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Abstract. The paper introduces a health monitoring system based on MEMS (micro-
electromechanical systems) accelerometers. The used MEMS accelerometers were recently 
developed by one of the authors. They excel in cost efficiency, calibration accuracy and 
robustness. The health monitoring system was installed in two multi-tiered pagodas. They 
were a two-tiered pagoda, Pashupatinath temple and a five-tiered pagoda, Nyatapola temple 
for four months. Both pagodas are located in Nepal. In both cases, a number of earthquakes 
were captured by the installed accelerometers, as it permitted estimation of the fundamental 
mode of the tested pagodas. 
The paper deals with two tasks. The first task introduces the used MEMS accelerometers. The 
features of the accelerometers are discussed. The second task discusses the dynamic 
behaviour of the pagodas identified by the installed monitoring system. The paper presents 
adequacy of the developed MEMS accelerometers for health monitoring test of heritage 
structures. 

1 INTRODUCTION 

Micro-electromechanical systems (MEMS) were commonly used in the automotive and 
mobile technologies [1]. Recently, the MEMS are used also in the civil and structural 
engineering field. The MEMS permits the monitoring in the wireless environment. This is 
convenient especially for heritage structures since the installation of sensors can be restricted 
due to the access limitation in some structures. Thanks to the development in the MEMS 
technology, today MEMS can perform much higher resolution monitoring than decades ago 
[2]. However, still further investigations are necessary for reliable monitoring of historical 
structures by means of the MEMS. For instance, MEMS accelerometers may not capture 
higher modes as clearly as piezoelectric accelerometers when the structure is not sufficiently 
excited [3]. 
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The accelerometer has a 10-pin connector. Sensors are coupled by the connector, as it 
enables to operate multiple sensors and to supply power simultaneously. One accelerometer is 
assigned as a master and the others as slaves. The time is synchronised in accordance with the 
master. The acceleration data rate can be chosen among 10, 20, 50, 100, 200, 256 
samples/second. It is noted that the rate of 256 samples/ second is available only in the real-
time mode. The mode of data collection can be chosen between continuous monitoring and 
triggered monitoring. The continuous monitoring signifies MEMS record acceleration data in 
accordance with the predefined sample rate. In case of the continuous monitoring with 100 
samples/ second, the 1-GB memory becomes full around in 22 days. The triggered monitoring 
collects acceleration data every second. However, in case the amplitude of the acceleration for 
each second is smaller than the specified offset value, only the average value or maximum 
and minimum values are stored. In case the amplitude is larger than the specified value, the 
data is stored according to the specified sample rate. The 1-GB memory can store data for one 
year at maximum with the trigger monitoring of 100 samples/ second in case the amplitude 
does not exceed the predefined offset values during the monitoring period. The 
accelerometers contain a RTC. Since the RTC does not output sub-second, the RTC time is 
read at the beginning, the middle, and the last of every second. When the displayed time of an 
accelerometer deviates from the RTC, it is corrected by 1/400 second. The operation permits 
matching the displayed time to RTC without changing the number of samples per second. 

The operation permits matching the displayed time to RTC without changing the number 
of samples per second. The master accelerometer sends a pulse to slave accelerometers to 
match them with RTC of the master. The pulse is sent every two minutes and 1/50 seconds at 
the beginning of the minute. The slave accelerometers examine the pulse every 1/400 seconds. 
When they receive the pulse, they change the RTC to the beginning of minute. As a result, if 
the RTC of plural accelerometers are adjusted within 30 seconds in the initial state, the RTC 
of the slave accelerometers is set to the RTC of the master in two minutes after the start of the 
measurement. Since the displayed time of each accelerometer is matched to RTC, the 
displayed time of all the accelerometers are synchronised. 

The MEMS accelerometers and servo accelerometers were compared. The compared servo 
accelerometers were capable of measuring ±20 m/s2. The noise density was 1 µG/√Hz. A 
MEMS accelerometer and servo accelerometer were located on a floor. Arbitrary vibrations 
were given by hitting the floor by foot. The sampling rate of both accelerometers was set as 
256 samples/ second. Figure 2a shows vertical vibrations calibrated by the two accelerometers 
in the vertical direction. In the present paper, the X and Y axis denote horizontal vibrations 
while the Z axis vertical vibration. The vertical axis indicates the amplitude of the frequency 
component. It is noted that both accelerometers show the noise equal to about 1/2500g in 
Figure 2a due to the lack of a low pass filter. Figure 2b-d present the comparison of frequency 
power spectra between MEMS accelerometer and servo accelerometers in X, Y, Z axis. The 
frequency power spectra were calculated as the level of vibrations (𝐿௩ ) according to the 
equation (1)  
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𝐿௩ ൌ 20 log ௔

௔బ
ሺdBሻ  (1) 

where: 
𝑎 is acceleration, 
𝑎଴ is equal to 10-5 m/s2. 

 

When the acceleration was over 30 dB, both accelerometers showed good agreement 
especially in the X and Z axis (see, Figure 2b,d). On the other hand, the MEMS accelerometer 
showed different values from the servo accelerometer when the acceleration was over 30 dB. 
However, the value (30 dB) is nearly equal to 3.1/10000g. It is a very small value compared 
to expected acceleration in heritage structures during health monitoring tests. Considering The 
tested MEMS accelerometers are much more cost efficient, light and robust than servo 
accelerometers, in spite of the dissimilarities of measurement results below 30 dB, they are 
considered suitable for health monitoring tests of heritage structures.   
 

(a)   

(b) (c)  

(d)  

Figure 2: A comparison of the measurement results of MEMS accelerometer and servo 

accelerometer: (a) acceleration time history in the Z axis and (b-d) frequency power spectra in 

X, Y, Z axis. 
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(a)                                                 (b)                                        (c) 

Figure 5: Fourier transforms in X axis of a M4.7 earthquake February 27, 2017, which hit 
Pashupatinath temple: (a) P1 sensor, (b) P2 sensor and (c) P3 sensor.  

 

(a)  

(b)  

(c)  

Figure 6:  Fourier transforms of a M5.0 earthquake on December 8, 2017, which hit 
Nyatapola temple: (a) N1 sensor, (b) N2 sensor and (c) N3 sensor. 
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4 CONCLUSIONS 

The paper introduced newly developed MEMS accelerometers. Health monitoring tests 
were performed on two multi-tier pagodas. They measure acceleration tri-axially under the 
conditions set by an internal MPU. The noise level is less than 1/5000g and to an inclination 
of 0.01 degree. They can be controlled by the trigger criterion. It allows the accelerometers to 
record detailed data of only strong vibrations, saving the battery and disk space. Theoretically, 
the monitoring for two years at maximum is possible without changing the battery or 
downloading/removing the stored data. 

Health monitoring tests were performed on two multi-tier pagodas using the developed 
MEMS accelerometers. In both tests, the accelerometers detected multiple earthquakes, as it 
permitted estimation of the fundamental frequency. It is added that the used MEMS 
accelerometers are still under development. They will be improved in terms of data collection. 
Currently cable connections are necessary for the MEMS accelerometers to send data to a 
server PC. Using network connections, the MEMS will send data to a server PC.  
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