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Chapter 1 
Introduction 
 

 

 

1.1 Background and motivation of this study 

The safety of our residence space is the base of our life. However, buildings 

collapse due to damage from a severe earthquake. The Hyogo Prefecture Medical 

Association reported that, by the Hanshin-Awaji earthquake, not only senior people 

who have failed to escape but also considerable amount of young people were killed 

to be buried in the crushed buildings because the early twenties lived in cheap 

rented apartments due to their economic reasons [1]. It was reported in government 

survey that 7,309 elementary-school buildings which were equivalent to 33% of 

elementary schools in Japan were assumed to collapse if an earthquake above level 

6.0 on the Japanese scale occurred [2]. Furthermore, it takes almost half a year for 

victims to return back to their own house and resume their life as before [3]. This is 

because the visual assessment of buildings is the only way to judge the safety of the 

buildings, and it takes excessive amount of time for even professional architects to 

evaluate the residual seismic capacity of all the damaged buildings one by one. 

These reports indicate that our society requires a novel system that is capable of 
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automatically evaluating the seismic capacity of buildings. 

 

Fig. 1.1 Classification of the damage evaluation technology from the view point of 

the object scale. (a) The system identification for the entire structure. (b) 

Non-destructive evaluation (NDE) for the element and the specific part of the 

structures. (c) The inter-story of a building on which we focus strategically. 
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Recently, various kinds of electronic sensors are commercially available, 

and they are sufficiently small and low-cost. Since these sensors have the lifetime 

as long as that of a building, the history of building movement can be recorded for 

long period without the maintenance of sensors. Applying such electronic sensors 

for structural health monitoring is expected to tap a new market of electronics 

devices. In particular, developing a novel ambient sensor network system is in a 

technology field where Japan can play an active role by taking advantage of the 

electronics industry in Japan. Furthermore, based on the structural health 

monitoring system, we can provide a total solution business which links 

infrastructure and insurance. Thus, developing a novel system for structural health 

monitoring is a next-generation challenge. 

Structural health monitoring is a technology that enables us to monitor 

structural responses of a building to external excitations, such as strong winds and 

earthquakes. Using an array of sensors, we can measure the structural responses 

and evaluate the “health” condition of the building. The concept of structural 

health monitoring goes back to the accidents where several bridges in the United 

States collapsed simultaneously due to the aging degradation [4]. Since then, 

structural engineers have recognized the necessity of practical technology for the 

assessment of civil structures. A wireless acceleration sensor system, Imote2 (Intel 

Corp.), is an example of the structural health monitoring system which is 

commercially available for laboratory use [5]. For more practical use, high-precision 

but comparatively large velocimeters or accelerometers are commonly used. Such 

accelerometers are mounted on a highway bridge junction to evaluate the 

relationship between the traffic load volume and the damage induced into the 
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bridge junction [6]. A new television tower in China was equipped with 

accelerometers, and its structural response has been monitored using the 

accelerometers. The acquired data are widely open on the Internet website [7]. 

Furthermore, accelerometers were implemented on Shanghai bay bridge to monitor 

the structural responses during typhoon [8, 9]. Also in Japan, where earthquakes 

often occur, structural health monitoring attracts much attention, and the eigen 

frequency or the damping constant of a building is often measured using 

accelerometers [10, 11]. Currently, such acceleration-based measurement is 

a matter of necessity rather than a matter of choice although more useful 

information would be expectedly obtained by directly measuring the displacements, 

as discussed later. 

Figure 1.1 shows the classification of the damage evaluation technology 

from the view point of the object scale. The system identification which is classified 

into “macroscopic evaluation” is a method to evaluate the story stiffness and the 

vibrational mode of whole building structures (Fig.1.1 (a)). However, such 

macroscopic evaluation is insufficient for detecting damage in the material level. 

The non-destructive evaluation (NDE) which is classified into “microscopic 

evaluation” is a method to evaluate the damage induced in the specific element 

(Fig.1.1 (b)). There are several methods for NDE such as the thermography, the 

ultrasonic method, and the acoustic-emission technique (AET). Using these 

methods, the inner defects including the floatage of a concrete structure, flaking off, 

and the progress of the crack can be evaluated with a high degree of accuracy. 

However, such microscopic evaluation requires substantial time, and the damage 

cannot be evaluated in real time. Thus a novel measurement method is strongly 
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demanded. We focused on the displacement-based measurement for structural 

health monitoring of a building, which is classified into neither microscopic nor 

macroscopic evaluation (Fig. 1.1 (c)). Especially, it is expected that the 

displacement-based measurement makes it possible to identify the damaged 

element in real time. 

 

 

 

Fig. 1.2 Relative-story displacement of a building induced by seismic force 

 

Earthquakes vibrate every floor of the building laterally, as shown in Fig. 

1.2. If the magnitude of the earthquake is small, the floors return to their original 

position after the earthquake. When the vibration amplitude exceeds the critical 

level, and the structural elements such as columns or beams are damaged, the 

vibration center of the floor is displaced, and the floor does not return to its original 

position. This indicates that measuring the displacement is essential for identifying 
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building damage. Monitoring the displacements of every floor in real time makes it 

possible to identify the building elements damaged by the earthquake, and enables 

us to judge whether the residents need to be evacuated just after the earthquake. 

Thus, a novel system which is capable of measuring directly the relative-story 

displacement in real time is required for the health diagnosis of a building 

structure. 

To directly measure the relative-story displacement, two methods have 

been proposed so far. Hiwatashi and his group proposed a method using a linear 

potentiometer for measuring the relative-story displacement [12]. In this method, 

linear potentiometer was fixed on a perfectly rigid tower, and the displacement of 

the building was measured laterally. However, it would be impractical to construct 

such a full-scale rigid tower nearby the high-rise building, and also it would be 

impossible for the rigid tower to exhibit exactly the same movement as the ground 

at any point of place in the longitudinal direction at any point in time during 

earthquake. On the other hand, Ooki and his group reported a method using a 

stainless needle [13]. In this method, a stainless needle was suspended on the end of 

a wire with the other end fixed on the ceiling, and the movement of the ceiling 

relative to the floor was recorded by scratching the metal plate on the floor with the 

suspended stainless needle. This method is quite simple, but the room between the 

ceiling and the floor is occupied by the suspended needle, and the relative-story 

displacement measured using the stainless needle contains considerable error. 

Generally, a laser distance meter or a supersonic-wave distance meter is 

utilized for displacement measurement [14, 15]. The distance can be measured by 

the laser distance meter from the sensor to the object, but the lateral displacement 
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of the object at a distance cannot be measured by them. A global positioning system 

(GPS) can measure the lateral displacement, but it suffers from poor resolution [16]. 

The lateral displacement can be measured by a system using a charge-coupled 

device (CCD) video camera by scanning the image of a target object, but it requires 

pixel scanning that is a heavy software task [17]. Thus, these devices cannot be 

utilized for the relative-story displacement measurement conveniently. 

Theoretically speaking, displacement can be estimated from the 

acceleration data via the double integral process with respect to time. As is widely 

known among the structural engineers community, however, such a double integral 

quite often gives the displacement information with some errors involved. Taking 

account for the above-mentioned technological environments, an innovative 

instrument which can measure directly the relative displacement would provide us 

a novel measurement system. Therefore, we opt to develop a novel sensor which 

enables us to measure the relative-story displacement directly and precisely in real 

time. 

 

1.2 Overview of this thesis 

In this chapter, we have already explained the background and the purpose of this 

study. In chapter 2, we describe the design of the lateral displacement sensor (LDS) 

we developed. We describe the data results of both static and dynamic performance 

tests, and the results prove that the developed LDS fulfills the requirement for both 

the resolution and the response speed. In chapter 3, the feasibility of the LDS 

implemented in an actual building is discussed. Several LDSs were implemented in 

an actual building equipped with an active variable stiffness (AVS) system, and 
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multi-point measurement was carried out using the LDSs. The building was 

vibrated with seismic waveforms using an exciter placed on the rooftop. We will 

show the advantage of using our LDS system for relative-story displacement 

measurement by comparing with conventional velocimeters. In addition, we will 

show that the inclination angle of the 2nd floor can be monitored using a pair of 

LDSs. The results show that the building floor is not a perfectly rigid body but it 

easily bends during seismic vibration. Eventually, this bending causes error in the 

relative-story displacement measurement using the LDS system. The method to 

reduce the error is discussed in the following chapter. We used multiple LDSs in one 

measurement point so that both the relative-story displacement and the inclination 

angle due to the floor bending are measured simultaneously. Using a translational 

stage combined with a rotational stage, both the lateral displacement and the 

inclination angle were measured simultaneously using the multiple LDSs. The 

acquired data were verified with the theoretical values. Finally in chapter 6, we will 

summarize the achievement of this thesis and give the conclusion. Furthermore, we 

will discuss the future application of the developed LDS system. 
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Chapter 2 
Basic performance of the lateral displacement 
sensor 
 

 

 

2.1 Introduction 

For measuring the relative-story displacement of an actual building, an 

array of sensors with high resolution and a wide measurement range is required. In 

addition, the sensor must be sufficiently compact not to disturb daily living even 

though the multiple sensors are implemented at the multiple points in the building.  

Due to lack of devices that can conveniently measure the lateral 

displacement of a building, the displacement has not been a physical quantity to be 

commonly measured and monitored. For the relative-story displacement 

measurement, the feasibility of an accelerometer, a linear variable differential 

transformer (LVDT), a laser distance meter, a global positioning system (GPS), and 

a charge coupled device (CCD) video camera have been examined so far. However, 

these sensors are not applicable for the relative-story displacement measurement of 

an actual building. The displacement estimated by double integration of 
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accelerometer output has a substantial error [1]. A LVDT or a laser distance meter 

which needs a “gigantic stand” for a fixed point is not suitable for practical use [2]. 

Although GPS can measure the displacement without a reference, displacement 

monitoring using the GPS suffers from its poor resolution. The accuracy of GPS is 

typically ±1 cm in horizontal direction and ±2 cm in vertical direction [3, 4]. A CCD 

video camera requires additional computational processing such as pixel scanning, 

object identification and contour definition for evaluating the relative displacement 

[5, 6]. 

 A position-sensitive detector (PSD) has high potential as a device for the 

real-time relative-story displacement monitoring, because it has high resolution 

and high response speed [7-11]. For measuring the lateral position of an object, light 

emitted from the object must be focused on the photosensitive surface of the PSD. 

For achieving high resolution with the PSD, the spot light must be irradiated at the 

central part of the photo sensitive region. In contrast, the spot light must be 

scanned from one end to the other for achieving a large measurement range. Thus, 

achieving both high resolution and wide measurement range is difficult, and 

a novel method to achieve both the requirements needs to be developed. 

 To achieve both high resolution and a wide measurement range, we propose 

a lateral-displacement sensor (LDS) composed of a light emitting diode (LED) array, 

a focusing lens, and a PSD, as shown in Fig. 2.1. The LED array is immobilized on 

the ceiling whereas the focusing lens is set in front of the PSD and immobilized on 

the floor together with the PSD. The LED array and the PSD unit can be set up 

oppositely so that the LED array is immobilized on the floor and the PSD unit on 

the ceiling. The large displacement between the ceiling and the floor is reproduced 



 
CHAPTER 2. BASIC PERFORMANCE OF  

THE LATERAL DISPLACEMENT SENSOR 
 

14 
 

by the movement of the spot light which is emitted from the LED array and focused 

on the PSD by the lens. This reduced projection makes it possible to achieve both 

high resolution and a large measurement range.  

 It was previously reported that the system for the relative-story 

displacement measurement must fulfill the following requirements [12]: 

(1) The accuracy in the displacement measurement should be less than  

    0.1 mm. 

(2) The vibration frequency of 0 to 20 Hz must be monitored. 

(3) The measurement range should be greater than 50 mm when the  

    story height is 5.0 m. 

(4) The system should be scalable in such a way as to cover multi- 

point measurements. 

(5) A low-costly and small-sized system is preferable. 

In this chapter, we investigate the feasibility of our LDS for real-time 

relative-story displacement monitoring. We measured the lateral displacement 

between the LED array and the PSD using the LDS, and evaluated the accuracy of 

the LDS in the displacement measurement. Furthermore, we optimized the LDS for 

achieving both high resolution and a large measurement range. We discuss the 

accuracy of the LDS system in the relative-story displacement measurement. 

 

2.2 Design of the lateral displacement sensor 

 We used a commercially available PSD. There are two criteria to select the 

PSD. One is that the nonlinearity must be less than 0.1%, and the other is that the 

cost must be sufficiently low for use of multiple-point sensing. We adopted a 
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pin-cushion type PSD with low dark current (S2044, 4.7×4.7 mm2, Hamamatsu 

Photonics K.K.) [13]. For structural health monitoring, high operation speed is not 

required, and the response speed of 20 Hz is sufficient because seismic vibration 

generally contains waves at a frequency of less than 20 Hz. Since reducing the 

background noise is rather important, reverse-bias voltage which enhances the 

electrical noise from the power supply was not applied to the PSD junction. The 

position of the light spot (X, Y ) on the PSD is estimated by 

 

X = 𝐿
2
∙ (𝐼𝑋2+𝐼𝑌1)−(𝐼𝑋1+𝐼𝑌2)

𝐼𝑋1+𝐼𝑋2+𝐼𝑌1+𝐼𝑌2
 , Y = 𝐿

2
∙ (𝐼𝑋2+𝐼𝑌2)−(𝐼𝑋1+𝐼𝑌1)

𝐼𝑋1+𝐼𝑋2+𝐼𝑌1+𝐼𝑌2
 , (2.1) 

 

where L is the side length of the PSD, and (IX1, IX2, IY1, IY2) are the output currents 

to be detected at four electrodes of the PSD. 

 The current-voltage (I-V) conversion of the four output currents and the 

calculation of the Equation (2.1) were carried out using on-board analog 

computational units (ACUs) as shown in Fig. 2.1 (a). The amplitude of the circuit 

was set to be 3.0 V mm-1, and the output voltage after the I-V conversion was 

designed to be greater than 5 V. The electric circuit of the DC power supply was 

designed so as to eliminate the ripple voltage. 
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Fig.2.1 Circuit diagram of LDS. (a) PSD circuit, (b) LED array circuit. 

 

 A focusing lens (MC CLOSE-UP No.10 KENKO Co., Ltd.) with an aperture 

diameter of 49 mm and a focal length of 100 mm was utilized as shown in Fig. 2.2 

(b). In general, the focal length f is expressed as 

(b) LED 
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 1
𝑎

+ 1
𝑏

= 1
𝑓

 ,    (2.2) 

 

 [(𝑏 𝑎⁄ )+1]2

(𝑏 𝑎⁄ )
∙ 𝑓 = 𝐻 ,   (2.3) 

 

where a is the distance from the light source (object) to the lens, and b is the 

distance from the lens to the PSD surface. The arrangement of the LED light source, 

the lens, and the PSD is shown in Fig. 2.2 (c). The optical magnification b/a was 

designed to be approximately 1/50 by placing the LED array 5 m above the PSD. We 

utilized an array of red LEDs (OSHR3131P, 625 nm, 25 cd, OptoSupply Ltd.) as a 

light source instead of a laser. This is because a laser needs a lens with a 

large numerical aperture, hence the spherical aberration at the outer edges of the 

lens decreases the accuracy in the position measurement. As shown in Fig. 2.2 (a), 

the LEDs were aligned to make an 11×11 matrix with the intervals of 4 mm. The 

image of the light source was focused directly on the central part of the PSD with 

the lens. By the 1/50 reduced projection, the relative-story displacement of ±50 mm 

was projected to the PSD surface with the light spot movement of ±1 mm. This 

reduced projection contributed to increase the accuracy in the 

position measurement because we could focus the light emitted from the LED array 

at the central part of the PSD photo-sensitive area and reduced the nonlinearity of 

the PSD output. The reduced projection contributed also to extending 

the measurement range [14-16]. 
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Fig. 2.2 Schematic diagram of LDS. (a) LED array, (b) Sensor unit, (c) Cross-Section diagram. 
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Fig. 2.3 Experimental setup for evaluating the accuracy of LDS. (a) Static experiment. (b) 

Dynamic response test. (c) Test for effect of the LED rotation. 

 

2.3 Evaluation of the basic performance of the lateral displacement sensor 

 As shown in Fig. 2.3, for measuring the lateral displacement between the 

LED array and the sensor unit, we conducted both the static experiments and the 

frequency response tests. In both experiments, the sensor unit was immobilized at a 

fixed point, and the light source was displaced by the XY-stage or the shaking table. 

 In the static measurement, the accuracy of the LDS in the lateral 

displacement measurement was evaluated. The schematic viewgraph of 

this measurement is illustrated in Fig. 2.3 (a). The position data was investigated 
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by translating the light source fixed on the XY-stage (SGSP26-200XY, ±200 mm, 

SIGMA KOKI Co., LTD.) in X and Y directions with a pitch of 0.5 mm and drawing a 

grid pattern in the XY range of ±50 mm. We have paid a special attention to the 

degradation in the measurement accuracy of the PSD when the PSD is combined 

with the lens which realizes the reduced projection. 

 In the frequency response tests, the light source was fixed on the shaking 

table, and the dynamic response to the sinusoidal vibration of 0.1 to 50 Hz was 

investigated. A laser distance meter (LK-G405, KEYENCE Corp.) was used as a 

reference, as shown in Fig. 2.3 (b). The movement of the light source was measured 

simultaneously by both the laser distance meter and the PSD/lens-combined unit. 

The position data were recorded with a sampling rate of 20,000 s-1, and a 16-bit data 

logger was utilized for recording the sampled data. 

 We investigated also the accuracy of the LDS in the displacement 

measurement when the LED array was inclined relative to the PSD unit. When the 

building vibrates in response to earthquakes, it is possible for the LED array and 

the sensor unit to be inclined with each other since the floor and the ceiling would 

bend during the seismic vibration. It is conjectured that this inclination affect the 

measurement accuracy. As shown in Fig. 2.3 (c), the LED array was fixed on a 

triaxial goniometer composed of a rotational stage (ROTER10 SG, Piezosystem Jena, 

Inc.) and an XY-stage. The PSD unit was immobilized at a fixed point with a 

distance of 5 m from the LED array. The lateral displacement was measured using 

the LDS when the LED array was inclined with the angle of 0° to 0.5°, and the error 

in the displacement measurement was evaluated. 
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Fig. 2.4 The accuracy of the output from PSD. (a) Two-dimensional grid map of the position 

output from LDS. (b) The magnified view (X = 50 mm line). 
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2.4 Results and discussion 

 Fig. 2.4 shows the two-dimensional (2D) grid map obtained by displacing 

the LED array laterally to the sensor unit with the XY-stage. The maximum 

deviation evaluated by the grid map is summarized in Table 2.1. The deviation in 

the static displacement measurement increases with increasing displacement, and 

the maximum deviation is less than 0.1 mm in the measurement range of ±25 mm. 

This indicates that the accuracy of the LDS in the displacement measurement is 

less than 0.1 mm when the measurement distance, i.e. the story height, is 5 m and 

the relative-story displacement is less than ±25 mm. 

 

Table 2.1 Maximum deviation of 2D grid map 

Measurement area Maximum deviation 

±10 mm 0.017 mm 

±20 mm 0.046 mm 

±30 mm 0.10 mm 

±40 mm 0.19 mm 

±50 mm 0.29 mm 
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Fig. 2.5 Result of the shaking table tests. (a) 0.1 Hz, (b) 1 Hz, (c) 10 Hz, (d) 20 Hz, (e)50 Hz,  

(f) The simulated El Centro earthquake. 
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 Figure 2.5 shows the dynamic response of the LDS obtained in the shaking 

table test. As shown in Fig. 2.5 (a), the data obtained with our LDS almost 

completely coincide with those with the reference (laser distance meter). As shown 

in Fig. 2.5 (b), Fig. 2.5 (c) and Fig. 2.5 (d), a good agreement with the reference is 

observed as well, showing that the error is less than 0.1 mm. Consequently, our LDS 

fulfills the requirement for the response speed. At frequencies of higher than 50 Hz, 

as shown in Fig. 2.5 (e), our LDS still follows the original vibration, but some 

distortion is observed in the measured waveform. The slight distortion of the output 

waveform are thought to be caused by the rotational motion of the shaking table 

which is magnified by the 1/50 reduced projection. On the other hand, the 

conventional laser distance meter completely fails to follow the movement of the 

shaking table. Eventually this is the limit of the conventional laser distance meter. 

Finally, we have driven the shaking table with the waveforms of the El Centro 

earthquake as shown in Fig. 2.5 (f). It is clear that the seismic movement measured 

with our LDS coincides with the laser distance meter. 
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Fig. 2.6 Theoretical resolution of the LDS in the displacement measurement. 

 

 

Fig. 2.7 Relationship between the side length of the PSD and focal length of the lens. 
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 We investigated the resolution of the LDS in the displacement 

measurement theoretically when the focal length of the lens f changes. Using the 

Equation (2.3), the theoretical resolution of our LDS is expressed as follows. 

 

   𝑅 = 𝜎
(𝑏 𝑎⁄ )

≦ 100 𝜇𝜇 ,   (2.4) 

 

where R is the resolution in the displacement measurement in the unit of 

micrometer and σ is the resolution of the PSD. We assume that σ = 0.6 μm in 

accordance with the data sheet from the PSD vender. When the story height H is 

given, the resolution depends on the focal length of the lens according to Equations 

(2.3) and (2.4). Thus, the optimum focal length of the lens needs to be determined to 

achieve the resolution of less than 0.1 mm when the story height changes. Figure 

2.6 shows the resolution of the LDS in the displacement measurement evaluated 

theoretically by Equation (2.4). The resolution degrades exponentially with 

decreasing focal length f, while the resolution degrades gradually with increasing 

story height H, as shown in Fig. 2.6. To achieve the resolution of less than 0.1 mm 

for the given story height, Fig. 2.6 indicated that we must use a lens with a longer 

focal length. Table 2.2 shows the minimum focal length of the lens fmin for achieving 

the resolution of 0.1 mm in the displacement measurement for the given story 

height H. By using a lens with the focal length of longer than fmin, we can achieve 

the resolution of 0.1 mm. Note that the resolution is improved with increasing focal 

length but, if we use such a lens, the magnification of the LDS decreases, and the 

light spot focused on the PSD moves on a wider area. The relationship between the 

measurement range D and the side length of the PSD L is expressed as follows. 
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   𝐷 = 𝐿
2
∙ 1

(𝑏 𝑎⁄ )
≧ 𝐻

100
 .   (2.5) 

 

Equation (2.5) suggests that the PSD with a wide side length L ( ≧ bH / 50a ) must 

be implemented in the LDS, but using such a PSD is distant because the PSD has a 

limited side length. In Table 2.2, the maximum focal length fmax is also shown for 

the four PSDs with a typical side length. As shown in Table 2.2, by implementing 

the lens with an optimal focal length in the LDS, the resolution in the displacement 

measurement of 0.1 mm can be achieved. 

 

 

Table 2.2 The range of the focal length f for the given story height H. 

H [m] 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 

fmin [mm] 2.96 5.93 8.89 11.9 14.8 17.8 20.8 23.7 26.7 29.6 

fmax [mm] 

(L = 4.7 mm) 
109 154 176 188 196 202 206 210 212 214 

fmax [mm] 

(L = 10 mm) 
125 222 281 320 347 367 383 395 405 413 

fmax [mm] 

(L = 20 mm) 
- 250 360 444 510 563 605 640 669 694 

fmax [mm] 

(L = 45 mm) 
- - - - 623 735 834 922 1000 1070 
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Fig. 2.6 Influence of the rotation angle of the LED array 

 

 We investigated also the accuracy of the LDS when the LED array was 
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LED array relative to the PSD unit increases the measured displacement value by 
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the measured displacement value by sinθ × 25 mm, which corresponds to 0.4 mm 

deg-1, when θ is sufficiently small. The LDS has an accuracy of 60 µm in the 

displacement measurement; 60 µm corresponds to the angle of 0.15° if the LED 
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conjectured to be much smaller than 0.15°, we conclude that the inclination of the 

LED array relative to the PSD unit is negligible. 
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2.5 Conclusion 

We have developed the noncontact-type 2D LDS system that is composed of 

an LED array, a lens with a fixed focal length, and a pin-cushion type PSD. At a 

story height of 5 m, the accuracy of the LDS was evaluated to be 0.1 mm in the 

measurement range of ±25 mm. In the shaking table test, the resolution of the LDS 

was found to be 0.1 mm when the LED array was vibrated at a frequency of 20 Hz. 

This response speed of the LDS is sufficient to monitor the seismic displacement in 

real time, and the LDS can be utilized for the structural displacement monitoring 

without recourse to the software processing for removing the optical distortion. By 

implementing the reduced projection and reducing the electrical noise in the 

electronic circuits, the LDS exhibited the resolution of 60 μm which is sufficiently 

high for the structural displacement monitoring. We have shown the optimum focal 

length of the lens by considering both the resolution and the measurement range. If 

we need the better resolution in the displacement measurement, we should use the 

lens with a longer focal length and the PSD with a wider side length. Furthermore, 

we found that the inclination of the LED array relative to the PSD unit was 

negligible. This verifies the applicability of the proposed LDS for structural health 

monitoring because the LDS fulfills the requirement of both high resolution and a 

wide measurement range. These results indicate that the developed LDS is the 

prime candidate for the measurement of relative-story displacement of buildings. 
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Chapter 3 
Measurement of relative-story displacement 
of an actual building using lateral  
displacement sensor 
 

 

 

3.1 Introduction 

  In this chapter, we show the applicability of the LDS for relative-story 

displacement measurement of an actual building. We implemented couples of LDSs 

in an actual three-story building equipped with an active variable stiffness (AVS) 

system. The building was vibrated with seismic waveforms by an exciter placed on 

the rooftop, and the relative-story displacement of each layer was monitored by the 

LDSs in real time.  

First, we show the merit of real-time multi-point measurement using the 

LDSs by comparing with conventional velocimeters. Next, we show that the LDS is 

able to measure the residual displacement which is difficult to be measured by the 

conventional velocimeters. To simulate the quasi-damaged state of the building, we 

utilized the AVS system effectively. The building with the AVS system has 
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hydraulically actuated braces between every layer and can change the building 

stiffness can be altered by switching the stiffness of the braces [1-3]. Using the AVS 

system, we have realized the residual displacement without inducing damage to the 

building. Finally, based on the relative-story displacement measurement, we show 

that the rigid beams supporting each floor would bend during the seismic vibration. 

The LDS was immobilized on the first floor, and another LDS was immobilized on 

the beam supporting the second floor. These two LDS units were implemented 

face-to-face so that they measure the displacement between the first and second 

floor. However, if the second floor bends during the seismic vibration, and the LDS 

unit on the second floor inclines, the displacement to be evaluated with the LDS 

must include the error due to the inclination angle [4]. Here, we note that, as 

mentioned in chapter 1, the inclination of the LED array is negligible, but the 

inclination of the sensor unit affects the measurement accuracy, as mentioned later. 

We clarify the effect of the floor bending on the relative-story displacement 

measurement using the LDS. 

 

3.2 Experimental method 

 To investigate the feasibility of the LDS as a tool for measuring the relative- 

story displacement of an actual building, we implemented 5 sets of LDSs in a 

three-story building equipped with the AVS system, as shown in Fig. 3.1. An exciter 

with the vibration force of 1.8×103 kgf was fixed rigidly on the rooftop. This exciter 

vibrated the building in the north-south direction, and the vibration force of the 

exciter corresponded approximately to that of an earthquake with a seismic 

intensity of 4 on the Japan Meteorological Agency (JMA) scale. The building has 
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braces on both the east side and the west side. The stiffness of the brace can be 

controlled by changing the viscosity resistance of the oil damper embedded in the 

brace. It is known that the resonant frequency of the building is approximately 

1.3 Hz when the braces are unlocked, and changes to approximately 2.3 Hz when 

the braces are locked. Two LDSs were implemented on the west side of the first and 

the second floor, and one of the LDSs was implemented oppositely so that the PSD 

unit was fixed on the beam and the LED array was placed on the first floor, as 

shown in Fig. 3.1 (b). These oppositely arranged LDSs enabled us to measure the 

inclination angle of the beam relative to the first floor, as discussed later. The 

displacement of the beam relative to the first floor was measured directly with the 

LDSs. The displacement was also estimated by integrating the velocity measured 

with the servo velocimeters which were set up as the reference. Both the 

displacement data and the velocity data were recorded with a sampling rate of 1,000 

samples per second using a 16-bit data logger. 

 The exciter can vibrate the building with a seismic intensity of up to 4, but 

it does not induce damage in the building. To simulate the quasi-damaged state of 

the building, we utilized the AVS system and measured the residual displacement. 

First, the building was vibrated with a frequency of 1.3 Hz by the exciter placed on 

the rooftop with all the braces locked. After the vibration reached the steady state, 

we unlocked all the braces at once, and wait for 10 s until the vibration amplitude 

increased. This excitation simulates the seismic vibration. Finally, we locked all the 

braces again during the vibration. The vibration center of the second floor is 

displaced if we lock all the braces at a moment when the second floor is not located 

at the vibration center. Thus, taking advantage of the AVS system, we can realize 
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the residual displacement without inducing damage to the building. We analyzed 

the lateral displacement of the second floor measured with both the LDS and the 

servo velocimeter. 

 

Fig. 3.1 Experimental setup of the LDSs implemented in a three-story building 

equipped with an AVS system. (a) Birds-eye-view, and (b) View from the west. The 

arrows from the gray circles indicate the direction of the PSD unit to the LED array. 
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Fig. 3.2 Displacement by LDSs vibrated with the sinusoidal waveform of 1.3 Hz (a) 

Displacement measured by LDSs on the 3F. (b) Displacement measured by LDSs on 

1F and 2F west. 
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measured by the three LDSs coincides with each other with the amplitude of 1.75 

mm. This indicates that the building has been vibrated without twisting. Fig. 3.2 (b) 

shows the displacement of the first floor and that of the second floor. The amplitude 

of the vibration measured on the first floor to the third floor is in good agreement 

with amplitude expected in an actual earthquake. In particular, the vibration of the 

second floor exhibited the highest amplitude, indicating that the excitation from the 

rooftop simulated the seismic vibration because, in general, the second floor 

vibrates frenziedly during the earthquake. 
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Fig. 3.3 Displacement measured with the LDS and the velocimeter. (a) 

Displacement of the first floor measured with the velocimeter. (b) Displacement of 

the second floor relative to the first floor measured with the LDS. The displacement 

of the second floor estimated with the velocimeter immobilized on the second floor is 

also depicted. 

 

 We also evaluated the displacement of the first floor. Because the first floor 

is assumed to be the fixed point even when the building is vibrated with the exciter, 

such a fixed point provides an origin for the displacement measurement. Figure 3.3 

(a) shows the displacement of the first floor measured with the volocimeter. The 

building was vibrated with the sinusoidal waveform of 1.3 Hz. The results show 

that, although the first floor slightly vibrates both horizontally and vertically, the 

displacement of the first floor is negligible because the maximum displacement is 

less than 10 µm, which is much less than the accuracy of the LDS (100 µm). The fact 

that the displacement of the first floor is negligible indicates that we can measure 

the displacement of the second floor with the velocimeter placed on the second floor. 

The integral of the velocity measured with the velocimeter on the second floor gives 

the lateral displacement of the second floor relative to the first floor. Figure 3.3 (b) 

shows the displacement of the second floor measured with the velocimeter. The 

displacement between the first floor and the beam measured with the LDS is also 

depicted in Fig. 3.3 (b). Because the beam is fixed to the second floor, we can 

compare the two displacements. The displacement measured with the LDS 

indicates that the second floor vibrates with the amplitude of 2.26 mm, whereas 

that measured with the velocimeter indicates that the vibration amplitude is 2.23 
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mm. We have compared the displacement measured with the LDS and that 

measured with the velocimeter when the building was vibrated with a sinusoidal 

waveform of 1.3 Hz with the vibration force of 0.3×103 kgf to 1.8×103 kgf. The 

displacements measured with the LDS coincided with those measured with the 

velocimeter within the error of 60 µm (data not shown). The discrepancy of 60 µm is 

within the permissible range for structural health monitoring. 

 

 

 

Fig. 3.4 The local inclination angle and the torsion angle of the building measured 

with the LDSs. Relative displacement between first floor and the second 

floor measured with two LDSs arranged oppositely. The discrepancy in the 

displacement indicates the inclination of the second floor relative to the first floor.  

 

Next, we evaluated the inclination angle of the beam using two LDSs. Figure 3.4 

shows the displacement between the first floor and the beam. When the 
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displacement of the LED array fixed on the beam was measured with the PSD unit 

placed on the first floor, the vibration amplitude of the beam was evaluated to be 

2.26 mm. When the displacement of the LED array placed on the first floor 

was measured with the PSD unit fixed on the beam, the first floor seemed to have 

vibrated with the amplitude of 2.76 mm. This discrepancy of 0.5 mm can be 

explained as follows. The displacement can be measured correctly even when the 

LED array is inclined relative to the PSD unit, as mentioned in chapter 2. This is 

true if the PSD unit is immobilized on the immobile first floor. However, if the PSD 

unit is fixed on the inclinable beam, the inclination of the PSD unit affects the 

accuracy of the displacement measurement. Namely, if the PSD unit is inclined by θ, 

the LED array appears to be displaced laterally by (1 / 50) × H tanθ, where H is the 

distance between the beam and the first floor. Thus, by using two LDSs that are 

oppositely arranged between the first floor and the beam, we can evaluate the 

inclination angle of the beam. The maximum inclination angle is estimated to be 

±0.008° when the distance between the first floor and the beam is 3.5 m. Because 

the accuracy of the LDS in the displacement measurement is 60 µm, the accuracy of 

the inclination angle measurement is evaluated to be ±0.001°. 
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Fig. 3.5 The torsion of the building. (a) Displacement measured with three LDSs on 

the third floor vibrated with El Centro NS waveform. (b) The torsion angle 

estimated from the three-PSD outputs. 

 

 We also evaluated the torsion angle of the third floor by using three LDSs 

on the third floor. Figure 3.5 (a) shows the displacement measured by three LDSs 

on the third floor vibrated with the simulated El Centro NS waveform. 

The maximum displacements measured by the LDSs are -0.72 mm in the west, 

-0.65 mm in the center and -0.56 mm in the east, respectively. As compared with Fig. 
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3.2 (a) and Fig. 3.5 (a), the difference clearly shoes that the building vibrated with 

the El Centro NS waveform has twisted. Namely, the amplitude of the west-side 

was higher than that of the east-side, as shown in Fig. 3.5 (b). This is totally 

different from the pure sinusoidal waveform of 1.3 Hz, as shown in Fig. 3.2 (a). 

 

 

 

Fig. 3.6 Residual displacement of second floor measured both with the LDS and the 

servo velocimeter. The residual displacement was realized by controlling the 

displacement of the second floor using the AVS system. 

 

 Finally, we measured the residual displacement between the first floor and 

the second floor. Because the residual displacement is evidence that the building 

has incurred damage [5]. Figure 3.6 shows the residual displacement measured 
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fixing the LED array on the beam and immobilizing the PSD unit on the first floor. 

The displacement between the first floor and the second floor was estimated also 

with the velocimeter that was immobilized on the second floor. The displacements 

exhibited sinusoidal vibration with small amplitude when we vibrated the building 

with a frequency of 1.3 Hz with all braces locked. During vibration, the 

displacement measured with the LDS and that measured with the velocimeter were 

in good agreement. When the braces were unlocked, the displacements increased 

with time, since the excitation frequency was controlled to be equivalent to the 

resonant frequency of the building. After we locked all the braces again during the 

resonant vibration, the vibration amplitude became small, but there was a 

discrepancy between the displacement measured with the LDS and that measured 

with the velocimeter. The vibration center measured with the LDS was displaced by 

0.15 mm while the vibration center measured with the velocimeter remained at the 

original point. Because the second floor was not located at the vibration center at 

the moment when the braces were locked, the vibration center must have been 

displaced after the braces were locked. Thus, the displacement measured with the 

LDS is correct. In contrast, the displacement estimated by integrating the velocity 

did not follow the actual movement of the second floor. These results clearly 

indicate that the residual displacement cannot be evaluated correctly by a method 

that requires integration. A differential quantity is measured by the accelerometer 

and the velocimeter, and the residual displacement is eliminated when the 

displacement is differentiated. In other words, only a direct method of measuring 

displacement can provide the integral constant that corresponds to the residual 

displacement because the low-frequency constituent of the displacement is 
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eliminated owing to the property of the velocimeter [6]. This is the advantage of 

using the LDS for structural-health monitoring. Statistical analyses of 

displacements measured using an array of LDSs would provide more information 

about the health of a building, such as the state of damage-sensitive elements and 

the seismic capacity of the building, but these analyses are beyond the scope of this 

chapter. We emphasize that in the near future, the advanced LDS would be 

sufficiently small and suitable for the real-time multipoint measurement of relative 

story displacement. 

 

3.4 Conclusion 

 Taking advantage of the AVS system implemented in the building, residual 

displacement was realized without inducing damage to the building. We measured 

the residual displacement induced in the second floor of the building using the LDS 

in real time, while the conventional velocimeter immobilized on the second floor 

could not provide a correct measurement of the residual displacement. These 

results indicate that the developed LDS is more useful than conventional method 

for the health diagnosis of a building structure in real time. 

 The remained problem is the bending of each floor during seismic vibration. 

This floor bending inclines the PSD unit and affects the accuracy in the 

relative-story displacement measurement. In the following chapter, we show the 

alternative method to measure the relative-story displacement and the inclination 

angle at the same time.
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Chapter 4 
Simultaneous measurement of relative-story 
displacement and inclination angle using  
multiple lateral displacement sensors 

 

 

 

4.1 Introduction 

 In chapter 4, we propose a method to measure both the relative-story 

displacement and the inclination angle of the floor using multiple lateral 

displacement sensors (LDSs). As discussed in chapter 3, the building floor is not a 

perfectly rigid layer, but it bends during seismic vibration. This floor bending causes 

error in the relative-story displacement measurement because the PSD unit is 

inclined due to bending floor. Thus, in practical use, the LDS system must be 

improved so as to accurately measure the relative-story displacement even though 

the PSD unit is inclined. 

 As shown in Fig. 4.1, the local rotation angle ϕ, θ, and the torsion angle 

ψ must be measured as well as the relative-story displacement δ. Especially, to 

accurately measure the relative-story displacement δ, measuring the local 
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inclination angle θ is important. The similar measurement has been already 

realized in the image stabilizer of a digital camera where the captured image is 

automatically stabilized against unstable handling using the embedded gyro 

sensor [1]. However, such a gyro sensor does not work in case of seismic vibration 

because the frequency of the seismic motion is too low (from DC to 20 Hz), and also 

the inclination angle is too small (approximately 0.001 degree). Olaszek developed 

a novel system called the additional reference system which stabilizes the image 

using two reference points [2]. Although they could stabilize the captured image 

when the camera was vibrated in the vertical direction at a low frequency, they 

could not stabilize the image if the camera was inclined to the two reference points. 

Thus, the additional reference system is not applicable to the relative-story 

displacement measurement. Park and his group proposed a method called the 

partitioning approach which can measure the relative-story displacement and the 

inclination angle of the floor by implementing two video cameras on every floor [3]. 

Myung and his group also proposed the similar method [4]. However, as mentioned 

in chapter 2, a video camera requires additional computational image processing 

such as pixel scanning, object identification, and contour definition, and is not 

suitable for our purpose. Moreover, in the partitioning approach, the cameras must 

be set up in the open ceiling space to monitor the motion of both the upper layer and 

the two-story-upper layer using the two cameras. Thus, the partitioning approach 

is not a convenient method for the relative-story displacement measurement. With 

these points in mind, we opted to develop a novel method that can 

simultaneously measure the relative-story displacement and the inclination angle 

of the floor. 
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 In this chapter we propose a new method using a pair of lateral 

displacement sensors (LDSs). We call a pair of LDSs installed in one place as the 

combined LDS system. First, we show that, using the combined LDS system, the 

relative-story displacement δ and the local rotation angle θ can be measured 

independently. Next, we evaluate the performance of the combined LDS system 

using the results of static and dynamic response tests. In the static response test, 

the Jacobian matrix for transforming the XY-coordinate of the two PSD units (X1, 

X2 ) to the (δx, θy ) coordinate was introduced theoretically and was compared with 

the experimental data. In the dynamic response test, the LED arrays were 

displaced in δx  direction using a shaking table, and the combined LDS system was 

inclined with the inclination angle of θy using a θ-stage. The displacement δx and 

the inclination angle θy were measured directly in real time. Finally, we discuss the 

response speed and the resolution of the combined LDS system. 

 

 

Fig. 4.1 Deformation of a building during seismic vibration. 
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Fig. 4.2 Schematic diagram of the combined LDS system for measuring the 

relative-story displacement and the inclination angle. 

 
4.2 Theoretical model 

Figure 4.2 shows the schematic diagram of the combined LDS system. The 

position of two light sources immobilized on the ceiling is located at (0, 0, H ) and 

(-d0, 0, H ) respectively. The PSD unit 1 is at the original position (0, 0, 0), and the 

PSD unit 2 is located at (l0, 0, 0). The PSD unit 2 is installed with an inclination 

angle α so that the PSD unit 2 faces the LED 2. Moreover, the PSD unit 1 and the 

PSD unit 2 are rigidly connected with each other and immobilized on the floor. In 

accordance with the arrangement of the PSD unit 1 and the LED 1, the distance 

between the ceiling and the floor H is expressed as 
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[(𝑏 𝑎⁄ )+1]2

(𝑏 𝑎⁄ )
∙ 𝑓 = 𝐻,    (4.1) 

where, a is the distance from the lens to the ceiling, b (= H – a) is the distance from 

the PSD 1 to the lens, and f is the fixed focal length of the lens. In Equation (4.1), 

the ratio b/a represents the magnification of the PSD unit 1. In this arrangement, 

the position of the light spot (X1, Y1) focused on the PSD 1 is expressed as 

 

𝑋1 = b
𝑎

(−𝛿𝑥 + 𝐻𝜃𝑦),    (4.2) 

 

𝑌1 = b
𝑎

(−𝛿𝑦 − 𝐻𝜃𝑥),    (4.3) 

 

where (δx, δy ) is the lateral displacement of the LED 1, and (θx, θy) is the inclination 

angle of the PSD unit 1 [1, 5]. Similarly, the position of the light spot (X2, Y2) focused 

on the PSD 2 is expressed as 

 

𝑋2 = 𝑏′

𝑎′
[− cos𝛼 ∙ 𝛿𝑥 + ( 𝐻

cos𝛼
− 𝑙0 sin𝛼)𝜃𝑦],  (4.4) 

 

𝑌2 = 𝑏′

𝑎′
�−𝛿𝑦 − 𝐻𝜃𝑥� − 𝑙0𝜓,    (4.5) 

 

where (δx, δy) is the lateral displacement of the LED 2, and the ratio b’/a’ is 

the magnification of the PSD unit 2. Since the PSD unit 2 is inclined with respect to 

the vertical line, the distance from the PSD 2 to the LED 2 differs from the story 

height H, and the magnification of the PSD unit 2 b’/a’ differs from that of the PSD 
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unit1 ( b / a ). In Equations (4.2) to (4.5), we assume that the inclination angles of θx 

and θy are positive when they are clockwise rotated, and that the center of rotation 

is the original point. We show the Jacobian matrix for our experimental setup in the 

following section. 

 

 

 

Fig. 4.3 Experimental setup for measuring the relative-story displacement and the 

inclination angle using two LDSs. (a) Birds eye view of two LDSs, (b) XZ-plane view. 
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Fig. 4.4 Pictures of the experimental setup. (a) Two LDSs, (b) Two LEDs. 
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4.3 Experimental setup 

As shown in Fig. 4.3 and Fig. 4.4, two pairs of LED arrays and PSD units 

were set up horizontally at a distance of 3.5 m. Using this combined system, 

we measured the relative-story displacement δx and the inclination angle θy. The 

two pairs of PSD units were immobilized on the Xθ-stage with an interval of 

120 mm, and the PSD unit 2 was connected with the PSD unit 1 with an inclination 

angle of 30°. Two LED arrays were immobilized on a wooden column with an 

interval of approximately 2 m. The wooden column was mounted on the shaking 

table so that the immobilized LED arrays were vibrated only in X-direction. A laser 

distance meter was set up nearby the shaking table so as to measure the 

displacement of the shaking table, and an autocollimator was set up in the back of 

the combined LDS system to measure the inclination angle. 

In the static measurement, the shaking table was fixed, and the PSD units 

were displaced using the X-stage. The translational movement of ±30 mm in 

X-direction and the rotational movement of ±1.7 mrad in θy-direction 

were measured using the PSD unit 1 and the PSD unit 2. In this experiment, the 

values (δx, θy ) measured by the laser distance meter and the autocollimator were 

used as the reference. The accuracy of this two-pair-combined LDS system was 

investigated by comparing the outputs with the reference.  

In the dynamic response test, the X-stage was fixed, and the wooden 

column was vibrated using the shaking table. The inclination angle θy and the 

displacement δx were simultaneously measured in real time using the PSD unit 1 

and the PSD unit 2 when the shaking table and the θ-stage were moved 

simultaneously. The shaking table was controlled to be vibrated with amplitude of 
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±10 mm and the frequency of 0.5 Hz. The θ-stage was controlled to be rotated with 

an inclination angle of ±1.7 mrad (0.1°) and the frequency of 0.9 Hz. The fixed focal 

length f of both the PSD unit 1 and the PSD unit 2 was fixed at 100 mm. 

 

 

 

Fig. 4.5 Output voltages from the PSD units according to (a) the lateral 

displacement δx and, (b) the inclination angle θy in the static experiments 
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4.4. Results and Discussion 

Fig. 4.5 shows the results of the static experiments. Figure 4.5 (a) shows the 

output voltages from the PSD unit 1 and the PSD unit 2 by the relative 

displacement of the combined LDS unit to the light source. In this experiment, only 

the X-stage was displaced, and the θ-stage was fixed. Fig. 4.5 (b) shows the output 

voltages from the PSD unit 1 and the PSD unit 2 by the rotational movement of the 

θ-stage. In this experiment, the X-stage was fixed and only the θ-stage was rotated. 

As shown in Fig. 4.5 (a), both two lines exhibit linearity with respect to the 

displacement of the X-stage. Similarly, as shown in Fig. 4.5 (b), the two lines exhibit 

linearity with respect to the rotational motion of the θ-stage. From these results, 

following equation is obtained. 

 

�𝑉1𝑉2
� = �−0.06340 218.7

−0.04647 216.2� �
𝛿𝑥
𝜃𝑦
� ,   (4.6) 

 

where V1 and V2 are the output voltages from PSD 1 and PSD 2 in the unit of volt, δx 

is the lateral displacement of the X-stage in the unit of millimeter, and θy is the 

inclination angle of the θ-stage in the unit of milliradian. The conversion coefficients 

from the output voltage to the position of the light spots on PSDs are 0.473 mm/V 

for the PSD unit 1 and 0.484 mm/V for the PSD unit 2. Using these conversion 

coefficients, Equations (4.6) can be transformed into the following equation. 

 

�𝑋1𝑋2
� = �−0.0300 103.3

−0.0225 105.9� �
𝛿𝑥
𝜃𝑦
� .   (4.7) 

 

Thus, the (δx, θy ) can be transformed to (X1, X2 ). Note that (X1, X2 ) is expressed in 
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the unit of millimeter, but (X1, X2 ) involves the rotation as well as the displacement. 

The matrix for transforming the (X1, X2 ) coordinate into the (δx, θy ) coordinate can 

be determined as the inverse of the transformation matrix in Equation (4.7). 

We investigated the resolution which was the most important performance 

of the combined LDS system. The resolution of the combined system can be derived 

from the experimentally obtained Jacobian matrix [6-8]. The resolution is given by 

the following equations. 

 

�∆𝑋1∆𝑋2
� = J ∙ �

∆𝛿𝑥
∆𝜃𝑦

� , J = �

𝜕𝑋1
𝜕𝛿𝑥

𝜕𝑋1
𝜕𝜃𝑦

𝜕𝑋2
𝜕𝛿𝑥

𝜕𝑋2
𝜕𝜃𝑦

� .  (4.8) 

 

Equation (4.8) represents the differential of the Equation (4.7), but the 

differential matrix J in Equation (4.8) is equivalent to the transformational matrix 

in Equation (4.7) since, as shown in Fig 4.5, all the lines are the straight lines from 

the origin, and the differential coefficients do not change. Thus, we can write the 

differential matrix J as follows. 

 

𝐽 = �−0.0300 103.3
−0.0225 105.9� .    (4.9) 

 

Using the inverse matrix of J-1, the resolution of the combined LDS system can be 

calculated as follows. 

 

𝐽−1 = � −109.33 116.41
−0.02536 0.034179� ,   (4.10) 
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𝑅𝑖 = � ∑�𝐽−1𝑖𝑖 ∙ 𝜎𝑖�
2

  , (i, j = 1, 2) ,   (4.11) 

 

where R1 is the resolution of the combined LDS unit in the displacement 

measurement, R2 is that in the inclination angle measurement, and σ1 and σ2 are 

the resolution of the PSDs. We assume that σ1 = σ2 = 0.6 µm in accordance with the 

performance guarantee by the manufacturer. From Equations (4.10) and (4.11), the 

resolution for each axis is calculated as follows:  

 

𝑅1 = �(−109.33 × 0.6)2 + (−116.41 × 0.6)2 = 95.8 [μm] , (4.12) 

 

𝑅2 = �(−0.02536 × 1)2 + (−0.034179 × 1)2 = 25.5 [μrad] . (4.13) 

 

As a result, the resolution for both δx and θy fulfills the requirement for the 

structural health monitoring, as discussed in chapter 2. 
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Fig.4.6 The results of the dynamic experiments by using the shaking table and the 

θ-stage. (a) The output voltages from PSDs, (b) the calculated displacement 𝛿x, and 

(c) the calculated angle 𝜃y. 

 

Fig. 4.6 shows the results of the dynamic experiment. In this dynamic 

experiment, the inclination angle θy and the displacement δx were simultaneously 

measured in real time using the PSD unit 1 and the PSD unit 2 when the shaking 

table and the θ-stage were moved independently. The outputs from the PSD unit 1 

and the PSD unit 2 exhibit the mixed motion, as shown in Fig. 4.6 (a). The 

displacement and the inclination angle were calculated using Equations (4.6), and 

the calculated displacement and inclination angle were depicted in Fig. 4.6 (b) and 

Fig. 4.6 (c), respectively. The outputs of calculated displacement and angle by 

combined LDS system coincided with the references, as shown in Fig.4.6 (b) and Fig. 

4.6 (c). The accuracy was evaluated to be approximately 0.15 mm in the relative 

displacement and 0.1 mrad in the inclination angle. The values are in good 

agreement with the resolution of the combined LDS system estimated in Equations 

(4.12) and (4.13), indicating that our theoretical model proposed in section 4.2 is 

applicable for the experimental analysis. The results show that the proposed 

method can measure the relative-story displacement and the inclination angle of 

the floor correctly. 
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4.5 Conclusion  

The method to eliminate the angular error caused by the inclination of the 

LDS detector unit was developed. A pair of the lateral-displacement sensor was 

used for measuring the relative-story displacement and the inclination angle of the 

floor simultaneously. For verification, laboratory tests have been carried out using 

an Xθ-stage and a shaking table. In the static experiment, it is verified that the 

inclination angle of the detector itself can be measured as well as the displacement 

by means of the proposed method. Theoretically, the resolution of the combined LDS 

system in the displacement measurement was evaluated to be 0.0958 mm, and that 

in the inclination angle measurement was evaluated to be 25.5 μrad. The accuracy 

of the LDS system was experimentally evaluated to be approximately 0.15 mm in 

the relative displacement measurement and 0.1 mrad in the inclination angle 

measurement. These results indicate that the developed method achieved enough 

accuracy for the measurement of relative-story displacement and inclination angle, 

and the combined LDS system can resolve the angular error problem. 
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Chapter 5 
Relative-story displacement sensor capable of 
five-degree-of-freedom measurement 

 

 

 

5.1 Introduction 

 As reported in chapter 4, we have developed an optical sensor for 

simultaneously measuring the relative-story displacement and the inclination angle. 

Using the sensor system, we have succeeded in measuring the relative-story 

displacement and the local inclination angle of the floor. However, the laboratory 

test explained in chapter 4 assumed the vibration with the one-dimensional 

displacement δx, and the one-dimensional inclination θy. As shown in Fig. 5.1, 

however, the sensor unit rotates in θx-, θy-, and ψ-direction according to the floor 

bending. The possible way to eliminate the measurement error due to the three-axis 

rotation is to monitor the inclination angle (θx, θy) and the torsion angle ψ as well as 

the horizontal displacement (δx, δy), and estimate the true value. 

 Such multi-degree-of-freedom measurement methods were reported 

previously [1-6]. In these methods, the displacement of the object was measured 
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using a reference point outside of the sensor system. When employed to measure the 

movement of a building, the reference point must be viewable and referable from 

any place in the building. However, it is impossible to construct such a reference 

point outside the builaing. Therefore, the alternative method is required for 

measuring the five-degree-of freedom (5-DOF) movement of the building. 

 

 

 

Fig. 5.1 Schematic diagram of the 5-DOF movement of building layers. Here, (δx, δy) 

shows the relative-story displacement, ψ shows the torsion angle of the upper layer 

relative to the lower layer, (θx, θy) shows the inclination angle of the lower layer. 

 

 In this chapter, we propose a novel sensor system capable of measuring the 

5-DOF movement of two adjacent building layers utilizing three pairs of 

infrared-light emitting diode (IR-LED) arrays and position-sensitive detector (PSD) 

units. The three LED arrays were fixed on the ceiling as the measurement target, 

and the three PSD units were installed in one place on the lower floor so that each 

PSD captures the motion of the corresponding LED array target. First, we show the 
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theory of the 5-DOF movement measurement. Next, we show the result from the 

dynamic performance tests of the sensor system. The three PSD units were vibrated 

and rotated using a shaking table, a motorized micrometer, and a rotation stage. 

The optimum configuration of the sensor system was figured out by calculating the 

ideal resolution theoretically. Finally, from the viewpoint of the configuration and 

the accuracy, we discuss the feasibility of this sensor system for structural health 

monitoring of a building. 

 

 

 

 

Fig.5.2 Schematic diagram of the relative-story displacement sensor capable of 

5-DOF measurement. (a) Birds eye view. (b) Cross-section view. 
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5.2 Measurement theory and principal 

 Fig. 5.2 shows the schematic diagram of the sensor system. The 

specifications of the single PSD unit were reported in chapter 2. As shown in Fig. 

5.2, the PSD unit 1 is located in the original position (0, 0, 0). The PSD unit 2 and 

the PSD unit 3 are located at (l0, 0, 0) and (0, l0, 0), respectively. The position of 

three LED light targets fixed on the ceiling is located at (0, 0, H), (−d0, 0, H), and (0, 

−d0, H), respectively. The PSD unit 2 is installed with an inclination angle α so that 

the PSD unit 2 faces the LED 2. The PSD unit 3 is also inclined with the angle α and 

faces the LED 3. Moreover, the three PSD units are rigidly connected with each 

other and immobilized in one place on the floor. In accordance with the arrangement 

of the PSD units and the LEDs, the story height H is expressed as 

 

  𝐻 = 𝑎 + 𝑏 = (𝑎′ + 𝑏′)𝑐𝑜𝑜𝛼 ,   (5.1) 

 

  𝐻 = [(𝑏 𝑎⁄ )+1]2

(𝑏 𝑎⁄ )
∙ 𝑓 = [(𝑏′ 𝑎′⁄ )+1]2

(𝑏′ 𝑎′⁄ )
∙ 𝑓𝑐𝑜𝑜𝛼 ,  (5.2) 

 

where a is the distance from the lens to the upper floor, b is the distance from the 

PSD 1 to the lens, and f is the fixed focal length of the lens. Equally, a’ is the 

distance from the lens of the PSD unit 2 to the LED 2, b’ is the distance from the 

PSD 2 to the lens of the PSD unit 2. Equation (5.2) is derived from Equation (5.1) 

and the Gaussian lens formula. In Equation (5.2), the ratio b/a represents 

the magnification of the PSD unit 1, and the ratio b’/a’ represents the magnification 

of the PSD unit 2 and the PSD unit 3. In this arrangement, the position of the light 

spots focused on each PSD is expressed as follows [7]. 



 
CHAPTER 5. RELATIVE-STORY DISPLACEMENT SENSOR  

CAPABLE OF FIVE-DEGREE-OF-FREEDOM MEASUREMENT 

70 
 

 

 𝑋1 = b
𝑎

(−𝛿𝑥 + 𝐻𝜃𝑦) ,    (5.3) 

 

 𝑌1 = b
𝑎

(−𝛿𝑦 − 𝐻𝜃𝑥) ,    (5.4) 

 

 𝑋2 = 𝑏′

𝑎′
[− cos𝛼 ∙ 𝛿𝑥 + ( 𝐻

cos𝛼
− 𝑙0 sin𝛼)𝜃𝑦] , (5.5) 

 

 𝑌2 = 𝑏′

𝑎′
�−𝛿𝑦 − 𝐻𝜃𝑥� − 𝑙0𝜓 ,   (5.6) 

 

 𝑋3 = 𝑏′

𝑎′
�−𝛿𝑥 + 𝐻𝜃𝑦� + 𝑙0𝜓 ,   (5.7) 

 

 𝑌3 = 𝑏′

𝑎′
[− cos𝛼 ∙ 𝛿𝑦 − ( 𝐻

cos𝛼
− 𝑙0 sin𝛼)𝜃𝑥] . (5.8) 

 

In this equation, (δx, δy) is the relative-story displacement between the ceiling and 

the floor, (θx, θy) is the inclination angle of the PSD units around X- and Y-axes, ψ is 

the torsion angle of the ceiling around the Z-axis. We assume that in Equations (5.3) 

to (5.8), the inclination angles θx, θy and the torsion angle ψ are positive when they 

are clockwise rotated, and the center of the rotation is the original point. Here 

we note that solving the simultaneous equations of (5.3) to (5.8) is not categorized as 

a six-degree-of-freedom problem but as a five-degree-of- freedom problem although 

six variables of (X1, Y1, X2, Y2, X3, Y3 ) are included. Namely, for solving these 

simultaneous equations, Equation (5.6) need not to be taken into account because 



 
CHAPTER 5. RELATIVE-STORY DISPLACEMENT SENSOR  

CAPABLE OF FIVE-DEGREE-OF-FREEDOM MEASUREMENT 

71 
 

Y2 can be determined using other valuables. Thus, the solution is to be given by the 

Jacobian matrix transforming (X1, Y1, X2, X3, Y3 ) to (δx, δy, θx, θy, ψ ) coordinate 

without Y2. 

 

 �
𝑋1
𝑋2
𝑋3
� =

⎣
⎢
⎢
⎢
⎡ − 𝑏

𝑎
𝑏
𝑎
𝐻 0

− 𝑏′

𝑎′
𝑐𝑜𝑜𝛼 𝑏′

𝑎′
( 𝐻
𝑐𝑐𝑐𝛼

− 𝑙0𝑜𝑠𝑠𝛼) 0

−𝑏′

𝑎′
𝑏′

𝑎′
𝐻 𝑙0⎦

⎥
⎥
⎥
⎤
�
𝛿𝑥
𝜃𝑦
𝜓
� , (5.9) 

 

 �𝑌1𝑌3
� = �

− 𝑏
𝑎

− 𝑏
𝑎
𝐻

− 𝑏′

𝑎′
𝑐𝑜𝑜𝛼 𝑏′

𝑎′
( 𝐻
𝑐𝑐𝑐𝛼

− 𝑙0𝑜𝑠𝑠𝛼)
� �
𝛿𝑦
𝜃𝑥
� .  (5.10) 

 

Equations (5.9) and (5.10) indicate that (X1, X2, X3) and (Y1, Y3) can be calculated 

independently. Namely, (X1, X2, X3) can be calculated using (δx, θy, ψ), whereas (Y1, 

Y3) can be calculated using (δy, θx). Equations (5.9) and (5.10) show that the 

relationship between (X1, X2) and (δx, θy) is same as that between (Y1, Y3) and (δy, θx) 

hence, in the following experimental setup, we focus on evaluating the relationship 

between (X1, X2, X3) and (δx, θy, ψ) using Equation (5.9). 
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Fig. 5.3 Displacement of the light spot which comes from the LED and is focused on 

the PSD surface by the lens in response to the torsional motion of the ceiling. The 

schematic shows the XY-plane. The original point for the torsional motion is located at 

the center of the PSD 1. If the ceiling was counterclockwise rotated with the angle ψ, 

the light spot on the PSD 3 displaces by l0∙ψ in X-direction, and the light spot on the 

PSD 2 displaces by l0∙ψ negatively in Y-direction. 
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Fig. 5.4 The experimental setup for the verification of 5-DOF measurement. (a) 

Arrangement of three pairs of the LED arrays and the PSD units. Although the 

IR-LEDs which are invisible were used in this experiment, the infrared light is 

visualized as the red light in the photograph. (b) Close-up view of the PSD units. 

The rotation stage was hidden under the PSD units. (c) The controller unit 

introducing θx and θy. 
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5.3 Experimental Setup 

 Fig. 5.4 shows the experimental setup for measuring the relative 

displacement δx, the inclination angle θy, and the torsion angle ψ. Three pairs of 

IR-LED arrays and PSD units were set up on the ceiling and the floor, respectively. 

The story height was 2.7 m. As shown in Fig. 5.4, the three PSD units were 

immobilized on the rotation stage to be rotated in ψ direction, and the rotation stage 

was fixed on the shaking table to be displaced in X-direction. The inclination angle 

θy was controlled by pushing up the basal plate where the three PSD units were 

fixed using the motorized micrometer. The PSD unit 2 and the PSD unit 3 were 

connected with the PSD unit 1 with an interval of 120 mm (l0 = 120 mm) and were 

inclined with the angle of 30° (α = 30°). Three LED arrays were immobilized on the 

ceiling with an interval of 1.5 m. As shown in Fig. 5.4 (c), the inclination angle (θx, 

θy) was controlled by the local inclination angle controller unit which can rotate 

around 8.5 mm above the ground in both θx- and θy-direction. A laser distance meter 

was set up nearby the shaking table so as to measure the relative displacement δx, 

and an autocollimator was set up nearby the combined PSD unit system to measure 

the inclination angle θy and the torsion angle ψ. The laser distance meter and the 

autocollimator were used as the reference. 

 The first experimental step is to move the PSD units by δx, θy, and ψ 

independently and calculate the inverse matrix of Equation (5.9). Namely, the 

movement of the PSD units (δx, θy, ψ) must be estimated from the PSD outputs (X1, 

X2, X3). For this purpose, we have conducted the static experiment. In the static 

experiment, the translational movement of ±5 mm in X-direction, the inclination 

movement of ±2 mrad in θy-direction, and the torsion of ±1.5 mrad in ψ-direction 
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were introduced independently, and the relationship between (δx, θy, ψ) and (X1, X2, 

X3) was evaluated using the reference. 

 In the dynamic response experiment, the three PSD units were vibrated 

using the shaking table, the motorized micrometer, and the rotation stage. The 

movement of the PSD units was calculated using the output from the PSD units and 

the inversion matrix of Equation (5.9) which was obtained in the static experiment. 

The experimentally obtained values were compared with the reference. The 

vibration amplitude and the frequency of the translational movement were ±5 mm 

and 0.6 Hz, respectively. The inclination angle and the frequency were ±2 mrad and 

0.4 Hz, respectively. The torsion angle and the frequency were ±1.7 mrad and 0.8 Hz, 

respectively. The fixed focal length of the lens of all the PSD units was 100 mm. 

 

5.4 Results and discussion 

 Fig. 5.5 shows the results of the static experiments. Fig. 5.5 (a) shows the 

output voltages from three PSD units according to the displacement of the PSD 

units relative to the LED arrays. In this experiment, only the shaking table was 

displaced, whereas the motorized micrometer and the rotation stage were fixed. Fig. 

5.5 (b) shows the output voltages from three PSD units according to the inclination. 

In this experiment, the shaking table and the rotation stage were fixed, and only 

the motorized micrometer was moved. Fig. 5.5 (c) shows the output voltages from 

three PSD units according to the torsion of the PSD units to the LED arrays. In this 

experiment, only the rotation stage was moved, whereas the shaking table and the 

motorized micrometer were fixed. As shown in Fig. 5.5 (a), the three lines exhibit 

linearity with respect to the displacement of the shaking table. Similarly, as shown 
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in Figs. 5.5 (b) and (c), the three lines exhibit linearity with respect to the 

inclination angle or the torsion angle. From these results, the matrix of these 

conversion coefficients is expressed as follows. 

 

 �
𝑉𝑥1
𝑉𝑥2
𝑉𝑥3

� = �
−0.0790 0.2174 −0.0012
−0.0599 0.2073 −0.0028
−0.0656 0.1841 0.1000

��
𝛿𝑥
𝜃𝑦
𝜓
� ,  (5.11) 

 

where Vx1, Vx2 and Vx3 are the output voltages from PSD 1, PSD 2 and PSD 3 in the 

unit of volt, δx is the relative displacement in the unit of millimeter, θy is the 

inclination angle in the unit of milliradian, and ψ is the torsion angle in the unit 

of milliradian. The conversion coefficients from the output voltage to the position of 

the light spots on the PSDs are 1.962 V/mm for the PSD unit 1, 1.898 V/mm for the 

PSD unit 2, and 1.937 V/mm for the PSD unit 3, respectively. Using these 

conversion coefficients, Equation (5.11) can be transformed into the following 

equation. 

 

 �
𝑋1
𝑋2
𝑋3
� = �

−0.0403 0.1108 −0.0006
−0.0316 0.1092 −0.0015
−0.0339 0.0950 0.0516

��
𝛿𝑥
𝜃𝑦
𝜓
� ,  (5.12) 

 

where (X1, X2, X3) is the position of the light spots focused on the corresponding PSD 

surface. We investigated the resolution which was the most important performance 

of the combined PSD unit system. The resolution is defined by the following 

equations [8]. 
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 �
Δ𝑋1
Δ𝑋2
Δ𝑋3

� = 𝐽 ∙ �
Δ𝛿𝑥
Δ𝜃𝑦
Δ𝜓

� =

⎣
⎢
⎢
⎢
⎢
⎡
𝜕𝑋1
𝜕𝛿𝑥

𝜕𝑋1
𝜕𝜃𝑦

𝜕𝑋1
𝜕𝜕

𝜕𝑋2
𝜕𝛿𝑥

𝜕𝑋2
𝜕𝜃𝑦

𝜕𝑋2
𝜕𝜕

𝜕𝑋3
𝜕𝛿𝑥

𝜕𝑋3
𝜕𝜃𝑦

𝜕𝑋3
𝜕𝜕 ⎦
⎥
⎥
⎥
⎥
⎤

�
Δ𝛿𝑥
Δ𝜃𝑦
Δ𝜓

� ,  (5.13) 

 

  𝑅𝑖 = �∑ (𝐽−1𝑖𝑖 ∙ 𝜎𝑖)23
𝑖=1 �

1
2    (𝑠 = 1,2,3) ,  (5.14) 

 

where J is the Jacobian matrix, R1 is the resolution in the displacement 

measurement, R2 is that in the inclination angle measurement, and R3 is that in the 

torsion angle measurement. The resolution of the combined PSD units depends also 

on the original resolution of the three PSDs embedded in the PSD units. The 

resolution of the PSDs was denoted as σ1, σ2 and σ3, respectively. We can write the 

matrix J using Equation (5.12) and the inverse matrix J -1 as follows. 

 

  𝐽 = �
−0.0403 0.1108 −0.0006
−0.0316 0.1092 −0.0015
−0.0339 0.0950 0.0516

� ,  (5.15) 

 

  𝐽−1 = �
−123.1 123.0 2.145
−35.82 44.73 0.8839
−14.91 −1.542 19.16

� .  (5.16) 

 

Using this inverse matrix J -1, the resolution of the combined PSD unit system was 

calculated. We assume that σ1 = σ2 = σ3 = 0.6 μm in accordance with the data sheet 

from the PSD vender [13]. From Equations (5.14) and (5.16), the resolution was 

calculated as follows. 
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𝑅1 = �(−123.1 × 0.6)2 + (123.0 × 0.6)2 + (2.145 × 0.6)2 

= 104.4 [𝜇𝜇] ,    (17) 

 

𝑅2 = �(−35.82 × 0.6)2 + (44.73 × 0.6)2 + (0.8839 × 0.6)2 

= 34.39 [𝜇𝜇𝑎𝜇] ,    (18) 

 

𝑅3 = �(−14.91 × 0.6)2 + (−1.542 × 0.6)2 + (19.16 × 0.6)2 

= 14.60 [𝜇𝜇𝑎𝜇] ,    (19) 

 

where R1 is the resolution of the sensor system in the displacement measurement, 

R2 is that in the inclination angle measurement, and R3 is that in the torsion angle 

measurement. Since the resolution of less than 0.1 mm is the requirement for 

structural health monitoring of a building, the resolution obtained in the 

relative-displacement measurement was evaluated to be sufficiently high, as shown 

in Equation (5.17). We conjecture that using our sensor system, even a minute crack 

in the concrete and the small residual displacement can be monitored in real time. 

The resolution in the inclination angle measurement evaluated by Equation (5.18) 

is also sufficiently high because, if we assume that the story height is 2.7 m, the 

inclination of 34.39 μrad is equivalent to the relative-story displacement of 2.7 m × 

tan[34.39 μrad] = 0.093 mm. Similarly, the resolution in the torsion angle 

measurement evaluated by Equation (5.19) is also enough high for the structural 

health monitoring. 
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Fig. 5.5 Results from the static experiments. (a) Output voltages from PSD units 

when the PSD units were displaced by 𝛿x. (b) Output voltages from PSD units when 

the PSD units were inclined by 𝜃y. (c) Output voltages from PSD units when the 

PSD units were rotated by ψ. 

 

 Fig. 5.6 shows the results from the dynamic experiment. In this experiment, 

the relative displacement δx, the inclination angle θy and the torsion angle ψ were 

simultaneously measured in real time using the three PSD units when the shaking 

table, motorized micrometer, and the rotation stage were moved simultaneously. 

Thus, the outputs from the PSD unit 1, the PSD unit 2, and the PSD unit 3 

exhibited the mixed motion, as shown in Fig. 5.6 (a). The inverse matrix of Equation 

(5.11) was calculated as follows. 

 

 �
𝛿𝑥
𝜃𝑦
𝜓
� = �

−62.61 64.72 1.061
−18.19 23.51 0.4401
−7.578 −0.8324 9.886

� �
𝑉𝑥1
𝑉𝑥2
𝑉𝑥3

� .  (5.20) 

 

The displacement, the inclination angle, and the torsion angle were calculated 

using Equation (5.20), and the calculation results were depicted in Fig. 5.5 (b), Fig. 

5.6 (c), and Fig. 5.6 (d), respectively. The calculated values coincided with the 

references. The error in the relative-displacement measurement was evaluated to 

be 0.20 mm at the maximum. The error in the inclination angle measurement was 

evaluated to be 0.12 mrad at the maximum. The error in the torsion angle 

measurement was evaluated to be 0.09 mrad at the maximum. The errors are 
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sufficiently small, indicating that our theoretical model is valid. The results show 

that the proposed method can measure the relative-story displacement, the local 

inclination angle, and the torsion angle correctly. 
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Fig. 5.6 The results from the dynamic response experiment. (a) The output voltages 

from three PSDs, (b) the calculated displacement δx, (c) the calculated inclination angle 

θy, and (d) the calculated torsion angle ψ. 
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Fig. 5.7 Theoretically calculated resolution of the combined LDSs in the 

relative-displacement measurement. (a) 3D plot of the resolution R1 when the story 

height H and the angle α change. The focal length f is fixed to be 100 mm. (b) The 

resolution R1 when the angle α changes. The story height H is fixed to be 2.7 m. (c) 

The resolution R1 when the story height H changes. The angle α is fixed at 30°. 

 

 The resolution R1 depends on the angle between two PSD units α, the focal 

length of the lens f, and the story height H. Thus, we must determine these 

parameters carefully from the viewpoint of resolution. Fig. 5.7 shows the resolution 

R1 of our sensor system in the displacement measurement theoretically derived 

from Equations (5.2), (5.9) and (5.14). Fig. 5.7 shows the resolution R1 of our sensor 
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system in the displacement measurement when the story height H and the angle α 

vary. The resolution R1 degrades exponentially with decreasing angle α, while the 

resolution R1 degrades gradually with increasing story height H. The angle α and 

the focal length of the lens f must be small so as to save the installation space, but 

the angle and the focal length of the lens must be sufficiently great so as to enhance 

the resolution. We conjectured that the resolution of approximately 0.1 mm was 

required for the structural health monitoring. To achieve such resolution, the angle 

between the two PSD units must be wider than 30° since the story height was 2.7 m 

and the focal length of the lens we used was 100 mm. Thus, we determined the 

angle α to be 30°. 

 Fig. 5.7 indicates the trade-off relationship between the PSD unit angle α 

and the resolution R1 of our sensor system in the displacement measurement. 

Decreasing α contributes to save the implementation space can be saved while the 

resolution degrades with decreasing α. To achieve the resolution R1 of less than 

0.1 mm, we must use a lens with long focal length. For example, if we assume that 

the story height was 2.7 m, the angle α can be reduced to 20°by using a lens with the 

focal length of 200 mm. This suggests that, if the installation space is sufficiently 

large, the resolution can be improved using a lens with a longer focal length. 

 

5.5 Conclusion 

 A novel 5-DOF sensor system which can simultaneously measure the 

relative-story displacement, the local inclination angle and the torsion angle was 

developed using three pairs of LED arrays and PSD units. We established the 

theory for calculating the relative-story displacement, the local inclination angle 
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and the torsion angle from the output voltage of the PSD units and verified the 

theory by both static experiment and dynamic experiment. The theoretical 

resolution in the displacement measurement was evaluated to be 104 μm, that in 

the inclination angle was evaluated to be 34.4 μrad, and that in the torsion angle 

measurement was evaluated to be 14.6 μrad. The accuracy of the sensor system was 

experimentally evaluated to be approximately 200 μm in the relative displacement 

measurement, 110 μrad in the inclination angle measurement and 90 μrad in the 

torsion angle measurement. The theoretical model predicted that using a lens with 

the longer focal length, the implementation space is miniaturized while the 

resolution is maintained. Since the sensor is based on the optical system, the sensor 

unit can be used for the real-time multipoint measurement. These results suggest 

that our sensor system is applicable for structural health monitoring of a building. 
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Chapter 6 
Conclusion 

 

 

 

In this study, we developed a novel sensor system which could measure the 

relative-story displacement, the inclination angle of the floor, and the torsion angle 

of the ceiling relative to the floor for structural health monitoring of an actual 

building. The system has a measurement accuracy of approximately 200 μm for the 

relative-story displacement measurement, 110 μrad for the inclination angle 

measurement, and 90 μrad for the torsion angle measurement. The measurement 

accuracy was verified not only by the shaking table test but also by the forced 

vibration test of an actual building. In the shaking table test, the measurement 

accuracy of the combined LDS system was examined by comparing the 

experimental displacement data and the inclination angle data with the references 

provided by the laser distance meter and the autocollimator. In the forced vibration 

test, the measurement accuracy of the LDS was examined as compared with 

velocimeters. Particularly in the forced vibration test, the residual displacement 

realized by the active variable stiffness (AVS) system can be monitored accurately in 
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real time using the developed LDS system whereas it could not be monitored using 

the velocimeters. The residual displacement is evidence that the building has 

incurred damage, and the real-time seismic-displacement monitoring can produce 

the significant information about the residual seismic capacity of the building. The 

results obtained in this study have shown that the developed system fulfills the 

requirements for the structural health monitoring. 

 

 

 

Fig. 5.1 The LDS system implemented in the seismic isolation layer of the Kajima 

Corporation headquarter building. (a) Exterior of the Kajima Corporation 

headquarter building which have nine stories above ground and two stories under 

the ground. (b) LDS on the seismic isolation layer (second basement). (c) Real-Time 

Disaster Mitigation System (RDMS) by KAJIMA Corporation. 

 

(a) (b) (c) 
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Currently, we are planning the relative-story displacement measurement of 

the seismic isolated layers. The seismic isolation rubber will be damaged if it 

experiences earthquakes, and there is increasing need for monitoring the 

displacement of the seismic isolation rubber. Recently, the seismic isolation systems 

have been applied in primarily important civil structures such as nuclear 

power-generating plants, and the health monitoring of the seismic isolation rubber 

becomes important. Since the developed LDS has high resolution and a wide 

measurement range, it can be applied for the displacement measurement of the 

seismic isolation layer. As shown in Fig. 5.1, we have already installed the LDS 

system in the seismic isolation layer of the Kajima Corporation headquarter 

building, and monitored the displacement of the seismic isolation layer. Although 

such earthquakes that displace the seismic isolation layer have not occurred for the 

past year, we continue the monitoring for obtaining the significant information 

about the residual seismic capacity of the rubber. 

 

         (a)           (b) 

 
 

Fig. 5.2 The ball lens tiltmeter. (a) Principle for the measurement of the tilt angle. (b) 

The relationship between the tilt angle and the PSD output voltage. 
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 We are also planning the relative-story displacement measurement using a 

tiltmeter which is composed of a LED and a PSD. The new tiltmeter utilizes the ball 

lens rolling on the concave lens, and the light focused on the PSD by the two lenses 

is displaced in proportion to the tilt angle, as shown in Fig. 5.2 (a). The dimension of 

the tiltmeter including the liquid crystal display is 70 mm wide, 40 mm depth, and 

50 mm height. By installing such small tiltmeter on each column of a building, we 

can directly monitor the inclination of the column before and after earthquakes, and 

evaluate the relative-story displacement. In addition, the ball lens tiltmeter enables 

us to monitor the tilt angle of the column throughout the construction of the 

building if we installed the ball lens tiltmeter in advance. As shown in Fig. 5.2 (b), 

we can clearly distinguish the difference in the tilt angle of 0.1°. Furthermore, we 

have achieved the resolution of 0.002° by coating a self-assembled monolayer of 

octadecylsilane on both the ball lens surface and the concave lens surface and 

reducing the static friction. This indicates that the nanotechnology including 

nanofabrication and nanomodification makes it possible to miniaturize the sensor 

unit and improve the performance. 
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Fig. 5.3 The structural reliability assessment for mechanical parts inside a mobile 

terminal. (a) The endurance test for angle free camera, the rotating part of a mobile 

terminal. (b) The push-over analysis for a plate spring inside the rotating part. 

 

 
 

Fig. 5.4 Full-scale earthquake testing for the building fracture experiment in the 

E-Defense. (a) A full-scale building on the three-dimensional shaking table. (b) The 

5-DOF relative-story displacement sensor installed in a full-scale building. 
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 The relationship between the stressed condition of the building elements 

and the endurance of the building elements can be obtained by measuring the 

relative-story displacement. In case of small elements such as mechanical parts in 

electric products, vehicles, or air planes have been investigated by means of the 

push-over analysis and the endurance test (Fig. 5.3). If the materials characteristics 

were known, we can calculate the stress condition of the mechanical part against 

the given displacement with the push-over analysis as shown in Fig. 5.3 (b). The 

endurance of the mechanical parts can be evaluated experimentally by adding the 

specific stress to the mechanical parts repeatedly. Thus, the relationship between 

the stress condition and the endurance of the small mechanical parts has been 

obtained. In case of building elements such as columns and beams, however, the 

relationship between the stress condition and the endurance is difficult to evaluate, 

because the building elements are large and heavy. Recently, as shown in Fig. 5.4 (a), 

the E-Defense, a three-dimensional full-scale earthquake testing facility, enables us 

to perform the fracture experiment of a full-scale building, and experimentally 

evaluate the endurance of the building elements. Furthermore, the recent computer 

technology has made it possible to perform the push-over analysis of a building 

combined with the computer-aided design data of the building. Since our LDS 

system gives us the displacement data when the building element is destroyed, 

combining the push-over analysis and the fracture experiment using the E-Defense 

and our LDS opens the possibility of evaluating the relationship between the stress 

condition and the endurance of the actual building elements. 
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Fig 5.5 Wireless data acquisition system for 5-DOF relative-story displacement 

sensor utilizing the NI-WLS 9205. 

 

 

 

 

Fig. 5.6 Front panel of the wireless data acquisition system on a laptop PC screen. 
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In the future, the seismic movement of all the key components in the 

building must be monitored in real time. By this monitoring, the damaged building 

element can be identified just after earthquake. For this, multi-point sensing is 

required, and hence the LDS system must be improved for the multi-point sensing. 

The LDS must be connected with the local network or the wireless network as 

shown in Fig. 5.5 and Fig. 5.6. In this case, the synchronization of sensors is an 

issue, and the power supply is another issue. The data obtained from 

the multi-point sensing are also useful for the push-over analysis. This kind of 

analysis would make a new aspect in the structural health monitoring that links 

the microscopic analysis such as materials strength test and the macroscopic 

analysis such as eigen frequency and modal analysis. Keeping the above-mentioned 

issues in mind, we conclude that the developed system is useful for promptly issuing 

the alert for the resident evacuation in case of severe earthquake, and the real-time 

identification of damaged building elements. 
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