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Abstract. Traditional isolator is hard to control because that it is easily caused large deformation by middle
and above earthquake force, resulting in the large transmission of seismic force to structure. Therefore, Bi-Tilt
Isolator, BTI is developed to improve the defects of isolator. BTI is composed of symmetrical slope, sliding
force will not occur when the interactive force is less than threshold value. To investigate the dynamic responses
and inﬂuences of this proposed BTI, Arduino techniques is applied to develop a smart measuring device for
measuring acceleration responses. Then, a no-contact low-cost accuracy detecting method-dynamic digital
image correlation method, DIC is proposed to detect the displacement responses and analyze inﬂuence of BTI.
Mathematical models and const velocity regression method are derived to simulate the dynamic responses of this
proposed BTI based on the motion stages of BTI. Then, dynamic test and numerical analysis results of BTI are
compared to demonstrate the accuracy of these proposed models. Analysis results reveal that (1) this developed
smart measuring device is easily to detect the acceleration responses of BTI based on Arduino techniques; (2)
displacement responses also tiny displacement responses of BTI are easily identiﬁed by the Dynamic DIC
method; (3) the proposed mathematical model and constant velocity regression method can simulate accurately
dynamic responses in the interface between substrate of BTI and slider with fully lubricated and mild lubrication. For those without lubrication, the analysis accuracy of error root mean square attains 0.42% and 3.10% of
initial displacement for nonlinear and constant friction respectively.
Keywords. Bi-Tilt Isolator; BTI; non-linear analysis; smart measuring device; dynamic digital image
correlation; DIC; dynamic test.

1. Introduction
Traditional base isolation is the use of soft isolation layer,
such as: Lead Rubber Bearing, Rubber Bearing [1–12],
through the extension of the structural period, isolated
seismic waves into the structures to reduce the horizontal
seismic force. Lead Rubber Bearing, LRB, rubber bearing,
RB can provide force as springs, the restoring force is the
product of displacement and elastic constant of spring.
When the displacement is small, the transmission of seismic force is small. On the contrary, the transmission of
seismic force is large. The main problem of the traditional
isolation technique is that isolation layer is very soft, so the
displacement of isolation layer is very large, it will affect
practicality. Traditional isolation cannot be easily controlled, because of the power is proportional to the deformation of isolation layer. In order to improve these defects

*For correspondence

of this kind isolator, Bi-Tilt Isolator, BTI is proposed in this
study.
Sliding phenomenon between substrate of BTI and slider
will not occur when the interactive force is less than
threshold value, compound of friction force and slop
restoring force on this proposed BTI. Actually, the slope
restoring force is constant because that BTI is composed of
symmetrical slope. Thus, there is no isolation effect of
isolator in the case of small earthquake. When the seismic
load reaches to a certain level and above, upward transfer of
seismic force will not be increased. The transmission of
seismic load can be controlled easily to assure the safety of
building. Therefore, the concept of BTI is proposed in this
study. The power of sliding of this proposed isolator is
equal to the horizontal component of the sliding down
weight of isolator plus/minus kinetic friction force. Thus,
the maximum transmission of seismic force of structure can
be easily predicted as long as slope angle remain constant
and friction force can be obtained. There are two advantages of this proposed BTI: the maximum transmission of
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seismic force of structure can be easily controlled and
structural displacement of isolation layer can also be
reduced. Therefore, in the development process of BTI, the
inﬂuence of friction force and impulse force of BTI should
be comprehended. The mathematical model of this proposed BTI can be derived based on these inﬂuence conditions. Then, structural engineers can design the structure
with this BTI according to this model.
Currently, measuring equipments and methods [13–17]
for measuring of the kinetic friction coefﬁcient and collision force are quite expensive and complex. Even, BTI,
installed in building, under excitation of earthquake force,
involves displacement, sliding force, friction force and
collision force in the Slanting process. Thus, an
inevitable trend technology- Arduino techniques [18, 19] is
applied to develop a smart measuring device to measure the
dynamic responses of this BTI. Shih et al. [20] proposed a
smart measurement device to measure the kinetic friction
coefﬁcient of steel gasket with different slopes and various
lubrication conditions. Therefore, this smart device will be
improved to measure the dynamic responses of structure
and foundation. Otherwise, to reach high analysis accuracy,
high sampling rate is required, then, the cost is very high,
such as: non-contact displacement sensor-laser displacement meter. Therefore, the developed low-cost dynamic
Digital Image Correlation Method, DIC [21.22] is used to
measure dynamic acceleration and displacement variation
in the process of experiment to avoid high-cost devices and
limit of traditional Contact-type displacement sensorsLinear Variable Differential Transformer, LVDT Measurement technology and potential meter. Shih et al. [23]
also proposed a nonlinear analysis mathematical model to
simulate the mechanical behavior of BTI, only consider
three movement stages of BTI. Therefore, the four phases
of the movement of BTI are considered in the mathematical
model of BTI and the constant velocity regression method
is also proposed to overcome the noise signal of test process. Finally, the analysis results with optimal parameters
simulation, regression simulation and constant friction
coefﬁcient simulation under conditions of without lubrication, with mild lubrication and fully lubricated are compared with test results to investigate the practicability of
this proposed model.

2. Organization and seismic behaviour of bi-tilt
isolator
Bi-Tilt isolator is primarily the expected to control the
seismic force, transferred to the superstructure of building,
under a certain size force and minimize the displacement of
the isolation layer. The concept of this shock absorber is to
make an upper slider and a bottom plate of this shock
absorber with two sides as bevels and one plane in the
middle. The double slope substrate is connected with the
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foundation of structure while the slider is connected with
the superstructure. To adjust the amount of friction force
between these two parts, a slider with a speciﬁc material,
such as Teﬂon, can be embed to reduce friction force,
shown in ﬁgure 1. This shock absorber is mounted between
the structure and the foundation, shown in ﬁgure 2. The
general design uses four BTIs for symmetry to ensure the
safety of this kind isolator after one of the shock absorbers
fails, the remaining three isolators still function without
disabling the entire system. Bi-Tilt isolators are like basic
fuses that stabilize structures in peacetime, if the seismic
force exceeds the default value, i.e., the horizontal component of the structural self-weight down force exceeds
kinetic friction force between the structure and isolators,
the slider and the bottom plate of substrate will produce a
relative slide. At this time, the bottom plate of the shock
absorber shakes with the foundation, while the structure of
the connecting sliding block is kept in place, because that
the angle of the slope is small, only slightly up and down
movement. Therefore, this BTI is applied to the seismic
isolation of structures, which can limit the seismic force,
transferred to the superstructure because of seismic disturbances, and improve the seismic resistance capability of
structures.

3. Mathematical model for BTI
This study explores the mathematical model of BTI with
single degree of freedom motion. The behavior of BTI,
moves back and forth, can be divided into four stages,
shown in ﬁgure 3: slider bearing force sliding up to the
right, slider bearing force sliding down to the left, sliding in
the plane segment, and collision phase. The following four
stages are used to infer the mechanical behavior of the BTI.
Otherwise, the constant velocity regression method is proposed to reduce the inﬂuence of noise during the test
process.

3.1 When the slider is forced to slide
up to the right
As shown in ﬁgure 3(a), when a slide is generated, the force
of the oblique slider contains kinetic friction force and the
slope downward force facing the slider, at which point the
slope provides the slider with a horizontal component force,
as follows:
Ftotal ¼ Fs þ Fk

Where,
Ftotal represents the sum force;
Fs is the slope downward force;

ð1Þ
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Figure 1. The organization of Bi-Tilt Isolator.

The calculation of the kinetic friction force Fk is as
follows:
Fk ¼ mglk

ð3Þ

Where,
lk is the coefﬁcient of kinetic friction between the contact
surfaces.

Figure 2. Schematic conﬁgure for building installed with BTI.

Fk is the kinetic friction force.
The calculation of the slope downward force Fs is as
follows:
Fs ¼ mg tan h

3.2 When the slider is forced to slide to the left
Figure 3(b) shows that the force of the oblique slider at this
point contains kinetic friction force and a downward
component force of inclined plane, and the horizontal force
provided to the slider by the slope, becomes as follows:
Ftotal ¼ Fs  Fk :

ð4Þ

ð2Þ

3.3 When slider slides on the plane segment
Where,
m is the weight of the superstructure, acted on the slider;
g is the acceleration of gravity;
h is the slope angle.

At this point the slider is only affected by the kinetic
friction force, that is as follows:
Ftotal ¼ Fk

ð5Þ
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Figure 3. The movement stage of BTI.

3.4 Collision phase
Figure 3(c) shows when the angle changes, such as
when the slider slides from one slope to another, the
slope slides to the plane, or the plane touches the
slope. Both represent an instantaneous angle in the
direction of motion, assuming that in the case of a full
collision, the change in speed before and after the
collision is:
v0 ¼ v cos /:

ð6Þ

Where,
Figure 4. Force-displacement relation of the BTI element.

0

v is the speed after the collision;
v is the initial speed;
/ is the angle before and after the collision.
When the slider slide from one slope to another, the
angle is / ¼ 2h or the slope slides to the plane, the angle is
/ ¼ h. The rate of kinetic energy loss can be found through
the reduction of kinetic energy:
1

c¼2

mv2 ð1  cos2 /Þ
¼ 1  cos2 /
1
2
2 mv

ð7Þ

Where,
c is the rate of kinetic energy loss;
If the / is greater, the collision force is larger and
the kinetic energy loss is greater. Figure 4 shows the
force-displacement hysteresis loop where BTI slides

one cycle after another. It is clear that the size of the
force of BTI is forced to upwards or downwards, and
that there are protrusions around displacement 0 for the
collision.
Figure 4 can help to describe the following properties of
BTI, as follows:
(1) Where the displacement is equal to 0, a collision occurs,
and if the slope angle is too large, the isolation layer is
stopped to cause structural deformed.
(2) It can cause structural deformation is on the ﬁrst or third
quadrant in ﬁgure 4. The force on the ﬁrst quadrant is
Fs  Fk and –(Fs  Fk ) on the third quadrant. This is
the maximum seismic force, can be transmitted to
structure. The size of this force can be controlled by
changing the angle and coefﬁcient of kinetic friction.
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(3) When the displacement is positive, the minimum force
is still positive, which represents that when the external
force is removed, the structure can still return to the
origin position because the downward tilt is sufﬁcient to
overcome friction force. This is the basic requirement
of isolation technology.
(4) This proposed BTI performs a good seismic proof
capability in one cycle back and forth. The energy
dissipation is the blue area of ﬁgure 4, the larger is
the better energy dissipation. It is only related to
friction force. From the point of view of energy
dissipation, the greater the kinetic friction force is
the better energy dissipation, but when the friction
force is too large to exceed the restoring force, BTI
cannot return to the original point.

Noise is generated during the experiment, so this study
proposes a method for evaluating the velocity reaction of
displacement signals containing noise for test data
analysis. Suppose that have a set of N displacement
measurement signals x1n ; x2n ;    x0 , have recently
contained noise because that these data contain past
signals; therefore, subscripts of these displacement
measurement signals are basically negative. Assuming
that the sampling frequency is ﬁxed and its period is Dt.
To evaluate the optimal average velocity from these
signals, linear regression analysis can be used, assuming
that the displacement is the ﬁrst-degree polynomial,
shown as follows:
ð8Þ

Where,
x0 is the best evaluation value of current displacement
responses;
v0 is the best evaluation value for the current (average)
speed.
The above two coefﬁcients can be obtained by linear
regression based on the sum of the error squares. The
process is as follows:
The ﬁrst step: Establish a regression-linked cube set
 
x
E 0 ¼F
ð9Þ
v^0

Where,
E is a 2x2 symmetrical matrix;
F is a two-dimensional vector;
v^0 is a virtual peed.


P0
i
i¼1n
P0
2
i¼1n i
i¼1n t

N
E ¼ P0
F¼

 P0

x
P0 i¼1n i
i¼1n i  xi


The second step: Solving.


x0
v^0



x0
v^0

ð10Þ
ð11Þ



¼ E1 F

ð12Þ

The third Step: Since the values of the sampling period
are not included in equations (9) to (11), the rate of
regression must go through the following ampliﬁcation
procedure:
v0 ¼ v^0 =Dt

3.5 Constant velocity regression method

x ðt Þ ¼ x 0 þ v 0 t
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ð13Þ

Analyzing the optimal estimate of displacement and
velocity at the same time requires only 5 multiplications and 5 addition/subtract operations, which is a
very streamlined calculation process.

4. Experimental set-up
The real slating behavior of Bi-Tilt Isolator is investigated via experimental process. The experimental setup is planning and design for this special proposed
isolator, shown in ﬁgure 5. This proposed BTI model
includes (1) superstructure of test model, the material
and self-weight of this superstructure is Aluminum
extrusion and 203.64 N respectively, shown in ﬁgure 5(a); (2) Isolation layer, material is Aluminum
extrusion, shown in ﬁgure 1(b); (3) Interface of Sliding
part, material is Steel (polished) with Gasket, slider is
made of Teﬂon (Polytetraﬂuoroethene), shown in ﬁgure 5(b). Due to this proposed isolator is using sliding
and collision to dissipate external energy, the traditional experimental measuring instruments and equipments are hard to accurate record all test data.
Especially, displacement measurement equipmentLVDT, Linear Variable Differential Transformer is
belonging to the linear displacement sensors, cannot be
applied to measure two degrees of freedom displacements of this proposed BTI, caused tilt and slide
phenomenon in sliding process. Therefore, a non-contact measurement technology-Digital Image Correlation
method, DIC method with dynamic detecting technology is applied to measure the displacement changes of
this proposed isolator in the movement process.
Otherwise, to record the acceleration variation in
the movement process of this proposed isolator,
Arduino techniques are applied to develop a smart
recorder.
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Figure 5. Experimental set-up of BTI.

Figure 5(a) shows that the developing smart recorder
is installed in the top of superstructure of this test
structure. This developing smart recorder is composed
of (1) Arduino Nano, (2) Arduino MPU 9250 and (3)
Arduino SD module to measure the time history of
acceleration in experimental process. Figure 6(a) shows
the Arduino and connection of all components of this
device. The Arduino Nano is a miniature version of
Arduino Uno. The core is the Atmel ATmega328
microprocessor with 14 sets of digital output/in-foot
bits, and 8 sets of analog feet that can be used to
monitor values variation of sensor. The MPU9250
Nine-Axis consists of a 3-axis gyroscope and a 3-axis
accelerometer of MPU-6500 and AK8963 and also with
a 3-axis magnetometer. The IMU 9DOF v2.0 sensor
provides high-performance nine-axis dynamic sensing
via the I2C or SPI interface based on the MPU-9250.
In this study, 3-axis accelerometer is applied to measure the time history acceleration responses of this test
structure during test process. Then, the Arduino SD
module is used to record all acceleration responses.
The operating voltage of this Arduino SD module is
3.3 V, it cannot directly connect it to circuits that use
5V logic. SPI mode of Arduino SD module is selected
for this develping device, conveniently connected with
Arduino Single crystal to process SD card read and
write and also with Power Indicator. Two MPU 9250
are applied to record the acceleration responses on BTI
and the test table, shown in ﬁgure 6(b). Experimental
set-up is shown in ﬁgure 5.

5. Dynamic DIC method
The purpose of this study is to test and verify the nonlinear
behavior of BTI and the derived mathematical model and
constant velocity regression method to simulate accurately
the dynamic responses of this proposed isolator. To eliminate the accurate interference of experimental table vibration, the horizontal and vertical displacement responses of
test table, substrate of isolator and upper slider of isolator
must be measured simultaneously. There are six degrees of
freedom for displacement measurement. It is hard to afford
the expensive laser displacement sensors to measure these
displacements responses. Therefore, dynamic DIC method
with high-speed photography is used to measure displacements responses of this test structure during dynamic
experimental process. Equipments price of dynamic DIC is
much cheaper than that of laser displacement sensor.
Dynamic DIC equipments with high measuring accuracy
only cost within US$1,000.

5.1 Hardware speciﬁcations of dynamic DIC
This experiment used a CASIO EXILIM PRO-EX-F1
digital camera for high-speed dynamic image capture,
capturing images at a speed of 300 sheets per second
(300fps, Frames per Second). The image size is under
300fps photography mode and the image resolution is
512x384 pixels. Figure 5(c) displays that there are four
square targets on test table, substrate of isolator and
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Figure 6. Developing smart recorderfor dynamic test.

upper slider of isolator respectively. Two square targets
are set at the substrate of isolator to test whether there are
additional in-plane rotated responses or not. Test results
show that there are no apparent rotation responses of the
substrate of isolator. The aim of setting target at test
table is to test whether there is obvious relative slip
between the substrate of isolator and test table. Therefore, a MPU 9250 is installed on the test table, shown in
ﬁgure 6(b) to record the dynamic responses in the test
process. Test and analysis results reveal that relative
displacement is no more than the analysis precision of
relative motion. The advantages of DIC method are that

ﬁxed points can be set according to demand without
increasing the measuring instrument set.

5.2 Experimental measurement procedure
There are seven steps to process this dynamic DIC test,
shown in ﬁgure 5(d) and describing as follows:
Step 1: Set the target in the desired observation
position: ﬁxed obvious contrast target, the target
pattern is not limited, there is no need for regularity.
Targets should be in the same plane to eliminate the
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proportional differences caused by distance
differences.
Step 2: Setup the scale ruler which has a distinct scale
to read the image coordinates of the scale in the
experimental image, and can regression to analyze the
ratio constant of its image coordinates to the spatial
coordinates.
Step 3: Setup high speed camera in front of the target
to inspect the squareness between the optical axis of
camera and target plane and also leveling.
Sept 4: Capturing dynamic images with 300fps. To
improve the shutter of camera, a single shot projector
projects a white image on the target, determining that
its normal exposure value is less than 1/1000 seconds.
To synchronize with the acceleration measurement
signal, there is an LED light on/off controlled by
ARDUINO, which controls the acceleration measurement procedure, on the test body.
Step 5: Capturing the images form ﬁlm. Using the
KMPlayer program to capture still images, starting
with the time when the LED lights are on in the
picture.
Step 6: Image pairing for Digital image correlation
method. The target of image at the starting point of
time is taken as the center, and then, four sub-images
are taken as the reference image, and gradually analyzes the center image coordinates of other images
relative to the target. Then, the map of the coordinates
of each target image can be obtained.
Step 7: Space Coordinate Transformation: The target
image coordinates, taken from Step 6, is processed the
spatial coordinate transformation with the scale,
obtained in Step 2, resulting in a time history of each
target space coordinate. And then, the coordinate
duration relative to the stationary position, that is, the
time history of displacement responses of the isolation layer, the substrate of the isolator, and the
experimental desktop can be obtained to deduce the
coordinates of the seismic layer at the end of the
experiment.

In order to comprehend the in-service use of this proposed isolator, three different operation conditions between
bi-tilt beveled substrate and slider are considered to test in
this study, (1) without lubrication; (2) WD40 Lubricantwiped and (3) WD40 Lubricant-sprayed. These three conditions represent that long-term use, maintenance for some
time and fully repaired. Initial displacment of superstructure of the test set-up is about 50 mm by pull line, burnout
by lighter to simulate the free vibration of structure. Slope
angle of bi-tilt beveled substrate is about 9.13 degree, based
on the ratio of vertical and horizontal displacement measured by DIC. Each test with different condition is tested
two times to obtain the time history of acceleration
responses of superstructure and test table. Then, the
numerical simulation performance of the derived
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mathemtical model for time histroy of displacement variation of BTI under various conditions are tested and
veriﬁed.

6. Test and analysis results and discussions
6.1 The mutual inﬂuence of friction
and acceleration variation between bi-tilt beveled
substrate and slider
Mechanical behavior of BTI is affected by the friction
force between substrate of BTI and slider. Therefore,
the slanting tests are tested to ﬁnd the inﬂuence of
friction force and impact force of BTI with three
different conditions. In this study, the inﬂuence of
kinetic friction and time history of acceleration
responses variation between the interface of substrate
of BTI and slider with three different conditions is
investigated ﬁrstly. Test results of the time history of
down acceleration for superstructure with three various conditions- (1) without lubrication; (2) WD40
Lubricant-wiped and (3) WD40 Lubricant-sprayed are
shown in ﬁgure 7 to investigate the in-service use of
this proposed isolator. Figure 7(a) reveals that the
interface between substrate of BTI and slider is not
lubricated. When the horizontal force overcomes the
friction forces, the down acceleration of superstructure decreases quickly, but the down acceleration
soon after increases and is converted to uplift acceleration by the friction forces till collision. Figure 7(b) shows that interface between substrate of BTI
and slider is mildly lubricated, ﬁrst the down acceleration of superstructure decreases and increases as
uplift acceleration smoothly till collision. Figure 7(c) displays that the interface between substrate
of BTI and slider is fully lubricated, the down
acceleration of superstructure decreases gently till
collision.

6.2 The inﬂuence of impact force of isolation layer
Figure 8(a) and (b) display time history of displacement
responses and acceleration responses at top and bottom of
isolation layer respectively. These two ﬁgures show that the
front section of displacement responses and acceleration
responses at top and bottom of isolation layer do not
coincide with each other. But, ﬁnal part of displacement
and acceleration responses at top and bottom of isolation
layer coincide. These phenomena are not caused by noise; it
is affected by impact force of slider to table. Although
weight of table is very heavy, ratio of test structure to
table is about 16.78 %, it must be regarded as one degree of
freedom for simulating the real isolation situation accurately. Dynamic DIC method can easily identify
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Figure 7. The time history of acceleration for superstructure with three different conditions.

Figure 8. Time history of displacement responses and acceleration responses attop and bottom of isolation layer.

displacement and acceleration responses at table-bottom of
isolation layer easily. These responses, caused by the
impact force of slider, are slight and cannot be ignored.

The experimental data of this study are optimized
parameter regression analysis according to the proposed
mathematical model and noise constant velocity regression
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The time history of displacement responses of experimental
records is compared with the time history of displacements
with optimal parameters simulation, regression simulation
and constant friction coefﬁcient simulation under conditions of without lubrication, WD40 Lubricant-wiped and
WD40 Lubricant-sprayed respectively.

6.3 The comparison of test and simulation results

Figure 9. Time history of measuring displacement and time
history of simulating displacement with optimal parameters,
regression and constant friction coefﬁcient simulation-without
lubrication.
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Figure 10. Time history of measuring displacement and time
history of simulating displacement with optimal parameters,
regression and constant friction coefﬁcient simulation-WD40
Lubricant-wiped.
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The comparison of test and analysis results are shown in
Figs. 9, 10, 11. Figure 11 shows that the simulation results
of the proposed mathematical model and constant velocity
regression method under assumption of constant friction
force are almost the same as test results when interface
between substrate of BTI and slider is fully lubricated,
WD40 Sprayed. At this situation, friction force is only a
few forces, acting on the isolator, shown in ﬁgure 7(c).
Therefore, friction force cannot affect the analysis accuracy
greatly. At the situation of mild lubrication, WD40 Wipped,
ﬁgure 7(b) displays that acceleration responses are affected
by friction force. This proposed mathematical model and
constant velocity regression method can accurately simulate the time history of displacement responses with various
simulation methods respectively, shown in ﬁgure 10.
Nevertheless, analysis error under the condition of interface
between substrate BTI and slider without lubrication is
increased by inﬂuence of friction force, shown in ﬁgure 9.
Figure 7(a) reveals this phenomenon obviously. Yellow line
on ﬁgures 9, 10 and 11 shows that error root mean square
attains only 0.42%, 0.09% and 0.13% for BTI under condition of without lubrication, with mild lubrication and
fully lubricated respectively. Otherwise, the error of initial
displacement for isolator by non-linear analysis of constant
friction for isolator without lubrication is 3.10%. Therefore,
the friction force errors can affect signiﬁcantly analysis
accuracy when the constant friction is assumed.
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Figure 11. Time history of measuring displacement and time
history of simulating displacement with optimal parameters,
regression and constant friction coefﬁcient simulation-WD40
Lubricant-sprayed.

method, and the optimal parameters under different conditions are found by iterative analysis. The optimal
parameters are substituted into the dynamic analysis process for three different conditions with initial displacement.

Bi-Tilt Isolator is proposed in this study, the relative
movement between substrate of BTI and slider is divided
into four stages: sliding upwards phase, sliding downwards
phase, sliding on the plane segment and collision phase,
affected by the friction force and impact force. The
movement process of this proposed BTI is non-linear
behavior. Therefore, the mathematical model and constant
velocity regression method is derived based on the real
dynamic behavior of BTI and noise signal in the test process respectively. In order to measure the slanting and
impact of BTI, including acceleration and displacement
responses, a smart measuring device and dynamic DIC are
developed and applied to measure these responses. All
recorded data are used to acquire the corresponding optimization elements of analysis parameters by dynamic
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analysis based on optimization procedure. In order to test
and verify the analysis accuracy of this proposed mathematical model, the comparison of time history of measuring
displacement with optimal parameters simulation, regression simulation and constant friction coefﬁcient simulation
under conditions of without lubrication, with mild lubrication and fully lubricated are discussed. There are some
conclusions can be summarized based on test and analysis
results, as follows:
1. The developing smart recorder, composed of (1) Arduino
Nano, (2) Arduino MPU 9250 and (3) Arduino SD
module, is easily applied to record acceleration
responses of this BTI in dynamic tests with various
conditions.
2. Dynamic DIC method can easily identify displacement
responses of this proposed BTI in slanting process with
various conditions, especially, tiny displacement
responses at the top and bottom of isolation layer,
caused by the impact force of slider, are slight but cannot
be ignored.
3. The proposed mathematical model under assumption of
constant friction force and constant velocity regression
method can simulate dynamic behaviour at the interface
between substrate of BTI and slider with mild lubrication
and fully lubricated.
4. There are some analysis errors between analysis results
with constant friction force and measuring displacement
and optimal parameters simulation, regression simulation for the interface between substrate BTI and slider
without lubrication.
5. For the interface between substrate BTI and slider
without lubrication, the analysis accuracy is affected by
friction force of BTI. The error root mean square attains
0.42% and 3.10% of initial displacement for nonlinear
and constant friction respectively. Assumption of nonlinear friction is necessary for accurate simulation.
In general, test results show that this proposed BTI
performs ﬁne isolation effect for building. In the case of
small earthquake, there is no sliding force between substrate BTI and slider. Above the certain earthquake intensity, seismic force will be transferred to structure because
of symmetrical slope of BTI, caused slope restoring force.
The transmission of seismic load can be easily control to
ensure the structural safety. Otherwise, the proposed
mathematical model and constant velocity regression
method can simulate the non-linear displacement responses
of BTI with mild lubricated and fully lubricated, affected
by friction and impact force in movement process.

Acknowledgement
The authors would like to acknowledge the support of
Taiwan Ministry of Science and Technology through grant

Page 11 of 12

96

No. MOST-105-2221-E-260-003 and MOST-105-2221-E167-001.

References
[1] Robinson W H 1982 Lead-rubber Hysteretic Bearings
Suitable for Protecting Structures During Earthquakes;
Earthq. Eng. Struct. Dyn. 10: 593–604
[2] Matsagar V A and Jangid R S 2004 Inﬂuence of isolator
characteristics on the response of base-isolated structures;
Eng. Struct. 26(12): 1735–1749
[3] Jangid R S 2007 Optimum lead–rubber isolation bearings for
near-fault motions; Eng. Struct. 29(10): 2503–2513
[4] Salic R B, Garevski M A and Milutinovic Z V 2008 Response
of Lead-Rubber Bearing Isolated Structure. The 14th World
Conference on Earthquake Engineering, Beijing, China.
[5] Bridget Cunningham 2015 Using Lead Rubber Bearings in
Base Isolation Systems, https://www.comsol.com/blogs/
using-lead-rubber-bearings-in-base-isolation-systems/
[6] Hanson R 2016 Earthquakes and the beneﬁts of lead rubber
bearing base isolation, http://www.stuff.co.nz/science/
87075507/Roger-Hanson-Earthquakes-and-the-beneﬁts-oflead-rubber-bearing-base-isolation
[7] Mishra P and Awchat G D 2017 Lead Rubber Bearings as Base
Isolating Devices for the Construction of Earthquake Resistant
Structures-A Review; SSRG Int. J. Civ. Eng. 4(7): 18–20
[8] Kelly J M 1993 Earthquake-Resistant Design with Rubber;
Springer, USA
[9] Tian X M and Lu M 2008 Design of Base-Isolated Structure
with Rubber-Bearing. The 14th World Conference on Earthquake Engineering, Beijing, China.
[10] http://doshinrubber.com/high-damping-rubber-bearing/
[11] http://www.bridgestone.com/products/diversiﬁed/antiseis
mic_rubber/structure.html
[12] Chirez S, Fujits S, and Minagawa K 2014 Effect of
Nonlinearity of Rubber Bearing on a Seismic Isolated
Structure Considering Their Layout, ASME 2014 Pressure
Vessels and Piping Conference; Anaheim, California, USA
[13] http://www.globalspec.com/learnmore/sensors_transducers_
detectors/linear_position_sensing/lvdt_position_sensors
[14] Sponagle N C and Atherton D L 2008 Optimized linear
variable differential transformer displacement transducer for
cryogenic use; Rev. Sci. Instrum. 51(6): 759. https://doi.org/
10.1063/1.1136307
[15] Anandan N and George B 2017 Design and Development of
a Planar Linear Variable Differential Transformer for
Displacement Sensing; IEEE Sens. J. 17(16): 5298–5305
[16] Displacement and Position Sensing, Measurement Computing, U.S.A. info@mccdaq.com • mccdaq.com.
[17] Omirou S 2018 Displacement Sensors Displacement Sensors-Potentiometer. The Linear and Rotary Potentiometer AMEM 211.
[18] https://www.arduino.cc/
[19] https://learn.sparkfun.com/tutorials/what-is-an-arduino
[20] Shih M H and Sung W P 2019 Developing Smart Measurement
Device to Measure Kinetic Friction Coefﬁcients of Bi-Tilt
Isolator, Advances in Civil Engineering 2019 Article
ID 4392506, 12 pages. https://doi.org/10.1155/2019/4392506

96

Page 12 of 12

[21] Shih M H and Sung W P 2014 Developing Dynamic Digital
Image Correlation Technique to Monitor Structural Damage
of Old Buildings under External Excitation, Shock and
Vibration 2014, Article ID 954840, 15 pages. https://doi.
org/10.1155/2014/954840.
[22] Tung S H, Shih M H and Sung W P 2014 Applying the
Digital-Image-Correlation Technique to Measure the

Sådhanå (2021)46:96
Deformation of an Old Building’s Column Retroﬁtted with
Steel Plate in an In-situ Pushover Test; Sadhana—Acad.
Proc. Eng. Sci. 39(3): 699–711
[23] Shih M H and Sung W P 2018 Experimental Validation of
Numerical Model for Bi-Tilt-Isolator, Shock and Vibration
2018 Article ID 7163516, 12 pages https://doi.org/https://
doi.org/10.1155/2018/7163516

