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Abstract 30 

In recent decades, conventional electric instruments have been widely adopted to monitor 31 

rupture failure of trees by measuring the longitudinal strains of tree trunks. However, the good 32 

measurement accuracy is compromised by the significant difference in stiffness of the sensing 33 

element and tree trunks. Besides, the reliability of electric instruments under harsh 34 

environments, especially extreme weathers, such as thunderstorms and typhoons, is also 35 

doubtful. In this study, a novel strain gauge based on fiber Bragg grating (FBG) sensing 36 

technology was developed specifically for measuring the strain distribution of tree trunks under 37 

static or dynamic loading. The main principle of the design of the strain gauges is presented in 38 

detail. The laboratory calibration proves that the FBG-based strain gauges in 39 

polyoxymethylene (POM) and polylactic acid (PLA) backings show a better performance than 40 

those made of metal. To test the performance of this novel FBG-based strain gauge, a set of 41 

transducers were installed at different heights of a Celtis sinensis. Firstly, a pull test on this tree 42 

trunk was conducted to validate the good performance of the novel strain gauge when the tree 43 

is subjected to static loading. Secondly, the good dynamic performance of the novel strain 44 

gauge is proved by successfully recording the dynamic motion of a tree trunk during a typhoon. 45 

Furthermore, a monitor system relied on the FBG-based strain gauges is conceived to assess 46 

the resilience of urban ecosystems formed by trees to extreme weather events. 47 

 48 
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  50 



1.Introduction 51 

The geographical position of Hong Kong makes it susceptible to weather-related threats 52 

especially typhoons, like many other tropical and sub-tropical coastal cities. Since records 53 

began in 1946, twelve super-typhoons, two in the past three years, have hit Hong Kong. Among 54 

those, the super-typhoon (Mangkhut) in 2018 was the most severe storm that ever hit Hong 55 

Kong over the past 100 years (Abbas et al., 2020). Accompanied strong winds and torrential 56 

rains have caused disastrous damages to both humans and ecosystems.  57 

 58 

Monitoring of trees under wind loads can be of great necessity for evaluating status of trees 59 

and protecting trees from failure. The damage of trees caused by wind loads can be divided 60 

into stem breakages and root-plate overturning (Marchi et al., 2018). Monitoring systems on 61 

trees usually rely on strain gauges for measuring the strain (Moore et al., 2005), tiltmeters for 62 

measuring the stability of root plate (James et al., 2013), displacement sensors for measuring 63 

the deflection, and accelerometers for measuring the oscillation (Hassinen et al., 1998; 64 

Rudnicki et al., 2001; Rodriguez et al., 2012). However, Hassinen et al. (1998) also pointed 65 

out the accelerometers overestimate the low frequency response of trees under wind loads. It 66 

is more popular to directly measure the sway motions or the strain responses of trees. Nicholson 67 

(1971) and Muneri et al. (1999) designed and used a dial gauge-based instrument to measure 68 

the growing strains of trees. Moore et al. (2005) invented a strain gauge-based transducer for 69 

measuring the dynamic response of trees. Although strain gauges have been widely employed 70 

for engineering purposes, the inherent shortages of traditional electrical resistance and 71 

vibrating wire strain gauges including malfunction due to electromagnetic interference and 72 

unsuitability for long-distance measuring, show the difficulties of the application in harsh 73 

environments, such as thunderstorms and typhoons. As optical fiber sensing techniques boost 74 



in this century, the drawbacks of conventional sensors based on electronic signals could be 75 

overcome by adopting the optical fiber sensors.  76 

 77 

Optical fiber sensing based on, such as fiber Bragg grating (FBG) technology, Brillouin optical 78 

time-domain analysis (BOTDA) technology, and optical frequency domain reflectometry 79 

(OFDR) technology, have been developed and adopted as reliable tools for health monitoring 80 

in civil engineering projects (Lima et al., 2008; Kerrouche et al., 2009; Soto et al., 2010; 81 

Arsenault et al., 2013; Ding et al., 2018; Feng et al., 2019). Among different optical fiber 82 

sensing techniques, FBG sensing technology has attracted much attention because of its 83 

relatively low cost, high accuracy, capacity of multiplexing, and immunity to electromagnetic 84 

interference. Therefore, various types of FBG-based transducers have been invented and 85 

employed in recent decades (Zhu,2018; Hong et al., 2019; Qin et al., 2020; Chen et al., 2020; 86 

Yin et al., 2020). Successful experience of using FBG-based transducers for health monitoring 87 

in structures provides an enlightening idea for monitoring trees and forests through similar 88 

instruments, such as FBG-based strain gauges. Due to fragility of the fiber itself, FBG fibers 89 

are usually attached to or encapsulated in backing materials. Recently, 3-D printing technique 90 

has been utilized to fabricate FBG-based transducers with good performance (Leal-Junior et 91 

al., 2018, 2019 and 2020). Two typical designs of FBG-based strain gauges are shown in Figure 92 

1. Similar designs can be also found in Schulz et al. (2001), Zhou et al. (2003), Zhu (2009), 93 

Schilder et al. (2012). However, these transducers might not be feasible to measure the strains 94 

of tree trunks whose mechanical properties are not compatible with those of the backing 95 

materials of the transducers which are originally designed for concrete or steel structures in 96 

civil engineering. 97 

 98 



A newly designed FBG-strain gauge for strain measuring on tree trunks is proposed in this 99 

study. The principle of the FBG strain gauges and backing materials selection based on a set 100 

of calibration tests are described and followed by in-situ calibration on a Celtis sinensis 101 

(Chinese hackberry tree) by pulling tests. Monitoring results of the responses of trees under 102 

strong winds during a recent typhoon are presented and discussed at the end of this paper. 103 

 104 

2.Principles and materials 105 

2.1 Principle of the FBG strain gauge transducer 106 

The main principle of the FBG sensor is shown in Figure 2. An incident optical signal with the 107 

wavelength of λ passes the Bragg gratings engraved in the fiber reflecting a signal with the 108 

Bragg wavelength of λB which is determined by Morey et al. (1989): 109 

2B effn =        (1) 110 

where neff is the effective core refractive index of the optical fiber and Λ is the grating period. 111 

Changes in strain (  ) and temperature ( T ) induce a Bragg wavelength shift ( B ), which 112 

can be represented by (Morey et al., 1989; Hill and Meltz, 1997): 113 
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where B0  is the original Bragg wavelength; ep  is the effective photo-elastic coefficient;   115 

is the thermal expansion coefficient of the fiber material;   is the thermo-optic coefficient; c  116 

is the coefficient of strain with a typical value of 0.78, and Tc  is the coefficient of temperature 117 

with a typical value of 
66.67 10 / C−  . 118 

 119 



Since the temperature in the laboratory is stable at 25 ̊C± 0.2℃, the wavelength shift in FBG 120 

sensors due to the temperature change is negligible compared with the wavelength shift caused 121 

by strain increments, and hence the strain measured by the FBG sensors is: 122 

0

0

B
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
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


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     (3) 123 

where 0  is the initial strain, which is considered as zero for the calibration test. 124 

 125 

2.2 Transducer design and installation 126 

The FBG-based strain gauge is fabricated by encapsulating a commercial FBG sensor, whose 127 

specifications are listed in Table 1, in a small backing (65 mm-long in total) for supporting and 128 

protecting the fragile fiber gratings. The measured strain is the average values of the strains 129 

along the length covered by the strain gauge from the center of one end of the small backing to 130 

the other end. Different designs of the backing in terms of shape and size were optimized and 131 

iterated by 3D-printing technology to reach a perfect shape of the prototype, as shown in Figure 132 

3. 133 

 134 

To measure the accurate and reliable strain of the tree trunk, compatibility of backing materials 135 

of FBG-based strain gauges to be used for transferring strain from trunk to FBG sensors is a 136 

prominent concern. Cannel and Morgan (1987) reported that the Young’s modulus of a living 137 

tree trunk is around 2.4-7.5 GPa. The transducers designed by Moore et al. (2005) to measure 138 

the dynamic behavior of trees were made of aluminum with Young’s modulus around 70 GPa, 139 

which is too stiff compared to tree trunks. It is doubtful whether the significant difference in 140 

the moduli of transducers and trees compromises the accuracy of the measured data. Therefore, 141 



the main idea of backing design is to use the materials possessing a compatible Young’s 142 

modulus to that of the living tree trunks or to use thin flexible foils. Generally, engineering 143 

plastics have a lower Young’s modulus compared to conventional metals and have been widely 144 

adopted for medical and sensing applications (Penick et al., 2005; Ni et al., 2017). Polylactic 145 

acid (PLA), polyoxymethylene (POM), and beryllium bronze foil are selected to fabricate the 146 

FBG-based strain gauges. The performances of different backings are checked by a set of 147 

calibration tests in the laboratory condition. Rakhshtadt et al. (1960), Rémond and Védrines 148 

(2004), Kamthai and Magaraphan (2015) presented Young’s moduli of beryllium bronze foil, 149 

POM, and PLA, respectively, as shown in Table 2. In this study, the PLA backings were 150 

manufactured by 3D printing, while the other two types of backings were manufactured by 151 

computer numerical control (CNC). The FBG-based strain gauges formed by encapsulating 152 

FBG sensors with backings using epoxy can be mounted by self-tapping screws on a tree trunk 153 

or other testing objects, as shown in Figure 3. 154 

 155 

3.Testing methods 156 

The purpose of conducting a laboratory calibration is to select the most suitable backing for 157 

field testing and assess the reproducibility and repeatability of the FBG-based strain gauge. 158 

The purpose of conducting a field testing is to test the performance of FBG-based strain gauges 159 

with selected backing on a Celtis Sinensis tree. The testing methods and setups are described 160 

in this Section, while the testing results will be described in Section 4. 161 

 162 

3.1 Laboratory calibration 163 

FBG-based strain gauges were mounted on a wood beam with a length of 900 mm and a 164 

rectangular cross-section area of 98 mm × 22 mm. One end of the wood beam is fixed, while 165 



another end is supported by a precision motion control device on an advanced calibration 166 

platform to form a cantilever, as shown in Figure 4. The precision motion control device allows 167 

to precisely apply a displacement at a small level of 0.01 mm to the wood beam. Such a 168 

configuration provides the wood beam a pure bending condition during the calibration. 169 

According to the bending theory of cantilevers, the bending moment at a given point (x) can be 170 

expressed as:  171 

( )M p a x= −      (3) 172 

where a is the distance from the loading point to the fixed end, p is the applied loading at the 173 

loading point. The theoretical strain at the given point (x) is: 174 
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where D, E, I are the thickness, Young’s modulus, and moment of inertia of the wood beam, 176 

respectively. Using the beam deflection formulas (Gere and Goodno, 2013), the relationship 177 

between the applied loading and corresponding displacement at the loading point (x = a) can 178 

be expressed as: 179 

( ) ( )
2 2 3

3 3
6 6 3

pa pa pa
y x a a a

EI EI EI
 = − =  − =    (5) 180 

Combining Eqs. (4) and (5), the relationship between applied displacement and theoretical 181 

strain at the given point (x) is expressed as: 182 
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3
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2
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The layout of the FBG-based strain gauges with different backings on the wood beam is 184 

illustrated in Figure 4. B1, B2, and B3 are three strain gauges with beryllium bronze backing; 185 



PLA1, PLA2, PLA3, and PLA4 are four strain gauges with 3D-printing PLA backing; POM1 186 

and POM2 are two strain gauges with POM backing. The purpose of installing duplicated strain 187 

gauges is to check the reproducibility. The original point of the axis is set at the fixed end of 188 

the wood beam, and the loading point is located at 850 mm. For each loading test, at least two 189 

loops (loading-unloading) were conducted to ensure the repeatability.  190 

 191 

Meanwhile, the optical frequency domain reflectometry (OFDR) sensing technology (optical 192 

fibers and an OFDR interrogator) with a spatial resolution of 10 mm was also used to measure 193 

the strain responses along the wood beam under different displacements. The sensing fiber for 194 

OFDR using was attached on the wood beam from 0.12 m to 0.85 m, represented by the 195 

effective measurement range. The fiber beyond this range did not attach to the wood beam and 196 

only worked as a jumping cable to transmit optical signals, as shown in Figure 5. The OFDR 197 

technology has been successfully used for strain measurement in civil, mechanical, and 198 

aerospace applications, even for flexible structures (Henault et al., 2011; Lally et al., 2012). 199 

 200 

3.2 Field testing 201 

Based on the analysis and results determined from the laboratory calibration tests, which will 202 

be described in Section 4, the FBG-based strain gauges with POM backing are selected for 203 

field testing. A Celtis sinensis (Chinese hackberry tree) with the height of its main trunk of 4.3 204 

m, diameter at breast height of 33 cm, was equipped with FBG-based strain gauges at different 205 

heights and chosen for conducting a pulling test. Figure 6 illustrates the testing process, applied 206 

displacements, and layout of the FBG-based strain gauges. The FBG-based strain gauges were 207 

installed at the heights of 3.95 m and 2.92 m on the tree trunk using the identical method as 208 

that adopted for laboratory calibration tests. A fiber for OFDR was also attached to the tree 209 



from 1 m to 4.3 m and connected to the OFDR interrogator. The strain responses of the tree 210 

trunk recorded by the OFDR interrogator during the fielding testing are regarded as the 211 

reference to check the in-situ responses of the FBG-based strain gauges.  212 

 213 

The pulling system used for field testing consists of a steel strand cable, a cable puller, and a 214 

laser distance meter. One end of the steel strand cable is tied on the top of the main trunk where 215 

the main tree trunk starts to bifurcate into two branches, while the other end is tied on the steel 216 

frame attached to a concrete block. During the pulling test, staged displacements were applied 217 

on the top of the main trunk and measured by the laser distance meter. The sampling rate for 218 

FBG-based strain gauges was set as 10 Hz, which is capable of covering the sway frequencies 219 

(up to 2Hz) of trees (James et al., 2006). For the strain measurement using OFDR technology, 220 

the strain distribution along the tree trunk was scanned and recorded when the tree reaches a 221 

stable position after each staged displacement. 222 

 223 

4.Results and discussion 224 

4.1 Laboratory calibration results 225 

The calibration results of FBG-based strain gauges with different backings are shown in Figure 226 

7. The slope of the correlation lines represents the relationship between the theoretical strain 227 

and measured strain. The ideal unit slope indicates that measured strain equals theoretical strain, 228 

as shown by the dashed lines. If the value of the slope is larger than one, the measured strain 229 

underestimates the theoretical strain. Otherwise, the measured strain overestimates the 230 

theoretical strain. The calibration results on the strain gauges with beryllium bronze backing 231 

(B1, B2, and B3) show the value of the slope in a range from 1.41 to 2.45, revealing that the 232 

beryllium bronze foil is not a good backing material to transfer the strain of wood beam to FBG 233 



sensors. The calibration results on the FBG-based strain gauges with PLA backing (PLA1, 234 

PLA2, PLA3, and PLA4) show the value of the slope in a range from 0.85 to 1.13, which are 235 

quite close to unit, indicating that the PLA backing is capable of deforming compatibly with 236 

the wood beam. The calibration results on the strain gauges made of POM backing (POM1 and 237 

POM2) give the slopes with the values of 0.93 and 1.19, proving that POM backing is also able 238 

to have a consistent strain response as that of the wood beam.  239 

 240 

A further correlation analysis is carried out between the ideal line of y = x and the data from 241 

the calibration tests, with the values of correlation coefficient listed in Table 1. The strain of 242 

the wood beam can be well transferred to the FBG sensors bridging by both POM and PLA 243 

backings under the current configuration and mounting method. However, PLA has a glass 244 

transition temperature of around 55 ̊C (Szycher, 1991). It is highly likely to exceed this 245 

temperature under summer sunlight, which may cause significant changes in its mechanical 246 

properties. In contrast, the glass transition temperature of POM is around -60 ̊C, which is 247 

beyond the range of working temperature of the FBG sensors. Given other advantages such as 248 

high strength, hardness, and rigidity, the POM backings are selected as the backing mechanism 249 

for FBG-based strain gauges for tree monitoring. Besides, a t-test is also carried out on the 250 

theoretical strains caused by applied displacement and the strains measured by FBG-based 251 

strain gauges made of POM, indicating that the strain caused by the applied displacement 252 

accounts for 99.6% of the variation in the output of the FBG-based strain gauges made of POM. 253 

Therefore, the FBG-based strain gauges with POM backing are selected for field testing. 254 

 255 

Figure 5 shows the good consistency of the strain measurement conducted in the laboratory 256 

using OFDR technology on a wood beam. However, considering that data scanning and 257 



processing by the OFDR interrogator is time-consuming (depending on the measured length. 3 258 

s was needed in this study), this method is not suitable for measuring dynamic strain but can 259 

be used in pulling tests in which the strain responses can be considered as static. Therefore, the 260 

OFDR technology is also applied in field testing to provide a reference measurement for FBG-261 

based strain gauges with POM backing. 262 

 263 

4.2 Field testing results 264 

Figure 8 presents the strain profiles along the tree trunk measured by OFDR and the strain 265 

measured by the FBG-based strain gauges at different heights. Due to the irregular cross-266 

section of the tree, the strain profiles of the tree trunk are not as linear as those of a simple 267 

cantilever beam. Nevertheless, the trend of that strain along the tree trunk increases with the 268 

decrease in the height, which agrees well with that of a cantilever beam subjected to a point 269 

loading. The sudden increase in strain over 4.3 m is due to the stress concentration caused by 270 

the steel strand which was tied on the top of the tree trunk. Figure 9 shows the relationship 271 

between the strains measured by the FBG-based strain gauges at the heights of 2.92 m and 3.95 272 

m and the reference strains measured by OFDR at the same locations. The fitting line is 273 

formulated by a linear function with a high correlation coefficient at the location of each FBG-274 

based strain gauge. The slope of the fitting lines represents the difference between the strain 275 

measured by FBG-based strain gauges and that measured by OFDR. At 3.95 m height, the 276 

slope of the fitting line is 1.051 indicating good consistency between the strains measured by 277 

FBG-based strain gauges and OFDR technology. At 2.92 m height, the slope increases to 1.257 278 

indicating that the FBG-based strain gauges slightly underestimate the strain at a lower height. 279 

Overall, considering the heterogeneity in geometry and mechanical properties of living trees, 280 

the new FBG-based strain gauge has a good performance in measuring the strains of trees the 281 

difference between these two measurements is acceptable. 282 



 283 

The results of the field test validate that the developed strain gauges can accurately reflect the 284 

strains on a tree.  285 

 286 

5.Responses of the FBG-based strain gauge under strong winds 287 

The typhoon season occurs in Southeast Asia every year from June to September. There was a 288 

reported Typhoon (Higos) that affected Hong Kong from 18 August 2020 to 19 August 2020 289 

(Hong Kong Observatory, 2020). The strain responses at different heights of the monitored tree 290 

under this typhoon were recorded by the FBG-based strain gauges, as shown in Figure 10. It is 291 

found that the strain at 3.95 m height is lower than that at 2.92 m of the tree trunk. This is 292 

probably due to damping effect of the canopy of the tree which mitigates the sway at the top 293 

of the tree trunk, and thus reduces the strain. The maximum strain responses at different heights 294 

of the tree trunk occurred at 03:30 AM of 19 August 2020, which agrees well with the intensity 295 

of Typhoon Higos recorded by Hong Kong Observatory.  296 

 297 

Figure 11 shows the spectral analysis of the strains showed a constant broad peak at 0.46 Hz at 298 

different heights, with some other closely spaced sway frequencies present. This is consistent 299 

with the dynamic response of a tree with large side branches, that prevent any large oscillations 300 

with dangerous harmonic sways (James et al., 2006). The oscillation frequency obtained from 301 

the FBG-based strain gauges is within the frequency range of 0.3-1.5 Hz, reported by Baker 302 

(1997) and James et al. (2006) measured by laser beams and conventional electronic strain 303 

gauges. 304 

 305 



Based on the successful experience from the strain measurement under typhoon loading, a 306 

smart monitoring system can be set up using the FBG-based strain gauges to study the dynamic 307 

behavior of trees under extreme weathers and capture dangerous situations of the monitored 308 

trees for preventing damages of the trees or injuries of people nearby. Considering that the 309 

wavelength shifts of the FBG sensors are also related to temperature change, for long-term 310 

monitoring with significant temperature fluctuations, additional FBG-based transducers with a 311 

cantilever-like backing, which only experience the temperature effects can be installed adjacent 312 

to the FBG-based strain gauges for temperature measurement and compensation as shown in 313 

Figure 12.  314 

 315 

6.Conclusion  316 

Based on FBG sensing technology, a novel strain gauge for tree monitoring is designed and 317 

tested in both laboratory and in-situ conditions. Laboratory calibration tests verify that POM 318 

and PLA backings with similar Young’s moduli to that of living tree trunks deform compatibly 319 

with the wood beam. It is confirmed from the measured data of the strain gauges with beryllium 320 

bronze backings that the significant difference in the moduli of transducers and trees does 321 

reduce the accuracy of the strain measurement. Considering the thermostability of the backings 322 

under working temperature and good mechanical properties, the FBG-based strain gauges with 323 

POM backings are recommended. An in-situ pulling test was conducted on a Celtis sinensis to 324 

demonstrate the reliability of the strain measurement of the FBG-based strain gauges. The 325 

responses of the monitored tree under typhoon loading were well captured by the FBG-based 326 

strain gauges and showed a good agreement with the intensity of the typhoon recorded by the 327 

Hong Kong Observatory. Besides, using the proposed strain gauges, the oscillation frequency 328 

of the Celtis sinensis which is 0.46 Hz was measured under typhoon conditions. Compared 329 



with existing transducers, the main improvements of the new FBG-based strain gauges 330 

proposed in this study are listed in Table 3. 331 

 332 
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 463 

Figure 1. Typical designs of FBG-based strain gauges: (a) tube type (after Zhu, 2009) and (b) 464 

slice type (e.g. OS3100 from Micron Optics Inc)  465 

 466 

 467 

Figure 2. Illustration of the principle of FBG sensing 468 
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 472 

Figure 3. (a) Prototype design of FBG-based strain gauges (unit in mm) and (b) FBG-based 473 

strain gauges with different backing materials 474 
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 477 

Figure 4. (a) Setup of calibration test and (b) Layout of FBG-based strain gauges with 478 

different backing materials on a wood beam 479 
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 481 

Figure 5. Calibration results of OFDR using a cantilever wood beam 482 
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Figure 6. Illustration of in-situ pulling test with its loading schedule and the layout of FBG-486 

based strain gauges 487 
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Figure 7. Calibration results on FBG-based strain gauge made by different backing materials 491 
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 495 

Figure 8. Measured strains by FBG strain gauges and OFDR technology  496 
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 498 

Figure 9. Correlation between the strains measured by FBG-based strain gauges and 499 

reference strain measured by OFDR 500 

 501 

 502 

Figure 10. Strain responses of the tree measured by FBG-based strain gauges under strong 503 

winds 504 
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 506 

Figure 11. Spectral analysis of the measured data under strong winds 507 
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Figure 12. A temperature compensation method 511 
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Table 1 Specifications of the FBG sensors 512 

Item Specification 

Center wavelength 1530~1560 nm 

FBG length 10 mm 

Reflectivity ≥90% 

Bandwidth at 3dB ≤0.3nm 

Recoating Acrylate 

Fiber type SMF-28e 

 513 

  514 



 515 

Table 2 Description and performance of different backing materials 516 

Material  Description E (GPa) R2  

POM 

A plastic material with high 

strength, hardness, and rigidity 

3 0.9533 

PLA 

A plastic material which is 

commonly used for 3D printing 

2 0.9437 

Beryllium 

bronze 

Metal with excellent resistance 

to fatigue and abrasion and 

ability in elastic recovery  

125 0.3371 

E is the Young’s modulus, R2 is the correlation coefficient obtained from the laboratory 517 

calibration tests. 518 

 519 

  520 



Table 3 Comparative study of existing measurement methods for trees movement under wind 521 

loads 522 

Method Principle  Justification  

Calliper type strain gauge 

transducers (Moore et al., 2005) 
Electrical conductance 

Accuracy is influenced by the significant 

difference in stiffness between the metal 

backing materials and living trees; 

malfunction due to electromagnetic 

interference and unsuitability for long-

distance measuring 

Prism-based monitor system 

(Hassinen et al., 1997) 

Measuring displacement by 

optical signal using prism 

system 

High accuracy for static or dynamic 

measurement under low winds. Not 

suitable for typhoon conditions 

Indirect measurement using 

accelerometers (Gardiner, 1995; 

Hassinen et al., 1997) 

Integrating to obtain 

strain/displacement 

Low accuracy due to the accumulated 

errors caused by integration 

Strainmeters (James and Kane, 

2008) 

Measuring strain by a digital 

probe 

Digital output. Only suitable for those 

trees with large sized branches because 

the instrument is 0.5 m long 

FBG-based strain gauge in this 

study 
FBG sensing technology 

Mini size (65 mm in length), high 

accuracy, capacity of multiplexing, and 

immunity to electromagnetic interference, 

suitable for the measurement under 

extreme weathers such as typhoons 

 523 
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