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Abstract: Impedance spectroscopy is a highly performant measurement method,
which is often used in many fields of science and technology. It refers to the measure-
ment of the complex impedance over a range of frequencies and provides possibilities
for separating relaxation effects, accurate measurements and measurements of non-
accessible quantities. Inmaterial science, impedance spectroscopy allows the charac-
terization of the complex conductivity. Impedance spectra of battery cells allow to get
information in a non-destructive way and to separate different phenomena concern-
ing electrolyte and electrodes.In the biomedical field, it has the decisive advantage by
providing a lot of information non-invasively and for long time intervals. For sensors,
decisive improvements of measurement accuracy can be reached andmultifunctional
sensors can be realized, which allow measurements of more than one measurement
quantity at the same time and same state of a material or a device.

In this contribution, after an introduction about the fundamentals of themeasure-
ment method, the links and differences between a wide range of application areas of
impedance spectroscopy are shown for the first time. In each of these fields, we high-
light the specific strengths of impedance spectroscopy and report on recent advances
and future trends.

Keywords: Impedance spectroscopy, electrochemical impedance spectroscopy, relax-
ations, battery diagnosis, bioimpedance, sensors, biosensors, inductive sensors, ca-
pacitive sensors, nanocomposite, corrosion, signal processing

1 Introduction
The complex impedance of amaterial or a system provides information about its com-
position, interfaces and geometry and helps to follow changes of its state. Impedance
measurement has therefore decisive benefits compared to other characterization
methods, as it is experimentally efficient, because of the relative reduced time, hard-
ware and software needed. It delivers more information than only resistive, capacitive
or inductive measurements, because it considers at the same time both the real and
the imaginary part of the complex impedance. It provides the possibility to separate
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effects having linearly independent dispersions anddominating indifferent frequency
ranges.

Impedance spectroscopy has shownahigh potential formany years andhas so far
demonstrated its potential in a big number of applications, such as characterization
of energy storage units [1], biomedical and biological applications [2] , [3] , [4], mate-
rial testing [5–7], corrosion and coatings [8] and inductive [9, 10], capacitive [11] and
conductive sensors [12]. The range of applications is very broad and the advantages it
provides are significant under the condition that it is applied in the right manner. In
every application, field-specific strengths of the method are in the focus of interest,
even if the method can provide more advantages.

Impedance spectroscopy is non-invasive, as it uses small amplitudes of the exci-
tation signal. It is capable to achieve real-time measurement by using wide frequency
band signals. Even if it is generally known as a method for materials and systems
characterizations in laboratory environments, impedance spectroscopy is increas-
ingly used for real-timemeasurements in portable and embedded solutions due to the
favorable developments in the field of microelectronics.

In this contribution, we give an overview about different aspects of the method in
relation to awide range of applicationfields. The aim is to demonstrate the potential of
impedance spectroscopy and to show the link between the different application areas.
In each context, the reasons for the particular strengths of the method are discussed
and special potentials are shown. Then, recent developments are explained bymeans
of selected examples.

2 Theoretical background

Impedance spectroscopy belongs to the so-called system identification techniques,
where the frequency-dependent transfer function of a system is determined. In
impedance spectroscopy, the complex impedance of a material or a system is mea-
sured at different frequencies or in a certain frequency range. Thereby both the real
and the imaginary part of the complex impedance can be considered as useful sources
of information, where certain phenomena are dominating in certain frequency ranges
and can therefore be characterized. In general, the real and the imaginary part of the
impedance show a different frequency dependency and therefore provide a compre-
hensive source of information. This is why manifold information regarding electrical
andelectrochemical properties of the investigated systemormaterial canbe extracted.

A wide frequency band helps to gain more information at a given working point
of the i-u characteristic (see Fig. 1 (a) and (b)). If the measurements carried out corre-
spond to the same phenomena (see Fig. 1 (c)), impedance spectroscopy helps to real-
ize a better characterization of the phenomena. The measurements are from a phys-
ical point of view redundant and provide possibilities to have a better measurement
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Fig. 1: Principle of impedance spectroscopy. (a) Excitation with a single frequency at a given working
point. (b) Example for excitation with a varied frequency with a sweep. (c) Improvement of measure-
ment information by redundancy. (d) Improvement of measurement information by diversity trough a
wide band excitation signal.

accuracy, as it becomes possible to reduce the influence of random deviation, such
as noise, and systematic deviations, e. g., temperature, and to benefit from a detailed
modeling of the characteristic.

If the impedance measurement is carried out in a wider frequency range (see
Fig. 1 (d)), the information gained thereby becomes more probable to have diversity,
as different physical/chemical phenomena can be dominating in different frequency
ranges. If different spectral behaviors are included in the impedance spectrum refer-
ring to different phenomena, impedance spectroscopy provides interesting opportu-
nities to measure more than one quantity at the same time. The conditions for this
are (i) to have sufficient measurement data in the spectral regions where the indi-
vidual effects are dominating and (ii) for the time constants corresponding to these
phenomena to be sufficiently distant.

3 Extraction of information from impedance spectra

Several aspects should be specifically addressed on the design process for an imped-
ancemeasurement system, such asmeasurement procedures, investigations of physi-
cal and chemical phenomena taking place, development of suitable impedance mod-
els and extraction of target information by optimization techniques.

In general, there are different approaches, which can be considered for informa-
tion extraction from impedance spectra. Physical methods are interesting and allow
profound insights in a material or a system (see Fig. 2). Mathematical methods have
also been proposed, such as data mining, principal component analysis [13], neural
networks and fuzzy logic [14].

For physical modeling, it is necessary to understand the physical and chemical
phenomena taking place within the system and to formulate the necessary model
equations by combining the descriptions of partial phenomena, e. g., in series, par-
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Fig. 2: General approach of impedance spectroscopy and for information extraction from impedance
spectra.

allel or cascade. Thereby, different formulations can be mathematically equivalent,
but only some of them provide a meaningful model and are therefore physically rele-
vant. The extraction of information is carried out, in this case, by determination of the
model parameters, which are directly related to the corresponding physical phenom-
ena. If the formulation of the model is suitable and the parameter extraction is suc-
cessful [15], the model parameter provides information about the measured quantity
and shows a physically expected behavior. In this case, extracted parameters inferring
the measurement quantity are directly used for the calculation of the measurement
quantity.

Mathematical methods are also possible, but need a big data base with relevant
experiments in order to build the necessary basis for signal processing and extraction
of information. Suitable feature extraction and classification methods need to be de-
veloped in this case to discriminate between the different classes corresponding to the
state of the system [14]. For this purpose, the training data and the experimental data
need to be representative for the real scenario and include all relevant cases that could
influence the results, such as environmental parameters, aging and contamination ef-
fects.

4 Impedance spectroscopy in measurements and
sensor solutions

Impedance spectroscopy provides the possibility to follow the state of a system and
to track its changes, e. g., due to aging or chemical reactions taking place. This is
the case, e. g., for corrosion, battery diagnosis and bioimpedance. Especially for bat-
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tery diagnosis and bioimpedance analysis, impedance spectroscopy allows to non-
invasively get information about the state of a cell or a battery and to determine spe-
cific information concerning parts of it or phenomena taking place within it. In the
case of conductive, capacitive and inductive sensors, impedance spectroscopy allows
to measure quantities in spite of experimental limitations, to improve the accuracy or
even to measure more than one quantity at the same time.

The applications for impedance spectroscopy are therefore manifold. In the next
sections, we present a selection of the most important applications for impedance
spectroscopy (see Fig. 3) and show the potential of this measurement method in the
corresponding fields in comparison with other classical methods.

Fig. 3: Selection of impedance spectroscopy applications in measurement and sensor solutions.

5 Material characterization
Formaterials, impedance spectroscopy provides interesting possibilities to character-
ize the complex electrical behavior including resistive, capacitive and inductive be-
havior [5]. Thereby, it is sensitive to both surface phenomena and changes of bulk
properties including conduction mechanisms.

For example, impedance spectroscopy is awell-establishedmethod,which allows
quantitative characterization of corrosion processes as well as the evaluation of the
anti-corrosion performance of protective coatings on corrosive metals [16]. It can be
used for several purposes, amongwhich the detection of surface andmaterial changes
due to exposure, prediction of the lifetime of corrosion protection, evaluation of coat-
ing systems, identification of the corrosion processes that lead to failures, measure-
ment of water uptake by coatings and the development of models for coating/metal
system performance.

One of the important advantages of thismethod is that it is a non-destructive tech-
nique. It can follow the evolution of coated metals as they undergo either natural or
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artificial exposure to conditions that cause corrosive failure to provide information
about the corrosion kinetics. Impedance measurements allow the prediction of the
long-term performance of the coatings and track very effectively the effects of tem-
perature, water ingress, coating plasticization and the glass transition temperature in
coatings [17].

Impedance spectroscopy is interesting for electrical characterization of almost ev-
ery material. It has played a big role for many years in the field of nanocomposites,
which are becoming increasingly important in the field of lightweight structures and
sensors. Flexible films of carbon nanotubes (CNTs) can be prepared for several sen-
sor applications, such as strain gauges or pressure sensors showing a high sensitivity
and performing under low costs. With less than 1% filler material, input conductive
and percolation-based CNT polymer composite sensors can be fabricated. Thereby, a
suitable composition and homogeneity are highly demanded and should be fulfilled
by the fabrication process including choice of materials, preparation of dispersion,
substrate treatment and deposition techniques.

Impedance spectroscopy enables to deeply investigate the complex conductiv-
ity of the nanocomposite materials, so that they can be better optimized for certain
required properties [5, 18]. For example, for highly sensitive pressure sensors based
on CNT polymer nanocomposites, it is very important to realize nanocomposites at
the percolation ratio [19]. The percolation ratio is the nanofiller concentration at
which rarely conductive paths can be built through the nanofillers without tunneling
through the polymer. At this concentration, the nanocomposite becomes more sensi-
tive to pressure, because an increase of pressure leads to a reduction of the distance
between the CNTs and therefore increasingly leads to percolation. These concen-
trations cannot be determined easily by experimental methods due to fluctuating
processing parameters during the fabrication process.

Impedance spectroscopy is suitable for characterization of the percolation behav-
ior, as it includes the information about both resistive and capacitive behaviors of the
nanocomposite [5]. Especially the imaginary part of the impedance gives information
about the average gap between nanofillers and is therefore very important for investi-
gating percolation (see Fig. 4).

In [5] it has been shown that impedance spectroscopy measurements allow the
experimental determination of the percolation threshold of the nanocomposite. At
concentrations lower than the percolation ratio, the nanocomposite shows an almost
purely capacitive behavior. Due to inter-tube distances, the share of capacitive behav-
ior dominates the conduction behavior (see Fig. 4 (a)). Beyond the percolation ratio,
the conductive paths dominate (see Fig. 4 (b)) and show a frequency independent be-
havior. The percolation region is exactly the regionwhere the transition between these
two extreme cases takes place abruptly.

This example shows that, by means of impedance spectroscopy, the percolation
ratio can be determined experimentally even after film deposition. This allows tailor-
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Fig. 4: CNT polymer composite. (a) Re-
laxed: tunneling effect, the capacitive
behavior is dominating. (b) Under pres-
sure: resistive behavior is dominating
due to increasing contacts between
CNTs.

ing of the piezoresistivity of strain-sensitive films based on nanocomposites for differ-
ent nanofillers and even by fluctuating processing parameters.

6 Battery characterization and diagnostics

Modern battery management systems need accurate information concerning the state
of charge (SoC) [20], the state of health (SoH) [21], the battery lifetime, the internal
temperature and fault diagnosis within cell packs. Other methods are, e. g., voltage
measurement and coulomb counting, which bring some challenges in the case of Li-
ion batteries. In particular, the SoC-vs-voltage curve is very flat, so that the sensitivity
of the voltage to the SoC is very low. The direct voltage measurement is not sufficient
for a comprehensive diagnosis as it is dependent on SoC, temperature and current
level at the same time. In general, the open-circuit voltage (OCV) provides an alterna-
tive, which can be determined at offline state, where the battery is isolated from the
external circuit for a long time. In online measurement, it can be estimated from the
voltage measurement by considering the internal resistance multiplied by the current
[22] Coulomb counting integrates the current over time to estimate the remaining bat-
tery charge. But, due to the limited sampling rate, several current impulses may not
be tracked with a high accuracy. Therefore, the coulomb counting drifts over time due
to the cumulative deviation.

In contrast, impedance spectroscopy is a non-destructive method, which can es-
timate the remaining charge of the battery, also known as SoC and the state of health
(SoH) of the battery. This is due to the fact, that battery impedance increases with ag-
ing and changes due to temperature and also different phenomena takingplace at low,
middle and high frequencies. Therefore, impedance spectroscopy can be used as a di-
agnostic tool and accurate analytical technique formeasuring different critical battery
parameters. It provides the possibility to get information about the inner state of the
battery, including both the electrolyte and the electrodes, non-invasively and in a rel-
atively short measurement time, without needing to carry out any cycling processes.
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Impedance spectroscopy offers a solution that is independent on the leakage currents
and the fluctuating voltage. This method is experimentally efficient and provides the
possibility to separate effects having linear independent dispersions and dominating
in different frequency ranges. It is capable to achieve real-time measurement in a rel-
atively short measurement time as it can use wide frequency band excitation signals.
As a battery ages, several phenomena occur, accompanied by a change of the over-
all impedance of the battery [22–24]. The SoC of the battery can be also estimated by
means of impedance spectroscopy [25–28].

The battery impedance spectrum includes information about the electrolytes, dif-
fusion layer and electrode reactions, as explained in Fig. 5. At low frequencies, in the
range of mHz, processes with a high time constant are stimulated, such as migration
and diffusion. Diffusion effects are dominating in this frequency range. At middle fre-
quencies, electrode reactions dominate andmay show a constant phase behavior due
to electrode porosity. At high frequencies, inductive effects in the battery wiring and
porous structure are dominant.

Fig. 5: Typical impedance spectrum of a battery in an exaggerated Nyquist plot. Here, Rs is the se-
ries resistance, R1 and R2 are the charge transfer resistances of the electrodes, Cdl1 and Cdl2 are the
double layer capacitances of the electrodes, σ is the Warburg coefficient, R3 is the intersection of the
diffusion characteristic with the real impedance axis and L represents inductive effects.

The individual phenomena in the impedance spectrum of a cell have their own mod-
els,which canbe expressedanalytically or in formof equivalent circuits.Models based
upon concentrated circuit elements such as capacitors, resistors and inductors can
simulate some internal electrical properties of the cell. Nevertheless, especially for
diffusion processes and due to electrode porosity, elements with distributed parame-
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ters, such as constant phase elements and Warburg impedance, are also necessary to
model the impedance behavior accurately.

The impedance spectrum of a battery cell includes manifold information and the
method is therefore very interesting for diagnosis. Nevertheless applying it on a bat-
tery cell involvesmany challenges. The low-frequencymeasurements atmHz frequen-
cies need a long measurement time and involve therefore a risk of charging or dis-
charging the battery cell and changing its state thereby. The battery impedance is
low and needs to be measured with a high resolution. A big challenge in modeling
impedance spectra is that the individual phenomena may overlap in the impedance
spectrum. This overlapping is strongly dependent on the cell technology and also on
the cell state. In the case of overlap, the separation of effects and the parameter calcu-
lation become more difficult, especially if the measured frequency is limited. The AC
current distribution within cylindrical Li-ion cells depends strongly on the frequency
and the temperature [29]. This may lead to limitations for deep interpretation. The cell
design may overshadow some active material impedance by local inhomogeneity due
to lithium plating or advanced aging. The spectrum may change its structure due to
aging and models need to be adaptively adjusted to consider this effect.

Yet, the latest developments allow to realize embedded solutions for impedance
spectroscopy,which realize a comparablemeasurement quality like sophisticated lab-
oratory devices [21, 30] having low cost and a significantly short measurement time.
This development allows to use impedance for real-time measurements on site and
to determine useful information for intelligent battery management systems, such as
SoH [22], SoC [20], the internal cell temperature [31] and the remaining useful battery
life [32].

7 Biomedical applications and food characterization

For non-invasive tissue characterization, pathological health status investigation and
diseases diagnosis, bioimpedance spectroscopy is one of themost importantmethods.
In comparison with classical non-invasive techniques used in clinical research, such
as optical spectroscopy, ultrasound and X-ray, bioimpedance spectroscopy is easy to
use and safe. It can give information on the deepness of a material and helps to avoid
interferenceswith substances reacting in the samewavelength. Therefore, impedance
spectroscopy is gaining importance in the biological and food sectors and will play a
more important role for the food industry in the future.

Impedance spectroscopy can be used for characterization of different biological
tissues and formedical [33–37] and food applications [11, 14, 38–41], because the com-
plex impedance gives information about the composition and the state of a biological
tissue or organ. Although there are many different methods, impedance spectroscopy
is often preferred.
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The impedance of a muscle includes three areas of dispersion: the α dispersion at
low frequencies between someHzand somekHz, βdispersion atmiddle frequencies in
the range from some kHz toMHz and γ dispersion at higher frequencies [14, 33, 38, 39].
The β dispersion is very informative about the state of the muscle as it provides in-
formation about the cell membranes. Therefore, impedance spectroscopy is a very
promisingmethod for assessment ofmeat freshness andmeet characterization in gen-
eral.

A lot of challenges should be overcome in themeasurement of muscle impedance
in order to guarantee reproduciblemeasurements. For this, an electrode configuration
has been developed to avoid influence of anisotropy and in order to realize a good
contact to the biological material in spite of its fibrous structure [4, 42]. The devel-
oped probe consists of one central cylindrical electrode and eight surrounding needle
electrodes made of gold-plated steel (ϕ of 1mm) in order to avoid corrosion.

The β dispersion, corresponding to radio frequency, is strongly dependent on the
dielectric properties of the cell membranes and their interactions with the extra- and
intracellular electrolytes, as the current passes through the cell membranes at these
frequencies. It includes information referring to the behavior of the cell membrane in-
tegrity, which changes significantly with aging (s. Fig. 6). One of the phenomena that
contributes to the β dispersion is the Maxwell–Wagner effect related to the interfacial
relaxation process occurring in systems where the electric current passes at the inter-
face between two different materials.

Fig. 6: Bioimpedance measurement of a beef longissimus dorsi muscle for 14 days [14].

In [43], a method for measuring bioimpedance non-invasively is presented. It consists
of magneto-inductive measurement techniques, such as gradiometers. Gradiometers
consist of a sending coil and two symmetrical receiving coils. For the detection of tis-
sue impedance, they use the difference principle between the coil on the tissue side
and the coil on the other side. They can therefore detect even small changes of electri-
cal properties of a biological tissue. This high sensitivity has the drawback that they
may have different levels of detuning, which cannot be easily adjusted. In [43], a con-
cept for adjusting the gradiometer in a predefined initial state is presented. It uses ad-
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ditional coils on both sides to adjust the detuning by a suitable current flow through
the additional coils and realize an accurate measurement.

Measuring bioimpedance of living beings in medical applications brings several
challenges. One is the limitation of the current, which must be applied without do-
ing any damage [46]. The medical requirements imposed by the standard IEC-60601
claim that the current should be below the perception threshold of 0.5 mA at 5 kHz
[44]. The perception threshold increases when the frequency increases following the
equation [45]

Imax = 10
7f , (1)

where the current is the root mean square value and the frequency is in Hz.
Therefore, for in vivo applications, a current excitation is preferred to a voltage

excitation, which can be affected by contact impedance between the electrode and the
tissue and high currents through the tissue due to impedance changes or temperature
dependence of the tissue conductivity.

One further challenge is the fact that living beings change their state, e. g., due
to breathing, moving and blood circulation. This is why one of the approaches which
can be considered is to reduce the measurement time in order to maintain the system
under test under quasi-static conditions. Many researchers investigated possibilities
for using wide band signals including different frequencies in order to get a spectrum
in a reduced measurement time [35, 47–49]. These are typically, e. g., chirp signals
[35], multisine signals, binary chirp and binary multifrequency signals [49].

In [50], a novel measurement and identification approach, called the parametric-
in-time approach, has been developed for time-varying bioimpedance systems with
a quasi-periodic character. This allows to conduct myocardial impedance measure-
ments in vivo and in situ.

8 Cable fault detection and localization

The increasing use of the wiring in vehicles, production plants, communication and
power systems leads to a big nead for wiring faults detection and location. Experience
in this area indicates that the majority of the problems encountered are due to cable
errors and increased contact resistance of connectors. If the cables are long, not all
methods are able to detect the fault position as signals may become weak and even
concealed by noise.

There are several methods for wire fault location and characterization, of which
time domain reflectometry (TDR) is the most common one. In this case, a pulse signal
is sent on the cable,which is supposed to behomogenous. If the cable has a fault, a sig-
nal is reflected and this reflection can bemeasured to detect the position of the fault by
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estimating the time of flight and the type of the reflection includes information about
the type of change of the cable impedance and therefore about the type of the fault.

Over the last decade, many methods, such as frequency domain reflectome-
try (FDR), ultra-wide band-based TDR, spectrum TDR (STDR) and impedance spec-
troscopy (IS), have been developed. They use different wide band incident signals
and signal processing methods, but the aim was mainly to improve the accuracy of
the fault location.

In [6], impedance spectroscopy was introduced to identify both position and type
of cable errors. The innovation in this approach is that the load impedance of the wire
fault can be quantitatively extracted from its input impedance, so that the types of
the wire faults can be exactly identified. For that, a transformation to the pseudo-
frequency domain is applied to localize the wire fault, which corresponds to the peri-
odicity of the spectrum represented in Fig. 7.

Fig. 7: Impedance spectrum of a 10-m coaxial cable with different terminating resistors. The ampli-
tude is influenced by the terminating resistors and the periodicity of the impedance is influenced by
the error position [6].

The input impedance of the wire at low frequencies is applied to identify the types of
wire faults. The imaginary part of the cable impedance can be applied to detect the
type of the wire fault. In the case of an open circuit, it is the capacitance of the cable.
In the case of a short circuit, the inductance of the cable helps to detect the fault type.

9 Conductive, capacitive and inductive sensors

Impedance measurement has decisive benefits, as it is experimentally efficient and
can be realized in low-cost embedded systems. Its advantages are particularly impor-
tant in sensor technology as it delivers more information than only resistive, capaci-
tive or inductivemeasurements. This is due to the fact that it uses both the real and the
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imaginary part of the complex impedance at different frequencies. It provides the pos-
sibility to separate effects having linearly independent dispersions and dominating in
different frequency ranges.

Impedance-based sensors can have a variety of designs and can serve for the ac-
quisition of various measured variables (see Fig. 8 and Fig. 9). These include, e. g.,
position, humidity, material properties and filling level. Very often, only the real part
is measured in the case of conductive sensors and the imaginary part in the case of
inductive and capacitive sensors. The other part of the impedance is considered as
losses and is in general ignored, even if it includes also information about the “device
under test”. In some cases, the amplitude of the impedance and themeasured variable
is determined at a suitable sensitive frequency [53].

Fig. 8: Electrode structures for capacitive and conductive sensors.

The measurement of the impedance with its real and imaginary part at different fre-
quencies expands the information considerably [54]. The information obtained from
the sensor is representative of the measurements of a sensor array, in which each sen-
sor is fictitiously operated at a frequency. We know from the field of multisensors that
this increases the quality and reliability of the measurement and helps to achieve a
better accuracy [55].

Impedance spectroscopy provides interesting possibilities for realizing a multi-
functional measurement, so that one sensor measures several quantities at the same
time. This provides interesting possibilities not only to reduce costs, but also to extend
the informationdiversity fromone sensor. In [13], an impedimetric sensor has beende-
veloped for the measurement of soil moisture, having a design such as in Fig. 8 (c). It
measures both the real and the imaginary part of the impedance at different frequen-
cies and is thereby able to identify the type of the soil. Similar sensors measuring only
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Fig. 9: Examples of inductive sensors for characterization of materials and non-destructive material
testing. (a) immersion core principle, (b) Immersion core principle transformer principle, (c) inner
wall characterization of a pipe, (d) material characterisation and testing by a reflective principle, (e)
material characterisation and testing by a reflective difference principle, (f) material characterisation
and testing by a transmissive principle.

Fig. 10: Dependency of the imaginary part of the soil impedance on soil type and soil moisture.
(a) Investigated soil types classified by their inorganic components [13]. (b) Soil imaginary part in
dependence of the frequency for different soil types.

the capacitive part have massive problems with soil type influence, which leads to a
high inaccuracy and needs therefore to be regularly calibrated to the corresponding
soil. As can be seen in Fig. 10 (b), the changes of the imaginary part of the impedaance
due tomoisture show a different behaviour depending on the soil type. Measuring the
capacity at a certain frequency, leads to ambiguityan is not sufficient for realizing an
accuratemeasurement. In the case of the impedimetric sensor, themeasurement data
serve first to the classification of the soil type bymeans of data reduction via principal
components analysis and classification via the k-nearest-neighbor method. After soil
type recognition, the moisture measurements become easy and accurate by using a
linear characteristic of the imaginary part of the admittance [13].
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Inductive sensors and especially eddy current sensors can be used in different
manners for both distancemeasurement andmaterial characterizations. Themain ad-
vantages of these sensors are a.o. their robustness [56], their process capability and the
fact that they operate contactless and in a non-destructive manner [57].

Yet, if the imaginary part changes more, also the real part includes interesting
information. A change of frequency leads to a different penetration depth of the mag-
netic field in the target material (see Fig. 11) and the coil impedance can therefore give
information about cracks and failures under the surface.

Fig. 11: Dependence of the eddy current effect on the frequency. (a) Schematic description of the
penetration of a magnetic field in a target material in dependence of the frequency. (b) Numeri-
cal simulation of the magnetic vector potential in a ferric target material in dependence of the fre-
quency.

10 Biosensors

Impedance spectroscopy has recently gained a high popularity for biosensing of a
wide range of substances owing to its label-free measurements. It reaches thereby a
superb sensitivity down to the femto- and attomolar ranges [58–60]. It allows rapid
screening of biocompatible surfaces and monitoring pathogenic bacteria, as well as
the analysis of biological cells and tissues.

The impedance spectroscopy transducer signal is in this case mainly based on
the interactions between a certain biological receptor and the target species, which is
selectively adsorbed from the solution (see Fig. 12) [61, 62]. Such interactions cause a
change of the interfacial electron transfer kinetics between the solution species and
the conducting electrode. The charge transfer resistance increases therefore with the
increase in the quantity of targets bound to the receptive surface. Thereby, the selec-
tivity, sensitivity, response time and detection limit are strongly dependent on the use
of proper materials and catalysts [61, 63].
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Fig. 12: Three-electrode electrochemical sensor. (a) Sensor element. (b) Selectivity enhancement
by using template molecules. (c) Strategies for improving sensitivity by using nanoparticles and
catalysts.

Because of their high affinity to biomolecules and high aspect ratio, nanomate-
rials, such as metal nanoparticles, CNTs and graphene, are revolutionizing electro-
chemical biosensors (see Fig. 12 (c)) [64, 65]. Nanomaterials are often used as elec-
trode coating to increase their effective surface area and immobilize a large number of
biomolecules such as enzymes and antibodies [65].

11 Future trends of impedance spectroscopy

The impedance spectroscopy is versatile as a method and its importance is in general
increasing, as it provides interestingpossibilities for characterizingmaterials, systems
and sensors. Sensors themselves today tend to theuse of high-speed and low-cost elec-
tronic circuits, allowing for increasingly more signal processing and advanced manu-
facturing technologies [52]. Similar aspects can be observed nowadays for impedance
spectroscopy. Measurement devices use novel technologies and provide increasingly
efficient solutions, enabling the use of the method in a wider range of applications.

11.1 Embedded and miniaturized solutions

Impedance spectroscopy was regarded as an electrochemical laboratory method for
several decades. Today, due to the excellent developments inmicroelectronics, a cost-
effective electronic realization becomes more and more possible. The most available
embedded solutions are in general in themedical field and a lot of them are inmedical
implants. This trend is now increasing towards manifold solutions for sensors and
diagnostic devices. In most cases, the aim is not to operate a large measuring range,
but rather to find solutions that are usually limited by the requirements of a particular
application.
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11.2 Fast impedance spectroscopy and tomography

One of the important conditions for impedance spectroscopy is that the system does
not change during measurement of the whole impedance spectrum. If the system has
a higher dynamic, impedance measurement should be carried out within a short time
to realize quasi-stable conditions. This is why reducing the measurement time is nec-
essary towiden the scope of applications of impedance spectroscopy tomore dynamic
applications.

Many examples can be seen in impedance tomography. In this case, measure-
ments with different electrode combinations contribute to the reconstruction of one
image across the device under test. All thesemeasurements need to be adjusted to the
same system state. In order to fulfil this condition, in general only one or two rela-
tive high frequencies are measured. The development of fast impedance spectroscopy
methods would enable tomographymethods to better use the spectral information by
involving more measurement frequencies.

11.3 Impedimetric sensors

Nowadays, in the sensor field there is an interesting trend towards multifunctional
sensors, which are able to measure more than one quantity at the same time [51, 52].
Impedimetric sensors can provide more information as the impedance is measured
and in a certain frequency range. The comprehensive data generated at one value of
the measured quantity provide interesting possibilities to reduce influencing effects,
improve the reliability of the information and even realize the measurement of more
quantities at the same time. In this way, many classical capacitive, resistive or induc-
tive sensors can reach a higher performance by using impedance spectroscopy.
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