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ABSTRACT 
 

A wireless monitoring system should provide relevant data from the observed structure without the 
requirement to inspect. So the data has to be transmitted in a sufficient way to the users. An on-site 
central unit for data collection and storage in a database and further to analyze the data from sensor 
node is needed. In this paper, wireless sensor network (WSN) using Zigbee standard for structural 
health monitoring is test in the laboratory and the field, respectively. Results reveal that this WSN 
system has the potential for field applications. 
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INTRODUCTION 
 
MEMS and Nanotechnology expanding explosively, offer the potential for both vast improvement in 
existing functions and the generation of entirely new capabilities. They promise to revolutionize the 
ways in which materials and products are created. One of the leading development areas is in sensors 
and smart structures. The demand for expanded types and functions of sensors is growing while at the 
same time the pressure is on for decreasing mass, volume, power, and costs. A wireless sensor 
network consists of potentially hundreds of sensor nodes. Wireless sensor networks (WSN) are already 
developed in many fields. The wireless sensor network monitoring system with micro-electro-
mechanical system (MEMS) sensors can drastically reduce system costs and time consumption. Due to 
its commercial potential, monitoring of large public buildings is a significant emerging application 
area for wireless sensor networks. Traditionally, structural monitoring systems have been designed 
using coaxial cables to transfer data from sensors to centralized data unit. The extensive lengths of 
coaxial cables not only drive the cost of wired monitoring high and limit the extent of monitoring to 
less number of sensors than desired, but they also complicate the deployment since routing the cables 
and protecting the cables is a very labor intensive task. A wireless monitoring system can provide 
relevant data from the observed structure without the necessity of on-situ inspection. An on-site 
central unit for data collection and subsequent storage in a database to further analyze the data from 
the sensor node is required. This central unit must allow for the calibration as well as wireless 
reprogramming of the sensor nodes to keep the whole system flexible. WSN offers an economical, 
simple method for real-time and fine-grain monitoring of structures starting from the construction 
phases throughout their service life.  
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Moreover, in a situation when the network goes down, such as due to a power failure, the application 
must be designed to handle the recovery of the network back to its previous state and continue with 
data transmission without any errors. Choosing the right network topology suitable for the specific 
application is an important decision. When data reliability is crucial, mesh architectures provide the 
best shield against signal degradation and loss of data.  
 
Zigbee is a wireless standard based on 802.15.4 developed by the zigbee alliance (an organization of 
semiconductor manufacturers, technology providers, and OEM's). As mentioned earlier, it is important 
to ensure that the applications use a robust routing algorithm in order to obtain the best possible route 
for the data transmission from one node to another. In addition, they must remember the routes zigbee 
created by combining the standard’s physical (PHY) and media access control (MAC) layers, which 
are then supplemented by application, security and network layers for data transmission. Sensor 
systems for controlling utility systems have become ZigBee's main applications. A zigbee network 
may have as many as 65,536 nodes. The name zigbee comes from the zigzag dance that bees use to 
communicate the location of a pollen source. In a zigbee network, messages find their way across 
nodes to a destination the same way data traverses the Internet.  
 
Zigbee supports star, mesh and cluster-tree network topologies, as shown in Fig. 1. These topologies 
are designed for industrial automation, building automation and home control, and they require simple 
control networks that periodically send small packets to regulate devices. One of the advantages 
adopting the commutation technology of zigbee is the low power consumption compared to that of 
Wi-Fi or Bluetooth. A few AAA batteries can keep a zigbee device running for more than a year. 
Another advantage is the low cost.  According to recent price survey, a zigbee module costs less than 
US$3 on average, making low-cost personal area networks (PAN) possible. 
 
Over the past two decades, MEMS sensor industry has been making steady progress. MEMS devices 
are being used in a number of commercial applications including temperature and humidity as well as 
the measurement of pressure and acceleration. MEMS are integrated with mechanical elements, 
sensors, actuators, and electronics on a common substrate through the utilization of micro fabrication 
technology. While the electronics are fabricated using integrated circuit (IC) process sequences, the 
micro-mechanical components are fabricated using compatible micro-machining processes that 
selectively etch away parts of a silicon wafer, or add new structural layers by deposition, to form 
mechanical and electro-mechanical devices. In this way, MEMS represents a complete systems-on-a-
chip, free of discrete, macro-scale, moving mechanical parts. The microelectronic integrated circuits 
provide the decision-making capability which, when they are combined with MEMS sensors, actuators, 
etc., allows microsystems to sense, provide feedback to/from, and control their environments. 
 
Newly-emerging applications using the existing technology applied to the miniaturization and the 
integration of conventional devices continue to improve. One of the most challenging tasks in the 
development of MEMS devices is how to design these miniscule parts so that they can fit together 
well and operate properly. Developing the internal components for these devices as well as their 
associated packaging so that the MEMS will operate flawlessly for years in demanding applications is 
another engineering challenge. They must be able to withstand the damaging heat that builds up 
internally while at the same time withstanding a wide variety of structural loads and ambient 
temperature swings. Parts such as diaphragms, valves, membranes, beams, and other microstructures 
on the same silicon chip must also be able to handle severe shock and vibration while adequately 
performing their mechanical functions.  
 
In the past decades, SHM methods based on measurement data have been developed for the detection 
of damage, and among them, vibration-based damage identification methods have been most widely 
studied. Vibration-based damage identification methods use measured changes of dynamic characters 
to evaluate changes of physical properties that may indicate structural damage or degradation. 
However, civil structures are subjected to varying environmental and operational conditions such as 
traffic, wind, humidity, and most important, temperature. These environmental effects significant 
affected the identification characters. It is of paramount important to distinguish the abnormal changes 



in dynamic parameters that are resulted from structural damage or due to the environment fluctuations, 
so that neither the normal changes will raise a false-positive alarm nor the abnormal changes a false-
negative alarm in SHM. In this paper, zigbee sensor network with MEMS sensors such as 
accelerometer, pressure sensor, temperature sensor and humidity sensor are installed on the Chi-Lu 
cable-stayed bridge for SHM applications. 
 
 

CHI-LU CABLE-STAYED BRIDGE 
 
Structural health monitoring has attracted more and more attention and has become an important field 
in engineering community. Zigbee sensor network, as mentioned, promises enormous benefits such as 
ease and flexibility of deployment in addition to low installation and maintenance cost. The Chi-Lu 
Bridge is a cable-stayed bridge with two 120-m spans and a single 58-m high tower (Fig.2). The 
reinforced concrete tower sustained the prestressed concrete superstructure with 17 pairs of nearly 
parallel steel cables. The bridge is connected to a simply supported approach span. Chi-Lu cable-
stayed bridge connected Chi-Chi to the small town of Lu-Ku across the Juoshuei River was once 
damaged during the Chi-Chi earthquake at 01:47 a.m. September 21, 1999 (Taiwan local time). The 
bridge located very close to the epicenter of the Chi-Chi earthquake. This bridge was still under 
construction at the time of the earthquake and sustained significant damage. The bridge deck had not 
been completed near the pylon, and closure joints at both ends of the deck had not yet been placed, 
leaving the bridge in a relatively vulnerable state. The shear key at both side of the bridge had 
translated laterally, gouging the supporting bent cap and inducing severe shear cracking. One cable 
had sustained anchorage failure and lay on the bridge deck. The concrete pylon base spalled and 
exposed approximately two plastic hinge region. The bridge, designed by T. Y. Lin International, was 
supported on a single pylon, which was connected to the center of the roadway by two rows of cables. 
The Chi-Lu cable-stayed bridge has been mended and opened use in July 2002.     
 

FIELD AMBIENT VIBRATION TESTS 
 
Ambient vibration tests have the advantage of being inexpensive since no equipment is needed to 
excite the bridge. It corresponds to the real operating condition of the bridge. The service state need 
not have to be interrupted to use the technique. Ambient vibration tests have been successfully applied 
to some large cable-stayed bridges. In case of ambient vibration tests, only response data are measured 
while actual loading conditions are not measured. A modal parameter identification procedure will 
therefore need to base itself on output data. 
 
As shown in Fig. 1 the MEMS temperature sensor, humidity sensor and accelerometer are integrated 
on the zigbee sensor board for SHM measurement. This zigbee wireless network is surface attached on 
the cable of the bridge (Fig. 2). The ambient vibration data of the cable was shown in Fig. 3 with 
temperature and humidity. For comparison and calibration, the conventional Tokyo Sokushin VSE-15 
velocity sensors were also used. The signals collection of the ambient vibration test result between the 
MEMS accelerometer and conventional velocity sensors were well with 100Hz sampling rate. Because 
the measurement vibration modal frequencies are caused by the loading of wind, temperature and 
vehicle, the isolation of these different loading effects are much important. Also, the vibration modal 
frequencies of the cable are significantly affected by the bridge deck, the interaction of bridge deck 
and cable at different loading case need to study too. As shown in Fig 4, the modal frequency response 
of MEMS sensor and conventional senor at the #33 cable are strongly agreement. However, the 
response frequency need to be further studied to isolate the wind, humidity, temperature, and vehicle 
effects.  
 

DISCUSSION AND SUMMARY 
 
In this paper, we have conducted a field test using the zigbee wireless sensor network. The MEMS 
temperature sensor, humidity sensor and accelerometer are integrated on the zigbee sensor board for 



SHM measurement. From the ambient vibration test results, the MEMS sensors are agreement with the 
conventional sensors. MEMS sensors represent an accurate and inexpensive alternative to 
conventional sensors.  The zigbee sensor network will be attached on this bridge for long-term SHM 
applications. However, the loading effects such as the passing vehicle, wind, earthquake, temperature, 
especially at different humidity still need to be further studied. 
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Fig. 1 Zigbee sensors network 
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Fig. 2 Chi-Lu cable-stayed bridge and zigbee sensor network 
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Fig. 3 Ambient vibration test of cable #33 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4  Modal frequency response of Cable #33 
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