the forward model with εi, and εpr is the prior
assumption of the permittivity distribution. Usually, the iterative
Gauss-Newton gives better estimates of the desired distributions.
However, the estimates are slower to compute, and the method can
fail if the measured data contains static errors or the forward model
is inaccurate.

It is worth noting, that the permittivity distribution is not al-
ways the quantity of interest in ECT. Sometimes it is more impor-
tant to obtain information about the concentration, moisture or den-
sity distribution, for example. This can be done through composite
mapping. The requirement is that the mapping between the quan-
tity of interest and the permittivity has to be defined.

2.2 ELECTRICAL IMPEDANCE TOMOGRAPHY

2.2.1 Forward problem

In contrast to ECT, in EIT the studied medium can contain both elec-
trically conductive and dielectric properties. The imaging domain
Ω in EIT is depicted in figure 2.2. It consists of the region of interest
and the electrodes; external shielding is not always necessary.

Figure 2.2: A typical EIT sensor consists of the region of interest and the electrodes. The
boundaries between the electrodes are insulating.

Here, it is assumed that the excitation signals are time-harmonic
electric currents and therefore the time-harmonic Maxwell equa-
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tions are used

∇× E(x) = −iωB(x) , (2.45)

∇× H(x) = j(x) + iωD(x) , (2.46)

∇ · D(x) = ρ(x) , (2.47)

∇ · B(x) = 0 , (2.48)

where ω is the angular frequency and i is the imaginary unit. Next,
the quasi-static approximation is made: the term −iωB(x) in equa-
tion (2.45) is assumed to be negligible which is valid with the fre-
quencies that are usually used in EIT. This leads to the equation

∇× E(x) = 0. (2.49)

As in ECT, this implies that

E(x) = −∇u(x). (2.50)

Next, the equations (2.5) and (2.7) are inserted in (2.46)

∇× H(x) = σE(x) + iωεE(x). (2.51)

Taking the divergence on both sides of (2.51) and using the fact that
∇ · ∇× H(x) = 0 gives the equation

∇ · ∇× H(x) = ∇ · (σ + iωε)E(x) (2.52)

⇔ ∇ · (σ + iωε)∇u(x) = 0. (2.53)

For the rest of the section it will be assumed that the capacitive
effects are negligible2,3 (σ � ωε) which results in

∇ · σ∇u(x) = 0. (2.54)

2Strictly speaking, this is the assumption that is made in electrical resistance
tomography (ERT).

3For time-harmonic ECT excitation signals, it is assumed that ωε � σ which
also results in equation (2.17) after the imaginary unit and the angular frequency
are omitted.
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A condition for the boundary current density can be formulated
with the help of (2.7) and (2.50). The normal component of the
current density is

jη(x) = −σ(x)Eη(x) (2.55)

= σ(x)∇u(x) · η (2.56)

= σ(x)
∂u(x)

∂η
, (2.57)

where η is the outward unit normal vector4. Now, by integrating
this over the surface of the electrode one obtains

Iel =
∫

el

σ(x)
∂u(x)

∂η
dS, (2.58)

where el is the surface of the lth electrode and Iel is the electric
current through the lth electrode. The electric current through other
boundaries is zero which is mathematically presented as

σ(x)
∂u(x)

∂η
= 0. (2.59)

Furthermore, a boundary condition for measured voltages is
formulated as

Ul(σ) = u(x) + zlσ(x)
∂u(x)

∂η
, (2.60)

where zl and Ul are the contact impedance and the voltage related
to the lth electrode. The contact impedances are used to model
the potential drop that occurs when the electric current penetrates
the studied medium from the surface of the electrode. Often the
charge carriers of electric current change from electrons to ions at
the boundary. This model is called the complete electrode model [82,
83].

Because the Kirchoff’s laws for electric current and voltage also

4Here the word ”outward” means outwards from the domain boundary.
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Ville Rimpiläinen: Electrical tomography imaging in pharmaceutical
processes

apply here, it is required that

Ne

∑
l=1

Il = 0, (2.61)

Ne

∑
l=1

Ul = 0. (2.62)

The electric potential distribution and the voltages at the elec-
trodes are usually solved numerically. For that, the conductivity
and the potential distribution need to be discretized. If the dis-
cretization is carried out similarly as in ECT, then σ(x) can be pre-
sented as σ = [σ1, σ2, · · · , σn]T and u(x) as u = [u1, u2, · · · , uN ]

T.

The observation model for EIT measurements can be written
with the help of the discretized form of equation (2.60) so that it is
of the form

V = U(σ) + vv, (2.63)

where V = [V1, V2, · · · , Vm]T is a vector containing the measured
voltages, m is the number of measurements, U = [U1(σ), U2(σ),
· · · , Um(σ)]T connects the conductivity distribution with the mea-
sured voltages, and vv = [vv

1, vv
2, · · · , vv

m]
T is the additive measure-

ment noise.

In the complete electrode model it is possible to consider also
the contact impedances as variables. In that case, the observation
model is of the form

V = U(σ, z) + vv, (2.64)

where U = [U1(σ, z), U2(σ, z), · · · , Um(σ, z)]T and z = [z1, z2, · · · ,
zNe ]

T contains the contact impedances of the electrodes, and Ne is
the number of electrodes.

For numerical implementations, the variational form and the
FEM-approximation for the complete electrode model have been
presented in [81, 82]. Other electrode models can be found in [83].
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2.2.2 Inverse problem

In the EIT inverse problem, the electric conductivity distribution
is solved with the help of the known currents and voltages. The
difference reconstruction formula for EIT can be derived similarly
as in ECT, and the result is of the form

σ − σref = (JT J + αLTL)−1 JT(V − V ref) (2.65)

⇔ σ − σref = K(V − V ref), (2.66)

where V ref is a vector containing the measured reference voltages
and J is the Jacobian matrix which is of the form

J =

⎡⎢⎢⎢⎢⎣
∂U1
∂σ1

∂U1
∂σ2

· · · ∂U1
∂σn

∂U2
∂σ1

∂U2
∂σ2

· · · ∂U2
∂σn

...
. . .

...
∂Um
∂σ1

∂Um
∂σ2

· · · ∂Um
∂σn

⎤⎥⎥⎥⎥⎦ . (2.67)

For absolute imaging, the corresponding ith iteration of the
Gauss-Newton method is of the form

σi+1 = σi + κi(JT
i Ji + αLTL)−1

[
(JT

i (V − U(σi))− αLTL(σi − σpr)
]

,
(2.68)

where σpr is the prior assumption of the conductivity distribution.
If the contact impedances are considered as unknowns, they can

be estimated along with the conductivity distribution in the inverse
problem [84,85]. In that case, the difference reconstruction formula
can be presented as[

σ

z

]
−

[
σref

zref

]
= ( J̃

T
J̃ + L̃

T
L̃)−1 J̃

T
(V − V ref) (2.69)

⇔ σ̃ − σ̃ref = K̃(V − V ref). (2.70)

If the conductivity distribution is assumed to be independent of
the contact impedances, the Jacobian, the regularization parameters
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and the regularization matrices are of the form

J̃ = [J Jz] , (2.71)

L̃ =

[ √
αL 0
0

√
αzLz

]
, (2.72)

where J is the same as in (2.67), and αz and Lz are the regularization
parameter and the matrix for contact impedances. The Jacobian
matrix for contact impedances is of the form

Jz =

⎡⎢⎢⎢⎢⎣
∂U1
∂z1

∂U1
∂z2

· · · ∂U1
∂zNe

∂U2
∂z1

∂U2
∂z2

· · · ∂U2
∂zNe

...
. . .

...
∂Um
∂z1

∂Um
∂z2

· · · ∂Um
∂zNe

⎤⎥⎥⎥⎥⎦ . (2.73)

The corresponding ith iteration of the Gauss-Newton method in
this case is of the form

σ̃i+1 = σ̃i + κi( J̃
T
i J̃i + L̃

T
L̃)−1

[
( J̃

T
i (V − U(σ̃i))− L̃

T
L̃(σ̃i − σ̃pr)

]
,

(2.74)
where σ̃pr contains the prior assumptions for the conductivity dis-
tribution and contact impedances.

The simultaneous estimation of contact impedance values in a
dynamic process can be advantageous if the contact impedance val-
ues are expected to change during the process, for example, due to
contamination.

2.3 RECONSTRUCTION METHODS IN ELECTRICAL TOMOG-
RAPHY

In the deterministic framework, there are numerous methods available
to solve the imaging problems; some of them are described and
compared in [71,76,80, 86–88]. In some cases, it can be beneficial to
formulate the imaging problem as a non-stationary state-estimation
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problem and to use a suitable Kalman filter -type approach5 [89–95].
Another approach is to consider the imaging problem as an inverse
scattering problem and, for example, to utilize the D-bar method
[96–98].

The inverse problems can also be formulated using the Bayesian
framework in which all the model variables are considered as ran-
dom variables with probability distributions [99, 100]. More infor-
mation about this in electrical tomography can be found in [73,
99–102]. Recently the approximation error theory was developed
within the Bayesian framework [99]. In electrical tomography, it en-
ables for example the reduction and simplification of the forward
model without any significant loss in accuracy [103–106].

2.4 MEASUREMENT SYSTEMS

Electrical tomography systems consist of measurement electronics,
sensors and software. The systems are often engineered inhouse.
However, there are also a few commercial companies such as Pro-
cess Tomography Ltd.6, Industrial Tomography Systems Plc.7 and
Numcore Oy8 that provide these systems.

The electronics can be encased in a separate measurement unit
or integrated inside a sensor. The benefit of separate measurement
units is that they are moveable and they can be used for various
targets, but then again a suitable sensor needs to be appropriately
designed and customized for each application. The benefit of sen-
sors with integrated measurement electronics is that they are not
so prone to electrical noise caused by the surroundings. Especially
in ECT, integrated electronics can be useful since it eliminates the
need of long measurement wires that can cause significant stray ca-
pacitances [107]. The obvious drawback is that these sensors often

5The methods that are based on Kalman filters can be considered statistical
because of their primary assumptions, even though deterministic algorithms are
often used in solving the inverse problems.

6http://www.tomography.com/
7http://www.itoms.com/
8http://www.numcore.com/
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are not suitable for other targets. Generally speaking, for laboratory
scale studies and for multiple targets a separate measurement unit
may be a better choice, and a sensor with integrated electronics may
be better for industrial surroundings and for permanent targets.

In a common measurement pattern, one of the electrodes is first
excited and the rest are used for measurements. After that the ex-
citation electrode is changed and the measurements are carried out
with the rest, and this is repeated until there is enough measure-
ment data. In ECT, the excitation can be carried out with a po-
tential signal and in EIT with an alternating electric current. The
excitation and measurement patterns have an effect on the resolu-
tion; however, these patterns might not be adjustable in commercial
measurement units. For ERT/EIT, different excitation and measure-
ment patterns have been studied for example in [108–111].

More information on ECT and ERT/EIT measurement electron-
ics can be found from [107, 112–117] and [118–124], respectively.
More information on ECT sensors can be found from [54, 125–127].
For ERT/EIT, there is less literature specifically on designing sen-
sors; this may be due to the fact that the data acquisition is not as
sensitive as in ECT9. A few different electrode types were presented
in [43], and some general guidelines to design ERT/EIT sensors
were described in [63]. Moreover, an ERT/EIT sensor with electri-
cally conducting walls was analyzed in [128].

Depending on the target, one can choose either 2D or 3D to-
mography; however, 3D-ECT is not yet commercially available due
to the limited availability of 3D-ECT algorithms. In general, 2D-
tomography can be used in cases where only a cross-section of the
target is needed, and 3D-tomography when one needs to determine
variations inside the target in all spatial directions. Usually, the use
of 3D-tomography improves the quality of the image, even in those

9One reason for this could be that excitation in ECT is often carried out with
a fixed excitation potential (as in this study) and thus the only way to adjust the
value of the measured charge (capacitance) is to either change the diameter of the
sensor or the size of the electrodes. However in EIT, the excitation is often carried
out with electric currents that can be adjusted according to the need.
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cases where only a 2D cross-section of the whole image would ulti-
mately be needed; this is due to the fact that the electric fields that
are used for measurements are always three-dimensional in nature.
In some cases, linear sensors can provide all the necessary informa-
tion, for example when one only needs to estimate the depth profile
of the target [44, 45, 47, 129, 130].

The manufacturers usually provide the user with a reconstruc-
tion software. The software can be applicable only for simple ge-
ometries and for fixed measurement protocols. Therefore, inhouse
reconstruction codes are in many cases strongly recommended, since
often significant customization based on each target is required.
There are also free software packages available such as the Electri-
cal impedance tomography and diffuse optical tomography recon-
struction software (EIDORS) package10,11 to get started [131, 132].

10http://venda.uku.fi/˜mvauhkon/MatlabEIT2d.html
11http://eidors3d.sourceforge.net/
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3 Review on studies

3.1 STUDY 1: HIGH-SHEAR GRANULATION OF PHARMA-
CEUTICAL POWDERS

This section reviews the work that was presented in Publication
I. In this study, high-shear granulation processes were monitored
with 2D electrical capacitance tomography, and the processes were
evaluated and characterized with the help of ECT tomograms and
mixing index curves.

3.1.1 Methods

For the study, an ECT sensor was engineered and it consisted of a
plastic vessel, six electrodes with inter-electrode screens patterned
on two printed circuit boards (PCBs), an external brass screen and
a removable lid (see figure 3.1(b)-(d)). The size and the amount
of the electrodes were chosen to compromise the diameter of the
vessel, the signal-to-noise ratio and the measurement range of the
ECT system. PTL300E (Process Tomography Ltd.) electrical capac-
itance tomography system was utilized to measure absolute values
of capacitances.

A vertical high-shear mixer (Donsmark QMM-1 Micro Mixer)
equipped with a plastic three-blade impeller was used for mixing
in the experiments (see figure 3.1(a) and (c)). A peristaltic pump
and a nozzle were used for liquid addition (see figure 3.1(d)).

An inhouse image reconstruction algoritm that utilized the dif-
ference reconstruction method explained in section 2.1.2 was used
to estimate the relative permittivity distribution inside the sensor.
The algorithm was customized to take into account the mixer shaft
that stuck out from the center of the sensor during the experiments.
The shaft was made of metal and kept electrically grounded. First,
the electric potential distribution was solved by setting the surfaces
of the shaft to zero potential, and then by computing the corre-

Dissertations in Forestry and Natural Sciences No 68 35
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(a) (b)

(c) (d)

Figure 3.1: (a): The high-shear mixer that was used in the experiments. (b): The ECT
sensor is placed on the mixer, and the mixer shaft sticks out from centre of the sensor. (c):
The ECT sensor and the three-bladed impeller that was made of plastic. (d): During the
granulation experiments, the liquid was added with the help of a peristaltic pump and a
nozzle through a hole in the sensor lid.
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sponding sensitivity distributions. Figure 3.2 shows the sensitivity
distribution inside the sensor when the capacitance is measured
from opposite electrodes in the case of the traditional circular sen-
sor and in the case when the shaft is in the centre. As can be seen,
the sensitivity is significantly different when the shaft is present.
This clearly emphasizes why the standard techniques developed
for circular objects do not produce satisfactory tomograms with this
kind of geometry [133].

Figure 3.2: Left: The sensitivity inside the sensor corresponding to opposite capacitance
measurement in a traditional circular case. Right: The sensitivity is clearly different when
there is a grounded boundary in the centre (this situation corresponds to figure 3.1(b)).

3.1.2 Materials and experiments

Four granulations were monitored with ECT. All the independent
mutual capacitances were measured 300 times per second. In each
experiment, the mass of the microcrystalline cellulose (MCC) pow-
der was 500 g, the binder liquid was 5% w/w polyvinylpyrrolidone
(PVP) (Povidone K-25 grade BASF Se) in water solution and the
liquid addition rate was 42 ml/min. A constant impeller rotation
speed was used in each experiment: 150, 250, 350 and 450 rpm. The
duration of each experiment was 14 min 45s: the first 45 s simulated
the powder mixing process, liquid was added for the next 12 min
and the last 2 min was used for wet massing.
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3.1.3 Results and Discussion

Figure 3.3 shows tomograms that represent the granulation pro-
cesses at various time instants. It can be seen that in the final state
there are higher relative permittivity values in the 150 rpm granu-
lation (figures 3.3 (m)) whereas there are lower permittivity values
in the higher impeller speed granulations (figures 3.3 (n)-(p)) even
though the same amount of powder and liquid was used in ev-
ery experiment. The differences are due to different horizontal and
vertical mixing properties related to the impeller rotation speed.
Firstly, the added liquid remained mostly at the bottom of the sen-
sor (the most sensitive region) if the impeller speed was too low, but
it was distributed more homogenously in the vertical direction (to
the less sensitive regions) if the impeller speed was high. Secondly,
a higher impeller speed spread the wet powder bed to a wider area
in the vertical direction. Thirdly, if the shear was too low to form
compact granules, then the powder and the liquid clumped at the
bottom and caused high permittivity values, whereas if the shear
was high enough to form compact granules, then the granules took
up more space (air) around each other which resulted effectively as
lower permittivity values.

Based on the sieving analysis and the visual observations of the
end products, the granulations corresponding to 150 and 250 rpm
could be classified as unsuccessful whereas 350 rpm and 450 rpm
granulations were successful. The evaluation criteria used were the
homogeneity of the granule size and whether the granules could
hold together or not. Large agglomerates were observed in the un-
successful granulations. Based on this and the previous analysis
that high permittivities were reconstructed if the mixing speed was
slow, the ECT tomograms could be used as indicators of whether
the mixer speed had been sufficient to achieve a successful granu-
lation. This was evident especially at the lowest mixer speed which
produced the worst outcome and clearly the highest reconstructed
permittivity values at the end.

Figure 3.4 shows the behaviour of the mixer power consump-
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Figure 3.3: The relative permittivity distributions at the beginning (a)-(d), after five min-
utes (e)-(h), after ten minutes (i)-(l) and at the end (m)-(p) of the granulation experiments.
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tion during the 450 rpm granulation and the mixing index curve
that was calculated from the tomograms. The mixing index (or the
relative standard deviation) is defined as the ratio of the standard
deviation of the reconstructed permittivities and the mean value of
the permittivities. The dashed vertical lines in figure 3.4 represent
the time points when the liquid addition was first turned on and
then subsequently stopped.

The power consumption curve was analyzed according to pre-
vious reports [20, 134]. Based on the analysis, between t = 45 s
(when the liquid addition was turned on) and t = 3 min 45 s (the
first solid vertical line), granulation liquid is absorbed by the pow-
der but liquid bridges have not yet formed. At these time points,
the power consumption does not increase. The liquid bridges begin
to form at t = 3 min 45 s, which can be seen as a rapid increase in
the power consumption curve. This pendular state lasts until t = 8
min (the second solid vertical line), after which a plateau phase is
reached. This is a transition state between the pendular and the
funicular states. The funicular state begins at t = 11 min (the third
solid vertical line) and ends when the liquid addition is stopped at
t = 12 min 45 s.

It can be seen that at the same time points there are also changes
in the mixing index and its derivative which indicates that the
phases of the process and the states of the granules could be de-
termined based on these curves as well. During the liquid uptake,
the mixing index increases rapidly. At the beginning of the pendu-
lar state, there is an abrupt change in the slope which can also be
seen as a decline in the mixing index derivative. The beginning of
the transition state evokes also a small change in the mixing index
curve. Finally, at the beginning of the funicular state, the mixing
index curve levels off which can also be seen as derivative values
approaching zero.

Figure 3.5 presents the mixing index curves and their deriva-
tives as a function of time during the granulations. As can be seen,
the slope changes that were explained earlier are clearly visible in
all the experiments. During the successful processes (that is the 350
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Figure 3.4: The mixing index and its time derivative (solid lines) from the 450 rpm granu-
lation with the corresponding power consumption curve (solid line with crosses). It can be
seen, that at the same time points when there are changes in the power consumption curve
there are also changes in the mixing index curve.

rpm and 450 rpm processes) the mixing index levels off at the end
which can also be seen as derivative values close to zero; the deriva-
tive at the end of the unsuccessful 150 rpm process does not level
off towards zero. From the monitoring point of view, the levelling
off could be used as an indicator of the time when to stop liquid
addition (and to begin the wet massing) or even as an end-point
criterion in the process if the formulation and end-product quality
criteria have been achieved. Moreover, the pendular state begins
later in the 150 rpm process than in the other processes.

The 250 rpm granulation could not be considered as a fully suc-
cessful granulation based on the visual and sieve analysis of the
final product even though the levelling off of the mixing index was
observed. Apparently, the difference between the 250 rpm and the
successful granulations was not clear enough for the ECT technique
to detect.

Dissertations in Forestry and Natural Sciences No 68 41
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Figure 3.5: The smoothed mixing index curves and their time derivatives from the gran-
ulation experiments. The dashed vertical lines are placed at time points when the liquid
addition is turned on and off, respectively. It was found that the mixing index levelled off
(time derivative approached zero) at the end of the successful granulations.

3.1.4 Summary

The analysis of the high-shear granulations suggests that the mix-
ing index and its time derivative could be used for monitoring the
progress of granulation. The mixer shaft in the middle of the sensor
could be taken into account with the help of boundary conditions
in the ECT computations.

3.2 STUDY 2: FLUIDIZED-BED DRYING OF PHARMACEUTI-
CAL GRANULES

In this study, the moisture and the hydrodynamics of pharmaceu-
tical granules during fluidized bed drying were monitored with
3D electrical capacitance tomography. This work was presented in
Publication II.
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3.2.1 Methods

The fluidized-bed set-up that was used in the experiments is shown
in figure 3.6. The fluidizing air was supplied by a rotary blower (Ef-
fepizeta, SCL V4), the air was heated with an air preheater (Watlow,
CBEN24G6-21) and the air temperature was controlled with a PID
logic controller (Watlow series 935A). The temperature of the air
was kept at 40◦C in all of the experiments. The air flow was mon-
itored with a water manometer and controlled with two bypass
valves. The humidity of the input air in the drying experiments
was between 34–38 %.

Figure 3.6: The fluidized-bed set-up used in this research.

The ECT sensor that was used consisted of a plexiglass product
bowl, four layers of electrodes with eight trapezoidal electrodes on
each layer, and an external copper screen. The lowest two electrode
layers were used for measurements, the two uppermost layers were

Dissertations in Forestry and Natural Sciences No 68 43
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electrically grounded during the measurements (see figure 3.7). The
electrodes were installed on the outer surface of the bowl.

Figure 3.7: The interior of the product bowl with the electrode numbering used in this
study. The two lowest electrode layers were used for measurements, and the two uppermost
layers were electrically grounded during measurements.

PTL300 with data acquisition module DAM-200 (Process To-
mography Ltd.) was utilized to gather the absolute values of the
capacitances. The measurement device was actually designed for
two-dimensional tomography, even though it was used here for 3D
tomography. This involved having two electrodes being excited si-
multaneously. The electrode connections are explained in table 3.1.
First, the electrodes corresponding to channel M1 on both planes
were excited, and then all the independent capacitances (or electric
charges) were measured among the electrodes connected to plane
1 and among the electrodes connected to plane 2 (i.e. neither the
reciprocal capacitances nor the inter-plane capacitances were mea-
sured). The next excitation electrodes were the ones connected to
channels M2. The simultaneous excitation of two electrodes was
taken into account in the computations with the help of bound-
ary conditions. For example, the resulting sensitivity distribution
when two electrodes are excited is shown in figure 3.8, and for com-
parison the distribution when only one electrode is excited is also
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shown.

Table 3.1: The connection table of electrodes to the measurement channels. The column
numbers represent the measurement channels on each measurement plane, and the row
numbers represent the two measurement planes. The numbers in the cells are the ordinal
numbers of the electrodes as defined in figure 3.7.

Channels
M1 M2 M3 M4 M5 M6 M7 M8

Plane 2 9 2 11 4 13 6 15 8
Plane 1 1 10 3 12 5 14 7 16

An inhouse image reconstruction algorithm was used to esti-
mate 3D moisture distributions. It utilized the difference recon-
struction method explained in section 2.1.2 and an experimentally
determined mapping between the moisture and the relative permit-
tivity of the material. During the drying experiments, the relative
permittivity of the material changed radically: at the beginning it
was more than 20 and at the end less than 2. This can be taken
into account either by calibrating the ECT device during the exper-
iments [65, 67, 68, 135] or by modifying the computations. Here, the
latter option was chosen: the linearization point (which was also
the reference point) of the difference reconstruction algorithm was
changed during the drying according to the measurement data.

3.2.2 Materials and experiments

Pharmaceutical placebo materials for tablets were used in the ex-
periments. Microcrystalline cellulose (31.0 % of the wet granule
mass) and lactose (35.2 %) were the filler materials, croscarmellose
sodium (1.4 %) was the disintegrant and hydroxypropyl methylcel-
lulose (2.8 %) was the binder. In addition, reverse osmosis water
(29.6 %) was used as the liquid. The dry materials were mixed
with a low-shear mixer (Kitchen-Aid Classic mixer), and the water
was introduced with a peristaltic pump (VWR Scientific). The fi-
nal product was sieved through a 3.36 mm screen to remove large
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particles. In each of the experiments, 2 kg of wet granules were
used. First, the relationship between granule moisture and relative
permittivity was determined, and it is shown in figure 3.9.

In the drying experiments, ECT data was recorded at 7 minute
intervals, and also small samples for reference moisture measure-
ments were taken from the middle of the bed after each 7 minutes.
The moisture was determined with a moisture analyzer (Mettler-
Toledo HB43 drying balance).

Three experiments were carried out. The superficial gas velocity
vdist was varied in the experiments, and it was defined as the aver-
age velocity across the inlet to the conical section (at the distributor
level). In the first experiment, the superficial gas velocity was 1.96
m/s at the start, after 23 minutes it was reduced to 1.68 m/s, and
after a further 5 minutes to 1.05 m/s. The total duration of the first
experiment was 42 minutes. The reduction of the air velocity dur-
ing the experiments was carried out because the driest and smallest
granules started to become entrained in the air stream and flow out
from the fluidized-bed.

In the second experiment, the superficial gas velocity was ini-
tially 1.68 m/s, and after 30 minutes it was reduced to 1.05 m/s.
The total duration of the second experiment was 49 minutes.

In the third experiment, the initial superficial gas velocity was
1.68 m/s; after 7 minutes it was reduced to 1.05 m/s. A higher
velocity was needed in the beginning to promote good mixing. The
total duration of the third experiment was 63 minutes.

3.2.3 Results and discussion

The 3D moisture distribution of the wet granules was computed. In
order to estimate the average moisture content, the effect of the flu-
idizing air had to be taken into account. This was because the ECT
device ultimately responded to changes in the relative permittivity
distribution, and air has a lower relative permittivity (εr ≈ 1.0006)
than the wet granules. Therefore, as the air flowed through the wet
granules, the effective permittivity observed by the ECT could be
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Figure 3.8: Isosurfaces of the sensitivity distribution when the charge of the opposite elec-
trode is measured. The excitation electrodes are colored red (black in gray scale figure), and
the grounded sensing electrode is colored blue (gray). The yellow (light gray) isosurface
corresponds to the sensitivity value −7 × 10−7 Vm and the green (dark gray) the value
−2 × 10−6 Vm.

Figure 3.9: The data (crosses) presents the moisture values determined from small samples
taken during drying and the corresponding estimated homogenous permittivities. The fifth
order fitting polynomial (line) is of the form εr = 5.2186× 10−6χ5 − 2.7991× 10−4χ4 +

0.0055χ3 − 0.0487χ2 + 0.4640χ + 1.4679.
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lower in certain locations than the actual permittivity of the wet ma-
terial, and thus also the reconstructed moisture values were lower
than the actual moisture values of the wet material.

Therefore in the estimation of the average moisture content,
thresholding was used. This meant that only the moisture val-
ues above a certain threshold value were used in the estimation.
Here, the thresholding value was chosen to be the mean value of
the whole moisture distribution, and the thresholded moisture es-
timator was the mean of the moisture values above this threshold.
The first row of figure 3.10 shows the thresholded moisture esti-
mates and the reference results from the small samples. The time-
points when the linearization point was changed are shown with
vertical solid lines, and the dashed vertical lines depict the time-
points when the superficial air velocity was adjusted. The thresh-
olded moisture estimate works very well in comparison to refer-
ence results, although the moisture values at high velocities are
slightly underestimated and furthermore there are some overesti-
mated moisture values around 10–15 %.

The second row in figure 3.10 presents a moisture estimate based
on the moisture values near to the walls of the product bowl. It was
hypothesized that at most of the time there would be some material
located at the edges. The result is rather similar to the thresholded
moisture value; however, there is less overestimated moisture val-
ues around 10–15 %.

Figure 3.11 shows 3D moisture distributions when the mois-
ture content of the granules was 15 % (determined from the refer-
ence moisture curves). Only the volume that was covered by the
measurement electrodes is shown in the figure. The figures rep-
resent the average behaviour of the bed during one minute time
periods. The top rows of figures, 3.11(a)-(c), present three 2D slices
from the distribution, the middle rows, 3.11(d)-(f), 2D vertical cross-
sections and the bottom rows, 3.11(g)-(i), 3D constant moisture sur-
faces which enclose a volume that contains moisture values higher
than the moisture value mentioned above the figure.

The distributions corresponding to different air velocities look
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Figure 3.10: The reference moisture values (gray crosses) and two different estimates (black
curves) of the moisture of the wet granules with respect to time during the drying exper-
iments. The solid vertical lines denote the time points when the linearization point was
changed and the dashed vertical lines when the air flow was adjusted.

Figure 3.11: Different visualizations of the three-dimensional moisture distribution from
one minute of measurements around 15 moisture percent: (a)-(c) represent 2D slices from
the 3D moisture distributions; (d)-(f) represent vertical cross-sections from the distribu-
tion; (g)-(i) represent constant moisture surfaces corresponding to values 9 %, 10 % and
14 %, respectively.
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dissimilar, and some of the moisture values are much less than the
nominal 15 %. In order to understand why this is the case, one
must bear in mind that the distributions are averages of both wet
granules and voids going through the bed during one minute of
time. Taking this consideration into account and by examining the
reconstructed moisture values, one can conclude that the obvious
explanation is that there were more voids going through the gran-
ules when the air velocity was high. The distributions correspond-
ing to velocities 1.96 and 1.68 m/s contain moisture values much
lower than 15 %, this is evident especially at vdist = 1.96 m/s.

In figure 3.12, the bed behaviour is presented with respect to
time at all of the studied air velocities and when the granule mois-
ture is 15 %. The pictures on the left contain 2D cross-sections taken
between the electrode levels and show them as being stacked one
below the other with respect to time (the time axis is drawn from
top to bottom). The constant moisture surfaces in these so-called
time pipes enclose the moisture values higher than 15 %. The pic-
tures in the middle depict lines across the diameter of the 2D cross-
sections stacked one below the other with respect to time, and the
pictures on the right represent the normalized moisture curves. The
curves were calculated by first normalizing each of the time pipes
with the help of the highest moisture value (within each time pipe)
and then by calculating an average of the normalized moistures at
each time point. In general terms, the normalized moisture curve
could also resemble the solid fraction curve because in both curves,
voids can be seen as small values and moist solid materials as high
values.

As can be seen from figure 3.12, at the two highest velocities
there were much more voids present and therefore the normalized
moisture curve shows a clearly periodical behaviour and high am-
plitudes. The voids are much larger and seem to move mostly near
to the walls, although some voids appear to cover nearly the whole
diameter of the bowl which can also be seen from the normalized
moisture curve as values close to zero. The constant moisture sur-
faces enclosed less material when the air velocity was 1.96 m/s than
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when it was 1.68 m/s. It seems that there were less variations in
the moisture distributions in the middle of the bowl than near to
the walls. With the lowest air velocity, the bed behaviour near the
walls was rather stable, there were small voids going through both
the middle and near the walls, and the normalized moisture curve
did not have as high amplitudes.

Since the absolute moisture is normalized out from the normal-
ized moisture curves and the curves describe the overall behaviour
of the bed, they were examined in greater detail. In figure 3.13,
the mean values and the standard deviations of these curves are
presented with respect to the absolute moisture at the three air ve-
locities.

The figures show that as the granules dried, the mean of the nor-
malized moisture decreased and the standard deviation increased.
At the beginning at high moisture values, channeling behaviour
could be observed, and this could be seen as a stable normalized
moisture curve which had a high mean value and a low standard
deviation. As the granules dried, the bed behaviour changed and
the voids started to move through the bed which could be seen as a
periodical normalized moisture curve with a clear amplitude. For
this reason, the mean normalized moisture started to decrease and
the standard deviation to increase. As the granules dried even fur-
ther, the size of the voids increased which could be seen as lower
normalized moisture values on average and as higher amplitudes in
the curve: therefore, the mean value further decreased and the stan-
dard deviation increased. At one point, the fluidizing air started to
entrain fine particles from the bed. At this point, both the mean
value and the standard deviation of the normalized moisture curve
began to plateau.

Based on the previous explanation, both the mean value and
the standard deviation of the normalized moisture characterize the
hydrodynamic properties of the wet granules during drying. From
a monitoring point of view, if one is attempting to maintain a stable
hydrodynamic state as the granules dry, one should monitor both
of these curves and adjust the air flow in such way that both curves
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Figure 3.12: Visualizations from the moisture distributions with respect to time when the
bed moisture was around 15 %. The pictures on the left represent time pipes and constant
moisture surfaces enclosing moisture values higher than 15 %. The pictures in the middle
represent lines across the diameter of the time pipes. The pictures on the right represent
the normalized moisture curves.

Figure 3.13: The mean and the standard deviation of the normalized moisture with respect
to the absolute moisture content when different superficial air velocities were used.
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remain at a desired constant level.

3.2.4 Summary

In fluidized bed drying, the thresholded moisture estimate and the
moisture values near to the edge of the bowl could be used for
monitoring the moisture of the granules, and the mean value and
the standard deviation of the normalized moisture curve could be
used for monitoring the hydrodynamics. The ECT equipment orig-
inally designed for two-dimensional tomography could be used for
three-dimensional tomography by taking into account the simulta-
neous excitation of the two electrodes in the computations.

3.3 STUDY 3: DISSOLUTION TESTING OF PHARMACEUTI-
CAL TABLETS

This section reviews results of the drug release monitoring from
pharmaceutical tablets with the help of 3D EIT. The work was pre-
sented in Publications III and IV: in Publication III, the measure-
ment procedure was described, the EIT computations were detailed
and the technique was demonstrated with sodium chloride (NaCl)
tablets; in Publication IV, the accuracy of the technique was evalu-
ated and the characteristics of the technique were described.

3.3.1 Methods

The experimental set-up is shown in figure 3.14. It resembled the
USP dissolution II apparatus: the set-up consisted of a dissolution
vessel (AT6 vessel, Sotax), electrically insulating paddle (TPD016-02
Distek) and an electronic overhead stirrer (RZR 2102 control Z Hei-
dolph). The vessel was modified by attaching 80 electrodes through
its surface. The electrodes were arranged in five arrays each consist-
ing of 16 electrodes. Weak alternating electric currents (frequency
10 kHz and amplitude 0.5 mA) were injected through the electrodes
as shown in table 3.2. An EIT instrument that was engineered in-
house [119] measured voltages from the electrodes with the help of
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a light port trigger introduced in order to keep track of the paddle
orientation.

Figure 3.14: (a): The modified dissolution vessel with 80 electrodes. (b): Experimental
set-up with the EIT instrument in the back, the vessel and the overhead stirrer in the front.
(c): Close-up of the vessel with a tablet at the bottom.

54 Dissertations in Forestry and Natural Sciences No 68



Review on studies

Table 3.2: The current injection protocol. The column numbers represent the 16 electrodes
on each array, and the row numbers represent the five horizontal arrays. The figures in the
cells are the ordinal numbers of the current injections. The electrodes of the first current
injection are denoted by circles.

Electrode
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

A
rr

ay

5
4 4 8 3 7
3 2 6 �1 5
2 3 7 4 8
1 �1 5 2 6

The inhouse 3D-EIT reconstruction method described in section
2.2.2 was used to estimate both the concentration distribution and
contact impedances of the electrodes at each time point. The con-
centration distribution was computed through an experimentally
determined mapping between the drug concentration and the elec-
tric conductivity. The reason why the simultaneous estimation of
contact impedances was essential can be seen from figure 3.15. The
figure is drawn from an experiment which was carried out with a
tablet containing sodium chloride (NaCl) and it displays two verti-
cal cross-sections of the estimated NaCl concentration distribution
at t = 1 min. The cross-section on the left is computed using the si-
multaneous contact impedance estimation and the cross-section on
the right is computed without the contact impedance estimation.
From the cross-section on the left, one can see that the concentra-
tion distribution is relatively homogenous throughout the vessel;
the concentration values at the bottom of the vessel are slightly
higher than at the top. This supports previous results that the ves-
sel should always be well mixed [38]. From the cross-section on
the right, one can see that there are clear artefacts near to the cur-
rent carrying electrodes. The artefacts are due to changes in contact
impedance values during the process.
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Figure 3.15: Left: The NaCl concentration distribution at t = 1 min when the reconstruc-
tion algorithm estimates both the concentrations and the contact impedances. Right: The
same distribution when the simultaneous estimation of contact impedances was omitted.

3.3.2 Materials and experiments

Five tablets containing propranolol hydrochloride (S.I.M.S.) (74 %
of the total weight) as the releasing ingredient and potato starch
acetate (Polymer Corex Oy Ltd.) (26 %) as the matrix former were
used. Propranolol hydrochloride was chosen because its release
increased the conductivity of the dissolution medium, and starch
acetate because it did not dissolve nor did it change the conductiv-
ity of the medium. The tablets were compacted with a compaction
simulator (PCS-1 Puuman Ltd.) to produce cylindrical tablets that
would disintegrate during testing. The dissolution medium was
made from 10 l of outgassed deionized water by adding 850 g of
sodium chloride. The volume of the medium was 1.2 l and it was
held in room temperature (20◦C). First, the relationship was deter-
mined between the propranolol hydrochloride concentration in the
dissolution medium and conductivity; it is shown in figure 3.16.

Next, five drug release experiments were conducted one after
another. In each experiment, a tablet was dropped into the vessel,
the paddle rotated 50 rpm, and EIT measurements were carried out
for 150 minutes.
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3.3.3 Results and discussion

Figure 3.17 presents the three-dimensional drug concentration dis-
tributions of the first tablet experiment at t = 5 min, t = 60 min
and t = 120 min. Moreover, there are isosurfaces corresponding
to certain constant concentrations. The shapes of the distributions
are similar which is due to the fact that the paddle rotation speed
is kept constant. The isosurfaces near the bottom are somewhat
round, whereas the isosurfaces above the paddle blade are more
flat.

There seem to be changes in the homogeneity with respect to
time: the difference between the maximum and the minimum value
of the distribution is 17.0% of the mean value at t = 5 min, 9.0% at
t = 60 min and 6.8% at t = 120 min. Since the blending conditions
stay the same, the difference is probably due to the changes in the
drug release rate.

Figure 3.18(a)-(e) present the drug release curves calculated from
the concentration distribution with the help of the equation

mt =
∫

Ω
ct(x)dx, (3.1)

where mt is the total mass of the released drug at time point t, ct

the estimated concentration distribution and Ω the computational
domain. The crosses are from reference measurements that were
carried out with the help of small samples taken from the medium
and a UV/VIS spectrophotometer (Genesys 10 UV Thermo Spec-
tronic). Furthermore, figure 3.18(f)-(j) shows the time derivatives of
the release curves, i.e., the drug release rates.

The tablets disintegrated into smaller pieces during the experi-
ments, and this can be seen as slope increases in the release curves
(solid lines in figures 3.18(a)-(e)) which are calculated from the EIT
data with the equation (3.1). First, all the tablets broke into two
pieces, and some disintegrated later into even smaller pieces, which
explains why some curves have more than one slope increase. In
the rate curves, the disintegrations can be seen as sharp peaks. The
time of the first breakage, for example, can be determined from the
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Figure 3.16: The relationship between drug concentration and conductivity was found to
be σ = g(c) = −1.8184 · 10−8c2 + 1.4105 · 10−4c + 0.2243.

Figure 3.17: (a): The three-dimensional propranolol hydrochloride concentration distribu-
tion at t = 5 min with three isosurfaces corresponding to 5.3, 5.7 and 6.1 mg/l. The unit of
the colorbar is mg/l. (b): The distribution at t = 60 min and isosurfaces corresponding to
67.9, 70.4 and 73.3 mg/l. (c): The distribution at t = 120 min and isosurfaces correspond-
ing to 125.1, 128.6 and 132.4 mg/l. The drug release test was performed in outgassed
deionized water (20 ± 1 ◦C, NaCl concentration 85 mg/l) using the USP dissolution ap-
paratus 2. The results are for tablet no. 1 (see figures 3.18(a) and 3.18(f)).
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EIT curves but not from the UV curves, which gives an impression
of the better sensitivity and temporal accuracy that can be achieved
with EIT monitoring.
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Figure 3.18: (a)-(e): Propranolol hydrochloride release curves from tablets in outgassed
deionized water (20 ± 1 ◦C, NaCl concentration 85 mg/l) using USP dissolution appara-
tus 2. The solid lines are calculated based on the integration formula (3.1), the crosses
are from the UV/VIS spectrophotometric analysis, and the dots are the total masses of
the propranolol hydrochloride determined from the tablets’ weights. (f)-(j): Propranolol
hydrochloride release rates. The tablet disintegrations can be seen as sharp rate increases.

In order to analyze the accuracy, the drug release results from
EIT and UV/VIS spectrophotometer were compared with the help
of the difference factor f1. This factor is normally used to evaluate
the difference between drug release properties of formulations and
manufacturing batches [136]. Here, it is defined as

f1 =
∑

tNs
t=t1

∣∣mUV
t − mEIT

t
∣∣

∑
tNs
t=t1

mUV
t

× 100, (3.2)

where, mUV
t and mEIT

t are the masses of the released substance
based on the UV and EIT analysis, respectively, at time t, and Ns

is the number of samples. The f1 values for the tablets no. 1-5
were 16.9, 11.3, 13.7, 11.1 and 7.5, respectively. The smaller the f1
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value, the better is the consistency, and in practice, profiles are con-
sidered similar if f1 ≤ 15. Taking into account that these values
were obtained from the comparison of two different measurement
techniques (not two different tablets), the values are very good.

3.3.4 Summary

In drug release testing, it was shown that accurate drug release
curves and drug release rates could be calculated based on the to-
mograms. The changes in the contact impedance values of the elec-
trodes during the process could be taken into account by estimating
both the contact impedance values and the concentration distribu-
tion simultaneously as a function of time.
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4 Conclusions and future
work

In this thesis, electrical tomography imaging was used to monitor
high-shear granulation, fludized-bed drying and drug release test-
ing. In each of the studies, various technical and computational
approaches were developed to make possible the implementation
of the selected electrical imaging modality possible. Different ways
to use the tomograms for producing appropriate monitoring signals
were proposed. The applicability in each study was demonstrated
with realistic materials and experimental conditions. In the follow-
ing sections, benefits and shortcomings related to the techniques
and their implementation will be presented, and finally some fu-
ture prospects will be described.

4.1 BENEFITS

Spatial and temporal information: Electrical tomography techniques
provide more spatial information when compared to many other
commonly used techniques such as conductivity probes, NIR probes,
acoustic emission, pressure measurements and microwave measure-
ments. While other techniques tend to provide pointwise informa-
tion, ECT and EIT are able to provide the user with for example
2D- or 3D-tomograms of the target. Furthermore, processes like
high-shear granulation and fluidized-bed drying are very fast and
sometimes chaotic and under these conditions the good temporal
resolution of ECT and EIT is as important as the spatial informa-
tion. In drug release testing, substances that dissolve rapidly (i.e.
in less than 30 s which is the blend time to achieve 95 % uniformity
level in the USP dissolution apparatus II [38]) cannot properly be
characterized with other techniques: even if other methods did have
the necessary temporal resolution they would not exhibit the spa-
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tial resolution that is needed to take into account all the released
drug since the mixing properties of the USP apparatus II are not
sufficient to blend the drug into the liquid homogeneously.

Non-invasiveness and non-intrusiveness: In pharmaceutical pro-
cesses, sampling is a commonly used method to characterize the
processed materials. However, the representativeness of the sample
and the sampling method are often problematic. This is not a prob-
lem with ECT and EIT since no sampling is needed; all the mea-
surements are made non-invasively and non-intrusively. Moreover,
the process does not need to be stopped while measurements are
made. Instrumentation of measurement probes for example inside
fluidized-bed reactor can change the hydrodynamics and especially
with wet materials, contamination of the probe can be a problem.

In-line monitoring: The reconstruction algorithms can be applied
in-line which enables real time controlling. In these studies, the dif-
ference reconstruction method was applied which requires only one
matrix-vector multiplication since all time-consuming pre-computa-
tions can be carried out beforehand. Moreover, to speed-up even
further the computations, several numerical methods have recently
been developed. For example, with the help of the approximation
error method [103, 105], the forward model can be reduced with-
out losing of the spatial resolution. In addition, the use of other
data reduction methods such as the principal component analysis
(PCA) [137, 138] can speed-up the computations.

Customization: In this thesis, it was shown that electrical tomog-
raphy techniques can be modified and adjusted for multiple pur-
poses. For example, with correct forward modelling, the internal
metallic shaft in high-shear granulation study could be taken into
account, and in the fluidized-bed drying study, the ECT device de-
signed for 2D tomography could be modified to permit 3D tomog-
raphy. The rotating paddle in dissolution testing could be taken
into account with the help of a light-port trigger and a proper
computational mesh. Furthermore, the alteration of the contact
impedances could be taken into account by simultaneously esti-
mating the contact impedances as a function of time.
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4.2 SHORTCOMINGS AND SUGGESTED IMPROVEMENTS

Spatial resolution: The spatial resolution of electrical tomography
techniques is low for example when compared to X-ray tomogra-
phy. The reason is that the electric field used in the measurements
is a so-called soft field: the field lines bend according to the the ma-
terial properties of the target in contrast to the hard field used in
the X-ray tomography. The spatial resolution of ECT and EIT de-
pends on many factors such as the size and number of electrodes,
the accuracy of the measurement device, measurement noise, the
accuracy of the forward model, the discretization of the meshes,
studied target, prior information and reconstruction algorithm. As
a rule of thumb, the resolution of the techniques is at best a few per-
cent of the diameter of the target, and the sensitivity of the methods
is better near to the electrodes than in the middle of the sensor.

In these studies, the difference reconstruction method was used
as the reconstruction algorithm. However, if further spatial accu-
racy should be needed or if there is no possibility to measure the
required reference data set, other methods like the iterative Gauss-
Newton algorithm could be used. The spatial accuracy could be
further improved by using the proper smoothness prior [99]. More-
over, in high-shear granulations, the accuracy of the 2D-tomograms
could be improved by taking the rotating impeller correctly into
account and by using the metallic shaft in the middle as a mea-
surement electrode. In the fluidized-bed drying study, the accuracy
could be improved by using an actual 3D-tomograph with a proper
3D-sensor and by taking the air velocity correctly into account.

Specificity and interpretation of results: In some cases, there is a
lack of specificity i.e. there are multiple reasons that could cause the
observed changes. This was noted especially during 2D-ECT mon-
itoring of high-shear granulation: for example, the vertical move-
ment of the granules caused changes in the tomograms. Here, the
use of 3D-ECT would be highly beneficial. Another improvement
for the high-shear and for the fluidized-bed study would be the
use of a three-phase (gas-liquid-solid) model that could be imple-
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mented with the help of Kalman filtering. Implementation of a drug
release model might also improve the specificity of the drug release
study. Another computational aid would be to use chemometrics
to statistically formulate correlations between process parameters,
monitoring quantities and the material properties of the end prod-
uct.

Another way to improve the specificity would be to increase
the amount of available information. This would require the use
of more sophisticated measurement devices. For example, using
multiple frequencies or even spectroscopy might help in separating
different substances from each other: e.g. some materials might
be more sensitive to certain frequencies than others. Furthermore,
EIT could be used in a way that both conductivity and permittivity
distributions would be reconstructed: some substances might be
separated from the conductivity distribution and others from the
permittivity distribution.

Materials: The used imaging modality and the studied materials
need to be chosen accordingly in order to permit electrical imaging.
The materials that are suitable for ECT imaging are usually insu-
lating, and the presence of significant conductive components can
ruin the data. The choice of ECT for monitoring of the high-shear
granulation and fluidized-bed drying was logical, since insulating
powders and air were present. Liquids usually have conductive
properties, however in these studies, the presence of liquids (or
moisture) did not seem to cause any major problems.

In some cases, there might be challenges if several insulating
or conductive components were present. For example, this could
happen in a high-shear mixer if there were two or several differ-
ent dry powders present at the beginning of the experiment and
the objective was to study the homogeneity of the powder mixture.
One would need to have an observable contrast in the permittivi-
ties of these materials in order to make possible the monitoring. In
dissolution testing, if several substances changed the conductivity
of the medium during testing, it might be challenging to estimate
the released mass of each substance. In these cases, multifrequency
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ECT and EIT could be useful.
In EIT studies, both conductive and insulating materials can be

present, but the presence of highly conductive and highly permit-
tive materials can be problematic due to the limited measurement
range of the devices. For example, during the drug release study, it
was noted that the conductivity of the typical buffer solutions was
very high, and that most of the drug substances that were exam-
ined in the preliminary tests did not cause any measurable changes
in the conductivity. Therefore, an effort was made to choose the
dissolution medium and the releasing drug substance in a way that
the drug release could be observed: the medium was devised to be
only weakly conductive, and the drug was chosen in such way that
it was a salt form of a drug and therefore it increased the conduc-
tivity of the medium when it was released.

The range of permittivities and conductivities applicable for to-
mographic measurements can be made wider by improving the sen-
sitivity and dynamics of the measurement devices and by designing
the sensors so that they are optimal for the measurements.

4.3 FUTURE WORK

Algorithms: As already mentioned, the image reconstruction algo-
rithms can be further improved in terms of both spatial accuracy
and computational speed.

Scale-up: The high-shear granulation and fluidized-bed drying
studies were carried out in laboratory scale. In order to make these
techniques relevant in practice, a scale-up to the industrial-scale
would be needed. The designing of a functional ECT sensor for
industrial use could be a challenge because of the size requirements,
even though sensors with diameters of 96 cm [139] and 150 cm
[54] have been introduced. To compensate for the signal-to-noise-
ratio, relatively large electrodes may need to be used which on the
other hand could mean that there would be some loss of the vertical
information.

An alternative would be to cover only a sector or a part of the
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vessel wall with electrodes. For example, this could be sufficient
for high-shear granulation if the process can be assumed as being
homogeneous in the angular direction. One drawback would be the
decreased sensitivity in the middle of the sensor, but this could be
compensated for by inserting an internal electrode in the middle of
the sensor [140, 141]. As already mentioned in section 2.4, another
alternative in some cases would be to use a linear sensor and to
reconstruct, for example, only a 1D depth profile.

Control: Correct monitoring is not sufficient if one wishes to as-
sure product quality, a proper feedback loop to control the process
parameters is needed as well. In high-shear granulation, the mon-
itoring signals would be the mixing-index and its time-derivative,
and the processing parameters would be the impeller speed and the
liquid addition rate. In fluidized-bed drying, the correct monitor-
ing signal for moisture would be either the thresholded moisture
estimated or the edge moisture, and for hydrodynamics the mean
value and the standard deviation of the normalized moisture curve.
The processing parameters would be the velocity and temperature
of the fluidizing air. Further research will be required to correctly
connect the signals and the parameters with each other. Moreover,
if other process variables such as the amount of used energy, the
amount of processed materials, the time or the money spent are to
be included, then an appropriate multivariable optimization func-
tional would need to be formulated first. As an example, an opera-
tional controlling loop was demonstrated in [68].

Processing tools and parameters: ECT and EIT can be used for de-
veloping processing vessels and for studying appropriate process-
ing parameters. In many cases, electrical tomography techniques
can be used to experimentally evaluate the blending properties or
the hydrodynamics. For example, EIT could be used in studying
the blending properties of the dissolution basket apparatus or in
developing a new apparatus.

Other processes: As described in the literature review (section
1.4), there are not that many pharmaceutical processes that have
previously been studied with electrical tomography. Different flu-
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idized-bed processes have been the most extensively studied, but
there is still room left for further studies, especially related to flu-
idized-bed granulation and coating. Other possible processes could
include oscillatory baffled crystallizers, powder-powder mixing, dif-
ferent drying processes such as spouted-bed, spray and freeze dry-
ing, dissolution in a miniature scale and perhaps even tableting.

Continuous processing: It can be predicted that in the future con-
tinuous processing will become more popular in the pharmaceu-
tical industry. Setting up a continuous processing line can be a
complex operation and sudden changes during manufacturing can
cause interruptions in the entire line. Therefore, it can also be
predicted that electrical tomography techniques will become more
common in monitoring of complex processes in the pharmaceutical
industry and beyond.
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5 Appendix: Finite element
method -approximation of the
3D-ECT forward problem

This appendix describes how to compute the electric potential dis-
tribution, elecric charges at the electrodes and the Jacobian matrix
in three-dimensional ECT. This appendix is written assuming that
the Finite element method (FEM) -approximations have been made
in the nodal-basis with tetrahedral elements.

5.1 ELECTRIC POTENTIAL DISTRIBUTION

The electric potential distribution u is solved from the Poisson equa-
tion

∇ · ε(x)∇u(x) = 0. (5.1)

First, the weak variational form of equation (5.1) is formulated by
multiplying the equation with a test function v and by integrating
the equation over the domain Ω∫

Ω
v∇ · ε∇u dx = 0. (5.2)

Next, using the Green’s formula, the equation (5.2) can be written
in the form ∫

∂Ω
vε

∂u
∂ν

dS −
∫

Ω
ε∇u · ∇v dx = 0. (5.3)

Here, ν is the outward unit normal vector. The boundary ∂Ω can
be divided into two parts: the boundary with known boundary
potentials is denoted with ∂Ωb and the boundary with unknown
boundary potentials as ∂Ω \ ∂Ωb∫

∂Ωb

vε
∂u
∂ν

dS +
∫

∂Ω\∂Ωb

vε
∂u
∂ν

dS −
∫

Ω
ε∇u · ∇v dx = 0. (5.4)
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Ville Rimpiläinen: Electrical tomography imaging in pharmaceutical
processes

In this study, the boundary ∂Ωb consists of surfaces related to the
electrodes and grounded screens. Here, the test functions are re-
quired to vanish where essential boundary conditions are prescribed,
that is, v(x) = 0 when x ∈ ∂Ωb. Therefore, the first term of (5.4) is
zero. The boundary ∂Ω \ ∂Ωb covers the rest of the surfaces, and
a Neumann boundary condition ε ∂u

∂ν = 0 is set for this surface.
Therefore, the second term of (5.4) is also zero, and (5.4) obtains the
form ∫

Ω
ε∇u · ∇v dx = 0. (5.5)

For the FEM computations, the domain Ω is divided into NE

disjoint elements joined at N nodes. The permittivity and potential
can be discretized respectively as

ε(x) =
n

∑
i=1

εiφi(x), (5.6)

u(x) ≈ uh(x) =
N

∑
i=1

ui ϕi(x), (5.7)

where φ(x) are the chosen basis functions for permittivity, usu-
ally piecewise constant of piecewise linear basis functions are used.
Moreover, ϕi(x) are the nodal basis functions of the finite element
mesh, and uh(x) ∈ Hh = span {ϕi | 1 ≤ i ≤ N} which is a sub-
space of H1(Ω). It is denoted that ε = [ε1, ε2, · · · , εn] is the vector
representation of ε(x) and u = [u1, u2, · · · , uN ] is the vector repre-
sentation of uh(x).

Furthermore, it is denoted that the subdomain Ω \ ∂Ωb con-
tains NI nodes and the boundary ∂Ωb with known potential val-
ues contains Nb nodes. The test functions are sorted in such way
that indices 1 ≤ i ≤ NI refer to subdomain Ω \ ∂Ωb and indices
(NI + 1) ≤ i ≤ N to boundary ∂Ωb. By inserting the approximative
functions into the variational form (5.5), and by choosing the test
functions appropriately, the following matrix equation is obtained

Au = B (5.8)

where A ∈ RN×N is the FEM matrix, u ∈ RN is the solution vector
and B ∈ RN contains the boundary conditions. The matrix A has
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the form

A =

[
ANI

Ab

]
. (5.9)

Here, ANI is a NI × N matrix and contains the rows that are associ-
ated with Ω \ ∂Ωb, and it is of the form

ANI =

⎡⎢⎢⎢⎢⎣
∫

Ω ε∇ϕ1 · ∇ϕ1dx · · · ∫
Ω ε∇ϕN · ∇ϕ1dx∫

Ω ε∇ϕ1 · ∇ϕ2dx · · · ∫
Ω ε∇ϕN · ∇ϕ2dx

...
. . .

...∫
Ω ε∇ϕ1 · ∇ϕNI dx · · · ∫

Ω ε∇ϕN · ∇ϕNI dx

⎤⎥⎥⎥⎥⎦ (5.10)

The nodes at the boundary ∂Ωb are forced to the known potentials
with the help of the matrix Ab which is of the size Nb × N. The
matrix Ab contains an Nb × NI zero matrix and an Nb × Nb identity
matrix

Ab =

⎡⎢⎢⎢⎢⎣
0 0 · · · 0 1 0 0 · · · 0
0 0 · · · 0 0 1 0 · · · 0
...

. . .
...

...
. . .

...
0 · · · 0 0 · · · 1

⎤⎥⎥⎥⎥⎦ . (5.11)

The vector B is of the size N × 1, and it contains an NI × 1 zero
vector and the known potential values in vector b which is of the
size Nb × 1,

B =

⎡⎢⎢⎢⎢⎣
0
...
0
b

⎤⎥⎥⎥⎥⎦ . (5.12)

Next, the solution vector u is computed as

u = A−1B. (5.13)

Usually, the equation (5.13) is solved with the help of LU or QR de-
composition, for example. Finally, the electric potential distribution
is computed by inserting the u into equation (5.7).
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5.2 ELECTRIC CHARGES

In a continous case, the electric charge at the lth electrode would be
computed as

ql(ε) = −
∫

el

ε(x)
∂u(x)

∂ν
dS (5.14)

= −
∫

el

ε(x)∇u(x) · νdS. (5.15)

The electric charges are computed for all the electrodes with the
help of the discrete form of equation (5.15), the known permittivity
distribution ε, the computed electric potential distribution u and a
measurement operator that is denoted with M. The measurement
operator is a matrix of the size Ne × N

M =

⎡⎢⎢⎢⎢⎣
M11 M12 · · · M1N

M21 M22 · · · M2N
...

. . .
...

MNe1 MNe2 · · · MNe N

⎤⎥⎥⎥⎥⎦ , (5.16)

where Ne is the number of electrodes and N is the number of nodes
in the finite element mesh. Here, the operator M is constructed
electrode-wise as follows:

1. Choose one of the electrodes. Let it be denoted by e.

2. Pick a tetrahedral element that has one face on the electrode
e. Denote the element as Eijkl and the nodes at the electrode
surface as gi, g j, gk. The node gl completes the tetrahedron,
but it is not on the surface (see figure 5.1).

3. Compute the outward unit normal vector νijkl and the area of
the face aijk that is on the surface of the electrode. See details
in section 5.2.1.

4. Compute the gradient operator ∇ijkl related to the element.
See details in section 5.2.2.
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5. Calculate (mei, mej, mek, mel) = ∇T
ijklνijkl aijk.

6. Add these entries with the corresponding permittivity values
to the matrix M as follows

Me(ijkl) = Me(ijkl) + (ε(gi)mei, ε(g j)mej, ε(gk)mek, ε(gl)mel).
(5.17)

7. Go through all the elements that have one face on any of the
sides of the electrode e repeating steps 2–6, and subsequently
move on to the next electrode.

Figure 5.1: The nodes gi , g j and gk locate at the surface of an electrode and gl locates off
the surface. Here, the direction of the unit normal vector ν is outwards from the surface.

Finally, the electric charges Q are computed as

Q = −Mu. (5.18)

If all the electrodes have been covered when constructing the
matrix M, the electric charges at the excitation electrode is also com-
puted. It is noteworthy that often the measurement devices do not
provide data about the electric charge on the excitation electrode
nor the data related to the reciprocal measurements.
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Ville Rimpiläinen: Electrical tomography imaging in pharmaceutical
processes

5.2.1 The unit normal vector νijkl and the area aijk

Assume that nodes gi, g j, gk and gl form a tetrahedron element
Eijkl that has one surface on an electrode e, this surface which is a
triangle is defined by nodes gi, g j and gk, and the node gl is off the
surface (see figure 5.1),⎛⎜⎜⎜⎝

gi
g j

gk
gl

⎞⎟⎟⎟⎠ =

⎛⎜⎜⎜⎝
xi

1 xi
2 xi

3

xj
1 xj

2 xj
3

xk
1 xk

2 xk
3

xl
1 xl

2 xl
3

⎞⎟⎟⎟⎠ . (5.19)

The normal vector is now calculated with the help of the cross
product

νijkl =
(gk − gi)× (g j − gi)∥∥∥(gk − gi)× (g j − gi)

∥∥∥ . (5.20)

If a record has not been kept about the order and the locations of
the nodes, it must be checked that the direction of the unit normal
vector is outwards from the electrode surface.

Furthermore, the area of the triangle is

aijk =
1
2

∥∥∥(gk − gi)× (g j − gi)
∥∥∥ . (5.21)

5.2.2 The gradient operator ∇ijkl

The computation of the gradient follows [102]. In general, the elec-
tric potential at point x can be presented as

u(x) = c0 + c1x1 + c2x2 + c3x3. (5.22)

Therefore, the gradient of the potential at the point is

∇u(x) = (c1, c2, c3)
T. (5.23)

Assume nodes as in section 5.2.1 and x ∈ Eijkl . Now the electric
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potential at these nodes can be presented in a matrix form

⎛⎜⎜⎜⎝
1 xi

1 xi
2 xi

3

1 xj
1 xj

2 xj
3

1 xk
1 xk

2 xk
3

1 xl
1 xl

2 xl
3

⎞⎟⎟⎟⎠
︸ ︷︷ ︸

X

⎛⎜⎜⎜⎝
c0

c1

c2

c3

⎞⎟⎟⎟⎠ =

⎛⎜⎜⎜⎝
ui

uj

uk

ul

⎞⎟⎟⎟⎠ . (5.24)

To solve the parameters (c0, c1, c2, c3)T, the inverse of X is needed.
It is denoted as

X−1 = R =

⎛⎜⎜⎜⎝
R0

R1

R2

R3

⎞⎟⎟⎟⎠ , (5.25)

where R0, R1, R2 and R3 are the rows of R. For the gradient, the
three last rows are needed

∇u(x) =

⎛⎜⎝ c1

c2

c3

⎞⎟⎠ =

⎛⎜⎝ R1

R2

R3

⎞⎟⎠
⎛⎜⎜⎜⎝

ui

uj

uk

ul

⎞⎟⎟⎟⎠ . (5.26)

Therefore, the gradient operator related to the element Eijkl is

∇ijkl =

⎛⎜⎝ R1

R2

R3

⎞⎟⎠ . (5.27)
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5.3 DERIVATION OF THE JACOBIAN MATRIX

The matrix representation of the kth row in the Jacobian matrix is
computed here as follows

Jk =
∂Q
∂εk

(5.28)

=
∂(−Mu)

∂εk
(5.29)

= −∂(MA−1B)
∂εk

(5.30)

= −∂M
∂εk

A−1B − M
∂A−1

∂εk
B − MA−1 ∂B

∂εk
(5.31)

= 0 − M
∂A−1

∂εk
B − 0 (5.32)

= MA−1 ∂A
∂εk

A−1B (5.33)

= MA−1 ∂A
∂εk

u, (5.34)

The first term in (5.31) is not strictly speaking zero, since M de-
pends on εk as can be seen from (5.17). However, the non-zero
entries in matrix M correspond to nodes that are outside the region
of interest and therefore they can be considered as constants and
thus their derivative with respect to permittivity is zero. This ar-
gument was verified by computing another Jacobian matrix using
the perturbation theory and comparing it with the Jacobian matrix
computed using the presented method. The third term in (5.31) is
zero because the boundary term B does not depend on εk.

Furthermore, the entries in ∂A/∂εk are of the form

∂Aij

∂εk
=

{ ∫
Ω φk∇ϕj · ∇ϕidx 1 ≤ i, j ≤ NI

0 otherwise.
(5.35)

Again it is noteworthy, that often the measurement devices do
not provide data about the electric charge of the excitation electrode
nor data related to the reciprocal measurements. Therefore, the cor-
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responding rows in the Jacobian matrix have to be removed when
this kind of measurement data is used in the image reconstruction.
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Ville Rimpiläinen: Electrical tomography imaging in pharmaceutical
processes

Amato, “Imbalances in regional lung ventilation: A val-
idation study on electrical impedance tomography,” Am. J.
Respir. Crit. Care Med. 169, 791–800 (2004).
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Electrical capacitance tomography 

(ECT) and electrical impedance 

tomography (EIT) are imaging 

modalities which can be used to 

characterize electrical properties 

inside different processing ves-

sels. In this thesis, ECT and EIT 

have been applied in monitoring 

of three common pharmaceuti-

cal unit processes: high-shear 

granulation, fluidized-bed drying 

and dissolution testing. The thesis 

describes various technical means 

how to implement the imaging 

modalities, studies the applica-

bility and shows how to generate 

appropriate process monitoring 

signals.
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