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Preface

The book promotes new research results in the field of modern actuators and their applica‐
tions. In the last years, a huge variety of ideas and results have been published in journals
and conferences. Some of them have been developed for industrial production. Smart mate‐
rials and microtechnologies stay as the base of the new actuators and their applications. The
book comprehends new coverage of dielectric barrier discharge plasma actuators, polymeric
microgripper based on the cascaded V-shaped electrothermal actuators, ionic polymer ac‐
tuators, wideband actuators and energy harvesters, electromagnetic actuators, and shape
memory alloy actuators.

The authors have published worked examples and case studies as a result from their re‐
searches in the field. The readers get new solutions and answers to questions related to the
emerging actuation principles, fabrication, modeling, simulation, control, fault detection,
implementation, and their applications.

In a brief description, the book has four sections: “Design, Fabrication and Simulation of
Actuators,” “Modeling, System Identification, and Control of Actuators,” “Medical Applica‐
tions of Actuators,” and “Fault Detection of Actuators.”

The book presents in seven chapters cases that illustrate the research results in the above
domains. The chapters were edited and published following a rigorous selection process,
out of more than double the number of publication proposals.

The first section includes the following chapters: a study carried out to investigate experi‐
mentally and by numerical simulations a microscale plasma actuator; the design, fabrica‐
tion, numerical simulations, and experimental investigations of a polymeric microgripper
designed using the cascaded V-shaped electrothermal actuators; a review of the develop‐
ment of ionic polymer actuator with introduction of two kinds of typical polymer actuators
—ionic polymer-metal composites and bucky gel actuator—with their basic principle; and
fabrication process and typical applications and a methodology of designing and testing wi‐
deband actuators and energy harvesters, treated as one mechanical resonator, with a discus‐
sion on shock harvester, resonant harvester and energy transmission system.

The second section is dedicated to a chapter on modeling, system identification and control
of electromagnetic actuators, with main focus on the actuators used in magnetic levitation,
in fuel injection systems and in variable valve timing.

The third section presents a study focused on quantifying the decline in tactile sensation
associated with diabetic neuropathy, and developed a measurement device that used a thin-
shaped memory alloy wire as the actuator.
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The fourth section includes a chapter presenting a two-level fault diagnosis and root cause
analysis scheme for a class of interconnected invertible dynamic systems, which aims at de‐
tecting and identifying actuator fault and the causes.

The editor thanks the authors for their excellent contributions in the field and understand‐
ing during the process of editing. Also, the editor thanks all the editorial personnel involved
in this book publication. The publishing provided a set of editorial standards, which ensur‐
ed the quality of the scientific level of relevance of accepted chapters.
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Abstract

Dielectric barrier discharge (DBD) plasma actuators are a technology which could replace
conventional actuators due to their simple construction, lack of moving parts, and fast
response. This type of actuator modifies the airflow due to electrohydrodynamic (EHD)
force. The EHD phenomenon occurs due to the momentum transfer from charged species
accelerated by an electric field to neutral molecules by collision. This chapter presents a
study carried out to investigate experimentally and by numerical simulations a micro-
scale plasma actuator. A microplasma requires a low discharge voltage to generate about
1 kV at atmospheric pressure. A multi-electrode microplasma actuator was used which
allowed the electrodes to be energized at different potentials or waveforms, thus changing
the direction of the flow. The modification of the flow at various time intervals was
tracked by a high-speed camera. The numerical simulation was carried out using the
Suzen-Huang model and the Navier-Stokes equations.

Keywords: dielectric barrier discharge, microplasma, electrohydrodynamic flow, flow
control, plasma actuator

1. Introduction

Active flow control is necessary in various industrial processes to improve system efficiency or
to reduce environmental load [1]. In order to achieve flow control, mechanical actuators were
developed and used. A new device for flow control was developed by Roth et al. in the 1990s
[2]. A dielectric barrier discharge (DBD) was used and it was called a plasma actuator. The
nonthermal plasma actuator operates at atmospheric pressure and compared with conven-
tional types of actuators for flow control, has several advantages besides its simple construc-
tion, such as no moving parts and fast response [3, 4]. Plasma actuators for flow control were

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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investigated in applications for separation flow control [5–8] and noise reduction [8, 9]. The
plasma actuator has an operating principle based on the electrohydrodynamic (EHD) phe-
nomenon occurring due to the momentum transfer from ions accelerated by an electric field to
neutral molecules by collision. Dielectric barrier discharge (DBD) and corona discharge are
among the most common types of plasma actuators. A single DBD plasma actuator can induce
a flow up to 7 m/s, and with a multiple DBD plasma actuator design, the value of induced flow
can reach 11 m/s [10]. Various applications of flow control require different types of plasma
actuators. For high-speed flow control, an induced flow speed of more than 7 m/s is necessary;
thus instead of using a single DBD plasma actuator, the corona discharge could be used
[11–15]. In the case of turbulent boundary-layer control for skin-friction drag reduction,
millimeter-size discharge gap DBD plasma actuators were energized at peak-to-peak voltages
of about 7 kV [16–19]. Research studies regarding the applications of plasma actuators involve
turbulent boundary-layer separation control, steady airfoil leading-edge separation control,
oscillating airfoils dynamic stall control, and circular cylinder wake control. According to
various researchers, high values of the induced flow are desired. High values of the flow are
obtained conventionally by energizing the plasma actuators at tens of kilovolts which are
difficult to insulate and for which a large sized power supply is necessary. An effective
actuation effect requires also a higher EHD force density that can be achieved using a microm-
eter order discharge gap plasma actuator, which lowers the discharge voltage and conse-
quently requires lower power. Micro-sized plasma actuators were used for separation flow
control and drag reduction [20–22]. A microplasma actuator was developed for flow control
[23]. Similar electrode configurations were described in [24–28] but the required discharge
voltages are more than 2 kV. Microplasma is a type of dielectric barrier discharge nonthermal
plasma and its driven voltage is around only 1 kV. This technology could be used as a
replacement of conventional technologies for surface treatment of polymers, indoor air treat-
ment, biomedical applications, or flow control [29–32].

Measurements of microplasma actuators are difficult due to their micrometer size discharge
gaps; thus, we have developed a numerical simulation of the induced flow based on the Suzen-
Huang [33, 34] and Orlov [35] models. Due to the light emission from microplasma, observa-
tion and measurement of flow is difficult. Numerical simulations of the plasma actuator are
carried out using the plasma fluid model and particle in cell model [36–39]. A simplified
phenomenological model which does not model the species transport equations but can
replicate the effects of the actuator in the air is the Suzen-Huang model [40]. Results close to
the experimental data were obtained by various researchers who developed numerical simu-
lations based on this model. It is less computationally expensive than solving the species
transport equations [40, 41].

The microplasma actuator developed in our laboratory is thin and flexible and can be attached
to any surface. To energize the actuator, small-sized power supplies are necessary; thus, a
potential use for this actuator could be on drones. The electronic switching adds a greater
flexibility in order to obtain flows in various directions. In comparison with macro-plasma
actuators where the power supplies are bulky, the small-sized power supply necessary for a
microplasma actuator adds little weight to the drone; also, less electrical insulation is necessary.

Actuators4

2. Microplasma actuator

A microplasma actuator was developed for flow control. Due to its small size, the experimen-
tal results were difficult to obtain near the active electrodes; thus, a numerical simulation was
developed in order to simulate the flow and add additional information about the flow. The
experimental and numerical simulation results showed the capability of the microplasma
actuator to control the flow.

2.1. Experimental study of microplasma actuator

2.1.1. Characteristics of microplasma actuator

A schematic of the typical construction of a plasma actuator and the induced air flow is shown
in Figure 1. A pulse or alternating high voltage is applied to the two electrodes with a dielectric
layer in between; thus, a plasma is generated at the surface of the electrodes [42]. An electrohy-
drodynamic (EHD) phenomenon occurs because ions are accelerated by the electric field and
furthermore collide with neutral molecules; thus, a momentum transfer occurs and air flow is
generated [21, 43].

A microplasma actuator that can be driven by a lower voltage of less than 2 kVpp was
developed and investigated. Owing to their low discharge voltage, the applied high voltage
could be controlled easily using semiconductor switches. The structure of the microplasma
actuator is shown in Figure 2 [44]. A dielectric layer consisted of a polymer film of 25-μm
thickness sandwiched in between a high voltage electrode and a grounded electrode. Voltages
less than 2 kVpp are enough to generate a microplasma due to the thickness of the 25-μm
discharge gap. A pulse high voltage power supply was used to energize the actuator with the
schematic shown in Figure 3. Four field-effect transistors (FETs) are used with a DC high
voltage power supply. The microplasma actuator is energized by a positive pulse voltage while
FETs 1 and 4 are in the ON state and by negative pulse voltage while FETs 2 and 3 are in the
ON state, respectively.

Figure 4 shows the experimental setup used to visualize and investigate the air flow induced
by the microplasma actuator. The microplasma actuator was set on a Z stage. A high voltage
probe (Tektronix, P6105A) connected to an oscilloscope (Tektronix, TDS 3014) was used to

Figure 1. Typical construction of a plasma actuator. High voltage is applied to the electrodes with a thin dielectric layer in
between.
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measure the discharge voltage. For the discharge current measurement, a current probe
(Tektronix, P6021) connected to the oscilloscope was used. By multiplying the values of the
voltage and current waveform measured with an oscilloscope, the discharge power was
obtained for the pulse voltage. Furthermore, in order to calculate the discharge energy, the
obtained discharge power waveform was integrated. Particle tracking velocimetry (PTV) was
used as the method to measure the induced air flow by the microplasma actuator [45]. The
microplasma actuator was placed inside an acrylic box and incense smoke with particles
0.3 μm in diameter [46] was inserted inside the box. For the measurement of the incense smoke
particles, a laser particle counter (Kanomax, Model 3886) was used. For the flow measure-
ments, a laser was used (Nd:YVO4 532-nm) to irradiate the particles. The flow of tracer
particles was recorded by a high-speed camera (Red Lake, Motionscope M3) having

Figure 2. Geometry of the microplasma actuator. The four high voltage energized electrodes can be driven independently.
(a) Top-view. (b) Cross-sectional view.

Figure 3. Schematic of pulsed high voltage source with semiconductor switches.
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1280 � 1024-pixel resolution and 4000 Hz recording frequency. The area captured by the
camera was 34 � 11 mm2. The results were analyzed by the PTV method having a resolution
of 1 mm in the x-axis and 0.5 mm in the y-axis. For the PTV method, steady state images of two
continuous frames were used.

The Stokes number was calculated in order to estimate the ability of the incense smoke to
follow the flow field [47], and the value was in the order of 10�5; this is an acceptable flow
tracing accuracy with error less than 1% [46]. Ozone concentration due to the microplasma was
measured by an ozone monitor (Seki Electronics, SOZ-3300). The measurements were carried
out by placing the microplasma actuator inside a glass tube which was connected to the ozone
monitor at a distance of 90 cm.

The microplasma actuator could be energized by bipolar pulse as shown in Figure 5 with T
period and also positive and negative pulses as shown in Figure 6(a) and (b). For both positive
and negative pulses at a frequency of 2 kHz, the pulse width was 4 μs. The calculated energy
consumption by integrating the discharge power waveform shown in Figure 6 for a single
pulse is shown in Figure 7. In order to have microplasma discharge, a voltage higher than
0.5 kV was necessary. The values of energy were almost the same for positive and negative
pulses respectively; thus, at 1.4 kV, the calculated value of energy was about 800 μJ for both
positive and negative pulses. This corresponds to an average power of 1.6 W.

Energy consumption was measured for a discharge voltage of 1.4 kV at various pulse frequen-
cies for both polarities as shown in Figure 8. At 1 Hz, the energy consumption was about
650 μJ. With the increase of frequency, the single pulse energy consumption increased. This
could be explained by the charges in plasma that due to the electric field were moved and
trapped at the surface of the dielectric. These surface charges [48, 49], when the next opposite
polarity is applied, will increase the electric field strength; furthermore, higher energy con-
sumption for a single pulse was obtained with the increase of frequency. Due to recombination
or diffusion, the surface charge will decrease in time.

Figure 4. Experimental setup for visualization and measurement of the air flow induced by the microplasma actuator.
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Ozone (O3) is harmful to humans due to its high oxidation ability, which is next to fluorine.
The World Health Organization Air Quality Guidelines for Europe in its second edition
imposed a value of 0.05 ppm as an 8-hours daily average concentration for ozone. The
microplasma actuator generates ozone and the concentration of generated ozone was mea-
sured by energizing the actuator while it was rolled and inserted into an 8 mm diameter glass
tube. An 1.5 L/min airflow was set inside the tube while the actuator was energized. The
microplasma actuator was energized by a bipolar pulse with a frequency of 2 kHz. In Figure 9
the characteristics of ozone concentration versus power consumption is shown. The
microplasma actuator has an ozone yield of about 28 g/kWh, which is lower than what other
researchers reported [50, 51]. Besides the fact that ozone causes damages to tissues, a higher
concentration of ozone can cause the degradation of electrodes [52]. Thus, a low ozone yield is
necessary for flow control applications [53].

Figure 5. Waveform of pulsed high voltage applied to the microplasma actuator.

Figure 6. Waveforms of discharge voltage and corresponding discharge current and power. (a) Positive pulse. (b)
Negative pulse.

Actuators8

2.1.2. Flow control with microplasma actuator

The micro-scale plasma actuator, besides the requirement of low discharge voltage, has the
advantage of easy integration due to its small size. A microplasma actuator similar to the one

Figure 7. Energy consumption of single pulse versus discharge voltage for a pulse frequency of 2000 Hz.

Figure 8. Energy consumption of a single pulse versus pulse frequency for a discharge voltage of 1.4 kV.
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shown in Figure 2 was developed. The schematic of a DBD microplasma actuator is shown in
Figure 10 [32, 41]. It consists of 20 strip-like electrodes with a 200 μm width and 16 μm
thickness (top-side electrode) which are placed above a plate-like electrode (bottom-side elec-
trode) with a dielectric layer of 25 μm thicknesses in between. Electrodes were made of copper
and the dielectric layer was made of resin film. The gap is in micrometer order; thus, if only
1.4 kV is applied, the value of the obtained electric field is high (~107–108 V/m). This can be
considered a low voltage and thus is easier to control and insulate and furthermore requires
smaller sized power supplies. The resin film is a flexible polymer material that makes the
microplasma actuator suitable for bending and attaching to various shapes, thus making the
actuator suitable for flow control applications.

Figure 9. Ozone concentration measured while driving the microplasma actuator at 1.5 L/min. air flow.

Figure 10. Microplasma actuator. Schematic image. Top-view showing (a) 20 strip-like electrodes and (b) cross-sectional
view.

Actuators10

The flow was visualized using particle tracking velocimetry (PTV) [45]. Sub-micron size
incense smoke was used as tracer particle and a Nd YVO4 532 nm laser was utilized to
visualize the flow as shown in Figure 4. The phenomena induced by the microplasma actuator,
was measured using a high-speed camera.

In the left part of the actuator (x < 0), the strips which were energized were marked as HV1
while the other strips were at floating potential as shown in Figure 10. The energized elec-
trodes in the right part of the actuator (x > 0) were marked as HV4 while the other strips were
at floating potential. The electrodes below the dielectric layer were grounded. The duty ratio of
the actuator is defined as D by subtracting from 100% the duty ratio of the voltage applied to
the HV4 electrodes. The duty ratios of HV1 and HV4 have a sum of 100%.

A duty ratio of D = 80% represents a duty ratio of 20% for the HV4 electrodes and a duty ratio
of 80% for the HV1 electrodes.

The waveform of the applied voltage with D = 20% is shown in Figure 11. The peak of the AC
applied voltage was 1.4 kV at a 20 kHz frequency. The burst frequency for the applied voltage
was 4 kHz.

In the initial stages of the discharge, vortexes appeared near the active electrodes as shown in
Figure 12 at 2.5 and 5 ms, respectively. The duty ratio was D = 20%; thus, the vortexes near the
HV1 electrodes are rotating counter-clockwise and the vortexes near the HV4 electrodes are
rotating clockwise. The flow velocity is higher for the HV1 electrodes since the duty ratio is
20% (HV1 electrodes are energized for a shorter time compared with HV4 electrodes). Gradu-
ally, the vortexes join together and leftward flow is established up to 50 ms.

2.2. Numerical simulation study of microplasma actuator

We have developed a numerical simulation code based on the Suzen model [33, 34]. According
to the model, the EHD force is:

Figure 11. Waveform of applied voltage. The duty ratio is the ratio between the time in which the voltage is on and the
sum of the time on plus time off.
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f
!¼ rc� E

!
, (1)

where f represents the body force per unit volume, rc represents the net charge density, and E
represents the intensity of the electric field. In this model, magnetic forces were considered.
Furthermore, the electric field:

E
!¼ �∇V (2)

Figure 12. PTV results for four active electrodes (left side) and images of the flow for the entire actuator (right side).
D = 20% up to 50 ms and D = 70% for more than 50 ms.
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where V represents the potential. Gauss’ law is written as:

∇ ε� E!
� �

¼ rc (3)

and furthermore:

∇ ε � ∇Vð Þ ¼ �rc (4)

where ε represents the permittivity that was calculated as the product of relative permittivity
εr and the permittivity of free space ε0. Using the potential V and the Debye length λD, the
charge density is expressed as [33, 34]:

rc
ε0

¼ �1
λ2
D

 !
V: (5)

Using Eqs. (1) and (5), the body force is calculated. In the Suzen model, it is assumed that the
gas particles are weakly ionized; thus, the potential V can be decoupled in a potential due to
the external electric field Ø and a potential due to the net charge density φ [33, 34]:

V ¼ ϕþ φ (6)

Two independent equations can be written as:

∇ εr � ∇ϕ
� � ¼ 0 (7)

∇ εr � ∇φð Þ ¼ �rc
ε0

: (8)

If we consider:

rc
ε0

¼ �1
λ2
D

 !
φ (9)

We can write Eq. (8) as:

∇ εr � ∇rcð Þ ¼ rc

λ2
D

(10)

Furthermore, the body force is calculated by

f
!¼ rc� E

!¼ rc �∇φð Þ (11)

The permittivity between the dielectric and air was considered as the harmonic mean between
dielectric permittivity taken as εrd = 4 and air permittivity εrair = 1; thus, the electric field was
conserved [33]. Neumann boundary conditions were used for Eq. (7) as outer boundary
conditions:
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∂φ
∂n

¼ 0 (12)

Dirichlet boundary conditions were used for Eq. (10) as the outer boundary conditions:

rc ¼ 0: (13)

In the numerical simulation code, in the dielectric, the values of u and vwere 0. Using Eq. (10),
the charge distribution over the encapsulated electrode was calculated considering the covered
electrodes as the source charge. A value of rc = 0.00751 C/m3 was used for the source charge.
The same values as Suzen [34] were used for the Debye length with λD = 0.00017 m for air and
λD = ∞ for the dielectric. Good agreement with experimental data was obtained for these
values. After solving Eq. (11), the value of the body force was inserted in the Navier-Stokes
equations:

∂u
∂t

þ u
∂u
∂x

þ v
∂u
∂y
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∂2u
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þ Fx (14)
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� �
(16)

where u and v represent the components of the flow velocity on the x-axis and y-axis, r is the
fluid density, p is the pressure, and υ is the kinematic viscosity. The dynamic viscosity μ is
written as:

μ ¼ ϱ υ (17)

We have used for the air density, r = 1.177 kg/m3 and for the kinematic viscosity,
υ = 1.57 � 10�5 m2/s; thus, the calculated dynamic viscosity μ = 1.8 � 10�5 kg/ms. The
computational geometry is shown in Figure 13. The dimensions of the grid were 14 � 14 mm
with 561 � 561 grid points. For solving Eqs. (7) and (10), the convergence parameter was 10�8.
A projection method in primitive variables on a collocated mesh was used for solving the
Navier-Stokes equations.

Figure 13. Computational geometry. Upper electrodes HV1 and HV4 were energized and the encapsulated electrodes
were grounded.
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The microplasma actuator shown in the experimental part had 20 strip-like exposed electrodes.
These conditions while keeping a high mesh density necessary for accurate results will also
increase the simulation time; thus, we chose for the numerical simulation, 12 exposed elec-
trodes and 6 covered electrodes as shown in Figure 13. The energized electrodes were labeled
HV1 (3 electrodes) and HV4 (3 electrodes). In the experimental part, the electrodes were
energized at an AC waveform having an amplitude of 1.4 kV and a frequency of 20 kHz. The
signal was modulated at 4 kHz with duty ratios of 20, 30, 70, and 80%. Considering that the
effective value of 1.4 kV peak is 1 kV, we chose for computational reasons for the simulation
that the applied voltage is a positive pulse signal with a peak value of 1 kV. Duty ratios for the
positive pulse were 20, 30, 70, and 80% as shown in Figure 14.

Eqs. (7), (10), and (11) were solved to obtain the potential of the external electric field Ø, the
potential of the net charge density φ, and the body force. These were calculated before solving
the Navier-Stokes, as shown in Figure 15. Near the active electrodes HV1 and HV4, high
values of the body force were calculated. For developing the numerical simulation code, the
Julia programming language was used [54]. The same duty ratios were used as in the experi-
mental part: first case when electrodes HV1 were energized at 20% duty ratio and HV4
electrodes were energized at 80%; thus, the actuator duty ratio D = 20%, and second case
where HV1 electrodes were energized at 70% duty ratio and HV4 electrodes were energized

Figure 14. Simulation voltage waveforms. Positive pulse with duty ratio of 70, 30, 80, and 20%.
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at 30%; thus, actuator duty ratio D = 70%. The results for D = 20% are shown in Figure 16.
Vortexes appeared in the initial stages of the phenomena up to 5 ms. As was observed also in
the experimental results, the vortexes appeared above the covered electrodes and had a
counter-clockwise direction near the HV1 electrodes and clockwise direction near the HV4
electrodes. With the lapse of time at t = 10 ms, the vortexes moved up; thus, at 15 ms, it can be
observed that the vortexes start to join together and create a flow directed diagonal to the left.
At 50 ms, the flow is in a steady state with an extended diagonal flow toward the left as

Figure 15. Calculated electric potential, charge density, and body force: Electrodes HV1 and HV4 = 1000 V; covered
electrode = 0 V. Higher values of body force were obtained near the active exposed electrodes (shown in HV1 and HV4
enlarged).
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observed in the experimental results. The maximum calculated value of the flow of 0.83 m/s
was near the active electrodes and the value of the flow in the diagonal direction was 0.45 m/s.
The PTV measured value of the diagonal flow was 0.43 m/s, which is in agreement with
numerical simulations. The duty ratio of the actuator after 50 ms was D = 70%.

In Figure 17 are shown the simulation results for D = 70%. The electrodes HV1 are energized
for a longer time compared with HV4 electrodes; thus, the flow near the HV1 electrodes is
faster. The direction of the diagonal flow obtained up to 50 ms is changing gradually, from
leftward to rightward as measured by the PTV method. Vortexes are observed near the HV1
electrodes up to 55 ms. A complete tilt toward the right part is observed at 80 ms. At 120 ms, it
can be considered that a steady state was achieved.

Figure 16. Flow: Flow for duty ratio D = 20%: Initial vortexes appeared (2 ms); vortexes increase in size (10 ms); leftward
flow steady state (50 ms).
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The PTV measured value of the diagonal flow was 0.43 m/s, which is in agreement with
numerical simulations. The duty ratio of the actuator after 50 ms was D = 70%.

In Figure 17 are shown the simulation results for D = 70%. The electrodes HV1 are energized
for a longer time compared with HV4 electrodes; thus, the flow near the HV1 electrodes is
faster. The direction of the diagonal flow obtained up to 50 ms is changing gradually, from
leftward to rightward as measured by the PTV method. Vortexes are observed near the HV1
electrodes up to 55 ms. A complete tilt toward the right part is observed at 80 ms. At 120 ms, it
can be considered that a steady state was achieved.
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flow steady state (50 ms).
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The maximum values of the flow of 0.82 m/s were calculated near the HV1 electrodes. For the
diagonal flow, the value was 0.43 m/s. The value obtained by PTV method was 0.42 m/s for the
diagonal flow. In the case of experimental results, due to the microplasma light emission near
the active electrodes, the flow could not be measured properly; thus, the simulation gave us
valuable insight into the microplasma actuator phenomena. The leftward diagonal flow
obtained at D = 20% has a smaller angle with the horizontal axis compared with the rightward
diagonal flow at D = 70%.

Figure 17. Flow for duty ratio D = 70%: After 50 ms, the leftward diagonal flow is changing gradually to rightward
diagonal flow.

Actuators18

3. Conclusions

A microplasma actuator is a device with no moving parts that has advantages over conven-
tional actuators. It can be energized at voltages of about 1 kV, and thus requires a smaller size
power supply and less electrical insulation compared with macro-plasma actuators. Moreover,
due to the use of pulse voltage to energize the actuator, the energy consumption is low.

The use of a microplasma actuator for flow control showed the capability of the actuator to
induce flow and also to change the direction of the flow. By using devices with field-effect
transistor (FET) switches to energize the actuator, the flow direction was changed from diago-
nal leftward to diagonal rightward when the duty ratio of applied voltage was changed. This
could be useful if the actuator were to be attached to small drones. The characteristics of the
flow were investigated both experimentally and using numerical simulations. A numerical
simulation code was developed based on the Suzen-Huang model, which calculates the body
force from the potential of the external electric field and the potential of the charge density of
the plasma, and implements the body force in Navier-Stokes equations. The experimental
results confirmed the validity of the developed code.

Acknowledgements

The authors would like to thank Professor Hitoki Yoneda from the University of Electro-
Communications, Tokyo, Professor Damon Chandler, Mr. Yoshinori Mizuno, Mr. Akihiko Ito
and Mr. Daisuke Nonaka from Shizuoka University, Hamamatsu, for the fruitful discussions.

Author details

Kazuo Shimizu* and Marius Blajan

*Address all correspondence to: shimizu@cjr.shizuoka.ac.jp

Shizuoka University, Hamamatsu, Japan

References

[1] Gadelhak M. Flow Control. Cambridge: Cambridge University Press; 2000

[2] Roth JR, Din X. Optimization of the aerodynamic plasma actuator as an electrohy-
drodynamic (EHD) electrical device. In: Proceedings of the 44th AIAAAerospace Sciences
Meeting Exhibit; January 9–12, 2006. DOI: 10.2514/6.2006-1203

Dielectric Barrier Discharge Microplasma Actuator for Flow Control
http://dx.doi.org/10.5772/intechopen.75802

19
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the active electrodes, the flow could not be measured properly; thus, the simulation gave us
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Abstract

This chapter presents the design, fabrication, numerical simulations and experimental
investigations of a polymeric microgripper designed using the cascaded V-shaped electro-
thermal actuators. The microgripper has a total length around 1 mm and a total thickness
of only 20 μm. The microgripper was simulated using electro-thermo-mechanical finite
element method (FEM) in order to check the performance of the gripper. As structural
material of the microgripper, the SU-8 biocompatible polymer was used during the fabri-
cation process. A fabrication process was implemented to realize the microgripper using a
symmetrically sandwich structure. The metallic micro-heaters were encapsulated in the
polymeric actuation structure of the microgrippers to reduce the undesirable out-of-plane
displacement of the gripper tips and the mechanical stress, to improve the thermal effi-
ciency, and for obtaining the electrical isolation of the structure. Experimental testing has
been performed to determine the openings and the temperatures of the microgripper tips
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cells, blood vessels and tissues, for applications in micro-assembly of Microelectromechanical
Systems (MEMS) and MOEMS components (lenses, fibers) and in micro-robotics.

Different actuators were investigated due to the significant role in the MEMS configuration.
The actuation methods include mainly the electrostatic, electromagnetic, piezoelectric and
electrothermal principles. Each actuation approaches have their proper disadvantages and
benefits in agreement with the designed purpose. The actuators are usually integrated with
MEMS for the necessary need of energy conversion, motion generation and force production
[1–3]. The V-shaped actuators are widely used for grippers, micro-valves, micro-pumps and
other devices. V-shaped electrothermal actuators have the advantages of generating a large
force (up to several 100 mN), the simple structure design, a lower dive voltage and a large
deformation. Que et al. [2] developed single and cascaded V-shaped electrothermal actuators
and present the experimental results. Shen and Chen [3] present an analytical model for
cascaded V-shaped actuators bringing a complete description of the mechanical performance.
Usually, materials such as silicon, polysilicon or aluminum are used as the structural material
of such actuators.

A variety of microgrippers have been studied using the SU-8 based electrothermal actuators
designed on different configurations such as, U-shape or V-shape. This is proving the interest
in the bio-micro-manipulation domain [1, 4–23]. SU-8 is a highly crosslinked epoxy-type
photo-patternable polymer which has been used extensively as the preferred polymer material
for fabrication of biocompatible structures. The SU-8 polymer has a relatively large coefficient
of thermal expansion (CTE) of 52 ppm, good mechanical strength with a modulus of elasticity
of around 4.02 GPa and good thermal stability with a glass transition temperature of 210�C
[15], which make it a good polymer material for fabrication of electrothermal actuators. The
polymer V-shaped actuators are preferred for the better performance in aqueous medium [4].

Different processing technologies were investigated and realized in order to fabricate reliable
microgripper with reduces out-of-plane displacement [17–22]. Usually two or three material
layers are utilized to compose a sandwich structure.

In this chapter, we report a complete work regarding the design, numerical simulation results,
fabrication process and the experimental investigations of an SU-8 polymeric microgripper. The
design is based on the cascaded V-shaped electrothermal actuators. The SU-8 microgripper can
be used for micro-robotics and bio-manipulation and assembly applications. The microgripper
was numerically investigated using the coupled electro-thermo-mechanical simulations based on
finite element method (FEM) and using the Coventorware 2014 software in order to confirm the
performance of the microgripper. To fabricate the microgripper, a sandwich structure actuator
with three layers was used. Two kings of fabrication processes were presented in order to
improve the structure functionality. As structural material of the microgripper, the SU-8 biocom-
patible polymer was used during the fabrication process. The metallic micro-heaters were encap-
sulated in the polymeric actuation structures of the microgrippers to reduce the undesirable out-
of-plane displacement of the gripper tips, the mechanical stress and to improve the thermal
efficiency and the electrical isolation of the structure. Experimental testing and characterizations
have been performed to determine the openings and the temperatures of the microgripper tips as
function of electrical current. A comparison between the simulation results and the measure-
ments were also presented.

Actuators26

2. Design

The SU-8 microgripper was designed in a previous work using the principle of the cascaded V-
shaped electrothermal actuators [22]. The gripper was designed with two initial opening of
50 μm and 100 μm, respectively (Figure 1). When the gripper structure is electro-thermally
actuated the arms and the jaws will close and will be able to handgrip a micro-object. The total
length of the gripper arms used to grasp an object is of 920 μm. The arms were designed with a
width of 20 μm [22]. A metallic micro-heater is implanted between two SU-8 layers. The heater
lines have a width of 10 μm and were designed first, to be fabricated using Cr/Au/Cr materials
and second, to be fabricated using only the gold. Usually, a chromium thin layer or other
adhesion layers are used to improve the connection between the gold metal and the polymer.
On the other hand, it was reported that the deposition of the SU-8 polymer over the gold metal
do not need an adhesion layer [23].

The optimized design consists of symmetrically disposed of three material layers. Ametallic layer
for the heater is implanted between two SU-8 based structure layers having the same thickness, as
described previously [18–22]. The thicknesses of the Cr/Au/Cr films were 10 nm/300 nm/10 nm.
The thickness of the gold layer is 100–300 nm. For each SU-8 layer we obtained a thickness of
9 μm. The details of the fabrication process where using the Cr/Au/Cr films have been reported
also previously in [21] and when using only gold in [24] but for other gripper designs.

The proposed microgripper in this work was designed symmetrically with encapsulated
metallic micro-heaters in the structural material of the grippers, the SU-8 polymer, in order to
reduce the undesirable out-of-plane displacement of the gripper, to obtain the electrical isola-
tion of the heaters and to reduce the mechanical stress that can occur in the structure [22].

3. Finite element simulation

In order to check the performance of the microgripper, finite element simulations were
performed. The microgripper with the initial opening of 50 μm was numerically investigated.

Figure 1. Schematic design of the SU-8 microgripper [22].
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Coupled electro-thermo-mechanical simulations were completed using the MemMech simula-
tor from the Coventorware 2014 software tool. A simplified 3D microgripper model (Figure 2)
was meshed using hexahedral elements (Extruded bricks). The number of volume elements
was optimized choosing the proper size of the mesh elements using the Split and Merge
algorithm. The thicknesses of the SU-8 layers and the gold layer are 18 μm and 300 nm,
respectively.

The materials properties and the surface boundary conditions were set for the simulations
(Table 1). The initial temperature of the whole structure and the temperature of the environ-
ment were considered to be T0 = 27�C, with respect to the Coventorware settings requirements
for such kind of analyses. The radiation losses from the device are negligible in comparison
with the heat loss by convection to the surrounding media [4], since the maximum tempera-
ture reached in the microgripper, in order to operate, is lower than 800�C. The air convection
coefficient was set to 250 W/m2 K [4].

The Young’s modulus of the SU-8 was measured with the nanoindentation technique and was
set in simulations for a value of 4.6 GPa (Figure 3). The indentation tests have been carried out
using A G200 Nano Indenter from Agilent Technologies (Keysight Technologies).

The thermal coefficient of expansion was fixed at 52 (ppm/oC) and the thermal conductivity at 2
X 105 pW/μmK. For the gold layer we used a Young’s modulus of 77 GPa reported for thin films.

The TCR, temperature coefficient of resistance, was measured for the Cr/Au/Cr thin films and
obtained the value 0.001569/�C. This value is significantly smaller than the value of 0.0034–
0.0037/�C used for the bulk gold material. For the thin gold film the TCR was measured at
0.00314/�C.

Figure 2. The simplified 3D model of the microgripper with encapsulated heaters in SU-8 polymer: The layers sandwich
structure used in FEM simulations (Coventorware 2014) [22].

Actuators28

Electrical conductivity of the gold layer was set as function of the temperature using the
Eqs. (1) and (2):

r Tð Þ ¼ r0 1þ ε T� T0ð Þ½ � (1)

σ Tð Þ ¼ 1=r Tð Þ (2)

where r(T) is the resistivity as function of the temperature, r0 is the resistivity at T0, ε is the
TCR of the gold and σ is the electrical conductivity.

The simulation results regarding the temperatures distribution reached in the microgripper
when it is actuated were visually compared with the thermal measurements realized using an
IR camera SC5000 from FLIR system (Figure 4). The thermal measurements show that the
distribution of the temperatures in the microgripper has a similar map with the simulation
results. The temperature values at the tips remains near initial temperature of the environment.

Property SU-8 Au

Young’s Modulus (E) [GPa] 4.6 77

Poisson ratio (ν) 0.22 0.35

TCE Coeff. of Thermal Expansion (α) [1/K] 52 � 10�6 14.1 � 10�6 (300 K)

Thermal Conductivity (λ) [pW/(μm�K)] 0.2 � 106 297 � 106

Softening point [�C] 210

SpecificHeat(pJ/kgK) 1.2 � 1015 12.87 � 1015

TCR [/�C] — 0.001569

Electric Cond. [pS/μm] Conf. Eq. (1) and (2)

Table 1. The materials properties used in simulations.

Figure 3. Young’s modulus vs displacement into surface of SU-8 layer.
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The simulated in-plane and the out-of-plane deflections of the microgripper tips were presented
in order to evaluate the opening and the displacements of the gripper arms (Figure 5). The
simulation results demonstrate that the tips deflect no more than 0.12 μm in the out-of-plane
direction (Figure 5(b)).

The simulation results show that the gripper can work up to a temperature of 165�C for a
complete closing tips. The gripper can continue to work up to 205�C in order to obtain a higher
displacement or a higher pressure on the griped micro-object. The results indicate that the
polymeric micromanipulators can work at low operation temperatures of the tips and with high
in plane displacement. A displacement of 25 μm for each microgripper polymeric arm was
obtained at a temperature value of 165�C and for a current value of 25 mA. At the tips the
temperatures remain of 30–35�C close to the settings performed for the initial temperature of the
media. The capable manipulating size range of the simulated microgripper is from 1 to 50 μm. If

Figure 4. Simulations and thermal measurements results: (a) FEM coupled electro-thermo-mechanical simulations results
of the temperatures distribution in the microgripper at 22 mA (Coventorware 2014 simulation) [22]; (b) the radiation
distribution in the microgripper (IR thermography measurements).

Figure 5. FEM coupled electro-thermo-mechanical simulations results: (a) the in-plane deflections at 22 mA [22]; (b) the
out-of-plane displacements of the tips vs. electrical current (Coventorware 2014 simulation).
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we consider the microgripper with 100 μm the initial opening then the manipulating size is from
50 to 90 μm. A temperature change with only 5�C is observed at the microgripper tips.

4. Fabrication and characterization

The fabrication of the microgrippers is based on a three mask process. The OmniCoat stripper
(MicroChem) is used in order to completely release the final structures [21–24].

4.1. First fabrication process

A silicon wafer of any orientation was used after a typical chemical cleaning. A thin layer of
40 nm thickness of Omnicoat was deposited on the silicon wafer by spin-coating and baked at
200�C on a hotplate for 1 minute. Then the SU-8 2015 (MicroChem) polymer was deposited on
the wafer using a spinner at 4000 rpm in order to obtain a thickness of 9 μm. The wafer was
soft-baked at 65�C and at 95�C for 1 minute and 3 minutes, respectively. The SU-8 layer was
then patterned using the first mask in order to obtain the microgripper configuration. After the
exposure, the wafer was post-baked at 65�C and at 95�C for 1 minute and 2 minutes, respec-
tively and then developed using mr-Dev 600 developer. The polymer structure was hard-
baked at 185�C for 15 minutes in order to complete cross-linking of the SU-8 polymer. The
metal layer consists of a sandwich of Cr/Au/Cr films of 10 nm/300 nm/10 nm thicknesses. The
metals were evaporated and the heater and pads were obtained using a lift-off process based
on AZ4562 photoresist. The second SU-8 2015 layer was obtained using the same settings as for
the first layer. In this step the access to the metallic pads was created using the third mask
for SU-8. The final thermal process of the polymer in this step was the hard-baking at 195�C for
30 minutes for cross-linking of the SU-8 polymer. To release the microgripper structures the
Omnicoat layer was developed (Figure 6). The SU-8 and the metallic layers are well patterned
(Figure 7). Figure 8 (a) shows an optical picture of the fabricated microgripper before releasing.

4.2. Second fabrication process

A thin layer of Omnicoat was deposited on a silicon wafer by spin-coating as in the first
fabrication process. The SU-8 polymer was deposited on the wafer using a spinner in order to

Figure 6. Schematic cross section of the actuator arm after fabrication and release.
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obtain a thickness of ~10 μm. The wafer was soft-baked in the same conditions and the SU-8
layer was then exposed using the first mask. After the exposure, the wafer was post-baked and
then developed. The polymer structure was hard-baked in order to complete cross-linking of
the SU-8 polymer. The heaters and the pads were obtained using a lift-off process based on
AZ4562 photoresist. An O2 plasma treatment was performed for a couple of seconds in order
to clean and increase the adhesion of the substrate [24]. Then, a metal layer of a gold thin film
with 300 nm thickness was evaporated on the wafer. The second SU-8 layer was obtained using
the same conditions as for the first layer. In this step the access to the metallic pads was created
using the third mask for SU-8. The final thermal process of the polymer in this step was the
hard-baking at 195�C for 30 minutes for cross-linking of the SU-8 polymer. To release the
microgripper structures the Omnicoat layer was developed. Figure 8 (b) shows an optical
picture of the released fabricated microgripper. A released chip with 4 structures is presented
in Figure 8 (c).

5. Experimental testing

In order to validate the model, the experiments were performed in air. For the tests we used the
microgrippers with 50 μm the initial opening. Each structure was fixed manually on a silicon
substrate (Figure 9) and the electrical contacts were placed directly on the metallic pads.

The dimensions of the microheaters were measured using a miscroscope. The TCR (tempera-
ture coefficient of resistance) measurements were carried out using a small chamber where the
microgripper were fixed one a hotplate [21, 25]. A thermocouple based temperature sensor
was used. Then, the heater resistance was measured at different temperatures. Based on the
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values of the line equation parameters which fit the resistance graphs, the TCR was deter-
mined for each microgripper. For the Cr/Au/Cr thin films microgrippers the measured TCR is
0.001569/�C. For the thin gold film microgripper the TCR was found to be 0.00314/�C using the
same microgripper configuration. We notice that for the gold microgripper the measured TCR
value is very close to the bulk gold values which are between 0.0034 and 0.0037/�C, while for
the Cr/Au/Cr thin films microgrippers the measured TCR is half of the bulk value.

These measured TCR values were used to determine the heater temperatures when the
microgripper is actuated.

The in-plane deflection change with drive current was observed with an optical microscope
and a camera with the associated viewing software. For each actuation step, the displacements
of the gripper tips were measured using the optical images. Figure 10 shows the first and the
last stage of the opening-closing tips of the microgripper, while the Figure 11 proves a good

Figure 8. Optical microscope picture of the fabricated electrothermal SU-8 microgripper: (a) the microgripper with Cr/au/
Cr films [22]; (b) the fabricated microgripper using the gold film for the heater; (c) a released chip with 4 structures with
au film used for the heater.
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agreement between the simulation results and the measured openings and the temperatures of
the microgripper arms. The out-of-plane displacement was not observed in the experiments
while the simulation results provided an out-of-plane displacement less than 100 nm. Currents
larger than 27–28 mA make the SU-8 softer and the device will be damaged due to the
increased temperature over 210�C.

Figure 9. The fixed structures on a silicon substrate for experiments tests.

Figure 10. Optical images of the actuated microgrippers with the tips in the open and close stage: (a) the initial stage of
the microgripper tips with Cr/au/Cr films used for the heater and with the initial opening of 50 μm [22]; (b) closing tips
stage at 24 mA for the microgripper with Cr/au/Cr films used for the heater [22]; (c) the initial stage of the microgripper
tips with au film used for the heater and with the initial opening of 50 μm; (b) closing tips stage at 24 mA for the
microgripper with au film used for the heater;
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In order to demonstrate the microgripper capability, different micro-elements were used in
order to pick and place and manipulate them with the gripper arms of a similar SU-8 fabri-
cated microgripper (Figure 12).

Figure 11. Experimental and simulation results: (a) measurements and simulation results of the jaw displacement versus
electrical current; (b) measurements and simulation results of the maximal values of the temperatures in the microgripper
versus electrical current; (c) optical image of the damaged SU-8 microgripper at 28 mA [22].

Figure 12. Optical images of an SU-8 microgripper manipulating a polymeric micro-object: (a) gripping the object; (b)
placing the object in the final position.
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6. Conclusions

In this paper, a complete work regarding an SU-8 electro thermally actuated microgripper
based one a cascaded V-shaped configuration was presented. The gripper were designed,
fabricated and investigated experimentally and numerically. Two kind of fabrication were
presented, using only a gold thin layer for the heater avoiding the deposition of an adhesion
metal, like chromium and using Cr/Au/Cr films for the heaters. The optimized design consists
of three material layers symmetrically disposed. The metallic layer for the heater is implanted
between two SU-8 based structure layers with the same thickness. From numerical simulation,
the out-of-plane displacement of the tips was found to be always lower than 100 nm during the
operation process.

Therefore, the fabrication processes can be used in the fabrication of different SU-8 based
MEMS devices actuated electrothermally with the in-plane deflection.

The results show that the microgripper can work in air in his maximal stage for an electrical
current up to 25–26 mA and a temperature up to 165�C. A 50 μm jaw gap can be obtained for
24–25 mA. The temperature of the microgripper SU-8 tip remains below 35�C. Our experimen-
tal and the simulation results demonstrate that our microgripper fulfills the design require-
ments having a thickness of less than 20 μm and the out-of-plane displacement almost
eliminated.

A comparison between the simulations results and the measurements was presented regarding
the displacements/opening of the arms and the maximal temperatures reached in the structure.
The simulation results are in good agreement with the measurements.

Over 26–28 mA the device is damaged due to the SU-8 transformations over the glass transi-
tion temperature reached in the structure.
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Abstract

Ionic-polymer based actuators have the advantages of low voltage and power require-
ments, being easily processable, flexibility, soft action and bio-mimetic activation, which 
are of considerable interests for applications in biomedical micro-devices and soft robot-
ics. In this chapter, we firstly review the development of ionic polymer actuator and 
reveal the universal architecture and mechanism of ionic polymer actuators. We then 
introduce two kinds of typical polymer actuators: ionic polymer-metal composites 
(IPMC) and bucky gel actuator (BGA), including their basic principle, fabrication process 
and typical applications. The aim of this chapter is to give some perspectives on IPMC 
and BGA and provide a way and case in using this actuator for real applications.

Keywords: electroactive polymer, ionic polymer, actuator, carbon nanotube, ionic liquid

1. Introduction

Recently, as one typical electroactive polymers (EAP), ionic polymer actuators have gradually 
grown into an important smart material, which is mainly composed of the interlayer for mass 
transfer and conductive layers on both sides similar to the sandwich structure. When applied 
an electric field, local stress occurs due to the migration of ions bonded solvent molecules 
toward the electrode layers, which causes one side to swell and another side to shrink, result-
ing in bending deformation as shown in Figure 1. Due to large bending deformation by low 
driven voltage, much attention has been focused on ionic polymer actuators [1–3].

The origin of ionic polymer actuators can be traced back to the 1990s of last century. Adolf 
et al. [4] and Oguro et al. [5] introduced the initial prototype patent of ionic polymer actuators 
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in early stage. They both claimed that an actuator comprises an ion exchange membrane and a 
pair of electrodes attached to opposite surfaces of the ionic polymer, which refers to the cation 
or anion exchange membrane. Adolf et al. even named the actuator electrically controlled poly-
meric gel actuators, which maybe is the first normal name of ionic polymer actuator. After that, 
many researchers were attributed themselves to explore the essential properties of this actua-
tor. They give different names to this special actuator based on different understandings, such 
as ionic polymeric gel actuator [6], electrically controllable artificial muscle [7], ion-exchange 
membrane metal composites [8], Nafion-Pt composite actuators (ICPF) [9] and ionic polymer-
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performance of the actuator. Generally, perfluorinated polymers, such as Nafion (sulfonated) 
or Flemion (carboxylated), are employed as ionomer layer. The actuation ability of the ionic 
polymer actuator seriously is dependent on fixed anions, mobile cations and nanochannels 
inside Nafion or Flemion. Based on this property, a lot of novel hydrocarbon ion-exchangeable 
membranes are introduced to replace the ionomer layer [2]. These membranes include com-
mercial products, blending and synthetics, some of which overcome the back-reversal problem 
and show much larger bending deformation compared to the Nafion- or Flemion-IPMC, such 
as poly(styrene-alt-maleimide) (PSMI)-incorporated poly(vinylidene fluoride) (PVDF) and 
chitosan/polyaniline interpenetrating polymer network. Likewise, the electrode layer plays an 
important role in IPMC actuation. It is considered to be easier to modify the electrode layer 
to optimize the IPMC property than the ionomer layer. Of all metals, gold and platinum with 
excellent conductivity and chemical stability are the most widely used electrode materials. 
Because of high cost, inexpensive electrode materials are still in need to replace gold and plati-
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With the development of new conductive materials, non-metallic materials, such as poly-
aniline (PANI), carbon nanotube (CNT) and grapheme etc., are also introduced as electrode 
materials of the actuator. On this basis, Fukushima et al. [20] proposed a novel kind of fully 
plastic actuator fabricated by layer-by-layer casting with ionic liquid based bucky gel, which 
also named bucky-gel actuator (BGA). The bucky-gel actuators composed of the conductive 
layers of the CNT blending ionic liquid and PVdF(HFP) and the interlayer made of the ionic 
liquid and PVdF(HFP). In contrast with IPMC, the fabrication process includes neither depo-
sition of metallic layers nor actuating ion exchange. And the bucky-gel actuator can operates 
stably and quickly in air without back-reversal deformation under DC voltage.

In this chapter, we try to give an overview of two kinds of typical polymer actuators: ionic 
polymer- metal composites (IPMC) and bucky gel actuator (BGA), including their basic prin-
ciple, fabrication process and typical applications. We put some results of previous works into 
more general perspective as well and provide insights of how these results have to be consid-
ered for the implementation of future applications. The study and development of polymer 
actuators are unfolding. This is no doubt that ionic actuators will show great potentials as 
alternatives for use in the application of precision micro-actuating technology in the future.

2. Principle

As we all know that charged particles will have a directional migration effect when put in the 
electric field. Generally, parallel plate capacitors would create a uniform electric field between 
the plates. Special dielectric is added into capacitor, which has unique property with solid–
liquid two-phase microstructure. Charged particles (such as cations) do not exist alone in 
solution environment, and they tend to bind to a certain amount of solvent molecules forming 
solvated cations. Charged particles together with solvent molecules travel through the liquid-
phase microstructure of dielectric from one side to another side when voltage is applied to the 
plates. This will result in mass plentiful on one side and exhausted on the other side. At this 
point, mechanical local strain will occur on both sides. These constitute the basic principle of 
ion polymer actuators.

2.1. Composition

As mentioned in Section 1, normally, an IPMC consists of an ionomer membrane plated on both 
sides with metal electrodes and neutralized with the necessary amount of mobile ions and fixed 
counterions. Metal electrodes form the outermost layers, followed by the intermediate layer. 
The intermediate layer comprises of metal particles dispersed inside the polymer matrix, which 
contains the ionomer, the counter ions and solvent molecules inside the membrane as shown 
in Figure 2. Nafion by DuPont or Flemion by Asahi Glass are most used as ionomer. The dif-
ferences between them are in the functional groups (sulfonate and carboxylate groups respec-
tive) and ion-exchange capacities. The chemical structure of Nafion and Flemion are shown in 
Figure 2(a). The commonly used cations inside the membrane include the alkali metal cations, 
such as Li, Na, K, Rb and Cs while the solvent mainly refer to water and ionic liquid [21, 22]. For 
electrode layer, due to their corrosion resistance and high conductivity, platinum and gold are 
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commonly used [1, 23]. In our lab, we developed palladium typed IPMC because of its relative 
low price and optimized its preparation process [17, 24].

Bucky gel actuators (BGAs) are composed by carbon nanotubes (CNTs), ionic liquid (IL), and 
base polymer (BP). Single-walled CNT (SWCNT) is one of good nanocarbons as conductive 
electrode material. Not only imidazolium-type ILs but also ammonium-type ILs can be used 
as electrolyte source. Polyvinylidene fluoride-co-hexafluoropropylene (PVDF-HFP) is used as 
a BP. BGAs have a three-layered structure as shown in Figure 3, that is, one electrolyte layer 
is laminated by two electrode layers. A gel like self-standing electrolyte film is made with IL 
and BP. Generally, the electrode films are made from CNTs, IL, and BP. Some additives such 
as conductive or non-conductive nanoparticles can be added in the electrode layers in order 
to tune the electrochemical and mechanical properties of electrode [25, 26].

In contrast to IPMC and BGA, we can see that they both have very similar structures, with the 
exception of the ingredient of the electrode layer and interlayer, separately. This, of course, 
will finally result in the difference in preparation process and electromechanical performance.

2.2. Bending mechanism

The working mechanism of IPMC can be explained through electromechanical transduc-
tion. When applying an electric field, the cations inside the base membrane move toward 

Figure 2. Pd typed IPMC: (a) electrode interfacial morphology; (b) microstructure of Nafion; (c) schematic diagram of 
composition.
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the cathode with water molecules. The asymmetric distributions of the concentration of 
cations and water cause the IPMCs to swell near the cathode and generates extensional 
stress in the polymer, which causes the IPMC to swell near the cathode and shrink beside 
the anode. Finally, a bending motion is generated toward the anode [11]. Likewise, when 
an external stimuli was applied to the IPMC, the distributions of ions and water molecules 
inside IPMCs changes. Potential difference appears on both sides of the IPMC, which could 
be viewed as sensing signal. The properties of sensing and actuating of IPMC depend on 
the types of cation and solvent, surface resistant, interface morphology and temperature 
and humidity, etc.

In general, the current is generated by ion transport in BGAs and the three-layered BGAs 
show a bending motion to the anode side when voltages are applied. The electric charge 
is stored capacitively in BGAs during applying voltages [25]. This implies that our BGA is 
a capacitor. Baughman et al. reported SWCNT sheets (bucky papers) show the expansion 
and contraction (actuation) in aqueous electrolyte solution against a counter electrode [27]. 
They proposed the actuation mechanism in which C-C bond distance in SWCNT changes 
by charge injection originated from quantum and double-layer electrostatic effects. On the 
other hands, we consider the actuation mechanism of BGAs is due to C-C bond distance 
changing in CNTs [27, 28], volume change of the electrodes by sorption/desorption of ions 
[29], and electrostatic effect in the electrical double-layer [30]. Kiyohara and Asaka theoreti-
cally investigated the actuation mechanism of BGAs by a method of Monte Carlo simulation 
[31, 32]. We also studied the actuation mechanism of BGAs by a combination of symmetrical 
analysis, elasticity theory, and experimental results in the bulk scale [33]. As a result, it was 
found that the cathode expands and the anode contracts resulting in the bending motion of 
BGAs to the anode side.

Figure 3. Components of electrode film and electrolyte film of bucky gel actuator (BGA) (a) Schematic representation 
of three-layered BGA (b) and the bending motion to the anode side (c) Chemical structure of imidazolium-type IL 
(EMIBF4) and base polymer (PVDF-HFP) (d).
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3. Fabrication methods

3.1. IPMC

The current IPMC preparation technique involves two distinct steps: initial pretreatment, 
impregnation–reduction (IR) and chemical deposition. In our lab, we improve the technique 
by combining impregnation electroplating (IEP) [19]. The detailed process is as follows:

1) Nafion 117 was used as the interlayer roughened by sandblasting process. The diameter size 
of powders 200# is 0.0750 mm and the sandblasting time is 30 s. 2) Immerse the pre-treated 
Nafion in a 160 mL ammonia solution of [Pd (NH3)4]Cl2 with 140 mg Pd and 20 mL ammonia 
of 25% for 2 h with low-speed stirring. Then soak the pre-exchanged Nafion with the Pd com-
plex cations in an alkaline solution of NaBH4 (2–5%, PH > 13) under an ultrasonic environment 
at a continuous raising temperature (i.e. from 30 to 50°C). Repeat the first two steps for 3 times. 
3) The pretreated Nafion membrane was soaked in Pd complex solution again for over 2 h and 
then placed in the apparatus to electroplate for over 30 s for both sides. Repeat the third step 
for 3 times. Immerse the IPMC in an aqueous solution of NaOH (0.1–0.5 mol/L) for 2 h.

3.2. BGA

A typical preparation method to fabricate BGAs is described below. The electrode film was 
obtained from SWCNT (HiPco–SWCNT, purified grade), PVDF-HFP (Kynar FlexⓇ2801), 
and 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIBF4) as an ionic liquid. 20 wt% 
of SWCNT, 32 wt% of PVDF-HFP, and 48 wt% of EMIBF4 were dissolved into 9 mL of N, 
N-dimethylacetamide (DMAC) and stirred for more than 1 day at room temperature, then 
sonicated for 24 hours in an ultrasonic bath. A gelatinous black solution was obtained after 
sonication. Obtained gelatinous solution was cast into a Teflon mold (25 × 25 mm2) and dried 
on a hotplate at 50°C for 12 hours and dried DMAC furthermore at 80°C in vacuo for 3 days. 
As a result, a black self-standing electrode film was obtained. The electrolyte film was obtained 
from similar procedure. 50 wt% of PVDF-HFP and 50 wt% of EMIBF4 were mixed into the 
solvent mixture of 4-methyl-2-pentanone and propylene carbonate anhydrous and cast into 
the mold. The solvents were dried on a hot-plate then an opaque self-standing gel electrolyte 
was obtained. One electrolyte film was sandwiched by two electrode films with a hot-pressing 
technique to obtain the three-layered BGA. Super-growth SWCNT is also good nanocarbon for 
the electrode of BGAs [34]. The more detail fabrication process is described elsewhere [25, 26].

4. Electromechanical responses

To evaluate the effect of parameters, the responses of IPMC, mainly including current and 
deformation, are measured in fully hydrated state. The performances of strip sample were 
tested for comparison. Figure 4 shows the testing schematic. The strip sample with 40 mm 
in length and 5 mm in width is clamped by two copper disks. The displacement at the point 
25 mm away from the fixed point is measured by a laser displacement sensor (Keyence, 
LK-G80). The applied voltage and current are simultaneously measured. The tip displacement 
w of samples can be calculated from the measured displacement δ by the following Eq. (1).
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  w = 2R  sin   2  (  l ___ 2R  ) ,  (1)

where l is the length of the free part of IPMC strip. The radius of curvature R is evaluated from 
the measured displacement by the following Eq. (2).

    1 __ R   = 2δ /  ( d   2  +  δ   2 )   (2)

where d is the distance between the measuring point and the fixed point.

The currents and deformations under DC voltage were measured more than 20 s. The volt-
age range was set from 0.5 to 1.7 V with an interval of 0.3 V. For the electrochemical system 
composed of water, palladium, Nafion, and Na + cations, the electrolytic voltage of water is 
1.75 V even higher [35]. So the voltages higher than 1.7 V were not employed in order to avoid 
the electrolysis process of water. To facilitate the analysis, the averages and errors of the peak 
currents and maximum deformations of the samples, testing three times for each sample, 
were extracted and recorded as shown in Figure 5. It can be observed that the peak currents 
increase with the applied voltage increasing (Figure 5(a)). Under the voltage of 2 V, the cur-
rent response fluctuates in some degree due to the electrolysis of water. From Figure 5(b), the 
maximum displacements of sample exhibit significant differences. With the applied voltages 
in an increase, the maximum displacements are increased.

To further investigate the relationship between the electrode morphologies, physical and elec-
trical parameters and the electromechanical responses, an electrical component is introduced 
to explain the deformation behavior of IPMC as shown in Figure 6.

Figure 4. Schematic of the bending deformation.
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The interlayer of IPMC can be viewed as an ion conductive material and modeled by a capaci-
tor and a resistor in parallel. The electrode can be modeled by two resistors. Then the peak 
current ipeak (total current) can be figured out by Eq. (3). The first item of the Eq. (3) describes 
the steady-state current from the resistance components, while the second item reflects the 
transient current from the capacitive element. Eq. (4) shows the qualitative relations between 
deformation, peak current and bending stiffness based on experimental test.

   i  peak   =   U ______  R  Pd   +  R  m     +   
ε  S  1   ____ 4kd   ∙   dU ___ dt  ,  (3)

  D~  
 i  peak   ______  K  stiffness  

  ,  (4)

where U, RPd, SI, D and Kstiffness represent applied voltage, surface resistance, area of interface 
electrode, deformation and bending stiffness, respectively. Other parameters, such as Rm, ɛ, π, k 
and d, are considered to be constants.

It shows that the peak current depends on the electrode resistance, surface resistance, mem-
brane resistance and the area of interface electrode closely related to dielectric modulus under 

Figure 6. Equivalent circuit of IPMC.

Figure 5. (a). Peak current of IPMC strip under different voltage; (b) Maximum displacements of samples versus voltages.
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the condition of constant voltage. Eq. (3) and (4) can be employed to interpret the deforma-
tion behaviors of IPMC. From the perspective of the fabrication process, different fabrication 
process will exert an important effect on the surface resistances of the samples. Roughening 
increases the surface resistance while chemical plating can reduce it. Meanwhile, the decrease 
of surface resistance largely increases the bending stiffness. Although the bending stiffness 
does not contribute to peak current directly, it is also a key factor to affect the deformation of 
IPMC as shown in Eq. (3). So it is necessary to optimize the roughening process and chemical 
plating process. The impregnation-reduction process mainly forms a penetration electrode to 
increase the area of interface electrode. But it is difficult to further improve the interface due 
to the blocking effect of previous plated layer.

As we described before, the capacitive current is generated in BGAs during applying 
voltages. This means that the electrolyte (ionic liquid (IL)) plays a very important role for 
the actuation of BGAs. So, we studied the influence of ILs on the actuation mechanism 
of BGAs. We investigated the electrochemical and electromechanical properties of BGAs 
by using seven kinds of ILs [36]. The chemical structures of ILs are shown in Table 1. 
Some physicochemical properties, such as melting point (Tmp), viscosity (ƞ) at 25° C, and 
electric conductivity (κ) are also summarized in Table 1, especially for imidazolium-
type ILs [37]. We measured the displacement of bending by a laser displacement meter 
at different frequencies of applied voltages in order to investigate actuation properties 
of BGAs. The three-layered BGA sample (normally, the actuator sample has a size of 1 
(width) x 10 mm (length)) was clipped by two gold current collectors to apply voltages. 
Then, alternative voltages were applied to actuator sample. A Potentio/Galvanostat with 
a wave generator was used to apply voltages. The voltage, current, and displacement 
were simultaneously monitored by an oscilloscope. The detail experimental setup is 
described elsewhere [25, 38].

Table 1. Chemical structure and physicochemical property of IL [37].
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The interlayer of IPMC can be viewed as an ion conductive material and modeled by a capaci-
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deformation, peak current and bending stiffness based on experimental test.

   i  peak   =   U ______  R  Pd   +  R  m     +   
ε  S  1   ____ 4kd   ∙   dU ___ dt  ,  (3)

  D~  
 i  peak   ______  K  stiffness  

  ,  (4)

where U, RPd, SI, D and Kstiffness represent applied voltage, surface resistance, area of interface 
electrode, deformation and bending stiffness, respectively. Other parameters, such as Rm, ɛ, π, k 
and d, are considered to be constants.

It shows that the peak current depends on the electrode resistance, surface resistance, mem-
brane resistance and the area of interface electrode closely related to dielectric modulus under 

Figure 6. Equivalent circuit of IPMC.

Figure 5. (a). Peak current of IPMC strip under different voltage; (b) Maximum displacements of samples versus voltages.

Actuators46

the condition of constant voltage. Eq. (3) and (4) can be employed to interpret the deforma-
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plating process. The impregnation-reduction process mainly forms a penetration electrode to 
increase the area of interface electrode. But it is difficult to further improve the interface due 
to the blocking effect of previous plated layer.
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described elsewhere [25, 38].

Table 1. Chemical structure and physicochemical property of IL [37].
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The observed displacement (δ) was converted to the strain difference (ε) between the two 
electrodes of BGAs in order to normalize the size differences of BGAs by using the following 
equation on the assumption that there is no distortion of the cross-sections in the actuator 
during bending.

  ε = 2D𝛿𝛿 /  (L2 + δ2)   (5)

where D is the thickness of actuator sample and L is the free length of actuator sample from 
the fixed end of gold current collectors.

The frequency dependence of strain (ε) for BGAs including seven kinds of ILs is shown in Figure 7.  
The BGA with EMIBF4 as an electrolyte shows the best actuation (strain) in all the frequency 
range. The strain becomes worse with increasing the length of alkyl chain in the imidazolium-
cation. This is the reason why the ionic conductivity decreases with increasing the length of alkyl 
chain related to increasing the viscosity. The frequency dependence of strain can be successfully 
fit to an electrochemical kinetic model (a double-layer charging kinetic model). In this model, 
the electrode of BGA is fully charged at low frequencies of applied voltage. However, there is 
not enough time to be fully charged for the electrode at higher frequencies. In other words, the 
stored charge (Q) decreases with increasing the frequencies of applied voltage. In this consider-
ation, the strain (ε) is proportional to the stored charge (Q). A simple equivalent circuit model 
was used to make the electrochemical kinetic model as shown in Figure 8. The double-layer 
capacitance of each electrode (C1) is replaced by the capacitance (C); C = C1/2. R is resistance 
of ionic gel electrolyte. R is calculated from the ionic conductivity κ (=thickness/R × area). The 
stored charge Q( f ) at a frequency ( f Hz) is represented by the following equation:

  Q  ( f )  / Q0 = 1 − 4CRf (1 − exp  (− 1 / 4CRf ) )   (6)

where Q0 is the stored charge at a limit of low frequency. And the strain (ε ( f )) is given 
by following equation:

  ε ( f )  = ε0Q ( f)  / Q0  (7)

where ε0 is the strain at a limit of low frequency.

The obtained parameters such as the double layer capacitance of the electrode (C), the 
ionic conductivity of the ionic gel electrolyte (κ), the calculated resistance of the ionic 
electrolyte (R), the strain at a limit of low frequency (ε0), and the time constant (CR) are 
summarized in Table 2. Base on the equivalent circuit model analysis, it was found that 
the frequency dependence of actuation of BGAs is depended on the electrochemical time 
constant (CR) that is mainly related to the ionic conductivity. Furthermore, the actuation 
of BGAs is affected by the size difference between cation and anion included as an inter-
nal electrolyte because the volume changes of cathode and anode are caused by the sorp-
tion/desorption of cations and anions. More detail studies on the impedance analysis for 
the porous structure in the electrode of BGAs [39] and further studies on electrochemical 
energy and power density of BGAs [40] were reported by Randriamahazaka and Asaka 
et al. It was found that BGA behaves as supercapacitors and the electrochemical energy 
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densities of BGAs are of the same order of magnitude as those of natural muscles. Similar 
ionic polymer actuators with carbonaceous electrodes are introduced in a review paper 
by Asaka et al. [41].

Figure 7. Frequency dependence of strain difference (e) for BGAs with seven kinds of ILs (reproduced with permission [36]).

Figure 8. Equivalent circuit model of BGA.

Table 2. Gravimetric capacitance of SWCNT(CSWCNT) and double-layer capacitance per electrode area (C) of BGA 
electrode, ionic conductivity (κ) and ionic resistance (R) of ionic gel electrolyte, strain difference at a limit of low 
frequency (ε0) and time constant (CR) (reproduced with permission [36]).
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summarized in Table 2. Base on the equivalent circuit model analysis, it was found that 
the frequency dependence of actuation of BGAs is depended on the electrochemical time 
constant (CR) that is mainly related to the ionic conductivity. Furthermore, the actuation 
of BGAs is affected by the size difference between cation and anion included as an inter-
nal electrolyte because the volume changes of cathode and anode are caused by the sorp-
tion/desorption of cations and anions. More detail studies on the impedance analysis for 
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Figure 9. The principle (a) and appearance (b) of the fabricated micropump.

5. Typical applications

Ionic polymer actuators have been expected to be used for some practical applications such 
as active microcatheters, micropumps, tactile displays, biomimetic microrobots, and so on 
[42, 43]. First commercial production with ionic EAP was produced by a Japanese company 
(Eamex Co.) in 2002 ([42] p. 2). They produced a fish robot which has a caudal fin made with 
ionic EAP. They can control the movement of the caudal fin by electromagnetic induction 
(wireless control).

Here, we introduce three examples of our application trials with IPMC and BGAs.

First sample is the prototype of developed micropump using inner petal-shaped IPMC actu-
ator as shown in Figure 9. Micropumps capable of providing an appropriate flow rate and 
a reasonable back pressure are usually inevitable requirements for a self-contained micro-
fluidic system. Since this is a prototype only, the pump was not made to be very small. The 
overall size is 70 × 40 × 15 mm (length × width × height). The pump chamber is a 15 mm in 
diameter, 2 mm in depth. It should be noted that, we only tested inner petal-shaped IPMC 
actuator with a diameter of 15 mm. The actuator used in this prototype is a Nafion 117-based 
IPMC actuator. A pair of copper plates as electrodes was used to clamp the two sides of the 
IPMC actuator, providing the stimulus electrical signal. In order to evaluate the performance 
of micropump, we carry out the experiment of the flow rate and the back pressure measure-
ment in 1 Hz sine voltage input by changing the voltage amplitude from 0.5 to 3 V by the 
interval of 0.5 V. The experimental results show that the flow rate from 162 to 1611 μL/min 
can be obtained by changing the voltage amplitude from 0.5 to 3 V, respectively. And the 
back pressure on the micropump can be as high as 71 mm-H2O under the condition of 1 Hz 
and 3 V sine voltage input.

Second example is an ultra-thin and ultra-light refreshable Braille display with BGAs [41, 44]. 
There are more than 100 million visually impaired people in the world. This means there are a 
huge number of people who cannot access the internet because most information in the inter-
net are shown with words and photos on the liquid crystal displays of mobile phones, laptop 
computers, and other tablet tools. Currently, the refreshable Braille displays with inorganic 
piezoelectric actuators are commercially available but they are not suitable for the mobile use 
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because they are heavy (~kg) and large (266 (length) × 129 (width) × 40 mm (thickness) for a 
32 Braille characters display). So, we had a motivation to produce an ultra-light and ultra-thin 
Braille display by using BGAs. The developed prototype Braille display with BGAs is shown 
in Figure 10 which has a size of 65 (length) × 30 (width) × 3 mm (thickness) with 6 refreshable 
Braille characters and the weight is only 5 g. This prototype Braille display was produce by 
collaborations with ALPS Electric Co., Ltd. Our Braille display was readable for most of visu-
ally impaired people but not readable for some visually impaired people who are not used to 
use Braille display. This is the reason why the dot force is not enough compared to commer-
cial Braille displays. Improving the force and the durability is now in progress.

Third example is the application for micropipette and micropump. Recently, micropipettes 
and micropumps have been receiving a lot of attention for the microfluidic point-of-care 
(POC) diagnostic devices. So, we are willing to test the potential of BGAs as a micropipette. 
This project has been done by collaborations with Fraunhofer IPA (Stuttgart, Germany) 
[45]. A BGA (black square film) was set into the printed circuit boards (PCBs) to apply 
voltages as shown in Figure 11. The pipette has a channel tip which has a size of 1 × 1 × 
10 mm to suck and release liquid. The BGA showed an up-and-down motion in the PCBs 
like a diaphragm pump and can dispense ca. 10–20 μL liquid. Furthermore, Goya et al. 
developed a BGA micropipette system equipped with commercially available two- and 

Figure 10. A photo of prototype braille display with BGAs and an illustration of movement of a braille dot by the 
bending of BGA.

Figure 11. A photo of prototype micropipette with BGAs. A black square BGA are set between two PCBs.
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(POC) diagnostic devices. So, we are willing to test the potential of BGAs as a micropipette. 
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three-way solenoid valves [46]. In this system, the three-way valve and a particular two-
way valve are open during the BGA shows upward motion (during sucking water). They 
were successful to dispense ca. 20 μL water droplet within 2% of relative standard devia-
tion. We hope that our BGAs will be practically appreciable for some medical and medical 
welfare devices in the near future.

6. Conclusions

Ionic polymer actuator is a class of functional polymers that has great potential for applica-
tion in soft robotics and micro-devices. In this chapter, two representative ionic polymer 
actuators are introduced: IPMC and BGA. Some fundamental characteristics and proper-
ties of the ionic polymer actuator have been clarified, and some recent applications in the 
micro pump, braille display and micropipette of IPMC and BGA as soft actuators have 
been presented.
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1. Introduction

Materials called/classified as smart materials (SM) have already formed a large group of new 
construction materials. The phenomenon of smart materials is based on the fact that their 
main properties, expressed as a physical unit (i.e., mechanical field), depend on some other 
unit (i.e., magnetic, electric or temperature field). Therefore, in the description and application 
of these materials, cross effects are the crucial factor. A significant group of SM is materials 
that present their main application characteristics based on magnetic stimulation (smart mag-
netic materials, SMM). The following materials should be mentioned as the representatives of 
the group: magnetorheological, giant magnetostrictive and magnetoresistive, magnetocaloric, 
shape memory magnetically activated, etc. It means that the diverse properties of SMM—
including, for example, viscosity, shape, stiffness, temperature, electric resistance, color—can 
be modified with use of magnetic stimulation. In this chapter, the possibilities of using one of 
SMM groups, namely giant magnetostrictive materials (GMM), are presented.

The following subjects are described in this chapter:

• Development of the concept of GMM actuators in terms of applications as a vibration 
exciter or active vibration damper.

• Application of the inverse magnetostriction effect (called Villari-effect) for energy harvest-
ing devices

• Preparation methods of composite magnetostrictive rods: GMM composite (GMMc): as 
magnetic active cores

• Application of fiber Bragg gratings (FBG) technique in online measurement of the magne-
tostriction level in strong magnetic field environment

• Testing method of resonators cores using impact as energy harvesting power sources for 
the standard microcontroller dedicated to wireless nodes

• Construction of high-power actuator with a real-time PID magnetostrictive regulator to 
compensate self-thermal effect

2. Magnetostrictive mechanical resonators and their applications

The main goal described in this chapter is to develop a methodology for designing and testing 
broadband resonators. This methodology should offer a better understanding of both actua-
tors and energy harvesters, including those working alternately as one device. One of the 
most important issues to solve is obtaining mechanical resonance in a wide frequency band, 
which would allow the use of resonators in any mechanical construction.

It turned out that one of the materials exhibiting the so-called giant magnetostriction effect 
is Terfenol-D [1, 2], which might be very useful in solving this particular issue. Thanks to its 
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unique properties, the material allows the conversion of magnetic field energy into mechani-
cal energy, using a magnetostriction effect. The effect is reversible and allows the conversion 
of mechanical energy into magnetic energy using the Villari effect. Therefore, Terfenol-D is 
widely used in a variety of applications such as construction of actuators [3–5], sensors [6], 
and so-called energy harvesters [7].

Unfortunately, despite their numerous advantages, solid materials also have significant 
drawbacks, among which the most important ones are as follows: the presence of strong eddy 
currents as a result of cyclic loading at high frequency of work [8], and low tensile strength. 
In order to eliminate these drawbacks, researchers are trying to produce new materials, such 
as polymer composites containing powdered Terfenol-D [9–14].

2.1. Actuators based on Terfenol-D

The Department of Mechanics, Materials Science and Engineering has been associated with 
the area of magnetic SM since the early 1990s. The first research related to this type of materi-
als was mainly related to liquids, especially magnetorheological fluids. However, in subse-
quent years, this interest became more and more widespread, and as a result, a few years 
later, a great deal of attention was also paid to other materials, including the so-called giant 
magnetostriction. As it was mentioned before, Terfenol-D is a representative of such materi-
als. The first work related to the research on this material allowed the design and manufactur-
ing of the actuator whose core was the solid Terfenol-D. Figure 1 shows one of the earliest 
magnetostrictive actuators called “singing table” which was designed by the authors.

Although the actuator presented in Figure 1 was used mainly as a demonstration object, it 
allowed to show how the magnetostriction phenomenon works in an accessible way. Based 
on this first construction, the actuator construction was improved and modified in such a 
way that it could serve as an executive element in a prototype research stand. A new type of 
actuator made it possible to damp the vibrations of the construction with the use of counter 
vibration. Thanks to this, the vibrating wave of the opposite phase was adjusted to the natural 

Figure 1. Vibration exciter system (singing table) as the first step taken by the authors’ team to magnetostrictive tech-
nology [15].
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unique properties, the material allows the conversion of magnetic field energy into mechani-
cal energy, using a magnetostriction effect. The effect is reversible and allows the conversion 
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Figure 1. Vibration exciter system (singing table) as the first step taken by the authors’ team to magnetostrictive tech-
nology [15].
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vibrations of the structure, which caused the damping of vibrations and ensured the stabil-
ity of the entire structure. Figure 2 presents the second type of a Terfenol-D-based actuator 
dedicated for dumping mechanical vibrations in a low-frequency band (50–1000 Hz) [15].

2.2. Reversible effect actuators selected for energy harvesting

Energy harvesting (EH), in primary sources known also as power harvesting or energy scav-
enging, is a set of methods allowing to generate electrical energy using surrounding sources, 
such as mechanical, thermal, solar and electromagnetic energy, salinity gradients, etc., for 
example, [7]. Generally, the goal is using sources commonly available in the environment 
(so called background energy) which are undesirable and usually are suppressed (e.g., noise, 
impact and mechanical vibration of devices and constructions, electromagnetic smog, fric-
tional and combustion heat as well as heat obtained as a result of electric current flow and 
engine cooling) or commonly available (solar light, wave energy, salinity differences, bio-
chemical processes in, e.g., plants) and also related to human biology (motion, body heat, 
etc.). Currently, it is assumed that EH can be an effective source of “cost-free” (apart from 
installation costs) power supply for low power devices (e.g., electronic devices, sensor sys-
tems). It is assumed that in the future vast harvester networks will also be used as large power 
energy sources.

Magnetostrictive harvesters and actuators are constructed using physical cross effects based 
on magneto-mechanical phenomena. It is assumed that even in terms of low power and 
efficiency (albo: in the case of low power and efficiency techniques) they can be a valuable 
source of power supply. In low-power techniques, it is assumed that harvesters work as typi-
cal power supplies that are connected by a wire to a microprocessor subsystem (μC) which 
after supplying power sends data wirelessly to a unit receiving and processing information 
according to its operation algorithm (program code).

The principle of EH is to create a new concept of voltage generators which will use cross 
effects including the magneto-mechanic one. The assumption is that even though EH using 
the magneto-mechanical effect can provide only small powers or efficiencies, they can become 
valuable sources of energy. Special attention has been paid to this issue for the last few years 
in the biggest research institutes all over the world, especially in the USA and quickly devel-
oping Asian countries. The energy harvesting concept together with the development of 

Figure 2. View of actuator as a part of the active dumping vibration system of calibrated mechanical beam [15].
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energy recovering devices’ (harvesters) development belongs to the field of alternative and 
renewable energy.

Taking into account the physical phenomena occurring during the energy exchange process, 
the construction and principles of work, and environmental conditions in a specified working 
area, harvesters (as sources with different electrical characteristics) can be divided into three 
groups:

• DC voltage harvesters (e.g., harvesters based on the thermoelectric effect),

• AC voltage harvesters (e.g., harvesters based on the Faraday effect or so called piezoelectric 
patches),

• Shock harvesters (e.g., harvesters with a magnetostrictive core).

In order to be able to design electrical circuits for harvesters, the knowledge of their working 
characteristics is mandatory. Only the ones based on the thermoelectric or photovoltaic effect 
can generate DC voltage. Those which regain energy from vibrations, magnetostrictive, piezo-
electric or based on the Faraday effect are the sources of AC voltage. The scope of research 
related to energy harvesting conducted by the authors of the chapter is shown in Figure 3.

Harvesters supplied with energy from impacts [16] are a completely different type of devices. 
Electric energy generation lasts only for a very short period of time when it comes to the 
impulse power supply although its current amplitude is extremely high. Harvesters “sup-
plied” with a mechanical shock generate various voltage outputs. However, they are consid-
ered devices characterized by strong current impulse and additional frequencies generated in 

Figure 3. Structure of evaluating energy harvesting methods.
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the signal which occur as a result of resonance in the core-coil system. In this chapter, a new 
method of electrical current generation due to the demagnetization of neodymium magnets 
in the circuits with magnetostrictive core is also presented.

Currently, a particular type of generators is harvesters from the explosive-driven ferromagnetic 
generators (EDFMG) group. They generate the electromagnetic wave that occurs due to the instant 
demagnetization of a magnet caused by a mechanical shock which results from an explosion or 
another strong force impulse. In this moment, the magnet loses its magnetic properties, generat-
ing a strong impulse magnetic field in its surroundings. During the impact, even the total destruc-
tion of a magnet is possible; however, the amount of energy that is generated on a coil is huge 
and it is sufficient to charge high-voltage capacitors with a substantial amount of electric energy.

The new concept of the harvester was developed based on the idea of a ferromagnetic genera-
tor (FMG) in which strong magneto-mechanical phenomena occur, including the demagne-
tization of strong neodymium NdFeB magnets in order to generate electric current due to a 
mechanical shock. One of the construction priorities was to standardize particular sizes and 
parts, so every single element of the harvester could be easily exchanged and disassembled. 
Figure 4 presents the parts of the harvester.

It has to be remembered that the estimated efficiency value of the transformation between the 
mechanical shock, which occurs during the demagnetization of the neodymium magnets, and 
the electric current is about 0.2%. That is why, the main challenge is to improve power trans-
formation. The so-called pulse power supply harvester constructions are shown in Figure 5.

2.3. Use of actuator-harvester circuits to power up wireless network system

Harvesters which in their principle of work use cross effects are more frequently based on 
magneto-mechanical phenomena. It is assumed that even in the case of low power and effi-
ciency; they can be a valuable source of power supply.

Figure 4. View of a shock harvester with description of its elements [16].
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A multinode harvesting structure can be used in structural health monitoring (SHM) applica-
tions to recover electric power from wasted energy generated mostly from vibrations. Magnetic 
harvesters might also be used as a power source in SHM systems which monitor large mechanical 
structures. Our latest system presents this solution. It uses 14 MEMS sensors with designated 14 
degrees of freedom (DOF) (3D accelerometer, 3D gyroscope, 3D magnetometer, barometric pres-
sure sensor, microphone, temperature T, humidity R, light intensity). The structure of the system 
is shown in Figure 6. The software designed by the authors allows to monitor the parameters pro-
vided by 14 sensors via a webpage or in a service mode. The software is designed to support such 
systems as an ADIS16488 module and other components of the most precise IMU (Analog Devices 
iMEMS 2016). In order to process the data received from the 14 DOF sensors, which includes 
not only measuring the certain physical value but also monitoring the level of recovered energy, 
proper microprocessors had to be chosen (an important factor here is power consumption).

Figure 7 shows three typical sources of low-frequency energy harvesting: mechanical shock 
wave (Figure 7A), low-frequency mechanical resonance (Figure 7B) and energy transmission 
through ultrasonic resonant vibrations (Figure 7C). A properly selected conditioning circuit 
provides the harvesting system with useful current and voltage capabilities. The creation of 
a wireless node to measure certain physical quantities and to monitor the level of recovered 
energy requires the selection of an appropriate hardware platform, such as a microprocessor 
and a wireless transmission system. The use of SM in wireless power transmission turned out 

Figure 5. View of solid-state harvesters based on GMMc diameter of φ=5 mm (left) and φ=10 mm rod (right) for tactical 
grade versions of 10 W devices.

Figure 6. The structure of a wireless harvesting system with a 14 DOF block [17].
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to be effective. For this purpose, Smart Ultrasonic Resonant Power System (SURPS), a sys-
tem for simultaneous power and data transmission, was developed. It ensured transmission 
through various media (solid, liquid) and with various transmitter-receiver configurations [17].

Figure 8. Prototyping of multi-DOF wireless sensors platform: Main communication station and Multi-DOF software [17].

Figure 7. Energy harvesting sources and their power requirements: (A) mechanical impact, (B) low-frequency mechanical 
resonance and (C) energy transmission by ultrasonic vibration [17].
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After matching the sensor-microprocessor configuration with a suitable energy harvester, the 
whole packets, together with a wireless communication system, were placed in the nodes. 
Due to the fact that every node is equipped with the same wireless communication system, 
different types of sensors can be easily substituted or put together by the user, thanks to the 
dedicated software shown in Figure 8.

A properly selected conditioning circuit provides the harvesting system with a certain current 
and voltage output. The creation of a wireless node to measure certain physical quantities and 
to monitor the level of recovered energy requires the selection of an appropriate hardware 
platform, such as a microprocessor and a wireless transmission system.

3. The idea of the composite rod in the wideband actuator and 
energy harvester

Bearing in mind the justifiability of limiting the use of solid Terfenol-D in the construction 
of magnetostrictive resonators, two solutions are presented below, namely the use of a 
GMM composite core and—in Chapter 4—a core consisting of a neodymium magnet and 
Terfenol-D.

3.1. The preparation of GMM composite

Referring to price of Terfenol-D which is a relatively expensive material, a device which would 
not require this material would be adequately cheaper. The brittleness of pure Terfenol-D can 
be replaced with a composite material [7].

A prospective application area for Terfenol-D, which is a typical representative of the GMM 
group, is (electric) energy harvesting from, for example, mechanical vibration systems [18, 19]. 
However, some of the applications of this material are restricted due to eddy current loss at a 
high frequency. In addition, it has some drawbacks, such as intrinsic brittleness accompanied 
by maximizing the fraction of the brittle, Laves phase. The magnetostrictive composite mate-
rials have been developed as an alternative way to overcome both the eddy current loss and 
intrinsic brittleness since 1990.

The main advantages of magnetostrictive composites based on a nonmagnetic polymer matrix 
and containing Terfenol-D powder particles are as follows:

• reduction of solid Terfenol-D’s drawbacks (eddy currents at higher operating frequencies 
and its brittleness limiting its use under, for example, tensile stress [1, 20], whereby its 
application range is significantly extended,

• new potential applications in, for example, (SHM) composite materials and structures (tag-
ging) [21].

Therefore, the main goal of this research was to investigate the magnetostriction of a field-
structural composite with Terfenol-D particles. The composite should replace the solid 
Terfenol-D rods in an actuator or a damper. It was decided to closely examine the effect of the 
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(perpendicular, parallel, without polarization) direction of composite polarization and differ-
ent frequencies of magnetic field stimulation. The results were compared with those obtained 
for solid Terfenol-D samples with the same geometry.

In the study, a magnetostrictive composite was used (hereafter referred to as GMMc). It was 
prepared in the Department of Mechanics, Materials Science and Engineering at Wroclaw 
University of Science and Technology. The composite was made by combining an epoxy resin 
and Terfenol-D powder (GMM material).

• The first step was introduction of a hardener to the epoxy resin.

• The next step was the addition of a properly measured amount of Terfenol-D powder 
with a grain size of 0–300 μm (according to the manufacturer, Gansu Tianxing Rare Earth 
Functional Materials Co., Ltd.).

Specimens presented in this work contain 70% of Terfenol-D particles volume fraction, 
and they have different polarization directions. For each case, the particles and resin were 
homogeneously mixed together and deaerated. Moreover, one of the samples was polarized 
perpendicular, and others were polarized parallel to the main axis of the specimen. This 
effect was obtained by using permanent magnets and coil during a composite curing process, 
respectively.

The container with the mixture was placed between two magnets or inside a coil and after 
that it was placed on an MTS hydraulic pulsator, where samples were pressed with a force 
of 10 kN for 4 h until the preliminary resin binding started. This process allowed to reduce 
the excess of epoxy resin from samples and to obtain a high volume fraction of Terfenol-D 
particles. The schemes of these processes for perpendicular and parallel polarized specimens 
are shown in Figure 9A and Figure 9B, respectively. Additionally, one of the specimens was 
cured without any source of a magnetic field.

After 24 h preliminarily cured specimens were placed in an oven at 70°C for another 24 h to 
ensure the full cure of the epoxy resin. Samples produced in this way contain a small portion 
of pores, which confirms the good connection of powders with resin. The polymer mate-
rial provides a good magnetic insulation of the Terfenol-D powder grains and prevents its 
oxidation.

3.2. Experimental determination of GMMc parameters

To determine if the polarization applied during the curing process to the manufactured com-
posites made any changes in the magnetization of specimens, the magnetic scans of their 
surfaces were made (Figure 10A and Figure 10B). The scans were obtained with the use of 
the innovative system of Magscanner described in [23]. The results show clearly that there is 
a difference between the manufactured specimens with different types of polarization. The 
magnetization layout along its main axis for the parallel polarized specimen (Figure 10A) is 
even as evident, as the one contrasted with the parallel polarized specimen (Figure 10B). This 
confirms that polarized samples preserved the direction of the desired magnetization.
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The experiments methodology involving the quasi-static measurements of the magnetostric-
tion of the produced composites and the measurements made for different magnetic field 
frequencies is shown later.

The magnetic field strength acting on the magnetostrictive composite was dependent on the 
strength of the current in the coil. The magnetic field was generated by an adjustable power 
supply unit (0–30 V, 20 A). The magnetic field strength range H was limited by the magnetic 
circuit and amounted to 0 ÷ 168 kA/m. The measurement was conducted with the use of the 
Hall’s sensor (placed inside the coil), for both positive and negative H values to check the 
evenness of the phenomenon in the composite samples. Sample displacement ∆λ was mea-
sured using the innovative method of fiber Bragg grating (FBG) sensors. In this way, the influ-
ence of the electromagnetic field on the results was eliminated. The FBG method is described 
in more detail in [24]. The strain sensors were placed directly on the specimens, as shown in 
Figure 11. One of the sensors was placed along the main axis of the specimen while the other 
one was attached to the sample circumference. The aim of such a sensor arrangement was to 

Figure 9. Schema of perpendicular (A) parallel (B) polarization to the main axis of the sample during curing process. 
F—direction of force during curing process, H—direction of magnetic field during curing process [22].

Figure 10. 3D magnetic vector fields around perpendicular (A) and parallel (B) premagnetized Terfenol-D composites [22].
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(perpendicular, parallel, without polarization) direction of composite polarization and differ-
ent frequencies of magnetic field stimulation. The results were compared with those obtained 
for solid Terfenol-D samples with the same geometry.
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with a grain size of 0–300 μm (according to the manufacturer, Gansu Tianxing Rare Earth 
Functional Materials Co., Ltd.).

Specimens presented in this work contain 70% of Terfenol-D particles volume fraction, 
and they have different polarization directions. For each case, the particles and resin were 
homogeneously mixed together and deaerated. Moreover, one of the samples was polarized 
perpendicular, and others were polarized parallel to the main axis of the specimen. This 
effect was obtained by using permanent magnets and coil during a composite curing process, 
respectively.

The container with the mixture was placed between two magnets or inside a coil and after 
that it was placed on an MTS hydraulic pulsator, where samples were pressed with a force 
of 10 kN for 4 h until the preliminary resin binding started. This process allowed to reduce 
the excess of epoxy resin from samples and to obtain a high volume fraction of Terfenol-D 
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The experiments methodology involving the quasi-static measurements of the magnetostric-
tion of the produced composites and the measurements made for different magnetic field 
frequencies is shown later.
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Hall’s sensor (placed inside the coil), for both positive and negative H values to check the 
evenness of the phenomenon in the composite samples. Sample displacement ∆λ was mea-
sured using the innovative method of fiber Bragg grating (FBG) sensors. In this way, the influ-
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Figure 11. One of the sensors was placed along the main axis of the specimen while the other 
one was attached to the sample circumference. The aim of such a sensor arrangement was to 

Figure 9. Schema of perpendicular (A) parallel (B) polarization to the main axis of the sample during curing process. 
F—direction of force during curing process, H—direction of magnetic field during curing process [22].

Figure 10. 3D magnetic vector fields around perpendicular (A) and parallel (B) premagnetized Terfenol-D composites [22].
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check whether the volumetric magnetostriction occurs in the material apart from the linear 
magnetostriction.

In addition, changes in the value of the magnetic field during the same test were presented 
in Figure 12.

4. Designing of magnetostrictive core for solid-type resonators

In this chapter, the problem of cores built with neodymium magnets and Terfenol-D and 
impulse power supply for the microcontroller is discussed.

Figure 12. Comparison of magnetostrictive dependence from magnetic field intensity H, at frequency f = 5 Hz, for 
composite specimens and solid Terfenol-D [22].

Figure 11. Arrangement of the strain sensors on a sample: 1—Sensors, 2—Specimen, 3—Glue [22].
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4.1. Coupling of NdFeB magnets and Terfenol-D in the resonator core

The idea of the Top Core Coil Magnet (TCCM) actuators and reversible harvesters 
appeared in the Department of Mechanics, Materials Science and Engineering laborato-
ries. The basic model of unique TCCM system is shown in Figure 13. The model called 
TCCM is a construction combining four major elements: Top whose role was to trans-
fer shock to the core, Coil, Magnet and Core which determines the processing energy of 
impact (obtained from the Top part) into electricity. The TCCM harvester is the simplest 
form of the implementation of the harvester based on the core placed in the coil with 
a fairly large number of coils in the magnetic field of the NdFeB magnet. Low rigidity 
and low resonance frequency at the moment of impact describe the system without the 
prestress.

The range of measurement and devices used to perform the testing of actuator/harvester 
response is presented below:

• IXFN20N200, MOSFET by IXYS, a fast transistor for linear motor was used to provide the 
speed of a defined value for moving aluminum frame

• Encoder strip coupled with a reader by Sharp Company, path measurement system of 720 
dpi resolution;

• Hi-speed, Hi-power linear motor-dumper up to 20 N hammer used to provide impact 
energy;

• PZT sensor used to measure force signal in the place of mounting;

• (TMS320C6701 DSP) Hunt Engineering Heron System by Texas Instruments, with GFLOPS 
performance at a clock rate of 167 MHz, used for high-performance DSP programming. It 
possesses the operational flexibility of high-speed controllers and the numerical capability 
of array processors. The processor has 32 general-purpose registers of 32-bit word length 
and 8 highly independent functional units;

• The Heron HEPC8 Module Carrier Board is a PCI form factor module carrier board sup-
porting up to four Heron modules which can be multiplied. HEPC8 provides 32-bit first-in, 
first-out (FIFO) buffers between each module slot and the other module slots on the board 
for data transfer between Heron modules;

• Laser switch by Balluff Company used to trigger the start of acquisition;

• PicoPower Evaluate System v0.8 2010, PicoPower Processor Development Platform by the 
Institute of Material Science and Applied Mechanics of WrUST, designed in the Institute as 
the main testing system;

• Capacitors by EPCOS Company of 2.2uF.

The scheme of the test stand for the shock test TCCM harvesting system based on a high-
speed linear motor is shown in Figure 14.
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The TCCM device was fixed with a PZT sensor in the horizontal orientation on a nonmag-
netic, hard surface. In the main axis of the device, at the distance of 80mm was the alumi-
num hammer. Its speed accelerates to a defined value due to the fast linear motor transistor 
MOSFET. The speed of hammer was measured with an encoder strip coupled with a reader. 
The energy of impact was controlled by weights attached to a linear motor moving element. 
The maximum weight that could be used to accumulate energy is 2 kg. Due to the small size 
of a harvester, a beater load of 0.5 kg was used. The high reproducibility of the hammer speed 
and run-off place of the transistor MOSFET were obtained for that test stand, which resulted 
in the stability of impact energy   E  

k
   .

The shock force was applied to the TCCM device and, as a result, the impulse response of 
system was registered, as shown in Figure 15. Upon the analysis of this signal, the waveform 
was divided into phases. The first phase occurs before the strike, where the increase in voltage 
is present as a result of the motion of ferromagnetic hammer in the neodymium magnet’s 
magnetic field. After the strike moment, wave motion passing through the top and the core to 
the neodymium magnet occurs and creates a string change of the magnetic field of the system, 
which causes the induction of the voltage resulting from the mechanical resonance frequency 
of the TCCM harvester.

Only the top and coil materials have an influence on the resonant frequency. The wave that 
passes through the material inside the coil either circulates repeatedly in the steam-core-
magnet system or comes out of the harvester if the magnet has contact with the other surface, 

Figure 13. Scheme of the magnetostrictive core used as reversible effect resonator in energy harvesting devices [16].
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Figure 14. The schema of test stand to determine magnetostrictive core parameters (A): (1) linear motor, (2) movable 
trolley of a linear motor, (3) piezoelectric force sensor, (4) inductor, (5) NdFeB magnets used for constant magnetic field 
generation around the inductor, (6) base plate with the inductor position regulation. View of the test stand (B) [16].

Figure 15. The current coil measurement for bulk Terfenol-D and its FFT plot.
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but it is not transferred to this coil. The crucial effect in the operation of the top-coil-magnet 
system is the mechanical resonance effect of that system under impact. In Figure 16, the ham-
mer impact chart of the TCCM harvester with correlated photos is shown.

In the TCCM type of Energy Harvester construction the calibration of prestess cores is not as 
critical as in vibrations exciter device. The prestress is obtained in the first phase of impact 
where the main maximum useable signal occurs. The significant increase in current and volt-
age occurs at the moment of the resonance frequency of the system. The value of this voltage 
depends on the number of turns in the coil when the same impact energy is applied.

4.2. Practical aspect of pulse power supply

The idea of a working harvesting device was not to supply continuous power for the micro-
controller, but to provide a strong enough current pulse to quickly charge a high-capacity 
capacitor, see Figure 17. These capacitors were chosen in such a way that the processor volt-
age did not exceed 5.5 V. The role of the capacitor is very important, and hence, special capaci-
tors which are able to capture the impulse current within a few dozen μF must be used.

Figure 17. Supply current and voltage measurement scheme for detect life time span of powered μC [16].

Figure 16. Photo series of mechanical impact correlated with velocity and pulse output voltage graphs.
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As the practical application of the pulse power supply (PPS), the acquisition of lifespan of an 
ATMEL microcontroller based on the primary node was chosen. The ATMEGA48V system 
was used as a low-power processor. It is one of the most common microcontrollers in indus-
trial applications. It could be started at a voltage level of only 1.8 V. It was powered by a DC 
of 1.8− 5.5 V, as an AC/DC system transducer on the rectifier used Schottky diodes. The signal 
acquisition and the control of the test parameters of the harvesting device, the AC/DC recti-
fier, a microprocessor and a base station were provided by a dedicated system.

In Figure 18, the current consumption by the system capacitors -μC type recorded as a reduc-
tion in voltage on measuring resistor Rsense = 4.7 Ω is presented. In the first phase, there is a 
very strong increase in current due to the initial charge on C1 and C2 capacitors (Figure 17), 
which are very heavy load on the signal generated by the harvesting device, followed by a 
decline in current consumption, given that it has not yet started μC. The “life time” algorithm 
of the program allows the microprocessor to send more than 50 pulses in a voltage range 
from Umax = 5 V to Umin = 1.8 V, which can be described as about 3 ms of μC life. By selecting 
various sources of the mechanical extortion obtained values of the microprocessor, one can 
cause pulses to rise up to 200 and the life time to extend to 8 ms. Based on the results, it can 
be found that an energy harvesting device (EHD) was developed. EHD is able to supply a 
popular microcontroller which realizes its code throughout the life of 3 ms from small impact 
energy Ek = 0.25 J. The core of this device was made of Terfenol-D powder.

Figure 18. Life time span of microcontroller\circuit powered from energy harvesting device induced at low impact 
energy Ek = 0.25 J [16].
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5. Construction of high-power wideband actuator

5.1. Design of classic magnetostrictive actuator dedicated for mechanical vibrations 
in selected frequency range

During the process of selecting the geometry of the actuator, the authors decided to use know-
how gathered during previously performed computer simulations. To achieve the goal, they 
did not restrict the maximum value of the displacements obtained during test in any way. The 
only limitation was the maximum value of the magnetic field used to stimulate the material. 
It was assumed that the actuator together with the system will operate most of the time at a 
specific value of DC power, which necessitated the use of open housing design. This solution 
was chosen due to the fact that when the system is DC powered for a longer time, the elec-
tromagnet coil generates a lot of heat. The heat should be dissipated as soon as possible. The 
main component of the system was the magnetostrictive composite material with Terfenol-D 
powder which was obtained in the way described in the previous part. The visualization of 
the parametric model of the actuator is presented in Figure 19. It can be observed that its 
structure is not very complex; however, it allows to obtain high values of the magnetic field 

Figure 19. Construction of the basic type of magnetostrictive actuator for acoustical frequency band applications 
(A), magnetic core structure (B), simulations of magnetic field around magnetostrictive core and actuator body (C). 
Components define: 1-front cover, 2-rod centering alignment, 3-magnetic core, 4-back cover, 5-outer NdFeB ring, 6- 
GMM(c) rod, 7-alignment tip, 8-coil [22].
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and provides easy access to the core of the device. Two plates, top and bottom, made of ferro-
magnetic material are the main elements of the actuator housing. They are intended to spread 
the magnetic field uniformly and to prevent the excessive loss of the magnetic field inside the 
coil. Thus, the authors decided to use square plates which allowed to preserve symmetry.

In addition, four middle elements with a cylindrical shape made of a ferromagnetic material 
were used. The shape of these connectors was conditioned by the fact that in the case of parts 
with sharp edges, the concentration of the magnetic field appears on those edges. Therefore, 
it impedes the free flow of the magnetic field and may cause disturbances in the propagation 
of the magnetic field around the coil. The cylindrical shape of the connectors allows a more 
uniform distribution of the magnetic field and limits losses. Additionally, the number of con-
necting elements was chosen in such a way that they ensure a secure and stable connection 
between the two plates of the housing, while preserving as many open spaces as possible. 
This solution results in a sufficiently large heat radiation area for the cooling of the coil. Due 
to the fact that the actuator will work in applications where different displacement values will 
be required, it was necessary to increase the external dimensions of the actuator, including its 
housing. However, it should be noted that the construction is compact and simple.

During the design process of the actuator system, the authors decided that it should meet the 
following requirements:

• provide a compact and simple construction,

• ensure the electric and magnetic safety of the user and the whole construction,

• provide easy access and allow for the replacement of the sample,

• allow to control the value of pre-stress on both solid and magnetostrictive composite 
materials,

• ensure an easy installation procedure on the test rig or in the case of potential applications,

• provide easy control of the entire system.

Among the components of the actuator, one can find a sleeve made of bronze which 
was located at the top of the housing. The reason for the usage of such an element is to 
reduce the potential friction that could occur between the upper rod of the actuator and 
the upper plate during system operation. It should be noted that although the elements 
which ensure the alignment of magnetostrictive material are used, even a small deviation 
from the vertical position of the sample could cause friction between the active element 
and the top of the housing. This might cause a high reduction of the parameters of the 
actuator and, what is more, it would influence the ability to control the device with the 
use of a feedback loop. In addition, the interior of the housing is protected by the elastic 
ring (which is not shown) whose main task is to ensure the prestress, that can be adjusted 
by lowering the connecting rods. The possibility to adjust prestress is very important due 
to its influence on the obtained magnetostriction value. A real construction of the actuator 
is shown in Figure 20.
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5.2. High power actuators with magnetostriction feedback

Based on results described in the previous part of this chapter, a specific coil was chosen 
for the new type of actuator (Figure 21). This coil allows a relatively long time of work at 
a constant DC current level, and at the same time ensures the slowest growth of tempera-
ture. Due to the characteristics of the GMM material, the system test can be performed for a 
small value of the magnetic field which should be approximately 200 kA/m. Because of the 
predicted specification of the working characteristic of the system, it was decided that the 
system responsible for the preliminary magnetization of the sample will affect only the initial 
increase in the magnetic moment of the material. Therefore, the control of the system allows 
to increase the current value, which causes the deformation of the material only in one direc-
tion, regardless of the phase of the magnetic field generated in the coil.

In addition, due to the necessity to measure the deformation of the actuator core made of a 
GMM, it was decided to implement the Fiber Bragg grating sensor. This solution allowed to 
increase the accuracy thanks to which it was possible to control the actuator and neutralize 
the effect of the electromagnetic field on the control of the device. It significantly helped dur-
ing the preparation of the control algorithm. The use of fiber optic sensors forced additional 
changes in the design of the actuator which allowed to mount fibers directly into its core. At 
the same time, it was easier to measure the deformation of the sample.

The goal of testing was to obtain the quasi-static and cyclic properties of the actuator and check 
the possibility of using the feedback loop control of the actuator. The use of cyclic tests means 
that during the test there is an alternating deformation of the composite core inside the actua-
tor which is caused by stimulating the magnitude of the magnetic field in the frequency range 
from 1 to 20 Hz. For each test, a change of deformation of the composite core, at the corre-
sponding values of the magnetic field, was recorded. The obtained data allowed to determine 
the maximum value of magnetostriction, depending on the method of stimulation. The study 
consisted of determining changes in the magnetic field with the use of a triaxial Hall probe 
and the deformation of the sample with a Fiber Bragg grating sensors. Additionally, during 
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the investigations the value of the prestress applied to the composite core was changed. This 
solution was proposed to check whether the value of prestress affects the value of obtained 
magnetostriction. In addition, during the study, it was checked whether the proposed defor-
mation control algorithm of the magnetostrictive core was valid and able to control the system 
working in the feedback loop. In such a system, the controlled value is the value of magneto-
striction. Figure 22 shows the schema of the experimental system of the actuator feedback loop.

The same values of the pre-stress showed that it does not change the value of the magneto-
striction of the composite material regardless of the test method (quasi-static or cyclic). In the 
following figures, a comparison of the performance of the actuator in the case of the applica-
tion of the feedback loop system and without such a system is presented. The subsequent 
numbers in the graphs correspond to the following steps during the test:

Figure 21. The high power actuator: model components (A): (1) – upper rod (actuator), (2) – Bronze sleeve, (3) – bolts, 
(4) – upper housing plate, (5) – coil with composite core, (6) – connection elements, (7) – bottom housing plate and (8) – 
bottom rod , the higher frequency version (low induction coil) (B), version with FBG and magnetic sensors for regulators 
of vibrations applications (C) [25].
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Figure 23. Deformation of the magnetostrictive rod with a feedback loop system (A), tri-axial magnetic field measurement 
using hall sensors attached to the sample: (1) – Sample, (2) – Sensors (B) [25].

1. start of the measurement and application of magnetic field,

2. loading of the actuator (load 200 N) (blue dashed line),

3. unloading of the actuator (red-dashed line).

Figure 23 presents the result of the deformation of the material in the actuator when the 
feedback loop system was off. The actuator was loaded with the weight of 20 kg. It is clear that 
under the influence of the applied load the value of the received magnetostriction decreased 
so did the active rod. Such a rod which can be used, for example, for control in various appli-
cations, did not keep its position. Moreover, in the case of the system without the feedback 

Figure 22. Schema of high power GMMc vibration exciter core that can be controlled using PID controller.
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loop, the value of the magnetic field did not change during the experiment, as it is shown in 
Figure 23A. This response of the actuator can be predicted.

The results show changes in the magnetic field recorder shown by each of the three Hall 
sensors placed inside the actuator coil. The measurement direction of the Hall sensors are as 
follows: X direction along the main axis of the sample, Z direction toward the sample and Y 
direction on the outside of the sample (Figure 23B).

Table 1 summarizes the most important parameters of the high power actuator.

The frequency response of the high power actuator is shown in the Figure 24.

Moreover, it is shown that it is possible to actively control the displacement of an actuator 
which is based on the magnetostrictive composite core with a feedback loop system. The 
control of such a system is based on the changes of the intensity value of the magnetic field 
around the composite core. In addition, through the use of fiber optics strain sensors, the 
measuring system made it possible to simplify the control of the deformation of the material. 
Certainly, it is still necessary to further develop this system to improve its parameters; how-
ever, at this stage one may say that it can be used in many different applications.

Figure 24. Frequency response of the high power actuator with FBG magnetostriction feedback.

1. Maximum DC current with forced cooling 10 A continuous, up to 80°C

2. Maximum real power 400 W, 30% duty cycle

3. Static displacement of tip as a unit step More than 50 μm, 1 kN load

4. Static impedance 3.8 Ω with terminal connections

5. The range of permissible loading force 5 kN, only compression

6. Useful frequency range 0–500 Hz

Table 1. The main operational parameters of the actuator (Figure 21C).

Development of Resonators with Reversible Magnetostrictive Effect for Applications…
http://dx.doi.org/10.5772/intechopen.78572

79



Figure 23. Deformation of the magnetostrictive rod with a feedback loop system (A), tri-axial magnetic field measurement 
using hall sensors attached to the sample: (1) – Sample, (2) – Sensors (B) [25].

1. start of the measurement and application of magnetic field,

2. loading of the actuator (load 200 N) (blue dashed line),

3. unloading of the actuator (red-dashed line).

Figure 23 presents the result of the deformation of the material in the actuator when the 
feedback loop system was off. The actuator was loaded with the weight of 20 kg. It is clear that 
under the influence of the applied load the value of the received magnetostriction decreased 
so did the active rod. Such a rod which can be used, for example, for control in various appli-
cations, did not keep its position. Moreover, in the case of the system without the feedback 

Figure 22. Schema of high power GMMc vibration exciter core that can be controlled using PID controller.

Actuators78

loop, the value of the magnetic field did not change during the experiment, as it is shown in 
Figure 23A. This response of the actuator can be predicted.

The results show changes in the magnetic field recorder shown by each of the three Hall 
sensors placed inside the actuator coil. The measurement direction of the Hall sensors are as 
follows: X direction along the main axis of the sample, Z direction toward the sample and Y 
direction on the outside of the sample (Figure 23B).

Table 1 summarizes the most important parameters of the high power actuator.

The frequency response of the high power actuator is shown in the Figure 24.

Moreover, it is shown that it is possible to actively control the displacement of an actuator 
which is based on the magnetostrictive composite core with a feedback loop system. The 
control of such a system is based on the changes of the intensity value of the magnetic field 
around the composite core. In addition, through the use of fiber optics strain sensors, the 
measuring system made it possible to simplify the control of the deformation of the material. 
Certainly, it is still necessary to further develop this system to improve its parameters; how-
ever, at this stage one may say that it can be used in many different applications.

Figure 24. Frequency response of the high power actuator with FBG magnetostriction feedback.

1. Maximum DC current with forced cooling 10 A continuous, up to 80°C

2. Maximum real power 400 W, 30% duty cycle

3. Static displacement of tip as a unit step More than 50 μm, 1 kN load

4. Static impedance 3.8 Ω with terminal connections

5. The range of permissible loading force 5 kN, only compression

6. Useful frequency range 0–500 Hz

Table 1. The main operational parameters of the actuator (Figure 21C).

Development of Resonators with Reversible Magnetostrictive Effect for Applications…
http://dx.doi.org/10.5772/intechopen.78572

79



6. Conclusions and final remarks

The chapter presents the design and test methodology of wideband magnetostrictive reso-
nators, that is, actuators and energy harvesting devices. Detailed conclusions are presented 
below:

• The magnetostriction phenomenon as magnetomechanical cross-effect enables new con-
cepts of the research methods for designing of effective actuators utilizing mechanical 
vibrations in a selected frequency band, even in an ultrasonic range.

• Similarly to piezo transducers, magnetostrictive cores allow to create sensor-actuator revers-
ible devices. The choice whether the transducer is a sensor or an actuator is dictated by the 
amount of active material. In the smallest scale, even a sensor can be used as an actuator.

• The concept of a mechanical resonator has been introduced, which can be understood as 
an actuator or an energy harvester. A wideband actuator and a harvester can be the same 
device.

• By evaluating the effects of polarization direction, it was found that composites with per-
pendicular polarization show the highest magnetostriction value in comparison to the oth-
ers, such as parallel polarized and the ones without polarization in the entire frequency 
range. What is more, at higher values of frequencies the response of the composite material 
was comparable with monolithic Terfenol-D, and this is why it can be suggested that the 
composite material provides the basis for applying it in actuating devices.

• The measurement of the deformation of the actuator core was carried out with implemen-
tation of the Fiber Bragg grating sensor. This solution allowed to increase the accuracy of 
measurements and neutralized the effect of the electromagnetic field on the results.

• The magnetostriction of the GMM composites achieved in this work can be further 
improved by more accurate fabrication parameters, especially by the investigation of polar-
ization and differences in the volume fraction of particles. Moreover, research on different 
matrixes as binders could show if the behavior of a matrix-powder connection will have 
influence on the properties of these materials.

• Magnetostrictive cores based on NdFeB magnets and pure Terfenol-D or its replacement 
composites were designed and verified on the real constructions of devices. Testing meth-
ods and dedicated systems have been developed for applications both as a wideband 
actuator or as an energy harvesting device.

• The described method of energy transformation allows the usage of mechanical shock to 
generate the electric current. The current signal frequencies spectrum, generated in a coil due 
to the wave movement, is determined by the magnetic resonance frequency. This fact allows 
the selection of a specific harvester depending on the working environment frequency.

• The authors design and prototype various groups of harvesters, mainly with the magnetic 
core (“Pulse Power Supply”), for use as power supplies which are capable of producing 
tens of watts in a few milliseconds.
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Abstract

This chapter is dedicated to modeling, system identification, and control of electromag-
netic actuators with the main focus on the actuators used in magnetic levitation, in fuel
injection systems, and in variable valve timing (VVT). These actuators have a simple
structure, good reliability, and low manufacturing costs. However, from control view-
point, they are nonlinear systems and are open-loop unstable. Therefore, mathematical
modeling, system identification-based parameter estimation, and control strategies are
presented, when the moving armature is controlled around an equilibrium position or is
controlled between the two extreme positions of the armature.

Keywords: electromagnetic actuator, modeling, identification, gain scheduled control

1. Introduction

Electromagnetic actuators are widely used in the industry, and they transform the electric
energy into linear motion. From the large variety of applications, in this chapter we are going
to focus on:

• Magnetic levitation

• Fuel injection systems and variable valve timing actuators used in internal combustion
engines

These applications are relevant from control point of view: in the first case, the moving
armature is controlled around an equilibrium position; in the second case, the armature might
go under control between the two extreme positions—armature open and armature close.
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Abstract

This chapter is dedicated to modeling, system identification, and control of electromag-
netic actuators with the main focus on the actuators used in magnetic levitation, in fuel
injection systems, and in variable valve timing (VVT). These actuators have a simple
structure, good reliability, and low manufacturing costs. However, from control view-
point, they are nonlinear systems and are open-loop unstable. Therefore, mathematical
modeling, system identification-based parameter estimation, and control strategies are
presented, when the moving armature is controlled around an equilibrium position or is
controlled between the two extreme positions of the armature.
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1. Introduction

Electromagnetic actuators are widely used in the industry, and they transform the electric
energy into linear motion. From the large variety of applications, in this chapter we are going
to focus on:

• Magnetic levitation

• Fuel injection systems and variable valve timing actuators used in internal combustion
engines

These applications are relevant from control point of view: in the first case, the moving
armature is controlled around an equilibrium position; in the second case, the armature might
go under control between the two extreme positions—armature open and armature close.
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Nevertheless, magnetic levitation—in particular a magnetically levitated train—is a good exam-
ple, where closed-loop control plays a key role, since the open-loop system is unstable [1]. The
system can be linearized around an operating point, and a linear controller can be designed.

Furthermore, magnetic bearings and their control are from a long time the focus of control
system design community. Feedback linearization and asymptotically exact linearization of an
active magnetic bearing are presented in [2, 3]. Advanced control strategies are discussed in
detail in [4, 5].

Therefore, it makes sense to develop high-accuracy mathematical models, to investigate
methods for parameter identification, and finally to apply control strategies to improve per-
formance and reliability of the system.

We will discuss these topics in the next sections, but before that let us focus on applications,
where electromagnetic actuators are widely used.

1.1. Magnetic levitation

Magnetic bearings in combination with high-speed electric motors are used across many
industries, from oil and gas industry to electric power generation industry (i.e., high-speed
electric generators) and from the semiconductor industry to nuclear industry, etc.

The main structure of the magnetic bearing is shown in Figure 1 (reproduced from [6]).

Another well-known application of the magnetic levitation is the magnetically levitated high-
speed train (Maglev; see Figure 1), having speeds over 500 [km/h] [7, 8].

1.2. Fuel injection and variable valve timing (VVT)

The main purpose of the fuel injection system is to deliver fuel to the cylinders. However, how
that fuel is delivered is that it makes the difference in engine performance, emissions, and noise
characteristics.

Figure 1. Applications of magnetic levitation.
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Most notable advances achieved in diesel engines resulted directly from superior fuel injection
system designs [9].

Unlike its spark-ignited engine counterpart, the diesel fuel injection system delivers fuel under
extremely high injection pressures (e.g., around 2000 [bar]). This means that the system com-
ponent designs and materials should be selected to withstand higher stresses [10].

The actuators used in diesel fuel injection systems can be either electromagnetic (our focus) or
piezoelectric [11]. A diesel fuel injection system using an electromagnetic actuator, from Bosch
[12], is shown in Figure 2.

Nowadays, most of the fuel injection systems are electronically controlled. However, it is still not
enough to deliver an accurate amount of fuel at the proper time to achieve good combustion.
Additional aspects are critical to ensure proper fuel injection system performance, such as [9]:

• Fuel atomization—ensuring that fuel atomizes into very small fuel particles is a primary
design objective for diesel fuel injection systems.

• Bulk mixing—while fuel atomization and complete evaporation of fuel are critical, ensur-
ing that the evaporated fuel has sufficient oxygen during combustion is equally important
to ensure optimum engine performance.

• Air utilization—effective utilization of the air in the combustion chamber is closely tied to
bulkmixing and can be accomplished by dividing the total injected fuel into a number of jets.

While conventional fuel injection systems employ a single injection event for every engine
cycle, newer systems can use multiple injection events [12].

Using multiple injections—during every engine cycle—higher engine performance and lower
engine noise can be achieved. However, the injector lifetime might be reduced, and therefore
advanced control algorithms as well as malfunction detection and fault isolation algorithms
can be applied (see next sections).

Figure 2. Diesel fuel injection system from Bosch.
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Another relevant application is the electromechanical valve actuators used in automotive engines,
to achieve variable valve timing (VVT). With VVT, larger valve overlap, valve lift, duration, and
timing adjustments can be achieved depending on engine speed, load, and temperature.

Variable valve timing leads to improved fuel economy and lower emissions by decoupling the
valve timing from the piston motion [13]. This is especially valid in case of advanced combus-
tion technologies, as described in [14, 15].

However, the moving components of the valve actuators create unnecessary wear and exces-
sive noise. The armature landing speed shall be kept, e.g., under 0.1 [m/s]; otherwise, they are
excessively loud and are damaging to the actuator and engine valve.

Whenever high-performance and high-accuracy control is required, the electromagnetic actu-
ator is driven by a half H-bridge (see Figure 3), which might be equipped optionally with a
current sensing resistor RSENSE.

Typical voltage and current waveforms as well as the switching order of the commutation
elements T1 and T2 are shown in Figure 3.

After the electromagnetic armature is pulled up, the actuator current is reduced, and the
commutation elements are controlled via pulse-width modulation (PWM).

During armature movement, due to the induced electromotive force (e.m.f.), a small current
dip as well as a small current peak might be observed (see Figure 3).

The duty factor of the actuator—specified on the data sheet—is defined as

Duty %½ � ¼ TON

TON þ TOFF
100 %½ � (1)

In practice, exceeding this value might shorten significantly the lifetime of the actuator.

Figure 3. Electromagnetic actuator driven by a half H-bridge.
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2. Mathematical modeling

The mathematical model of the electromagnetic actuator is described by the voltage equation
and by the motion equation.

The voltage equation is

vin ¼ Riþ ∂Ψ
∂i

di
dt

þ ∂Ψ
∂z

dz
dt

(2)

where vin is the applied voltage, i is the armature current, Ψ is the armature flux, z is the
armature position, and R is the electrical resistance of the coil.

If we note with v ¼ _z, the armature speed and then the equation of the motion can be
written as

m€z ¼ FS � Fm (3)

where m is the moving mass, Fm is the electromagnetic force, and FS is the spring force. Since
the armature displacement often is very short, the spring force can be considered constant. In
case of magnetic levitation, the spring force is replaced by the weight of the moving mass.

The electromagnetic force can be expressed based on the electromagnetic co-energy Wco:

Wco ¼
ði
0
Ψdi (4)

Fm ¼ � ∂Wco

∂z

����
i¼ct

(5)

Then, we can also write

Fm ¼ �
ði
0

∂Ψ
∂z

di (6)

The Ψ ¼ Ψ i; zð Þ and Fm ¼ Fm i; zð Þ static characteristics can be measured. The flux-linkage
characteristic is derived by integration (very often the current decay test is used). Thus, the
flux linkage for one fixed position z is calculated by

Ψ i; zð Þ ¼
ð∞
0

vin tð Þ � R � i tð Þ½ �dt (7)

where at t ¼ 0 and the following conditions hold: vin ¼ 0, i 6¼ 0, and di=dt ¼ 0.

Although the model does not take into account the effect of eddy currents, the numerical
model can be very accurate and might be written formally into a nonlinear form:
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_x ¼ f xð Þ þ
Xm

i¼1

g xð Þu (8)

where x ¼ i v z½ �T represents the state of the nonlinear system, u ¼ vin FS½ �T is the input
vector, and f xð Þ and g xð Þ are nonlinear functions of the state x. The output vector y is

y ¼ h xð Þ (9)

where h xð Þ in the most general case is a nonlinear function.

Finally, in the aim to illustrate our investigations, let us consider an electromagnetic actuator
with parameters (catalog data) mentioned in Table 1 [16].

2.1. Nonlinear model and piecewise linearization

The mathematical model described above is too general and is difficult to handle in analytical
form. Therefore, we define an analytical model set, which describes the flux-linkage character-
istic as

Ψ i; zð Þ ¼ Ψmax 1� exp � i
c1 þ c2z

� �� �
(10)

where the parameters of the model set are Ψmax, c1, and c2.

Furthermore, the partial derivatives of the flux-linkage are

∂Ψ
∂i

¼ Ψmax

c1 þ c2z
exp � i

c1 þ c2z

� �
(11)

∂Ψ
∂z

¼ �Ψmax � c2 � i
c1 þ c2zð Þ2 exp � i

c1 þ c2z

� �
(12)

The approach presented in this section is reproduced from [17].

Type Solenoid valve

Stroke length 10 [mm]

Operating voltage 24 [V] d.c.

Maximum current 0.6 [A]

Resistance 40 [Ω]

Inductance 0.35–1.1 [H]

Number of turns 2240

Table 1. The solenoid parameters.
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If we approximate the exponential term by Taylor series, we have

exp � i
c1 þ c2z

� �
≈ 1� i

c1 þ c2z
þ i2

2 c1 þ c2zð Þ2 (13)

Thus, the magnetic force—based on the analytical model—can be expressed as

Fm ≈
Ψmax � c2 � i2
c1 þ c2zð Þ2

1
2
� i
3 c1 þ c2zð Þ þ

i2

8 c1 þ c2zð Þ2
" #

(14)

The model set above is validated against the measured static (flux and force) characteristics. The
“dots” in Figure 4 represent the measured data, and the solid lines represent the calculated
model using the above model set, with Ψmax ¼ 0:45 Wb½ �, c1 ¼ 0:4 A½ �, and c2 ¼ 0:375 � 103 A=m½ �.
The above parameters are derived using nonlinear least squares, fitting the measured data
(obtained using the current decay test and force measurements) with the analytical model.

Next, let us introduce the following notations, which help us to rewrite the model in a
convenient form: χi ¼ ∂Ψ=∂i, χz ¼ ∂Ψ=∂z, and χf ¼ Fm=i.

Since the magnetic force Fm depends on the square of the current i2, when the current is zero
i ¼ 0 and then χf ¼ 0, there is no division by zero in the model.

Thus, the voltage and motion equations are written as

di
dt

¼ � R
χi

� i� χz

χi
� vþ 1

χi
vin (15)

dz
dt

¼ v (16)

dv
dt

¼ �χf

m
� i� k

m
� zþ 1

m
FS 0ð Þ (17)

Figure 4. Flux and force characteristics.
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Finally, using a piecewise approximation, the system can be written in state-space form as

_x ¼ A i; zð Þ � xþ B i; zð Þ � u
y ¼ C � x (18)

where x ¼ i z v½ �T is the state-space vector, u ¼ vin FS 0ð Þ½ �T is the input vector, y is the output
vector, the A i; zð Þ and B i; zð Þ are current and position dependent matrices and C ¼ 1 1 0½ � if the
armature current and position are sensed. We remark, that in practice sensing the armature
speed and/or positions with sensor(s) might be expensive solution. Therefore, often only the
armature current can be sensed in a cost-effective manner.

The terms A i; zð Þ can be written as

A i; zð Þ ¼
�R=χi 0 �χz=χi

0 0 1
�χf =m �k=m 0

2
64

3
75 (19)

where

�χz

χi
¼ c2 � i

c1 þ c2z
(20)

The term B i; zð Þ can be written as

B i; zð Þ ¼
1=χi 0
0 0
0 1=m

2
64

3
75 (21)

where

1
χi

≈
2 c1 þ c2zð Þ2 þ 2i c1 þ c2zð Þ þ i2

2 �Ψmax � c1 þ c2zð Þ (22)

or a coarser approximation will be

1
χi

≈
c1 þ c2zþ i

Ψmax
(23)

Last but not least, the armature movement is subject to the following constraints:

v tð Þ ¼ 0 if z ≥ zmax and Fs � Fm ≥ 0
0 if z ≤ 0 and Fs � Fm ≤ 0

�
(24)

as well as zmin ≤ z tð Þ ≤ zmax, where zmin and zmax are the minimum and maximum displacements
of the armature.
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2.2. Linearized mathematical model

From control engineering viewpoint—in case of some applications (e.g., magnetic levitation)—
the piecewise linearized model might be too sophisticated. Therefore, in this section a linear-
ized mathematical model around an operating point is derived [1, 18].

Let us approximate the magnetic force as

Fm ≈γ
i2

c1 þ c2zð Þ2 (25)

where γ is a constant.

The equation of motion can be written as

M z; €z; ið Þ ¼ m€z � Fs þ γ
i2

c1 þ c2zð Þ2 ¼ 0 (26)

The equation above can be linearized around an operating point p0 ¼ z0; €z0; i0ð Þ as follows:

M z; €z; ið Þ ¼ M z0; €z0; i0ð Þ þ ∂M
∂z p0 z� z0ð Þ þ ∂M

∂€z

����
����
p0

€z � €z0ð Þ þ ∂M
∂i

����
p0

i� i0ð Þ (27)

which can be further written as

M z; €z; ið Þ ¼ � 2γi20
c1 þ c2z0ð Þ3 z� z0ð Þ þm €z � €z0ð Þ þ 2γi0

c1 þ c2z0ð Þ2 i� i0ð Þ ¼ 0 (28)

If we denote with Δz ¼ z� z0 and Δi ¼ i� i0, we obtain

� 2γi20
c1 þ c2z0ð Þ3 ΔzþmΔ€z þ 2γi0

c1 þ c2z0ð Þ2 Δi ¼ 0 (29)

If we divide the equation with the moving mass m and apply the Laplace transform, we obtain

s2 � a2
� �

Δz sð Þ þ kΔi sð Þ ¼ 0 (30)

Δz sð Þ
Δi sð Þ ¼ � k

s2 � a2
¼ � k

s� að Þ sþ að Þ (31)

where k and a are varying with the equilibrium point i0; z0ð Þ:

k ¼ 2γi0
m c1 þ c2z0ð Þ2 (32)
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0 if z ≤ 0 and Fs � Fm ≤ 0

�
(24)

as well as zmin ≤ z tð Þ ≤ zmax, where zmin and zmax are the minimum and maximum displacements
of the armature.
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2.2. Linearized mathematical model

From control engineering viewpoint—in case of some applications (e.g., magnetic levitation)—
the piecewise linearized model might be too sophisticated. Therefore, in this section a linear-
ized mathematical model around an operating point is derived [1, 18].

Let us approximate the magnetic force as

Fm ≈γ
i2

c1 þ c2zð Þ2 (25)

where γ is a constant.

The equation of motion can be written as

M z; €z; ið Þ ¼ m€z � Fs þ γ
i2

c1 þ c2zð Þ2 ¼ 0 (26)

The equation above can be linearized around an operating point p0 ¼ z0; €z0; i0ð Þ as follows:

M z; €z; ið Þ ¼ M z0; €z0; i0ð Þ þ ∂M
∂z p0 z� z0ð Þ þ ∂M

∂€z

����
����
p0

€z � €z0ð Þ þ ∂M
∂i

����
p0

i� i0ð Þ (27)

which can be further written as

M z; €z; ið Þ ¼ � 2γi20
c1 þ c2z0ð Þ3 z� z0ð Þ þm €z � €z0ð Þ þ 2γi0

c1 þ c2z0ð Þ2 i� i0ð Þ ¼ 0 (28)

If we denote with Δz ¼ z� z0 and Δi ¼ i� i0, we obtain

� 2γi20
c1 þ c2z0ð Þ3 ΔzþmΔ€z þ 2γi0

c1 þ c2z0ð Þ2 Δi ¼ 0 (29)

If we divide the equation with the moving mass m and apply the Laplace transform, we obtain

s2 � a2
� �

Δz sð Þ þ kΔi sð Þ ¼ 0 (30)

Δz sð Þ
Δi sð Þ ¼ � k

s2 � a2
¼ � k

s� að Þ sþ að Þ (31)

where k and a are varying with the equilibrium point i0; z0ð Þ:

k ¼ 2γi0
m c1 þ c2z0ð Þ2 (32)
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a2 ¼ 2γi20
m c1 þ c2z0ð Þ3 (33)

It means that a family of transfer functions are obtained and the system can be viewed as a
linear parameter-varying (LPV) system.

The variation of k and a values with the equilibrium position z0 is shown in Figure 5 and can be
well approximated by quadratic functions.

3. System identification

3.1. Clustering-based system identification

In the previous section, we have seen that using the current decay test and the nonlinear least
squares method, the parameters of the mathematical model can be identified.

However, the current decay test is time-consuming, since measurements shall be performed
for each grid point defined by armature current and position i; zð Þ. Thus, the obvious question
might arise: is there a faster solution to identify the parameters?

During the system identification process, we will note the system’s input and output at time t
by u tð Þ and y tð Þ, respectively [19].

For single-input single-output linear systems, we can write

y tð Þ ¼ φT tð Þθ (34)

where θ is the parameter vector (unknown) and the φ is the recorded (known) input-output
data vector:

Figure 5. Plant gain and pole variation with the equilibrium position.
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θ ¼ ½a1…an b0…bm�T
φ tð Þ ¼ ½�y t� 1ð Þ…� y t� nð Þ u tð Þ…u t�mð Þ�T (35)

To emphasize that the calculation of the y tð Þ is from the past data, we will write

by tð Þ ¼ φT tð Þθ (36)

Now, suppose for a given system that we do not know the values of the parameters in θ, but
we have recorded inputs and outputs over the time interval. If the input signal is persistently
exciting—condition described in details in [19, 20]—then the solution can easily be computed
by modern software tools.

In this section a clustering-based identification method, proposed by Ferrari-Trecate et al.
(2003) is used (see [21, 22]), where the plant is assumed to be described by piecewise linear
models having s sub-models, such as

y tð Þ ¼
φT tð Þθ1 þ w tð Þ, if φT tð Þ∈C1

⋮
φT tð Þθs þ w tð Þ, if φT tð Þ∈C1

8><
>:

(37)

where w tð Þ is white noise, θi i ¼ 1,…, s are the parameter vectors, φ tð Þ is a regression vector,
and n is the order of the piecewise ARX (PWARX) model.

It is assumed that the order of each sub-model is the same, and u(t) and y(t) are the input and
output, respectively.

Furthermore, it is assumed that Cs
i¼1 are polytopic and they satisfy the well-posed condition:

∪si¼1Ci ¼ C, Ci ∩ Cj ¼ ∅, and ∀i 6¼ j.

An important phase of the system identification experiment is input signal design. In case of
nonlinear systems, a multilevel random signal is often used [23, 24], and a bi-level pseudoran-
dom binary signal (PRBS) is not suitable for nonlinear systems.

The generation of the multilevel random signal—using shift registers—is done according to
[25]. Figure 6 shows a five-level random signal with maximal length, using four-shift registers
with coefficients a1 ¼ 1, a2 ¼ �1, a3 ¼ 1, a4 ¼ �2 [25].

This input signal is applied—when the armature is fixed—in order to identify the dynamic
inductance denoted by χi and the electrical resistance R. The output signal—armature current
—when the multilevel random signal is applied is shown in Figure 6.

Next, the voltage equation is written in discrete form at the time moment t ¼ t kð Þ:

i kð Þ ¼ TS

χi þ RTS
vin kð Þ þ χi

χi þ RTS
i k� 1ð Þ (38)

where TS is the sampling time.
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The equation above defines the regression space (see also references [21, 22]) having in this
case two axis, defined by i k� 1ð Þ and vin kð Þ. The data collected during the system identification
experiment is shown in the regression space in Figure 7.

The regression space is clustered in five different regions for i ¼ 0:1,…; 0:5 A½ �, and the param-
eters are identified for each case using the least squares method. In each defined cluster, we
assume that χi is constant, and basically we use a piecewise linear approximation of χi.

The system identification experiments are repeated around different positions, when the
armature is fixed; thus, the function bχi ¼ bχi i; zð Þ can be estimated.

Now, using the nonlinear least squares, we can minimize the J objective function:

Figure 6. Multilevel random input and corresponding output signal.

Figure 7. Regression space—Clustering-based identification.
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J ¼ min χi i; zð Þ � bχi i; zð Þð Þ2 (39)

and we can find out the estimated parameters of the model bΨmax ¼ 0:437 Wb½ �, bc1 ¼ 0:37 A½ �,
and bc2 ¼ 0:36 � 103 A=m½ �. Values, which are in good accordance with the values, are found via
the current decay test.

Having the χi ¼ χi i; zð Þ function identified, the parameters of the model set, namely, Ψmax, c1,
and c2, are found.

This identification is repeated only around different positions z, when the armature is fixed
and thus is much faster than identifying Ψ ¼ Ψ i; zð Þ around different current and position
values using the current decay test.

3.2. Identification under closed-loop

In practice, it might be the case that the system is open-loop unstable; thus, system identifica-
tion experiments have to be performed under closed-loop (for more details see [26, 27]).

Closed-loop identification is a very challenging task. Due to the presence of feedback loop, the
input signal might not be persistently exciting. In the aim to achieve a persistent excitation of
the system, it is recommended in [19] to switch between different simple controller structures.

First, the system shall be stabilized under feedback around an equilibrium position, as shown
in Figure 8; details about the controller design K sð Þ are described in the next section.

Under closed loop, the reference input (armature position) is disturbed by a persistently
exciting input signal (i.e., pseudorandom binary signal)—as shown in Figure 9, and three
linear transfer functions are identified, which are defined as

Figure 8. Closed-loop system identification.
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T sð Þ ¼ Y sð Þ
R sð Þ ¼

P sð ÞK sð Þ
1þ P sð ÞK sð Þ (40)

H sð Þ ¼ U sð Þ
E sð Þ ¼ K sð Þ

1þ P sð ÞK sð Þ (41)

P sð Þ ¼ Y sð Þ
U sð Þ ¼

T sð Þ
H sð Þ 1� T sð Þð Þ (42)

where we used the well-known identity S sð Þ þ T sð Þ ¼ 1:

S sð Þ ¼ E sð Þ
R sð Þ ¼ 1� T sð Þ (43)

The procedure can be repeated around different equilibrium positions; thus, a family of
transfer functions can be obtained.

4. Control of electromagnetic actuators

Let us start with the easier case: the moving armature is controlled around an equilibrium
position—magnetic bearings and magnetically levitated high-speed trains are typical applica-
tions.

The linearized mathematical model, around an equilibrium position, can be written as

P sð Þ ¼ Δz sð Þ
Δi sð Þ ¼ � k

s� að Þ sþ að Þ (44)

where k and a are strictly positive values, varying with the equilibrium point i0; z0ð Þ.

Figure 9. Input and output signal used to identify T sð Þ.
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In this section, we are looking for a linear controller, which can stabilize the plant and can
fulfill performance and robustness requirements [18].

4.1. PD controller

A very simple PD controller, which can stabilize the plant, is

K sð Þ ¼ �kD sþ að Þ (45)

The closed-loop transfer function shows that

T sð Þ ¼ kkD
sþ kkD � a

(46)

The system is stable if kkD > a; however, the steady-state error might be significant, since the
controller gain kD cannot be made arbitrarily large.

4.2. PI controller

The next option is to consider a PI controller such as

K sð Þ ¼ �kPI
sþ a
s

(47)

In this case, the closed-loop transfer function becomes

T sð Þ ¼ kkPI
s2 � asþ kkPI

(48)

Since a is a positive value, we observe that the PI controller cannot stabilize the plant P sð Þ.

4.3. PID controller

Let us consider a PID controller—having a single tuning parameter KPID—in the form

K sð Þ ¼ �kPID
sþ að Þ2

s
(49)

The block diagram of the control system is shown in Figure 10.

The closed-loop transfer function is

T sð Þ ¼ kkPID sþ að Þ
s2 þ kkPID � að Þsþ kkPIDa

(50)

The closed-loop transfer function has a zero at s ¼ �a, which might affect the system response
(large overshoot), which can be canceled with a prefilter KPRE sð Þ ¼ a= sþ að Þ.
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Then, the closed-loop transfer function becomes

T sð Þ ¼ kkPIDa
s2 þ kkPID � að Þsþ kkPIDa

(51)

Next, based on performance and robustness specifications, we would like to find a suitable
value for the controller gain KPID. Usually, performance specifications are given in terms of
settling time Tset and percent of overshoot P:O:

For a second-order system

T sð Þ ¼ ω2
n

s2 þ 2τωnsþ ω2
n

(52)

where ωn is the natural frequency and the τ is the damping factor; we have Tset ≈ 4= τωnð Þ and
P:O: ¼ 100 � e�τπ=

ffiffiffiffiffiffi
1�τ

p
.

Since we have only one tuning parameter KPID, the performance specifications are given only
in terms of settling time Tset ¼ 1:25 s½ �. Therefore, the PID controller gain can be calculated as

kkPID � a ¼ 2τωn ≈
8
Tset

(53)

Thus, we obtain

kPID ¼ 8þ aTset

kTset
(54)

Next, the stability and robustness in a classical framework can be assessed. We calculate the
gain and phase margins, obtaining Gm ¼ 0:47 m=A½ � and Pm ¼ 37 deg½ � for the equilibrium
position z0 ¼ 3 � 10�3 m½ �.

4.4. Gain-scheduled controller

We have seen that the actuator can be stabilized around, and equilibrium point and perfor-
mance and robustness can be guaranteed.

Figure 10. The block diagram of the control system.
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However, we observed that the plant parameters k and a are varying with the operating point
i0; z0ð Þ; thus, for good performance and robustness, the controller should take into account that
the plant parameters are varying.

A survey of linear parameter-varying control applications can be found in [28], and control
applications validated by experiments are presented in [27, 29] for actuators and for medical X-
ray systems in [30]. High-accuracy mathematical modeling and a linear parameter-varying
observer for fault detection and fault isolation are presented in [17].

We can design a linear parameter-varying controller having the form

K s; z0ð Þ ¼ kPID z0ð Þ sþ a z0ð Þð Þ2
s

(55)

where both the controller gain and controller zero are dependent on the equilibrium position.

Finally, stability and robustness (quadratic stability) of such a control system can be analyzed
using modern software tools, and details are described in [27].

If a simpler approach is preferred, a gain-scheduled controller might be a good choice, which is
easier to implement in real time, and its stability and robustness are easier to analyze.

Since perfect cancelation of the varying plant pole at s ¼ �a with a fixed controller zero is not
possible, we choose to place the controller fixed zero left to the varying poles, such as
z ¼ �amax. Then, the gain-scheduled controller can be written as

K s; z0ð Þ ¼ kPID z0ð Þ sþ amaxð Þ2
s

(56)

where the only one tuning parameter is controller gain KPID z0ð Þ, defined as

kPID z0ð Þ ¼ 8þ a z0ð ÞTset

k z0ð ÞTset
(57)

where the variation of the values k ¼ k z0ð Þ and a ¼ a z0ð Þ were shown already in Figure 5.

Next, the gain and phase margins are calculated for different equilibrium positions z0 and
shown in Figure 11. We can observe that—due to the gain-scheduled controller—the gain and
phase margins do not change significantly with the equilibrium position, and such a robust-
ness is difficult to achieve with a single controller, having fixed parameters.

The system response using the gain-scheduled controller is investigated, considering the
following two cases:

• The moving armature is controlled around an equilibrium position, and the set point
(reference position) is changed Δz0 ¼ 1 mm½ � (see Figure 12, left plot). The control system
—including the prefilter—exhibits approximately P:O: ≈ 25% overshoot and settling time
Tset ¼ 1:5 s½ �.
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where the variation of the values k ¼ k z0ð Þ and a ¼ a z0ð Þ were shown already in Figure 5.
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shown in Figure 11. We can observe that—due to the gain-scheduled controller—the gain and
phase margins do not change significantly with the equilibrium position, and such a robust-
ness is difficult to achieve with a single controller, having fixed parameters.

The system response using the gain-scheduled controller is investigated, considering the
following two cases:
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—including the prefilter—exhibits approximately P:O: ≈ 25% overshoot and settling time
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• The moving armature is controlled between the two extreme positions, armature open
and armature close, Δz0 ¼ 10 mm½ � (see Figure 12, right plot). In this case the main goal is
to achieve so-called soft landing of the moving armature to reduce wear and noise.

It is important to highlight that controller design is made based on the linearized plant, but
validation of the controller in simulations or during hardware-in-the-loop (HIL) experiments
shall be done using the nonlinear plant model.

During our control design investigations, we considered that the armature position can be
measured. In practice, there are applications, where the armature position cannot be measured
in a cost-effective way.

Therefore, we remark that controlling the moving armature without measuring the armature
position (e.g., measuring only the current) remains a challenging research topic, which exceeds
the goals and the limits of this chapter.

Figure 11. Gain and phase margin variation with z0.

Figure 12. System response with the gain-scheduled controller.
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5. Conclusions

This chapter dealt with mathematical modeling, system identification, and control of electro-
magnetic actuators. Actuators are often used in industrial applications such as magnetic
levitation, electromagnetic bearings, as well as in fuel injectors in the automotive industry.

After a detailed mathematical model was presented, two different parameter identification
techniques were described. The first one is based on the classical current decay test, and the
second one is a clustering-based system identification approach. Since the actuator is open-
loop unstable, the main steps of system identification of the actuators under closed-loop
control were presented.

Finally, very simple and easy-to-apply control strategies were discussed, when the armature is
controlled around a fixed equilibrium position (PID controller) as well as when the armature is
controlled between two extreme positions, armature open and armature closed (gain-
scheduled PID controller).
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Abstract

Diabetic neuropathy (DPN) is asymptomatic in its early phases but can cause serious 
complications as it progresses. Most DPN tests are cumbersome and produce only quali-
tative assessments, and simpler approaches that yield quantitative results are needed. 
Techniques that allow patients to perform examinations themselves would be especially 
valuable. In this study, we focused on quantifying the decline in tactile sensation associ-
ated with DPN and developed a measurement device that used a thin shape memory 
alloy (SMA) wire as the actuator. An ON/OFF pulse current caused the wire to shrink 
and expand. This vibration was amplified by a round-headed pin, allowing even DPN 
patients with reduced tactile sensitivity to detect the stimuli generated when lightly 
touching the pin with their fingertips. The tactile stimuli were ranked into 30 levels of 
intensity. A key advantage of the device is that it can be used by patients themselves, 
returning quantified results within minutes. Although developed for DPN, the method 
can be applied to the detection of peripheral neuropathy in general.

Keywords: shape memory alloy actuator, neuropathy, tactile application, quantification, 
quantitative tactile examination, early detection

1. Introduction

In this chapter, we introduce a quantitative tactile examination device using shape memory 
actuators and discuss previous work by the authors on the use of such a system for the early 
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detection of diabetic neuropathy (DPN) [1–3]. We consider the range of potential applications 
and the future potential of this technology.

We have conducted a number of studies on tactile sense-presentation technology that applies 
micro-vibrations using thin shape memory alloys (SMA) [1–11]. The SMA allows for a com-
pact device that consumes little power and causes no pain to patients.

Tactile-stimulus diagnostic techniques, such as the technique reported in this study, may be 
possible with other actuators such as small motors [12, 13], piezoelectric actuators [14], or 
pneumatic actuators [15]. However, each of these technologies requires large electromagnetic 
devices that require more power than that provided by a portable battery.

Piezoelectric actuators need a driving voltage of the order of several tens of volts, and their 
inclusion of mechanical parts makes their application in portable devices difficult [14].

Our tactile-stimulus presentation technology that uses a thin SMA avoids the problems of 
size and power consumption. The present iteration of the device can be driven with a small 
battery [2, 3, 5–7].

Quantitative diagnosis of DPN at present requires a machine costing at least several million 
yen and larger than 1 m on a side, such as nerve-conduction studies. Equipment for these tests, 
in addition to being cumbersome and expensive, requires skilled technicians for its operation.

Some patients refuse a second examination because nerve conduction studies and electromy-
ography studies can be quite painful. Many asymptomatic diabetes patients are left untreated 
because of the cost, difficulty, and pain caused by the current methods for quantitative diag-
nosis of the neurological effects of diabetes.

In previous studies [1–3, 5–7], we have developed a range of simple, quantitative, and pain-
less examination methods that use SMA, and the present study summarizes those studies and 
discusses future prospects.

A wide range of conditions contribute to hypoesthesia and/or peripheral nervous disorders, 
including the administration of anticancer drugs, DPN, vitamin deficiency, vasculitis, poly-
neuropathy, depression, alcohol dependence, infection, and uremia. However, the progress 
of the condition is generally slow, and most sufferers are initially unaware of its presence [16].

Peripheral neuropathy tests can be divided into two main types. The first is qualitative and 
includes the Achilles tendon reflex/vibration test. The second is nerve conduction studies 
(NCS), which involve complex and painful invasive examinations but provide quantified 
diagnoses. Both types require medical expertise and judgment and must be conducted by a 
healthcare professional. Patients have no access to their test results, making them less likely 
to seek treatment.

Approximately, half of all patients with diabetes contract asymptomatic neuropathy [17]. As 
the causes of neuropathy are not limited to diabetes mellitus, it is assumed that there are 
many more asymptomatic neuropathy sufferers. Currently, patients are unable to perceive 
the condition themselves, and no simple quantification scale is available. Even patients whose 
condition is treatable may be unaware of its presence and therefore fail to seek treatment.

Actuators110

A simple method for quantitative detection of the asymptomatic condition is therefore needed. 
By combining medicine and engineering, we developed a quantitative tactile examination device 
based on detecting the decline in tactile sensation.

The initial study targeted diabetes patients whose condition was associated with deterioration in 
sensation. The tactile sensation of diabetic patients was found to be lower than that of normal sub-
jects [1, 2] and that of diabetic patients who were not conscious of the decline to be still lower [3].

2. Tactile sensation and diabetic neuropathy

The sense of touch relies on four main tactile receptors in the skin: the Meissner’s corpuscle, 
Merkel disc, Ruffini ending, and Pacinian corpuscle. As shown in Figure 1, Merkel discs are 
located in the epidermis and are approximately 10 μm in diameter. They are used to sense 
pressure and texture. Meissner’s corpuscles are primarily located immediately below the epi-
dermis and are between 30 and 140 μm in length and 40–60 μm in diameter. They are used to 
sense stroking and fluttering. Ruffini endings are also located in the dermis, have a length of 
approximately 0.5–2 mm, and are used for the sense stretching of the skin. Pacini corpuscles 
are located in the subcutis and are approximately 0.5–2 mm in length and 0.7 mm in diameter. 
Based on their response speed and size, the receptors are given four labels: fast adapting I and 
II (FA I and FA II) and slow adapting I and II (SA I and SA II).

The receptors are present at different densities in different regions of the human body. Figure 2 
[13] shows the innervation density in the hand, which is where most human tactile recognition 
takes place. Receptors are particularly dense in the fingers and especially in the tips. Human 
fingers are therefore sensitive to a range of stimuli. The response of the receptors is closely 
related to nervous system activity, and the tips of the fingers are therefore also densely sup-
plied with capillary vessels. When a diabetic condition restricts the blood flow in the capillary 

Figure 1. Tactile receptors of the skin [3].
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vessels or destroys them, sensitivity to tactile sensations is restricted. Most diabetes patients, 
even at an early stage of the disease, have reduced sensitivity to tactile sensations in the fingers 
and feet. The extent of the decline is a measure of the progress of the condition.

Diabetic neuropathy (DPN) is caused by the degradation of axons in peripheral nerves, which 
decrease nerve function in slow progression. The rate of degeneration depends on the ability 
of the patients to control their glycemic index; thus, it varies with each individual. Nerves are 
distributed throughout the body and vary in function. For that reason, neurological diagnos-
tic methods vary depending on the parts and functions of the nerve distributed, thus making 
uniform standards difficult to formulate. For example, in the event of dysuria arising from 
DPN, the patient may consult a urologist. However, a patient who feels discomfort or numb-
ness in the sole of the foot owing to DPN may consult an orthopedist, and both patients may 
not consult a diabetes specialist until their condition has degraded significantly. DPN pres-
ents a variety of symptoms that patients are likely to consult a range of specialists for the same 
underlying condition. Diagnosis of DPN is so complicated and time-consuming that even 
many diabetes specialists are not equipped for quantitative studies.

Neuropathy can also be caused by other diseases, but DPN is distinguished by a few symptoms.

DPN presents diffuse neuropathy, with bilateral symmetry. The nerve failure is focused on 
sensory functions, and DPN tends to progress from peripheral nerves inward.

Figure 2. Innervation density of tactile receptors [18].
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While examining patients with multiple neuropathy-causing conditions, the underlying cause 
of any symptom is very difficult to distinguish, with any diagnostic method; thus, this chapter 
focuses on tactile anomalies and tactile reduction among the neurological abnormalities that 
could indicate DPN.

To confirm and diagnose the specific form of neuropathy that a patient has developed, an 
affected nerve must be biopsied from the patient, but this procedure is generally too invasive 
for the degree of suffering a patient is experiencing. Instead, clinicians administer a series of 
tests to collate a program similar to quantitative diagnosis and treatment program.

Our tactile test method stimulates the following four main tactile receptors in the skin: the 
Meissner’s corpuscle, the Merkel disc, the Ruffini ending, and the Pacinian corpuscle. Though 
it may also stimulate other receptors, this device clearly provides a tactile stimulus that at 
least stimulates the haptic receptors. Precise diagnostic methods require the application of 
electric current to a patient’s nervous system and measuring response. These tests are pain-
ful, while our haptic stimulator causes no pain at all. We have not performed biopsy studies 
to conclusively demonstrate to diagnoses pathologically confirmed with DPN. But we have 
shown that the device can quickly, inexpensively, and painlessly assess a patient’s tactile 
response with novel technology in some clinical studies [1–3].

In this study, a tactile device was developed that presented present a range of tactile stimuli 
to the fingers of a subject and then measured the response from the driving parameters of the 
tactile actuators.

3. Design of the measurement device

3.1. A compact SMA actuator to generate micro-vibrations

To generate the physical stimuli, an SMA wire was employed. Within the typical operating 
temperature range, SMA has two phases, each with a different crystal structure and therefore 
different properties. The first is a high-temperature phase, called the Austenite phase, and the 
second a low-temperature phase, called the Martensite phase. When the temperature exceeds 
a critical threshold (70°C), the SMA alternates between the two phases, causing the crystal 
structure, and therefore the shape of the SMA, to change. SMA has been widely used in actua-
tion and sensing applications and in the aerospace, automotive, and biomedical sectors.

When SMA is formed into a thin wire, its length originally 3 mm at a low-temperature 
phase will change at a known temperature. In the current study, the SMA wire (Toki Corp., 
BioMetal, BMF75) was used to create a compact actuator, the characteristics of which are 
shown in Figure 3. When the temperature of an SMA wire passes T1 (68°C), the wire begins 
to shrink up to 5% lengthwise at the temperature T2, reaching a minimum at T2 (73°C). As the 
temperature is reduced, the wire gradually returns to its initial length.

As the alloy has an electrical resistance of 0.6 ohms per 1 mm, its length can be controlled by 
supplying a pulse current. This instantaneously increases the temperature, shrinking the wire. 
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When the pulse current is halted, the body instantly cools, returning to its initial length. The 
shrinkage and return are fully synchronized with the ON/OFF pulse current, as shown in 
Figure 4. The magnitude of the vibration created can be precisely controlled by the amplitude 
of the pulse signal H and the duty ratio W/L. For an efficient operation, the SMA temperature 
must be maintained within the range T1–T2. In our design, a pulse-width modulated (PWM) 
rectangular wave signal with an arbitrary frequency, amplitude, and duty ratio is generated by 
a PC and is then amplified to drive the SMA actuator. The amplifier drives the SMA actuator 
at frequencies up to 300 Hz. The voltage amplitude is variable and controlled by the current. 
According to the measurement results of our research so far, the SMA wire shrinks by ~2 μm 
at the maximum according to the duty ratio of the pulse current. Therefore, according to the 
duty ratio, the overall length of the SMA wire was observed to be shrinking from 0.1 to 2 μm. 
The detailed driving pulse signal for each amplitude level of vibration is shown in Table 1 [3].

While most SMAs have a slow response time, the BMF75 wire with a diameter of 75 μm can 
respond within less than 1 ms and was used to create the compact vibration actuator.

Figure 3. Characteristics of the SMA wire [3].

Figure 4. Pulse signal for driving SMA [3].
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The subject only touches the actuator lightly to eliminate the disturbance of the actuator due 
to the skin reaction force.

The vibration stimulus generated by the SMA wire is transmitted to the subject through the 
round-head pin (Figure 5) described below. The pin actually touched by the subject is shown 

Amplitude level W [ms] L [ms] H [V]

1 3 200 1.8

2 4 200 1.8

3 6 200 1.8

4 7 200 1.8

5 9 200 1.8

6 10 200 1.8

7 12 200 1.8

8 13 200 1.8

9 15 200 1.8

10 11 75 1.8

11 13 75 1.8

12 15 75 1.8

13 17 75 1.8

14 19 75 1.8

15 22 75 1.8

16 24 75 1.8

17 26 75 1.8

18 28 75 1.8

19 30 75 1.8

20 12 22 1.8

21 15 22 1.8

22 17 22 1.8

23 20 22 1.8

24 22 22 1.8

25 25 22 1.8

26 27 22 1.8

27 29 22 1.8

28 30 22 1.8

29 30 22 1.8

30 30 22 1.8

Table 1. Driving signal for each amplitude level.
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Figure 5. Structure of vibration actuator [3].

Figure 6. Tactile input for diabetes screening [3].

in Figure 6. As shown in Figure 6, the test equipment is shaped in a manner such that the 
subject can lightly touch the middle and index fingers on the pin array.

Tests were conducted at room temperature, 20–30°C, controlled by air conditioning. We did 
not use any electromagnetic shielding as the actuator will need to function in unshielded 
clinical settings.

3.2. Vibration actuator with a round-head pin

To make the actuator usable for tactile screening of diabetes, the micro-vibration generated by 
the SMA wire required amplification. A round-headed pin was therefore fixed at the center 
of the SMA wire, transforming the movement of the SMA wire into vibration. As shown in 
Figure 5, the actuator comprised an SMA wire, 75 μm in diameter and 3 mm in length, and a 
round-headed pin, 1.4 mm in diameter and 3 mm in length.

Shrinking and expansion of the SMA wire was continuously synchronized by the ON/OFF 
pulse current. This induced vibration in the round-headed pin, allowing even diabetic patients 
with reduced tactile sensitivity to recognize the tactile stimuli when the vibration pins were 
brought into light contact with the fingertips.
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3.3. Tactile display for the detection of diabetes mellitus

As shown in Figure 6, eight actuators were arranged as arrays. Two of these made up the 
tactile presentation area. The patient placed the index and middle fingers on these in such a 
way that the tips of two fingers were in contact with the array.

The presentation of vibratory stimuli makes use of higher-level tactile perceptual processes [21]. 
The pins in each array were driven by the pulse current signals with a time delay, as shown in 
Figure 7. This was expected to create an apparent perception of movement and the subject to 
experience a vibrating object moving from Ch. 1 (fingertip) to Ch. 8 (the second finger joint). 
The apparent movement of the stimuli could be controlled by varying the time delay of the pins.

To confirm that perception of apparent movement could be generated, a pilot study was run, 
using three healthy subjects, in which the frequencies and the amplitudes were varied using 
different time delays. Based on the results, the amplitude of the vibrations was divided into 
30 levels. The lowest amplitude represented a stimulus that was difficult for healthy people 
with normal tactile sensitivity to perceive, while the strongest could be perceived even by a 
diabetic subject with severely compromised tactile sensitivity.

As shown in Figure 4, the amplitude of vibration was controlled by selecting the parameters 
W [ms]: pulse width, L [ms]: period, and H [V]: amplitude. These parameter values were 
carefully selected to allow the vibration to be increased linearly from level 1 to 30 (Table 1).

To examine the lowest threshold of tactile sensitivity of the index and middle fingers, a tactile 
sensation threshold (TST) score or peripheral neuropathy vibration (PNV) score were used. 
The subject was asked to place the index and middle fingers on the pin arrays. Tactile stimuli 
were then presented at different frequencies and amplitudes and in randomized directions. 
Using “yes” or “no” responses, the system measured the threshold of tactile perception and its 
relationship to the severity of attenuation. We named our proposed method the finger method.

Figure 7. Presentation of tactile vibratory stimuli [3].
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3.4. Experimental procedures for detection by diabetes mellitus subjects based on 
tactile sensation threshold scores

Three different procedures were performed. In the first, tactile stimuli were presented to both 
fingers simultaneously, in a single direction starting at the fingertips (Pattern 6 in Figure 8). 
Subjects were asked if they had perceived the stimuli. This procedure is known as the tactile 
sensation threshold 1 direction test (TST-1) or PNV 1 direction test (PNV 1) and was used to 
investigate the perception of tactile stimuli in two fingers. In the second procedure, a moving 
stimulus was presented to one of the two fingers in a random direction, and the subject was 
asked to identify both the finger and the direction of movement. In this procedure, known 
as the tactile sensation threshold 4 direction test (TST-4) or PNV 4 direction test (PNV 4), the 
subject was asked to identify the tactile perception as matching one of the four patterns shown 
in Figure 8. In the third procedure, known as the tactile sensation threshold 8 direction test 
(TST-8) or PNV 8 direction test (PNV 8), stimuli moving in random directions were applied to 
one or both fingers, and the subject was asked to match the finger(s) and direction of move-
ment with one of the same eight patterns.

In all procedures, the examination began at a stimulus intensity of 15. Based on the accuracy 
of the answer given, the next round started at an intensity of 22 or 7.

Again, based on the accuracy of the answer given, in the next round, a stimulus intensity of 
26, 19, 11, or 4 was presented to the subject. The stimulus intensity was then changed until 
the subject gave a correct answer 66.7% or more of the time. This TST score or PNV score was 
defined as the tactile threshold. The value for the tactile threshold was defined as the lowest 
value among the 30-stage stimulus intensity in which subjects were able to correctly answer 
more than 66.7%.

To reduce the examination time as much as possible, we applied a protocol to stimuli levels 
in 30 successive stages.

In our preliminary research on healthy subjects, we gradually increased the stimuli intensity 
from the weakest stimulus to the strongest. Inspecting patients with obvious neurological 

Figure 8. Eight patterns of moving directions of tactile stimuli [3]. Mid = middle finger; Indx = index finger.
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disorders in this fashion leads to patient fatigue and boredom, and we cannot expect to see 
any response for the weakest stimuli. Therefore, we developed a protocol to shorten the 
inspection time. We began examining all subjects at the middle stimulus intensity of 15. The 
test stimulus was presented to the subject two or three times. Only subjects who correctly 
answered 66.7% or more with the test stimulus, that is, examinees who correctly answered 
at least twice, are next presented with stimulus intensity of 7, which is halfway between the 
minimum and middle intensities. Subjects who do not detect a stimulus at intensity 15 are 
presented next with a stimulus intensity of 22. This process significantly reduces the time 
needed to determine a subject’s reaction threshold. Ultimately, the lowest stimulus intensity 
that was detected more than two-thirds of the presented intensity was defined as the tactile 
threshold for that subject.

4. Verification of early detection of DPN

4.1. Pilot study to confirm tactile reduction in long-term diabetic patients

The device was first used in a pilot study of 15 diabetic patients with a long history of treat-
ment, and a significant decrease in tactile sensation compared with healthy subjects was con-
firmed [1].

4.2. Validation of DPN evaluation for diabetic patients

The device was next used to validate the evaluation of DPN in diabetic patients [2]. Based on 
the criteria [19] for diagnosis of DPN provided by the American Diabetes Association (ADA), 
tactile sensation was quantified, and a comparison was made of patients with and without 
DPN. A significant reduction in tactile sensitivity was confirmed in the DPN group.

The goal of this part of the study was to investigate the effectiveness of the proposed method 
in diagnosing DPN.

A cross-sectional study was conducted of 52 type 2 diabetic outpatients. Patients were evalu-
ated for DPN using the ADA criteria, the Michigan Neuropathy Screening Instrument (MNSI), 
and our proposed finger method. Patients were assigned to probable DPN or non-DPN groups, 
based on the ADA criteria. The finger method was used to produce a PNV score from the 
index and middle fingers, using the three procedures introduced above: PNV 1, PNV 4, and 
PNV 8. The scores ranged from 1 to 30, and comparisons were made between the two groups.

The PNV scores of the DPN group were significantly higher (P < 0.01). The PNV scores for the 
right fingers of the DPN and non-DPN groups were 10.2 ± 7.4 and 3.4 ± 3.3 in PNV 1, 20 ± 4.9 
and 10.7 ± 5.3 in PNV 4, and 23.2 ± 4.9 and 14.6 ± 7.8 in PNV 8, respectively (Table 2).

Overall, the tactile threshold of the DPN group was higher than that of the non-DPN group.

The results suggested that the finger method, performed using the proposed device, can be 
used to evaluate DPN.
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disorders in this fashion leads to patient fatigue and boredom, and we cannot expect to see 
any response for the weakest stimuli. Therefore, we developed a protocol to shorten the 
inspection time. We began examining all subjects at the middle stimulus intensity of 15. The 
test stimulus was presented to the subject two or three times. Only subjects who correctly 
answered 66.7% or more with the test stimulus, that is, examinees who correctly answered 
at least twice, are next presented with stimulus intensity of 7, which is halfway between the 
minimum and middle intensities. Subjects who do not detect a stimulus at intensity 15 are 
presented next with a stimulus intensity of 22. This process significantly reduces the time 
needed to determine a subject’s reaction threshold. Ultimately, the lowest stimulus intensity 
that was detected more than two-thirds of the presented intensity was defined as the tactile 
threshold for that subject.

4. Verification of early detection of DPN

4.1. Pilot study to confirm tactile reduction in long-term diabetic patients

The device was first used in a pilot study of 15 diabetic patients with a long history of treat-
ment, and a significant decrease in tactile sensation compared with healthy subjects was con-
firmed [1].

4.2. Validation of DPN evaluation for diabetic patients

The device was next used to validate the evaluation of DPN in diabetic patients [2]. Based on 
the criteria [19] for diagnosis of DPN provided by the American Diabetes Association (ADA), 
tactile sensation was quantified, and a comparison was made of patients with and without 
DPN. A significant reduction in tactile sensitivity was confirmed in the DPN group.

The goal of this part of the study was to investigate the effectiveness of the proposed method 
in diagnosing DPN.

A cross-sectional study was conducted of 52 type 2 diabetic outpatients. Patients were evalu-
ated for DPN using the ADA criteria, the Michigan Neuropathy Screening Instrument (MNSI), 
and our proposed finger method. Patients were assigned to probable DPN or non-DPN groups, 
based on the ADA criteria. The finger method was used to produce a PNV score from the 
index and middle fingers, using the three procedures introduced above: PNV 1, PNV 4, and 
PNV 8. The scores ranged from 1 to 30, and comparisons were made between the two groups.

The PNV scores of the DPN group were significantly higher (P < 0.01). The PNV scores for the 
right fingers of the DPN and non-DPN groups were 10.2 ± 7.4 and 3.4 ± 3.3 in PNV 1, 20 ± 4.9 
and 10.7 ± 5.3 in PNV 4, and 23.2 ± 4.9 and 14.6 ± 7.8 in PNV 8, respectively (Table 2).

Overall, the tactile threshold of the DPN group was higher than that of the non-DPN group.

The results suggested that the finger method, performed using the proposed device, can be 
used to evaluate DPN.
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4.3. Detection of a decrease in asymptomatic tactile sensation in diabetic patients

Next, a comparison was made of the tactile sensitivity of 31 asymptomatic DPN patients and 
32 healthy volunteers. The results confirmed that the asymptomatic DPN patients exhibited a 
significant reduction in sensitivity [3].

This part of the study focused on the asymptomatic development of decreased sensation, 
associated with diabetes mellitus. The goals were to investigate the use of the quantitative 
tactile sensation measurement device to examine diabetic patients who were unaware of 
abnormal or decreased sensation and to determine whether tactile sensation is reduced in 
asymptomatic patients. A group of healthy controls was recruited, and the finger method was 
used to measure the TST score of the index and middle fingers in the three procedures TST-1, 
TST-4, and TST-8. The TST scores ranged from 1 to 30, and a comparison was made between 
the two groups. The TST scores of the diabetic patients were significantly higher (P < 0.05). 
The TST scores for the left fingers of the diabetic patients and healthy controls were 5.9 ± 6.2 
and 2.7 ± 2.9 in TST-1, 15.3 ± 7.0 and 8.7 ± 6.4 in TST-4, and 19.3 ± 7.8 and 12.7 ± 9.1 in TST-8, 
respectively (Table 3).

Overall, the tactile threshold of the fingers of asymptomatic DPN patients was shown to be 
higher than that of the healthy controls.

The results suggested that the quantitative tactile sensation measurement device was able to 
detect a decrease in tactile sensation in diabetic patients who were themselves unaware of 
abnormal or decreased sensitivity.

Non-DPN group (N = 21) DPN group (N = 31) P-value

Neuropathic symptoms (%) 2 (9.5%) 15 (48.4%) 0.003†

MNSI-Q score 1 ± 0.8 2.1 ± 2 0.017*

MNSI-E score 1 ± 0.5 2.9 ± 1.3 <0.001*

Abnormal MNSI score (%) 0 (0%) 20 (64.5%)

PNV score

PNV 1 left 4.1 ± 5 9.7 ± 7.2 <0.001*

PNV 1 right 3.4 ± 3.3 10.2 ± 7.4 0.004*

PNV 4 left 12.6 ± 6.3 20.4 ± 4.8 <0.001*

PNV 4 right 10.7 ± 5.3 20 ± 4.9 <0.001*

PNV 8 left 16 ± 7.3 (n = 19) 25.1 ± 3.9 (n = 30) <0.001*

PNV 8 right 14.6 ± 7.8 (n = 19) 23.2 ± 4.9 (n = 30) <0.001*

Data are presented as mean ± standard deviation or as N (%). P-values were calculated using the *Mann-Whitney U and 
†χ2 tests. N = number; DPN = diabetic peripheral neuropathy; MNSI-Q = Michigan neuropathy screening instrument 
questionnaire; MNSI-E = Michigan neuropathy screening instrument examination; PNV = peripheral neuropathy 
vibration.

Table 2. Results of neuropathy examinations [2].
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4.4. Summary of the three previous studies

In this section, we summarize the results of the three tests performed on the quantitative 
tactile examination device. The instrument was demonstrated to be capable of quantitative 
evaluation of the reduction in tactile sensitivity (or increase in tactile threshold) of patients 
with DPN. The instrument was also able to distinguish between patients with DPN and non-
DPN. Finally, the tactile sensitivity of asymptomatic DPN patients was shown to be lower 
than that of healthy subjects.

This suggests that the device can be used to distinguish the different stages of DPN.

Although the tests involved a relatively small number of subjects, they suggested that a 
decrease in tactile sensitivity was present in patients with both severe and mild DPN (Figure 9).

4.5. Statistical revalidation using propensity score

To examine whether significance could be added to the TST score by adjusting to reflect the 
patient’s background, a propensity score was derived.

In a cross-sectional study, the novel micro-vibration actuator with shape memory alloy 
wires was used to measure the tactile sensations of 68 type-2 diabetic outpatients and 89 
healthy controls. Patients were again evaluated using the ADA criteria [16], the Michigan 
Neuropathy Screening Instrument (MNSI) [20], and the TST scores for the index and middle 
fingers. Patients were classified as probable DPN (n = 31) or non-DPN (n = 37) using the ADA 
criteria and as symptomatic (n = 26) or asymptomatic (n = 42) using the MNSI. Propensity 
score weighting was applied to compare the scores of each patient group with that of the 
control group.

The mean time for determining the TST score was approximately 3 min/patient for all groups. 
The TST score of every patient group was significantly higher than that of the control group 
(P < 0.01). The right finger scores of the DPN, non-DPN, symptomatic, asymptomatic, and 

Test conditions Healthy controls (N = 32) Asymptomatic diabetic patients (N = 31) P-value

TST-1 for left fingers 2.7 ± 2.9 5.9 ± 6.2 0.025

TST-1 for right fingers 2.9 ± 3.5 4.7 ± 5.2 0.160

TST-4 for left fingers 8.7 ± 6.4 15.3 ± 7.0 <0.001

TST-4 for right fingers 8.4 ± 6.7 13.9 ± 7.2 0.002

TST-8 for left fingers 12.7 ± 9.1 19.3 ± 7.8 0.005

TST-8 for right fingers 12.1 ± 8.9 17.3 ± 7.9 0.009

Data are presented as mean ± standard deviation or as N (%). P-values were calculated using *Mann-Whitney U test. 
N = number; TST = tactile sensation threshold; TST-1 = TST 1 direction test; TST-4 = TST 4 direction test; TST-8 = TST 8 
direction test.

Table 3. Scores on the tactile sensation threshold test [3].
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Table 2. Results of neuropathy examinations [2].
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4.4. Summary of the three previous studies

In this section, we summarize the results of the three tests performed on the quantitative 
tactile examination device. The instrument was demonstrated to be capable of quantitative 
evaluation of the reduction in tactile sensitivity (or increase in tactile threshold) of patients 
with DPN. The instrument was also able to distinguish between patients with DPN and non-
DPN. Finally, the tactile sensitivity of asymptomatic DPN patients was shown to be lower 
than that of healthy subjects.

This suggests that the device can be used to distinguish the different stages of DPN.

Although the tests involved a relatively small number of subjects, they suggested that a 
decrease in tactile sensitivity was present in patients with both severe and mild DPN (Figure 9).
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To examine whether significance could be added to the TST score by adjusting to reflect the 
patient’s background, a propensity score was derived.

In a cross-sectional study, the novel micro-vibration actuator with shape memory alloy 
wires was used to measure the tactile sensations of 68 type-2 diabetic outpatients and 89 
healthy controls. Patients were again evaluated using the ADA criteria [16], the Michigan 
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fingers. Patients were classified as probable DPN (n = 31) or non-DPN (n = 37) using the ADA 
criteria and as symptomatic (n = 26) or asymptomatic (n = 42) using the MNSI. Propensity 
score weighting was applied to compare the scores of each patient group with that of the 
control group.

The mean time for determining the TST score was approximately 3 min/patient for all groups. 
The TST score of every patient group was significantly higher than that of the control group 
(P < 0.01). The right finger scores of the DPN, non-DPN, symptomatic, asymptomatic, and 

Test conditions Healthy controls (N = 32) Asymptomatic diabetic patients (N = 31) P-value

TST-1 for left fingers 2.7 ± 2.9 5.9 ± 6.2 0.025

TST-1 for right fingers 2.9 ± 3.5 4.7 ± 5.2 0.160

TST-4 for left fingers 8.7 ± 6.4 15.3 ± 7.0 <0.001

TST-4 for right fingers 8.4 ± 6.7 13.9 ± 7.2 0.002
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TST-8 for right fingers 12.1 ± 8.9 17.3 ± 7.9 0.009

Data are presented as mean ± standard deviation or as N (%). P-values were calculated using *Mann-Whitney U test. 
N = number; TST = tactile sensation threshold; TST-1 = TST 1 direction test; TST-4 = TST 4 direction test; TST-8 = TST 8 
direction test.

Table 3. Scores on the tactile sensation threshold test [3].
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control groups were 20.1 ± 4.9, 11.7 ± 5.1, 19.4 ± 4.5, 15.7 ± 6.9, and 6.5 ± 5.7, respectively. 
This gave P values of 0.00 for DPN, 0.198 for non-DPN, 0.002 for symptomatic, and 0.025 for 
asymptomatic.

The results confirmed that our novel device provides simple quantitative evaluation of tactile 
sensation in diabetic patients, facilitating the early detection of asymptomatic DPN.

5. Comparison with other DPN evaluation techniques

In this section, we first describe the diagnostic criteria for DPN and give an outline of rep-
resentative evaluation methods. Next, we roughly classify these nerve conduction studies 
as qualitative or quantitative and compare them. Finally, we discuss the difference between 
these quantitative tests and our proposed method.

5.1. Diagnostic criteria and representative examination methods for diabetic 
neuropathy

No specific tests for DPN currently exist and nor are diagnostic criteria reflecting an inter-
nationally established consensus available. It is therefore necessary to base comprehensive 
diagnoses of neuropathy on neurological symptoms and the results of examinations. The 
diagnostic criteria (Table 4) [16] of the A DA are used in daily clinical practice.

The tests used include the pain sensation test, vibration sensation test, 10-g monofilament test, 
and Achilles tendon reflex assessment. By regular application of these tests, it is possible to 
evaluate the onset and development of neuropathy. They are also effective in the early diag-
nosis of asymptomatic DPN. Being relatively easy to implement, the tests are useful when 
applied by a proficient practitioner. However, the results are qualitative.

To confirm the diagnosis, quantitative nerve conduction tests are necessary. These are not 
widely available, however, as they are time-consuming and require the use of expensive 
equipment.

Figure 9. Severity and classification of DPN. DPN = diabetic neuropathy.
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5.2. Comparison of qualitative methods and the quantitative method

The pain sensation test, made with a sharp object such as a pin, is used to test for hyperalgesia 
and weakness.

In the vibration sensation test, sensitivity to vibration is investigated by applying a 128 Hz 
tuning fork to the ankle or the toe of the foot. The ability to sense vibration is compared with 
that of a healthy person.

In patients with DPN, the Achilles tendon reflex is often attenuated or absent, providing an 
excellent test that can be performed in a short time if the examiner is proficient.

In the 10-g monofilament test, a thin thread of monofilament nylon is placed on the foot. It is 
used to investigate the function of the nerve that senses tactile and pressure. In DPN patients, 
the sensations are dulled.

These tests are representative qualitative examination techniques that can be performed in a 
short time.

In NCS, the stimulation conductivity of the peripheral nerve is measured. In patients who have 
developed neuropathy, the speed with which the stimulus is transmitted becomes slower. 
NCS is able to produce a quantitative measurement of the speed of the peripheral nerves of 
the human body [21, 22]. However, it requires the patient to be subjected to painful electric 
shocks. NCS also requires the use of expensive equipment. The examination time is lengthy, 
and if multiple peripheral nerves on both the left and right side are examined, the procedure 
may take several hours. NCS is therefore only available at large specialized hospitals.

5.3. Comparison of NCS and quantitative tactile examination methods

The proposed finger method is superior to NCS in some respects. First, the inspection time 
is short, taking a maximum of approximately 3 min. Second, the patient experiences no 

Diagnosis Diagnosis items Purpose

Possible DSPN The symptoms or signs of DSPN may include the following. Symptoms: decreased 
sensation, positive neuropathic sensory symptoms (e.g., “asleep numbness,” 
prickling or stabbing, burning, or aching pain) mainly in the toes, feet, or legs. 
Signs: symmetric decrease in distal sensation or unequivocally decreased or absent 
ankle reflexes

Clinical use

Probable DSPN The combination of any or two or more of the following symptoms and signs: 
neuropathic symptoms, decreased distal sensation, or unequivocally decreased, or 
absent ankle reflexes

Clinical use

Confirmed 
DSPN

The presence of a nerve conduction abnormality and one or more symptoms or 
one or more signs of neuropathy

Clinical use

Clinical 
research

DSPN: distal symmetric polyneuropathy (used synonymously with DPN in this chapter).

Table 4. Definitions of minimal criteria for DSPN [16].
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as qualitative or quantitative and compare them. Finally, we discuss the difference between 
these quantitative tests and our proposed method.
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diagnoses of neuropathy on neurological symptoms and the results of examinations. The 
diagnostic criteria (Table 4) [16] of the A DA are used in daily clinical practice.
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and Achilles tendon reflex assessment. By regular application of these tests, it is possible to 
evaluate the onset and development of neuropathy. They are also effective in the early diag-
nosis of asymptomatic DPN. Being relatively easy to implement, the tests are useful when 
applied by a proficient practitioner. However, the results are qualitative.

To confirm the diagnosis, quantitative nerve conduction tests are necessary. These are not 
widely available, however, as they are time-consuming and require the use of expensive 
equipment.

Figure 9. Severity and classification of DPN. DPN = diabetic neuropathy.
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5.2. Comparison of qualitative methods and the quantitative method

The pain sensation test, made with a sharp object such as a pin, is used to test for hyperalgesia 
and weakness.

In the vibration sensation test, sensitivity to vibration is investigated by applying a 128 Hz 
tuning fork to the ankle or the toe of the foot. The ability to sense vibration is compared with 
that of a healthy person.

In patients with DPN, the Achilles tendon reflex is often attenuated or absent, providing an 
excellent test that can be performed in a short time if the examiner is proficient.

In the 10-g monofilament test, a thin thread of monofilament nylon is placed on the foot. It is 
used to investigate the function of the nerve that senses tactile and pressure. In DPN patients, 
the sensations are dulled.

These tests are representative qualitative examination techniques that can be performed in a 
short time.

In NCS, the stimulation conductivity of the peripheral nerve is measured. In patients who have 
developed neuropathy, the speed with which the stimulus is transmitted becomes slower. 
NCS is able to produce a quantitative measurement of the speed of the peripheral nerves of 
the human body [21, 22]. However, it requires the patient to be subjected to painful electric 
shocks. NCS also requires the use of expensive equipment. The examination time is lengthy, 
and if multiple peripheral nerves on both the left and right side are examined, the procedure 
may take several hours. NCS is therefore only available at large specialized hospitals.

5.3. Comparison of NCS and quantitative tactile examination methods

The proposed finger method is superior to NCS in some respects. First, the inspection time 
is short, taking a maximum of approximately 3 min. Second, the patient experiences no 

Diagnosis Diagnosis items Purpose

Possible DSPN The symptoms or signs of DSPN may include the following. Symptoms: decreased 
sensation, positive neuropathic sensory symptoms (e.g., “asleep numbness,” 
prickling or stabbing, burning, or aching pain) mainly in the toes, feet, or legs. 
Signs: symmetric decrease in distal sensation or unequivocally decreased or absent 
ankle reflexes

Clinical use

Probable DSPN The combination of any or two or more of the following symptoms and signs: 
neuropathic symptoms, decreased distal sensation, or unequivocally decreased, or 
absent ankle reflexes

Clinical use

Confirmed 
DSPN

The presence of a nerve conduction abnormality and one or more symptoms or 
one or more signs of neuropathy

Clinical use

Clinical 
research

DSPN: distal symmetric polyneuropathy (used synonymously with DPN in this chapter).

Table 4. Definitions of minimal criteria for DSPN [16].
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pain, as no electric current is applied to the nerve of the patient. The sensation is experi-
enced only in the nerve being investigated. Third, while medical examination is normally 
performed by an expert, it is possible for the subject himself/herself to perform the test. This 
allows the test to be run at a place and time chosen by the patient. If tactile sensation reduces 
over time, poor glycemic control may be indicated. The test can detect such haptic loss. By 
making patients aware that their sense of touch is declining, the test may encourage them 
to seek treatment.

6. Discussion

6.1. Strengths and significance of this device

A key strength of this device is that it can be used by patients themselves, producing quantita-
tive results within minutes. It may be applied not only to DPN but to all forms of peripheral 
neuropathy. We are currently developing a device for assessing the lower limbs. Applications 
to diseases other than DPN are also being investigated.

6.2. Limitations

The cross-sectional studies reported here involved outpatients, and the sample sizes were 
limited. To confirm the effectiveness of the technology, future studies should use larger sam-
ples and a wider range of patients.

7. Future work

The tactile test quantification technology introduced in this chapter has a wide range of poten-
tial applications. In future studies, we will apply it to other types of peripheral neuropathy.

One such current study is applying the tactile test equipment to the feet. The equipment has 
already developed to a point where practical application is possible. We plan to conduct fur-
ther clinical studies of patients with DPN, quantitatively measuring the tactile sensations in the 
feet as well as the fingers. This will be useful in identifying DPN in different areas of the body.

In further developments, we will use the technology to visualize the severity of peripheral 
neuropathy in a manner that will be easily understandable by both healthcare professionals 
and patients. This may prove useful for monitoring the severity of peripheral neuropathy 
induced by anticancer drugs such as paclitaxel. It may also encourage patients with periph-
eral neuropathy to seek early treatment.

No currently available examination method can distinguish clearly between nociceptive 
pain and neuropathic pain, which are treated with standard pain medications and expensive 
analgesics, respectively. Patients who are misdiagnosed may be prescribed inappropriate 
analgesics and experience pain over a long period. The prescription of inappropriate pain 
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medication may also add unnecessarily to medical expenses. Our tactile test technique may 
provide a useful tool for distinguishing between nociceptive and neuropathic pain.

By promoting early detection and treatment of asymptomatic peripheral neuropathy, this 
novel technology may reduce the medical and social resources needed when complications 
arise or the severity of the condition is unknown. By promoting the use of this technology, the 
authors hope to make a social contribution.

8. Conclusions

A quantitative tactile examination technique using shape memory alloy actuators was devel-
oped. The painless, simple, and quantitative tactile examination technology that can be per-
formed in a short time is an ideal examination technology. A notable feature of this technology 
is that it succeeded in miniaturization and power saving. This was demonstrated to allow early 
detection of DPN. Large-scale clinical trials should be conducted, to confirm the effectiveness 
of this novel technology, which may have applications in the identification of a wider range 
of neuropathies.
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medication may also add unnecessarily to medical expenses. Our tactile test technique may 
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Abstract

This chapter develops a two-level fault diagnosis (FD) and root cause analysis (RCA)
scheme for a class of interconnected invertible dynamic systems and aims at detecting and
identifying actuator fault and the causes. By considering actuator as an individual dynamic
subsystem connected with process dynamic subsystem in cascade, an interconnected system
is then constituted. Invertibility of the interconnected system in faulty model is studied. An
interconnected observer is introduced and aims at monitoring the performance of the
interconnected system and providing information of actuator fault occurrence. A local fault
filter algorithm is then triggered to identify the root causes of the detected actuator faults.
According to real plant, outputs of the actuator subsystem are assumed inaccessible and are
reconstructed by measurements of the global system, thus providing a means for monitor-
ing and diagnosing the plant at both local and global level.

Keywords: actuator fault, invertibility, interconnected system, input estimation

1. Introduction

Actuators are fundamental components in process industry. However, as they are installed in
outdoor environment, continuous exposure to harsh environmental conditions (sun beam,
rainfall, etc.) may reduce the optimal performance of system. Among all classes of possible
faults, actuator fault has been considered to be one of the most critical challenges to be solved,
since an actuator fault may cause significant disturbances on the final product. In addition,
with the development of technological advances, actuators are increasingly integrated, intelli-
gent and complex; therefore, each actuator itself is a dynamic system and exhibits complicated
dynamics of system. For example, a valve actuator is an assembly of positioner, pneumatic
servo-motor and control valve, as given in [1]; mathematical models presented in, like [2, 3],
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have shown that control valve can be seen as a nonlinear dynamic system. Therefore, modern
control system can be viewed as composed of dynamic subsystems connected in series. In all
situations, the global plant and/or each subsystem can be analyzed at different levels down to
the component level in estimating the reliability of the whole plant. A typical control system,
for example, has at least three cascade subsystems: sensor, process and actuator subsystems.

As a result of the increasingly complexities, the probability of occurrence of an actuator fault is
also increased. In real industrial system, the actuator faults may related to, for example, pressure
drop out in hydraulic components, short circuiting or overheating of electrical components,
breakage in bearings due to mechanical stresses, leakages in pipes, sticking of valves, cracks in
tanks, and so on. Actuator fault may cause a malfunction of the installation; resulting in a serious
impact in equipment, such as production quality, security, economy, levels of contamination, in
the worst of cases a fault may even cause severe accidents. According to Zhang [4], about 42% of
the potential waste in annual energy consumption is estimated due to leaks of compressed air in
a pneumatic system, leaks can degrade machine performance since actuators produce less force,
run slower, and less responsive. Faults may even lead to catastrophic incidents. A lesson is from
the well-known TMI-II accident in 1979, and it has been proved that this accident was initiated
by the valve position failure of feed water pump of the main reactor [5].

Consequently, in order to maintain high-efficiency of the operation and ensure stability of the
product quality, real-time actuator fault detection, identification and accurate fault location are
quite desired.

2. Status and challenges of current actuator FDD methodologies

The last few decades have witnessed significant improvements in actuator FDD techniques, as
illustrated in Figure 1. One main approach is system level-based diagnosis approach aims at
detecting and identifying actuator fault existence and location from view point of global
system. Another common kind of methodologies focuses on the field device level and aims at
analyzing internal dynamics of a specific actuator.

2.1. System level-based diagnosis

Traditionally, for most engineers, system level-based methods act as basic tools to design and
carry out some monitoring activities where intelligence is at the system level of the process
plant, rather than at the field device level. In these methods, dynamics of filed devices (actua-
tor) is ignored, instead, they are treated as a component which is viewed as constants in the
input or output coefficient matrix (function) of the process system model. The malfunctions
can be treated separately, and they enter the process model as actuator where faults are
considered as changes of the input or output coefficient matrix elements. An actuator fault is
normally considered as additive effects, as internal dynamics of the field device may be lost.

Many different approaches to system level model-based fault detection and diagnosis have
been introduced. Works in [6] reviewed process fault detection and diagnosis based on the
principle of analytical redundancy. A key approach is based on residuals generation.

Actuators132

In [7], a nonlinear FDI filter is designed to solve a fundamental problem of residual generation
using a geometric approach. The objective is to build a dynamic system for the generation of
residuals that are affected by a particular actuator fault and not affected by disturbances and
the rest of faults. The problem of actuator fault isolation is also studied by exploiting the
system structure to generate dedicated residuals (see, e.g. [8]). In addition, adaptive estimation
techniques are used to explicitly account for unstructured modeling uncertainties for a class of
Lipschitz nonlinear systems (see, e.g. [9]). Another approach different to residual generation is
fault estimation or fault reconstruction which can determine the size, location and dynamics
behavior of the actuator fault, like in [10, 11]. There are several methods typically used for fault
reconstruction: sliding mode observers [12, 13], unknown input observers [14, 15], input
reconstruction [16, 17]. For instance, a sliding mode observer is designed to reconstruct or
estimate faults by decoupling the input in [18]. Veluvolu et al. [19] develop a high gain
observer with multiple sliding modes for simultaneous state and fault estimations for MIMO
nonlinear systems.

As a result of incomplete identification of internal variables of the actuator, the applications of
system level-based FDD methodologies are mainly limited to the existence and isolation of a
fault from view point of the global level, while root causes of this fault cannot be obtained. For
example, Di Miceli Raimondi et al. [20] have shown that decrease of output temperature may
due to decrease of fluid flowrate, and the causes of this decrease of fluid flowrate may be
caused by valve clogging, stop of utility fluid pump or leakage. Nevertheless, with respect to
the abovementioned system level-based FDD methodologies, fault symptoms can be detected
and isolated without having the capability to pinpoint the real root cause of the fault.

Figure 1. Typical usages of different categories of actuator FDD methods.
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However, root causes of a fault in a component can cause significant process disturbances and
influence the quality of the final product. On the one hand, in each component system, there
can be fault types specific for that system; therefore it is not capable of analyzing all the
actuator faults at the process level. However, recognizing the root cause of a fault correctly is
essential in order to be able to allocate resources effectively to repair the problem and perform
maintenance actions. Another major problem related to system level-based FDD approaches is
the delay of detection. Since lack of internal dynamics of a component, an abnormal deviation
of an internal variable inside the field device may not be observable until some internal
variable saturates and field device performance are affected [21]. After field device perfor-
mance is affected by the internal faults, these faults can then be detected through process
variables. But the detection may occur too late to keep process performance at an optimal level
and to have time to prepare repair work.

2.2. Actuator level-based diagnosis

For the purpose of bettering understanding potential relationship from cause to effect of an
actuator fault, component-level diagnosis can be a solution whereby capability of locating
subcomponent faults for root cause analysis is available. The development of actuator FDD
can be categorized as intelligent self-validation approaches and FDD-dependent methods.

Intelligent self-validation approaches make use of Instrumentation and Control (I&C) technol-
ogies, as so called intelligent devices, or smart sensing [22]. It is an instrument that is designed
to compensate for its own undesirable inherent characteristics to correct from fault conditions,
for example, smart positioner in [1], self-validating actuator in [23, 24]. However, existed
intelligent instrument is restricted to self-diagnosis from a low level, and they lack capability
of supervising performance of the overall plant.

The most active research area in actuator diagnostics are FDD involved methods, catego-
rized as: signal-based methods and model-based methods. The signal-based methods con-
sider input and output of the device measurement signals and their key characteristics. For
example, Sarosi et al. [25] propose an algorithm to detect valve stiction for diagnosis oscilla-
tion of control valve by signal processing. Wavelet analysis is a major aspect of signal
processing method for fault detection. As in [26], it developed automatic feature extraction
of waveform signals for process diagnostic performance improvement. In [27], wavelet
transform is applied to detect abrupt changes in the vibration signals obtained from operat-
ing bearings being monitored, whereas the model-based methods use first-principle models
or system identification techniques to diagnose fault resource. They rely mainly on model-
based identification procedures to estimate related parameters. Like in [28, 29], a set of
nonlinear differential equations representing the system dynamics based on physics are
derived. In [30], derivations of similar nonlinear models have been presented in many recent
publications, in which a detailed mathematical model of dual action pneumatic actuators
controlled with proportional spool valves and two nonlinear force controllers based on the
sliding mode control theory were developed. Puig et al. [2] develop an interval observers-
based passive fault detection method and apply to a control valve in the DAMADICS
benchmark problem. The authors in [31] introduce a state space sliding-stem control valve
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model in order to utilize an advanced nonlinear model predictive control strategy to com-
pensate for the effects of friction. Other nonlinear modeling approaches involve using neural
networks or fuzzy logic, such as in [32, 33].

A major difficulty of actuator level-based diagnosis methodology is lack of dynamics informa-
tion of global system. Another challenge is getting data from the subsystem since direct access
to actuators is often not possible or difficult via physical measurements due to distances or
rough environment. Sensors have to be installed to all the primary variables of the field devices
to make faults of these field devices observable. However, installing additional sensors into the
field devices leads to very complicated and expensive systems. Moreover, even if the output of
the field device (e.g., actuator) is available for measurement, considering the noisy output of
the sensor of the field device, the numerical differentiation would be too noisy. The noisy
control input made from these signals, not only could damage the field device, but also would
make less accuracy in tracking and then instability in the control scheme. Furthermore, some
parameters are not available for directly measurement, for instance, as a common actuating
signal, concentration in chemical process cannot be measured through physical sensors.

Therefore, although many different fault diagnosis methods have been developed from vari-
ous industries, neither of the aforementioned system level based or actuator level-based FDD
methods are however sufficient alone to achieve effective diagnosis to handle all the require-
ments for an engineering problem. In summary, there is a need for a FDD algorithm which is
capable of root cause diagnosing at local actuator level as well as system supervising at global
plant level.

3. Problem formulations

Motivated by the above considerations, this chapter is concerned with the challenges of applying
system inverse and model-based FDD techniques theory to handle the joint problem of actuator
fault diagnosis both locally and globally. We try to develop a hybrid approach that combines
different methods, thus, the weaknesses of individual methods can be compensated and more
accurate diagnosis results are obtained. For that, the overall system is decomposed into several
subsystems and develops the FDD algorithm from the view point of both local and global
system, as shown in Figure 2.

Figure 2. System decomposition and interconnections.
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networks or fuzzy logic, such as in [32, 33].

A major difficulty of actuator level-based diagnosis methodology is lack of dynamics informa-
tion of global system. Another challenge is getting data from the subsystem since direct access
to actuators is often not possible or difficult via physical measurements due to distances or
rough environment. Sensors have to be installed to all the primary variables of the field devices
to make faults of these field devices observable. However, installing additional sensors into the
field devices leads to very complicated and expensive systems. Moreover, even if the output of
the field device (e.g., actuator) is available for measurement, considering the noisy output of
the sensor of the field device, the numerical differentiation would be too noisy. The noisy
control input made from these signals, not only could damage the field device, but also would
make less accuracy in tracking and then instability in the control scheme. Furthermore, some
parameters are not available for directly measurement, for instance, as a common actuating
signal, concentration in chemical process cannot be measured through physical sensors.

Therefore, although many different fault diagnosis methods have been developed from vari-
ous industries, neither of the aforementioned system level based or actuator level-based FDD
methods are however sufficient alone to achieve effective diagnosis to handle all the require-
ments for an engineering problem. In summary, there is a need for a FDD algorithm which is
capable of root cause diagnosing at local actuator level as well as system supervising at global
plant level.

3. Problem formulations

Motivated by the above considerations, this chapter is concerned with the challenges of applying
system inverse and model-based FDD techniques theory to handle the joint problem of actuator
fault diagnosis both locally and globally. We try to develop a hybrid approach that combines
different methods, thus, the weaknesses of individual methods can be compensated and more
accurate diagnosis results are obtained. For that, the overall system is decomposed into several
subsystems and develops the FDD algorithm from the view point of both local and global
system, as shown in Figure 2.

Figure 2. System decomposition and interconnections.
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As shown in Figure 2, according to real engineering plant, the information that can be
obtained from the developed system will include only the performance of critical parameter,
such as temperature of continuous chemical reactor, and manipulated variables of the compo-
nent such as the input of the reactor main control valve. The attempt is to explain how the
behavior of overall output can be interpreted to identify subcomponent faults in component
subsystem, so as to carry out advanced FDD algorithm for recognizing root causes of detected
faults. Like this, this will enable individual actuator to monitor internal dynamics locally to
improve plant efficiency and diagnose potential fault resources to locate malfunction when
operation performance of global system degrades or has measurement faults. This reduces the
complexity of the centralized or distributed monitoring system because the dimensionality
problem, the number of sensors, wires, and diagnosis loops connected to the monitoring
system is reduced. On the other hand, the obtained information is assumed to be only global
output, this can be more realistic and technical availability because field devices are normally
remote from the control room and additional sensors may cause reliability and economy
problem.

In order to achieve the objectives, there are several tasks the new nonlinear FDD schemes need
to study. The first intention is to develop a reasonable system structure for the FDD algorithm,
by which local faults can be distinguished globally. The second intention is to establish a
complete observer-based FDD framework for local nonlinear subsystems.

4. Invertible interconnected system structure

As mentioned above, a modern control system can be analyzed at different levels down to the
component level in estimating the reliability of the whole plant. Therefore, the first consider-
ation is to answer the question of how to decompose the given control problem into manage-
able subproblems, thus forming a dynamic system structure. We develop an interconnected
dynamic system by considering that actuator is viewed as subsystem connected with the
process subsystem in series. Through the overall system, the only available measurement is
the output of the terminal process subsystem. We then consider the problem that arises when
the output from the low-level nonlinear subsystem is not available directly, but instead avail-
able via a second nonlinear subsystem. That is, the output from the low-level nonlinear
subsystem acts as the input to a high-level subsystem, from which output measurement is in
turn available. This situation results in a cascade interconnection that is illustrated in Figure 3.

As shown in Figure 3, it is considering an interconnected system
P

which consists of two
subsystems: actuator

P
a and process

P
p subsystems. The vector u represents the input vector

of the actuators subsystem, which is also the input of the series system, v is the fault vector
related to parameter variations of actuator subcomponent or external disturbance, ua is the
actuators output vector, also the input of process subsystem and y is the output vector of the
process subsystem, also the output of the overall series system. The basic idea is to identify the
fault v at the local level, while monitoring dynamics of the overall plant at the global level.
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A key feature, opportunity and technical challenge of the scheme is to obtain the conditions by
which the information (useful input u or faults v) issued by actuator subsystem can completely
be transmitted to the final terminal and have distinguishable effects on the output of the
process system y. In this way, we can realize actuator faults in local subcomponent while
utilizing the measurable output y of the process system. With respect to this consideration, if
view v as unknown input in the system, this can be seen as problem of input observability.
Input or fault observability is equivalent with left invertibility of system. In [35], input can be
uniquely recovered from output and the initial state if dynamical system is left invertible.

We then consider a left invertible interconnected nonlinear system structure by which actuator
is viewed as a subsystem connected with the process subsystem in cascade manners, thus
identifying component faults with advancing FDD algorithm in the subsystem. The left
invertibility of the interconnected system is required for ensuring faults occurred in actuator
subsystem can be distinguished globally. In this case, the performance of the overall
interconnected system and fault occurrence are recognized by a system level-based diagnosis
algorithm while several independent local diagnosis subsystems are responsible for potential
fault candidates of internal component.

4.1. Process subsystem modeling

Assuming the MIMO process subsystem is input affine nonlinear system which is a common
consideration involving system inverse, and is described by Eq. (1):

X
p
:

_x ¼ f xð Þ þ
Xm
i¼1

gi xð Þua

y ¼ h x;uað Þ

8>><
>>:

(1)

where the state of the process subsystem vector x∈Μ, an n-dimensional real connected
smooth manifold, e.g. Rn, f, gi are smooth vector field on Μ, ua ∈Rm is the input of process
subsystem, which is also the output of the actuator and which we assume to be inaccessible
and want to estimate on the basis of measures taken on the evolution of the system, y∈Rp is
overall system output. If initial conditions are specified, the relevant equation x t0ð Þ ¼ x0 is
added to the system.

Figure 3. An interconnected system structure.
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As shown in Figure 2, according to real engineering plant, the information that can be
obtained from the developed system will include only the performance of critical parameter,
such as temperature of continuous chemical reactor, and manipulated variables of the compo-
nent such as the input of the reactor main control valve. The attempt is to explain how the
behavior of overall output can be interpreted to identify subcomponent faults in component
subsystem, so as to carry out advanced FDD algorithm for recognizing root causes of detected
faults. Like this, this will enable individual actuator to monitor internal dynamics locally to
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operation performance of global system degrades or has measurement faults. This reduces the
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system is reduced. On the other hand, the obtained information is assumed to be only global
output, this can be more realistic and technical availability because field devices are normally
remote from the control room and additional sensors may cause reliability and economy
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by which local faults can be distinguished globally. The second intention is to establish a
complete observer-based FDD framework for local nonlinear subsystems.
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As mentioned above, a modern control system can be analyzed at different levels down to the
component level in estimating the reliability of the whole plant. Therefore, the first consider-
ation is to answer the question of how to decompose the given control problem into manage-
able subproblems, thus forming a dynamic system structure. We develop an interconnected
dynamic system by considering that actuator is viewed as subsystem connected with the
process subsystem in series. Through the overall system, the only available measurement is
the output of the terminal process subsystem. We then consider the problem that arises when
the output from the low-level nonlinear subsystem is not available directly, but instead avail-
able via a second nonlinear subsystem. That is, the output from the low-level nonlinear
subsystem acts as the input to a high-level subsystem, from which output measurement is in
turn available. This situation results in a cascade interconnection that is illustrated in Figure 3.

As shown in Figure 3, it is considering an interconnected system
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a and process
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p subsystems. The vector u represents the input vector

of the actuators subsystem, which is also the input of the series system, v is the fault vector
related to parameter variations of actuator subcomponent or external disturbance, ua is the
actuators output vector, also the input of process subsystem and y is the output vector of the
process subsystem, also the output of the overall series system. The basic idea is to identify the
fault v at the local level, while monitoring dynamics of the overall plant at the global level.
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A key feature, opportunity and technical challenge of the scheme is to obtain the conditions by
which the information (useful input u or faults v) issued by actuator subsystem can completely
be transmitted to the final terminal and have distinguishable effects on the output of the
process system y. In this way, we can realize actuator faults in local subcomponent while
utilizing the measurable output y of the process system. With respect to this consideration, if
view v as unknown input in the system, this can be seen as problem of input observability.
Input or fault observability is equivalent with left invertibility of system. In [35], input can be
uniquely recovered from output and the initial state if dynamical system is left invertible.

We then consider a left invertible interconnected nonlinear system structure by which actuator
is viewed as a subsystem connected with the process subsystem in cascade manners, thus
identifying component faults with advancing FDD algorithm in the subsystem. The left
invertibility of the interconnected system is required for ensuring faults occurred in actuator
subsystem can be distinguished globally. In this case, the performance of the overall
interconnected system and fault occurrence are recognized by a system level-based diagnosis
algorithm while several independent local diagnosis subsystems are responsible for potential
fault candidates of internal component.

4.1. Process subsystem modeling

Assuming the MIMO process subsystem is input affine nonlinear system which is a common
consideration involving system inverse, and is described by Eq. (1):
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where the state of the process subsystem vector x∈Μ, an n-dimensional real connected
smooth manifold, e.g. Rn, f, gi are smooth vector field on Μ, ua ∈Rm is the input of process
subsystem, which is also the output of the actuator and which we assume to be inaccessible
and want to estimate on the basis of measures taken on the evolution of the system, y∈Rp is
overall system output. If initial conditions are specified, the relevant equation x t0ð Þ ¼ x0 is
added to the system.

Figure 3. An interconnected system structure.
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4.2. Actuator subsystem modeling

Normally, an actuator subsystem can be described by Eq. (2):

X
a
:

_xa ¼ fa xa;u;θfað Þ
ua ¼ ha xa;u;θfsð Þ

(
(2)

where xa ∈Rn is the state, u∈Rl is the input, ua ∈Rp is the output of the actuator subsystem,
which is also the input of the process subsystem, θfa ∈Rq represents the actual parameters
(i.e., when no faults are present in the system), θfa ¼ θfa0 where θfa0 is the nominal parameter
vector (understanding “fault” as an unpermitted parameter deviation in the system), θfs ∈Rq,
represents the parameters in the output equation (if a sensor fault occurs θfs 6¼ θfs0, where
θfs0 represent the nominal parameters in the output equation). If initial conditions are speci-
fied, the relevant equation xa t0ð Þ ¼ xa0 is added to the system.

Thus, an interconnected system
P

is then constructed by these two subsystems
P

a and
P

p

subsystems whereby the input is vector of u while output vector is y.

Assumption 1: The input vector of both subsystem ua and u are locally essentially bounded
function: ua :ð Þ∈ t;∞½ Þ ! Rm, u :ð Þ∈ t;∞½ Þ ! Rl; if two inputs differ on a set of measure zero,
i.e. almost everywhere (a.e), then they are considered to be equal.

If fault v is as integration of either parameters fault θfa,θfs or other disturbance signals, a fault
mode of Eq. (2) is then obtained:

Γa≔

_bxa ¼ f xa;uð Þ þ
Xm
i

gai xa;uð Þvi

ua ¼ ha xa;uð Þ þ
Xm
i

lai xa;uð Þvi

8>>>><
>>>>:

(3)

where g, l are analytic functions of the system subject to multiple, possible simultaneously
faults. The v (t) is the fault signal v1, …; vmð Þ whose element vi : 0;þ∞½ Þ ! R are arbitrary
functions of time.

Remark 1: The fault
Pm
i
gai xa;uð Þvi represents the parameters fault in θfa or external distur-

bance while
Pm
i
lai xa;uð Þvi represents the parameters faults in θfs or external disturbance. Effect

of faults on outputs is independent.

The detectability of one fault in nonlinear system Eq. (3) can be defined as:

Definition 1: The fault vi, i ¼ 1,…,m, is said to be non-detectable if for vi 6¼ 0 the relation

ua xa0, xa;u; 0ð Þ ¼ ua xa0, xa;u; 0;…;vi;…; 0ð Þ (4)

is satisfied; if not, the fault vi is detectable.
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Definition 2: The fault vi, i ¼ 1,…,m, is said to be detectable and has independent effect on
the system output y if the series system is invertible.

Definition 3: Fix an output set Y and consider an arbitrary interval t0;T½ Þ, the interconnected
system described by Eqs. (1) and (2) is invertible at a point xa0, x0ð Þ≔x t0ð Þ∈X over
Y, xa t0ð Þ∈X a t0ð Þ over Ua, if for every y t0;T½ Þ ∈Y, the equality Ha ∘Hp

� �
xa0, x0ð Þ u1 t0;T½ Þ

� � ¼
Ha ∘Hp
� �

xa0, x0ð Þ u2 t0;T½ Þ
� � ¼ y t0 ;T½ Þ implies that ∃ε > 0, such that u1 t0;t0þε½ Þ ¼ u2 t0 ;t0þε½ Þ. The sys-

tem is strongly invertible at a point xa0, x0ð Þ if it is invertible for each xa ∈ N a xa0ð Þ, x∈N x0ð Þ,
where N a,Nð ) is some open neighborhood of xa0, x0ð Þ. The system is strongly invertible if
there exists an open and dense sub-manifoldMaof X a,Mof X , such that ∀ xa0; x0ð Þ∈ Ma;Mð Þ,
the system is strongly invertible at xa0, x0ð Þ.
Theorem 1: Consider the interconnected system

P
which consists of two subsystems: actua-

tor
P

a and process
P

p subsystems depicted by Eqs. (1) and (2), and an output set Y. The

interconnected system is invertible at x0; xa0ð Þ over Y, if and only if each subsystem actuatorP
a and process

P
p is invertible at xa0 over Ua, and x0 over Y, respectively.

Proof: Considered Ha as the input output mapping of actuator
P

asubsystem, while Hp is the
input output mapping of process

P
p subsystem. Then, the input output mapping of the

interconnected system is the composition Ha ∘Hp.

a. (Sufficiency): invertibility of a dynamic system refers to bijective of the input output
mapping. Since both subsystems are invertible, the corresponding mapping Ha and map-
ping Hp are bijective mapping. Moreover, composition of two bijective mappings is a
bijective mapping, so input output mapping Ha ∘Hpof the cascade system is bijective.
Thus, the cascade interconnected system is invertible.

b. (Necessity): We now show that if any of the subsystems is not invertible at x0; xa0ð Þ, then
the interconnected system

P
is not invertible.

On the one hand, supposed that the process subsystem
P

p is not invertible, while the actuator

subsystem
P

a is invertible. Then for the actuator subsystem, fix an output set Ua and consider
an arbitrary interval t0;T½ Þ, there exist two distinct inputs for ∃ε > 0 u1 6¼ u2 on t0; t0 þ ε½ Þ, that
may yield two distinct outputs Haðxa0Þ u1 t0;T½ Þ

� � ¼ ua1 t0;T½ Þ,Ha xa0ð Þ u2 t0;T½ Þ
� � ¼ ua2 t0;T½ Þ, ua1 t0 ;T½ Þ 6¼

ua2 t0 ;T½ Þ. However, for the process subsystem, fix an output set Y, these two distinct inputs

ua1 6¼ ua2 on t0; t0 þ ε½ Þmay produce two equal outputs Hp x0ð Þ ua1 t0 ;T½ Þ
� � ¼ Hp x0ð Þ ua2 t0;T½ Þ

� � ¼
y t0;T½ Þ. Therefore, for the series system, these two distinct inputs u1 6¼ u2 on t0; t0 þ ε½ Þmay

result in two equal outputs:

Ha ∘Hp
� �

xa0, x0ð Þ u1 t0;T½ Þ
� � ¼ Ha ∘Hp

� �
xa0, x0ð Þ u2 t0;T½ Þ

� � ¼ y t0;T½ Þ (5)

Thus, it implies that the interconnected system
P

is not invertible at x0; xa0ð Þ over Ua;Yð Þ.
On the other hand, supposed that the process subsystem

P
p is invertible, while the actuator

subsystem
P

a is not invertible. Then for the actuator subsystem
P

a in (4.2), fix an output
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4.2. Actuator subsystem modeling

Normally, an actuator subsystem can be described by Eq. (2):
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_xa ¼ fa xa;u;θfað Þ
ua ¼ ha xa;u;θfsð Þ

(
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where xa ∈Rn is the state, u∈Rl is the input, ua ∈Rp is the output of the actuator subsystem,
which is also the input of the process subsystem, θfa ∈Rq represents the actual parameters
(i.e., when no faults are present in the system), θfa ¼ θfa0 where θfa0 is the nominal parameter
vector (understanding “fault” as an unpermitted parameter deviation in the system), θfs ∈Rq,
represents the parameters in the output equation (if a sensor fault occurs θfs 6¼ θfs0, where
θfs0 represent the nominal parameters in the output equation). If initial conditions are speci-
fied, the relevant equation xa t0ð Þ ¼ xa0 is added to the system.

Thus, an interconnected system
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is then constructed by these two subsystems
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a and
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p

subsystems whereby the input is vector of u while output vector is y.

Assumption 1: The input vector of both subsystem ua and u are locally essentially bounded
function: ua :ð Þ∈ t;∞½ Þ ! Rm, u :ð Þ∈ t;∞½ Þ ! Rl; if two inputs differ on a set of measure zero,
i.e. almost everywhere (a.e), then they are considered to be equal.
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where g, l are analytic functions of the system subject to multiple, possible simultaneously
faults. The v (t) is the fault signal v1, …; vmð Þ whose element vi : 0;þ∞½ Þ ! R are arbitrary
functions of time.
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gai xa;uð Þvi represents the parameters fault in θfa or external distur-

bance while
Pm
i
lai xa;uð Þvi represents the parameters faults in θfs or external disturbance. Effect

of faults on outputs is independent.

The detectability of one fault in nonlinear system Eq. (3) can be defined as:

Definition 1: The fault vi, i ¼ 1,…,m, is said to be non-detectable if for vi 6¼ 0 the relation

ua xa0, xa;u; 0ð Þ ¼ ua xa0, xa;u; 0;…;vi;…; 0ð Þ (4)

is satisfied; if not, the fault vi is detectable.
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Definition 2: The fault vi, i ¼ 1,…,m, is said to be detectable and has independent effect on
the system output y if the series system is invertible.

Definition 3: Fix an output set Y and consider an arbitrary interval t0;T½ Þ, the interconnected
system described by Eqs. (1) and (2) is invertible at a point xa0, x0ð Þ≔x t0ð Þ∈X over
Y, xa t0ð Þ∈X a t0ð Þ over Ua, if for every y t0;T½ Þ ∈Y, the equality Ha ∘Hp
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xa0, x0ð Þ u1 t0;T½ Þ

� � ¼
Ha ∘Hp
� �

xa0, x0ð Þ u2 t0;T½ Þ
� � ¼ y t0 ;T½ Þ implies that ∃ε > 0, such that u1 t0;t0þε½ Þ ¼ u2 t0 ;t0þε½ Þ. The sys-

tem is strongly invertible at a point xa0, x0ð Þ if it is invertible for each xa ∈ N a xa0ð Þ, x∈N x0ð Þ,
where N a,Nð ) is some open neighborhood of xa0, x0ð Þ. The system is strongly invertible if
there exists an open and dense sub-manifoldMaof X a,Mof X , such that ∀ xa0; x0ð Þ∈ Ma;Mð Þ,
the system is strongly invertible at xa0, x0ð Þ.
Theorem 1: Consider the interconnected system
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which consists of two subsystems: actua-

tor
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P

p subsystems depicted by Eqs. (1) and (2), and an output set Y. The

interconnected system is invertible at x0; xa0ð Þ over Y, if and only if each subsystem actuatorP
a and process

P
p is invertible at xa0 over Ua, and x0 over Y, respectively.

Proof: Considered Ha as the input output mapping of actuator
P

asubsystem, while Hp is the
input output mapping of process

P
p subsystem. Then, the input output mapping of the

interconnected system is the composition Ha ∘Hp.

a. (Sufficiency): invertibility of a dynamic system refers to bijective of the input output
mapping. Since both subsystems are invertible, the corresponding mapping Ha and map-
ping Hp are bijective mapping. Moreover, composition of two bijective mappings is a
bijective mapping, so input output mapping Ha ∘Hpof the cascade system is bijective.
Thus, the cascade interconnected system is invertible.

b. (Necessity): We now show that if any of the subsystems is not invertible at x0; xa0ð Þ, then
the interconnected system

P
is not invertible.

On the one hand, supposed that the process subsystem
P

p is not invertible, while the actuator

subsystem
P

a is invertible. Then for the actuator subsystem, fix an output set Ua and consider
an arbitrary interval t0;T½ Þ, there exist two distinct inputs for ∃ε > 0 u1 6¼ u2 on t0; t0 þ ε½ Þ, that
may yield two distinct outputs Haðxa0Þ u1 t0;T½ Þ
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� � ¼ ua2 t0;T½ Þ, ua1 t0 ;T½ Þ 6¼

ua2 t0 ;T½ Þ. However, for the process subsystem, fix an output set Y, these two distinct inputs

ua1 6¼ ua2 on t0; t0 þ ε½ Þmay produce two equal outputs Hp x0ð Þ ua1 t0 ;T½ Þ
� � ¼ Hp x0ð Þ ua2 t0;T½ Þ

� � ¼
y t0;T½ Þ. Therefore, for the series system, these two distinct inputs u1 6¼ u2 on t0; t0 þ ε½ Þmay

result in two equal outputs:
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Thus, it implies that the interconnected system
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is not invertible at x0; xa0ð Þ over Ua;Yð Þ.
On the other hand, supposed that the process subsystem
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p is invertible, while the actuator

subsystem
P

a is not invertible. Then for the actuator subsystem
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a in (4.2), fix an output
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set Ua and consider an arbitrary interval t0;T½ Þ, there exist two distinct inputs for ∃ε > 0
u1 6¼ u2 on t0; t0 þ ε½ Þ, that may yield two equal outputs Haðxa0Þ u1 t0;T½ Þ

� � ¼ ua1 t0 ;T½ Þ, Ha xa0ð Þ
u2 t0;T½ Þ
� � ¼ ua2 t0 ;T½ Þ, ua1 t0;T½ Þ ¼ ua2 t0;T½ Þ. Even if, the process subsystem

P
a in (4.1) is invertible,

these two distinct inputs ua1 ¼ ua2 on t0; t0 þ ε½ Þ can only precede one output Hp x0ð Þ ua1 t0;T½ Þ
� �

¼ Hp x0ð Þ ua2 t0;T½ Þ
� � ¼ y t0;T½ Þ. However, for the series interconnected system, these two distinct

inputs u1 6¼ u2 on t0; t0 þ ε½ Þ result in two equal outputs:

Ha ∘Hp
� �

xa0, x0ð Þ u1 t0;T½ Þ
� � ¼ Ha ∘Hp

� �
xa0, x0ð Þ u2 t0;T½ Þ

� � ¼ y t0;T½ Þ (6)

Thus, it implies that the interconnected system
P

is not invertible at x0; xa0ð Þ over Ua;Yð Þ. ∎

5. Multilevel fault diagnosis and root cause analysis

The major objective of the chapter focuses on the problem of model-based FDD and root cause
analysis (RCA) for multivariable interconnected dynamic system. The attempt is to explain
how the behavior of overall output can be interpreted to identify subcomponent faults in
actuator subsystem, so as to carry out advanced FDD algorithm for recognizing root causes
analysis of faults. As shown in Figure 4, the overall objective is to identify the occurrence of the
fault vi in Eq. (3) independently from each other while monitoring the overall plant at both
local and global level, as required for reliable operation of complex and high interconnected
process system. Fault vi refers to the parameter variations which are related with special
physical meaning, for example, vi represents fault caused by leakage or valve clogging of an
actuator. To realize these causes of an actuator fault is defined as root cause analysis (RCA) in

Figure 4. FDD algorithm for component FDD and RCA.
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this work. We assume to feed the FDD strategy with input u and output ua of actuator
subsystem at local level, so as to achieve root cause analysis. However, online diagnosis of
actuator component is often achieved by a remote supervisory diagnostic system; therefore, to
a large extent, it is impractical to measure ua in realistic industrial condition, so ua is supposed
to be inaccessible in this work. Besides, in order to monitor the plant at a global level,
information of global level should be included when FDD function is performed at local
subsystem. It became apparent that the FDD algorithm design of an interconnected system
with multilevel-based consideration requires that the interconnection be treated as special
signals. If ua can be estimated from the global level measurement y uniquely, then the
abovementioned two problems can be solved. In that way, the residual generator of advanced
FDD strategy performs some kind of validation of the nominal relationships of the system,
using the actual input u, and output ~ua reconstructed frommeasured output y. Hence, a means
of monitoring and diagnosis of the overall plant at both local and global level is provided,
which result in improved fault localization and provide better predictive maintenance aids.

As mentioned above, invertibility of the interconnected system can be a solution for guarantee-
ing that the information of actuators subsystem has distinguishable effects on system output.
Moreover, an essential requirement of the combination of individual actuator with an
advanced diagnostic capability to perform FDD functions is the availability and reliability of
the output of the actuator subsystem ua, which is also the input of the process system. This
problem is considered as input reconstruction problem, which can also be viewed as problem
of system inversion, as shown in Figure 4. Some issues of inversion concepts for input recon-
struction were discussed, e.g. [34–36].

In summary, if the overall cascade system is invertible, fault vector v has distinguishable effect
on system output vector y. While if process subsystem is invertible, ua can be uniquely
reconstructed by output vector y, in that case, reconstructed ~ua and fault vector v also has
one-to-one relationship. Then, one can utilize advanced FDD strategy in actuator subsystem
while use the output vector y of the interconnected system to identify v, thus achieving FDD at
local level while monitoring the whole system at the global level. Above all, the key problem is
to provide condition for guaranteeing invertibility of the overall cascade system and individ-
ual subsystems.

5.1. Input estimation

According to the input estimation procedure introduced [37], if the process subsystem Eq. (1) is
differentially left invertible, the input can be recovered from the output by means of a finite
number of ordinary differential equations. Indeed, to derive an expression for ua tð Þ as a function
of states and output in Eq. (1), following the inversion algorithm given by [37], we have:
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the Eq. (7) can be solved for u to obtain:
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set Ua and consider an arbitrary interval t0;T½ Þ, there exist two distinct inputs for ∃ε > 0
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a in (4.1) is invertible,

these two distinct inputs ua1 ¼ ua2 on t0; t0 þ ε½ Þ can only precede one output Hp x0ð Þ ua1 t0;T½ Þ
� �

¼ Hp x0ð Þ ua2 t0;T½ Þ
� � ¼ y t0;T½ Þ. However, for the series interconnected system, these two distinct

inputs u1 6¼ u2 on t0; t0 þ ε½ Þ result in two equal outputs:

Ha ∘Hp
� �

xa0, x0ð Þ u1 t0;T½ Þ
� � ¼ Ha ∘Hp

� �
xa0, x0ð Þ u2 t0;T½ Þ

� � ¼ y t0;T½ Þ (6)

Thus, it implies that the interconnected system
P

is not invertible at x0; xa0ð Þ over Ua;Yð Þ. ∎
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5.2. Local fault filter design for RCA

Considering the actuator subsystem model Eq. (3), by utilizing the reconstructed ~ua, as well as
analyzing the fault resources vi, i ¼ 1, ::, k, we can recognize the root cause of the detected
fault. To achieve this purpose, through adaptive diagnostic techniques proposed in [8], m
banks of k observers corresponding for all possible faulty models are constructed and
extended as below:
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(9)

where j denotes jth actuator, i is ith observer corresponding to the ith fault resource candidate vi.

bxij
a ∈Rn is the estimated state vector of ith observer for jth actuator, bvj

i is the fault estimation of vi

of jth actuator, and buij
a is the estimated output vector of the ith observer for jth actuator. ~uj

a is

reconstructed output of jth actuator from y, uj is the input of jth actuator. θj
l is the nominal value

of parameters in jth actuator, subscript l 6¼ i. fja,h
j
a, g

j
a are analytic functions of jth actuator. Hij is

a Hurwitz matrix that can be chosen freely with a goal to increase as much as possible the
dynamic of the observer, γij is a design constant and Pij is a positive definite matrix.

6. Application to a heat exchanger-control valve interconnected system

6.1. System modeling

Consider a counter heat exchanger subsystem can be written in a state-space form:

_x1 ¼ G1 x1ð Þx2 þ g1 x1;uð Þ
_x2 ¼ ε u; _u; xað Þ
y ¼ x1

8>><
>>:

(10)
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where, G1 x1ð Þ ¼
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where the state vector as x1T ¼ x11; x12½ �T ¼ Tp;Tu
� �T, the control input x2T ¼ ua

T ¼ ua1;ua2½ �T

¼ Fp; Fu
� �T, the output vector of measurable variables yT ¼ x11; x12½ �T ¼ Tp;Tu

� �T, rp, ru are

density of the process fluid and utility fluid (in kg:m�3), Vp,Vu are volume of the process fluid

and utility fluid (in m3), Cpp,Cpu are specific heat of the process fluid and utility fluid (in

J:kg�1:K�1), U is the overall heat transfer coefficient (in J:m�2:K�1:s�1). A is the reaction area
(in m2). Fp, Fu are mass flowrate of process fluid and utility fluid (in kg:s�1). Tp is the process
fluid temperature of previous, the inlet temperature is Tpi. Tu is the utility fluid temperature,
the inlet temperature of utility fluid Tui.

Consider actuator subsystem is described by four states, two inputs and two outputs, as:
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where xaT ¼ xa1 xa2 xa3 xa4½ � ¼ X1
dX1

dt
X2

dX2

dt

� �
, uT ¼ u1 u2½ � ¼ pc1 pc2
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F is flow rate (m3s�1), ΔP is the fluid pressure drop across the valve (Pa), sg is specific gravity
of fluid and equals 1 for pure water, X is the valve opening or valve “lift” (X = 1 for max flow),
Cv is valve coefficient (given by manufacturer), f(X) is flow characteristic which is defined
as the relationship between valve capacity and fluid travel through the valve. There are
three flow characteristics to choose from: linear valve control; quick opening valve control;
equal percentage valve control. For linear valve, f Xð Þ ¼ X, the valve opening is related to
stem displacement, Aa is the diaphragm area on which the pneumatic pressure acts, pc is
the pneumatic pressure, m is the mass of the control valve stem, μ is the friction of the valve
stem, k is the spring compliance, and X is the stem displacement or percentage opening of the
valve.
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F is flow rate (m3s�1), ΔP is the fluid pressure drop across the valve (Pa), sg is specific gravity
of fluid and equals 1 for pure water, X is the valve opening or valve “lift” (X = 1 for max flow),
Cv is valve coefficient (given by manufacturer), f(X) is flow characteristic which is defined
as the relationship between valve capacity and fluid travel through the valve. There are
three flow characteristics to choose from: linear valve control; quick opening valve control;
equal percentage valve control. For linear valve, f Xð Þ ¼ X, the valve opening is related to
stem displacement, Aa is the diaphragm area on which the pneumatic pressure acts, pc is
the pneumatic pressure, m is the mass of the control valve stem, μ is the friction of the valve
stem, k is the spring compliance, and X is the stem displacement or percentage opening of the
valve.

Root Cause Analysis of Actuator Fault
http://dx.doi.org/10.5772/intechopen.76211

143



Thus, ε u; _u; xað Þ can be obtained by a function for the derivatives for ua :

_ua ¼ ε u; _u; xað Þ ¼ ∂ha

∂u
u; xað Þ _u þ ∂ha

∂xa
u; xað Þfa u; xað Þ (12)

¼ Cv

ffiffiffiffiffiffiffiffiffi
ΔP1

sg

s
0 Cv

ffiffiffiffiffiffiffiffiffi
ΔP2

sg

s
0

 !
xa þ Aa

m
Cv

ffiffiffiffiffiffiffiffiffi
ΔP1

sg

s
Aa

m
Cv

ffiffiffiffiffiffiffiffiffi
ΔP2

sg

s !
u

Four kinds of fault influencing dynamics of the valve are considered in this work: (1) fault f1:
valve clogging, occurs when the servomotor stem is blocked by an external event of a mechan-
ical nature. It results in limitation of the piston movement in both direction, and therefore the
flow cannot drop below a certain value; (2) fault f2: change of pressure drop across valve,
results in ΔPþ ΔP0; (3) fault f3: bellow-seal leakage due to leak, resulting in pcAa þ P changed;
valve internal leakage is a common malfunction with industrial control valves. The causes of
such leakage are numerous, including damaged plug or seat, insufficient seat load or reduced
spring rate; (4) fault f4: control valve diaphragm perforation due to pinhole cracks in the
periphery, resulting in k changed.

As above description shown, actuator fault may be caused by parameters μ, k,u,Δp, then there
are eight related parameters in two actuators: k1 μ1 k2 μ2 pc1 pc2 ΔP1 ΔP2

� �
. The

process of RCA is to identify abnormal variations of these eight parameters. Two banks of RCA
observers are generated, aim at generating two banks of four residuals for those
abovementioned fault causes. One bank of residuals are s11, s12, s13, s14, aim at identifying fault
causes f1, f2, f3, and f4 in actuator of process fluid, the other bank are s21, s22, s23, s24, aim at
identifying fault causes f1, f2, f3, and f4 in actuator of utility fluid respectively. If any of these
residuals exceeds its threshold, the fault is caused by the corresponding fault causes.

6.2. Numerical simulation results

The simulation results validate the proposed strategy. We first give the operating conditions of
the simulation. The input of the inlet flow rate of the utility fluid Fu is 4:22e�5m3s�1, and inlet
flow rate of the process fluid Fp is 4:17e�6m3s�1. Initial condition for observers supposed to be

0. Parameters in actuator subsystem are: m ¼ 2 kg, Aa ¼ 0:029 m2, μ ¼ 1500 Nsm�1 and
k ¼ 6089 Nm�1, Pc for utility fluid is 1 MPa, 1:2 Mpa for process fluid, pressure drop ΔP in
utility fluid is 0.6 MPa and 60 KPa in process fluid.

As above mentioned, for most part in practical situation, single fault is observed while multi-
ple faults rarely occur on each actuator. Therefore, we consider each actuator is subject to only
one fault, and then two faults may occur simultaneously in the actuator subsystem. Suppose
the output measurement y is corrupted by a colored noise. The colored noise is generated with
a second-order AR filter excited by a Gaussian white noise with zero mean and unitary
variance. The standard deviation of the colored noise is about 3.5.

For actuator of process fluid, it is supposed to suffer leakage fault, and reasons that can lead to
the leakage are as follows: valve tightness, leaky bushing, and terminals. Valve clogging fault
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is supposed in actuator of utility fluid, it is a commonly encountered fault. If not properly
repaired, this kind of fault may cause severe impacts on system performance. Simulation
results are demonstrated in Figures 5–8.

Figure 5. Reconstructed input ~Fu, ~Fp from output Tp, Tu.

Figure 6. Detection residual.

Figure 7. Residuals for identifying fault cause in process fluid.
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k ¼ 6089 Nm�1, Pc for utility fluid is 1 MPa, 1:2 Mpa for process fluid, pressure drop ΔP in
utility fluid is 0.6 MPa and 60 KPa in process fluid.

As above mentioned, for most part in practical situation, single fault is observed while multi-
ple faults rarely occur on each actuator. Therefore, we consider each actuator is subject to only
one fault, and then two faults may occur simultaneously in the actuator subsystem. Suppose
the output measurement y is corrupted by a colored noise. The colored noise is generated with
a second-order AR filter excited by a Gaussian white noise with zero mean and unitary
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is supposed in actuator of utility fluid, it is a commonly encountered fault. If not properly
repaired, this kind of fault may cause severe impacts on system performance. Simulation
results are demonstrated in Figures 5–8.
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It can be seen from Figure 5 that although noise exists, the developed input reconstruction
techniques can provide reconstructed inputs with a good accuracy. At actuator of process
fluid, sudden decrease occurs at 60 s which indicates occurrence of a fault, and it takes 4 s to
steady at new value. For actuator of utility fluid, the reconstructed value increases from 40 s,
and is stable after about 3 s. A fault is detected due to the unexpected increase.

As illustrated in Figure 6, detection residual r1 indicates a fault in actuator of process fluid at
60 s, it takes 1.2 s to determine the occurrence of the fault. Detection residual r2 refers to a fault
in actuator of utility fluid at 40 s, and it takes 1.5 s to detect it. We can shorten the detection
time and detect smaller fault by employing larger gain for the detection observers or adopt a
smaller threshold. However, larger gain or larger threshold may fail to detect the fault cor-
rectly, since observer with larger gain is too sensitive to noise and smaller threshold may lead
to be undistinguished from noise. Therefore, a trade between detectability and sensitivity
should be made in order to detect the fault correctly. In summary, a small magnitude fault
may not be detected within the existence of the noise. Again, after detection of the faults, we
have to identify their root causes.

We can see from Figure 7 that only RCA residual s12 breaks through its threshold and remains
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