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ABSTRACT
In this study, control methods for a semi-active damper using an electro-adhesive gel (EAG) are analyzed.
The modeling of an EAG damper is conducted on the basis of the approximation of the force–voltage
relation obtained from experimental data. The performance of an EAG damper is evaluated by shaking-table
tests of a two-story small-scale specimen. The specimen is designed to adjust the ratio between the first and
second natural periods to that of a target real-scale base-isolated building, and the system parameters are
identified on the basis of the vibration response under white noise excitation. An EAG damper is
implemented to the base-isolation layer of the small-scale specimen. Acceleration sensors are attached to
each layer to acquire the response data. A Kalman filter is employed as an observer in a control system, and
the LQG strategy and disturbance accommodating control are advocated as a controller to apply a suitable
input voltage to the EAG damper. The cost function of the LQG is formulated to suppress the acceleration
response of the specimen. Experiments using other control methods, i.e., the simulated nonlinear spring and
the simulated dashpot, are also conducted for comparison. With respect to the input excitation, scaled
earthquake ground motion records are used. Based on the results of the shaking-table tests, we report the
validity of the EAG damper and discuss effective control methods.
Keywords: Electro-adhesive gel, Semi-active damper, Semi-active control, Base-isolated building,

1 INTRODUCTION
The installation of vibration control devices is an effective means to disperse vibrational
energy and mitigate damage to building structures during an earthquake. Vibration control devices
can be classified into three classes according to their control method: passive, active, and semiactive control devices. Passive control devices do not require energy for activation and are
relatively easy to install due to their simplicity. However, the drawback of such devices is that they
have a narrow effective vibrational frequency range. Conversely, active control devices can
function effectively over a wider range, but they require a large amount of energy for activation and
possess a risk to increase the vibrational energy because of incorrect design and/or malfunctions.
Accounting for these facts, semi-active control devices, which provide both the reliability of passive
devices and the effectiveness of active devices and have high energy efficiency, have been
intensively studied in recent years [1].

1

Graduate Student, masashi.omura@keio.jp
Professor, kohiyama@sd.keio.ac.jp
3
Associate Professor, kakinuma@sd.keio.ac.jp
4
Department Chief, h-anzai@fkkasei.co.jp
2

1

1

Corresponding author

An MR damper is one example of a semi-active control device that functions with the use of
MR fluid. The MR fluid comprises micron-sized magnetically polarizable particles dispersed into a
medium such as mineral or silicon oil. When a magnetic field is applied to the MR fluid, particle
chains form and show viscoelasticity behavior. This behavior enables the MR fluid to transition
reversibly from a viscous fluid to a semisolid [1]. By controlling the yield strength of the MR fluid
within a few milliseconds, allowing the damping coefficient of the building to change dynamically
creates an effective damping force at every moment [2]. Dyke et al. [3] had proposed a clippedoptimal control algorithm for controlling a three-story model structure equipped with MR dampers.
However, an MR damper has several issues such as aging deterioration due to particle settling
and a strong dependence on the seal structure to prevent fluid leakage. These problems hinder the
wide implementation of MR dampers. To address these problems, electro-adhesive gel (EAG) has
been developed for the refinement of ER fluids, which are the electrical analogues of MR fluids [4].
Iwashina et al. [5] have proposed a switching control strategy for controlling a four-story baseisolated building model structure using an EAG damper. Their numerical simulations confirmed
that the use of an EAG damper resulted in a high vibration suppression effect.
This paper reports and discusses the effective control methods for an EAG damper based on
the results from shaking-table test. The experiment is conducted using a two-story small-scale
specimen that is designed to model a real-scale base-isolated building.
2 DESIGN OF THE SMALL-SCALL SPECIMEN
To evaluate the performance of an EAG damper, the assumption is made that an EAG damper
is installed in a semi-active base-isolated building, which is an existing university building, known
as Sosokan [6].
2.1 Design of columns and slabs
Sosokan has nine stories and a base isolation layer [7]; however, the small-scale specimen is
modeled as having only two stories, which represent a base isolation layer and a superstructure, as
shown in Fig. 1. The specimen was designed to keep the ratio between the first and second natural
periods the same as that of Sosokan [8]. The first and second natural periods of Sosokan were 4 and
0.8 s, respectively, and the natural period ratio is 5. The base isolation layer is reproduced by
designing the stiffness to be much lower than that of a superstructure in the specimen. The
dimensions and materials of the specimen members are shown in Table 1.

Fig. 1 - Diagram of structure modeling
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Table 1: Values of the parameters of the specimen
Members

Dimension [mm]

Material

SUS304
1.2  40  400
2 layer columns
SUS304
1.2  40  250
Slabs
A5052
280  280  6
Angles
A5052
30  30  40  5
The mass matrix M s and the stiffness matrix k s of the specimen are expressed as follows:
st

1 layer columns
nd

m
Ms   1
0

0  3.039
0 
k1  k 2

kg , k s  


m2   0
1.568
  k2

 k 2   9421  8021
N/m (1), (2)

k 2   8021 8021 

The displacement limit of the base isolation layer dmax is set to 0.05 m, and the first and second
natural periods of the specimen of t1 = 0.364 s and t2 = 0.0706 s, respectively, are obtained by
eigenvalue analysis; the natural period ratio t1/t2 = 5.16 is approximately 5, as designed.
2.2 Design of the EAG damper
EAG is a newly developed smart material aimed to surmount the disadvantages of ER fluids.
With the advantage of gelation, EAG overcomes the problems of the aging deterioration caused by
particle settling and the indispensability of the seal structure to prevent fluid leakage. EAGs are
identified to have changeable viscosity with the application of an electric field, analogous to the
behavior of an ER fluid. EAG reversibly and instantaneously undergoes the transition of tackiness
of the gel surface according to the applied field. An EAG produces a variable shear force between
the gel surface and sliding electrode in contact that depends on the voltage applied to the electrodes.
When the electric field is not applied, the protruded slippery ER particles from the silicone gel are
attached to the electrodes, resulting in a small shear force. When the electric field is applied, the
tacky silicone gel rises up and becomes attached to the electrodes, thereby producing a large shear
force [5]. The schematic of the principle of operation is shown in Fig. 2.

Fig. 2 - Principle scheme of the operation of an EAG [5]
A preceding study [4] revealed the following basic properties of EAGs:
•

•

The thinner the gel, the stronger the shear force becomes when produced under a uniform
electric field. Therefore, the gel is manufactured at a standard of 0.5 mm, which is the thinnest
possible for manufacturing stable stocks.
As the temperature of the EAG increases, the tackiness of the silicone gel decreases. The
performance of the EAG falls approximately 20% at 80°C. However, the performance of the
EAG recovers when the temperature is restored to 20°C–25°C.
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•

•
•
•
•

The accuracy of the surface precision with the sliding surface greatly influences the amount of
shear force that is produced when it is produced under the electric field; the increase in shear
force is attributed to the increase of the adhesive area of the silicone gel allowed by accurate
precision of the sliding surface.
The deterioration in performance was not confirmed when the shear test was conducted for 1000
h continuously.
The responsiveness of the EAG is approximately 20 ms.
The shear force produced by the EAG does not depend on velocity.
The producible shear force produced by the EAG increases as the applied voltage increases.
However, considering safety aspects, the maximum applying voltage should be limited to 2
kV/mm.

The EAG damper is designed on the basis of the oil damper implemented in Sosokan.
Sosokan employs 12 passive oil dampers and 4 semi-active oil dampers in both the north-south and
east-west directions. The damping coefficient of the oil dampers and the designed value of Sosokan
are shown in Tables 2 and 3, respectively. Using the values in Table 3, the maximum restoring
force of Sosokan Pmax and the maximum damping force of Sosokan Qmax are respectively expressed
as below:
Pmax  ksskdssk and Qmax  cssk

2π
dssk ,
Tssk

(3), (4)

where kssk is the stiffness of the base isolation layer, dssk is the displacement limit of the base
isolation layer, and cssk is the maximum damping coefficient.
Table 2: Damping coefficient of the oil damper
Oil damper

Damping coefficient
6

Number

Total

Passive

0.833 × 10 Ns/m

12

10.00 × 106 Ns/m

Semi-active (min. damping)

0.833 × 106 Ns/m

4

3.33 × 106 Ns/m

Semi-active (max. damping)

14.7 × 106 Ns/m

4

58.8 × 106 Ns/m

Table 3: Designed parameters of Sosokan
Parameter

Value

Stiffness of base isolation layer kssk

66.8 × 106 N/m

Maximum damping coefficient cssk

68.8 × 106 Ns/m

Limit displacement of base isolation layer dssk

0.3 m

First natural period Tssk

4s

Using Eqs. (3) and (4), the following equation is derived:

Qmax  1.62Pmax ,

(5)

From this result, the maximum damping force of an EAG damper should be designed as 1.62
times larger than the maximum restoring force of the specimen. Unlike Sosokan, which disperses
energy by the damping force of each oil damper, the specimen disperses energy by the friction of
each EAG damper. The equations of motion of idealized single-degree-of-freedom systems are
written as
Sosokan： mx  cx  kx  0 ,

(6)

Specimen： mx  R  kx  0 ,

(7)
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where m, c, k, and R represents mass, damping coefficient, stiffness, and friction force, respectively.
The velocity is assumed to be expressed as follows:
x 

4  dssk
 0.3 m/s .
Tssk

(8)

Thus, the relation between R and c can be expressed as follows:

R  0.3 m/s  c .

(9)

Using Eq. (5), the maximum restoring force of the specimen pmax and the maximum damping force
of the specimen qmax are expressed as follows:
pmax  k1  dmax  70 N and qmax  1.62 pmax  113.4 N ,

(10), (11)

Using Eqs. (4), (9), and (11), c and R are respectively expressed below.

c  qmax

T1
d max  131.5 Ns/m ,
2

(12)

R  0.3 m/s 131.5 Ns/m  39.4 N ,

(13)

Therefore, the EAG damper should be designed to withstand a maximum shear force of
approximately 40 N. The size of the damper will be designed on the basis of the characteristic data
of EAG shown in Fig. 3. The exploded view of the designed damper is shown in Fig. 4. The
measurements of the damper are shown in Table.4. This damper requires high voltage to operate;
however, the computer can only output up to 10 V. Therefore, a voltage booster is applied between
the computer and the damper. The relation between input and output voltage of the voltage booster
is shown in Fig. 5.
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Fig. 3 - EAG characteristics
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Fig. 4 - Exploded view of the EAG damper

Table 4: Dimensions of the EAG damper
Part
Length and stroke
Weight
Section of the EAG damper
Thickness of the EAG
Area of the EAG

Dimension
380 ± 60 mm
576 g
50  30 mm
0.52 mm
40  80 mm

5

800
700
Output voltage [V]

600
500
400
300
200
100

0
3

3.5

4

4.5

5
5.5
6
Input voltage [V]

6.5

7

7.5

8

Fig. 5 – Characteristics of the voltage booster
3 DYNAMIC CHARACTERISTICS TEST OF EAG DAMPER
An experiment to model the dynamic characteristics of the EAG damper is conducted. The
settings of the damper and the experiment apparatus are shown in Fig. 6.
First, we apply a constant voltage to the damper and move its shaft back and forth between
±50 mm using a linear slider and a servo amplifier. Next, we record the data taken from the load
cell for 10 s. Subsequently, we change the applied voltage and then repeat these steps for the value
of each applied voltage considered. Hereafter, we call this sequence as one set. The applied voltages
considered are 2.5, 3.5, 4.5, 4.7, 4.9, 5.1, 5.3, 5.5, 5.7, 5.9, 6.1, 6.3, 6.5, 7.5, 8.5, 9, 8, 7, 6.4, 6.2, 6,
5.8, 5.6, 5.4, 5.2, 5, 4.8, 4.6, 4, 3, and 2 V in sequence. This sequence is chosen because the shear
force of the damper changes rapidly between 4.5 and 6.5 V due to the performance of the voltage
booster, and one must consider the pattern of the voltages as the applied voltage is changed both
upward and downward to account for the influence of hysteresis. The force–displacement relation
obtained from the experimental result is shown in Fig. 7. A positive force corresponds to tension,
and a negative force corresponds to compression. The mean value of the measured point within 40
mm obtained in both ways is chosen as the shear force of the voltage. The representative value of
the damper’s shear force is calculated using the mean of the data for five sets. The five sets of data
are shown in Fig. 8.

Fig. 6 - Settings of the test of the dynamic characteristics of the EAG damper
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Fig. 7 - Force-displacement relation of the EAG damper

Fig. 8 - Five sets of experimental data

The damper produces a force of approximately 2 N higher in tension than in compression.
This response occurs because the electrodes are slightly narrower at one end, which generates a
larger power when the shaft is moving towards the narrower end. From the data above, an
approximation based on a logistic curve is used to model the damper. The approximation is based
on the search of the parameters of the equation that minimizes the sum of the error J between the
value of the logistic curve equation y and the value of the experiment result yreal using the Nelder–
Mead method. The cost function and the equation of logistic curve are as follows:

J    y  yreal  and y 
2


 ,
1  e x

(14), (15)

The approximation is divided into 8 patterns. The approximation curves obtained by the
optimization at each pattern are shown in Table 5. The obtained parameters are shown in Fig. 9.
Using Eq. (15), the equation to calculate appropriate voltage V to produce the desired control force
u is expressed below.
V 

1 

ln  
 1  .
    u   
1

(16)

Fig. 9 - Approximate curves of the experiment data plots
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Table 5: Parameters of the approximated logistic curves
Pattern



Voltage upward–tension–former
Voltage upward–tension–latter
Voltage downward–tension–former
Voltage downward–tension–latter
Voltage upward–compression–former
Voltage upward–compression–latter
Voltage downward–compression–former
Voltage downward–compression–latter

2.24 × 1018
2.27 × 103
1.60 × 1012
2.94 × 103
−6.75 × 1025
−6.14 × 102
−1.42 × 1019
−3.21 × 102

7.91
1.87
4.90
1.82
4.98
1.50
5.94
1.46

26.9
1.16 × 102
1.33 × 102
63.9
1.73 × 1015
42.6
3.26 × 106
64.4


3.41
−83.1
3.05
−30.7
−3.19
−73.8
−2.81
−95.7

4 SYSTEM IDENTIFICATION
In this research, the Ordinary MOESP method [9] is used for system identification. The
required data are obtained from the attached acceleration sensor to each layer, while white noise
excitation via a shaking table is applied to the specimen. The system matrices are defined on the
basis of the vibration response. The results are shown in Table 6.
Table 6: Result of the system identification
Parameter
First natural period T1

Value
0.399 s

Second natural period T2

0.0788 s

First damping ratio  1

0.00373

By using the values of Table 6 and the measured mass matrix Ms, the identified stiffness
matrix Ks is calculated as follows:

K  K 2
Ks   1
  K2

 K 2   7608  6440
N/m .

K 2   6440 6440 

(17)

Assuming proportional stiffness damping, the damping matrix of specimen Cs is expressed as

Cs 

2 1T1
Ks ,
2

(18)

where T1 is the first natural period of the specimen, and 1 is the first damping ratio of the specimen.
5 CONTROLLER DESIGN
The equations of motion can be written as
  AX  Bu  Dx ,
X
g

(19)

where X is the state vector, u is the measured force generated between the specimen and the damper,
and xg is the one-dimensional ground acceleration. The measurement equation is given by
y  CX  Eu ,

(20)

where y is the vector of the measured outputs. The definitions of the matrices are as follows:
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 O
A
1
 M s K s

 0 
 0 

, B   1  , D   1  ,

 M Cs 
M s G 
M s F 
I

1
s





C   Ms1K s

 Ms1Cs , E  Ms1F ,

(21), (22), (23)
(24), (25)

  m1 
1
F   , G  
.
0 
 m2 

(26), (27)

To improve the performance of the vibration control, feed forward control using a Kalman filter is
adopted. The equations of motion will be augmented for the system input due to the
accommodation of the disturbances [10]. Three types of controllers are used in the experiment for
comparison.
5.1 LQG strategy
The cost function of the LQG is formulated to suppress the acceleration response and
displacement of the base isolation layer of the specimen. The performance index is given as






J   x a t Qx a t   2 x a t Sut   u T t Rut  dt .
0

T

T

(28)

The desirable control force u t  is derived by multiplying the gain matrix G a that is obtained by
solving the Riccati equation and the state vector xa t  , which is augmented. u t  is derived as
follows:
ut   G a xa t 

ut   x1 t   0 ,

(29)

ut   u min

ut   x1 t   0 .

(30)

The weighting matrices and weight r are given as
T

Q

Cd Cd
Accmax 2



1

O 1 O

T

T

Dismax 2

, S

Cd Ed
Accmax 2

,

T

R  E d E d  r and r  2.0  10 3 .

(31), (32)
(33), (34)

During the experiment, the following parameters are used: Accmax = 33.3 m/s2 and Dismax = 0.05 m.
5.2 Simulated dashpot strategy
The desirable control force u(t) is derived by as follows:
u(t )  cv x1 (t ) .

(35)

The value of cv = 440 Ns/m is determined by reference to the oil damper of Sosokan.
5.3 Simulated nonlinear spring strategy
The desired control force u(t) is given as follows:
u (t )  k1x1

x1
d max

x1(t )  x1(t )  0 ,

(36)
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u (t )  k1 x1

x1
d max

x1 (t )  x1(t )  0 ,

(37)

The produced force increases as the displacement of the base isolation layer increases.
6 EXPERIMENTS USING THE SHAKING-TABLE
The experiment is conducted using scaled earthquake ground motion records as the input
excitation. The records are as follows: the north–south (NS) component of the El Centro record, the
NS component of the Hachinohe record, and the NS component of the Tomakomai record of the
2003 Tokachioki earthquake. All the earthquakes are standardized to have the maximum
acceleration of 0.25 m/s. Next, the duration and amplitude are scaled to fit the ratio of the specimen
and Sosokan. The power spectral densities of the scaled earthquake records are shown in Fig. 10.
Three types of controlled and uncontrolled patterns are examined in the experiments. Each control
pattern is recorded five times for each type of ground motion. The specimen and the attached EAG
damper are shown in Fig. 11.

Fig. 10 - Power spectral densities of the scaled earthquake ground motion records

Fig. 11 - The specimen and the EAG damper
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The maximum and RMS value of each layer of acceleration are obtained from the
experimental result. The displacement of the base isolation layer is calculated using the linear
acceleration method based on the obtained acceleration data. The result is shown in Fig. 12 and Fig.
13.

Fig. 12 - Experimental result of the second layer acceleration in the El Centro case

Fig. 13 - Experimental result of the displacement of the base isolation layer
The reason why the LQG strategy, the nonlinear spring strategy, or the uncontrolled case
demonstrated small differences in the results is implied to be due to the given earthquake being
weak enough for the passive EAG damper to handle. In support of this implication, the input
voltage to the damper was maintained less than approximately 5.5 V, which only performs half of
the designed maximum shear force. However, this limitation is not the major issue because the
performance of the LQG strategy did not progress dramatically when weight r was changed to onetenth of the original. The primary issue is the accuracy of the observed data using the Kalman filter.
The ground acceleration transition of the obtained data from the sensor and the observed data for
the Hachinohe earthquake is shown in Fig. 14. From Fig. 14, the observed data appears to be
smaller than the obtained data overall. This observation results in the smaller voltage than the
desired input voltage.

Fig. 14 – Ground (Table) acceleration transition of the obtained data and the observed data
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7 CONCLUSION
This paper studied the application of the newly developed material EAG. The performance of
an EAG damper was evaluated via shaking-table tests using a small-scale specimen. The results
from the tests showed that the EAG damper is valid as a semi-active device. The LQG strategy was
implemented to suppress both the acceleration and displacement of the base isolation layer except
for long-period earthquakes. A comparative experiment of the EAG damper and other vibration
control devices should be conducted for further verification.
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