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Abstract: Crosslevel is defined as the difference in elevation between the top surface of two railroad 11 
tracks. Severe changes in crosslevel, for example, due to earthquakes, ground settlement, or crushed 12 
ballasts, affect track geometry and can cause train derailment. Therefore, the objective of this study 13 
was to monitoring railroad crosslevel by using electrical time domain reflectometry (ETDR) to 14 
simultaneously interrogate multiple capacitive tilt sensor prototypes connected in a transmission 15 
line. ETDR works by propagating an electrical pulse signal from one end of the transmission line 16 
and then monitoring the characteristics of each reflected pulse, which is affected by the capacitance 17 
(or tilt) of the sensors. This study begins with a discussion of the capacitive tilt sensor’s design. These 18 
3D-printed sensors were tested to characterize their tilt sensing performance. Then, multiple tilt 19 
sensors were connected in a transmission line and interrogated by ETDR. The ability of using ETDR 20 
to multiplex and interrogate sensors subjected to different angles of tilt was validated.  21 

Keywords: capacitive; electrical time domain reflectometry; railroad; sensor; structural health 22 
monitoring; tilt; track  23 

 24 

1. Introduction 25 

In the United States (U.S.) and around the world, railroads are commonly used for transporting 26 
goods and people across distant locations. According to the U.S. Department of Transportation, the 27 
freight rail network in the U.S. is considered one of the most dynamic systems in the world [1]. It is a 28 
$60 billion industry with 140,000 miles of rail tracks, 21 regional railroads, and 510 local railroads [2]. 29 
Not only does the U.S. rail network move more freight than any other freight rail system in the world, 30 
but it also provides 221,000 jobs across the entire country [1]. However, its heavy usage, as well as 31 
exposure to extreme weather and conditions, mean that damage can develop and accumulate in 32 
tracks, thereby jeopardizing operations and public safety. In 2019 alone, there were 1,848 train 33 
accidents in the U.S. according to the U.S. Federal Railroad Administration, of which 1,283 were 34 
derailments [3]. A notable railroad catastrophe is the derailment that occurred in Washington D.C. 35 
on December 18, 2017. All 12 train cars derailed, which caused three fatalities and ~ 100 injured [4]. 36 

While some of these railroad accidents are due to operator-related failures, many train 37 
derailments can also be linked to track-related issues, such as due to broken rails and welds, track 38 
geometry, wide gauges, and buckled tracks [5]. First, broken rails and welds can be caused by 39 
excessive applied loads, defects from manufacturing, incorrect installation, and extreme weathering. 40 
Second, track geometry can change due to environmental effects and ground settlement, as well as 41 
extreme loads such as earthquakes. Third, wide gauges, which often occur on the taller side of a 42 
curved railroad segment, can cause wheels to drop into the gauge, thus causing a train to derail. Last, 43 
extreme events, such as earthquakes and severe temperature variations, can result in excessive 44 
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compressive stresses that cause tracks to buckle. Therefore, structural health monitoring (SHM) and 45 
nondestructive evaluation (NDE) methods are direly needed for detecting these failure events in 46 
railroad tracks so that appropriate interventions can be implemented (e.g., halting train operations) 47 
for preventing train derailments. 48 

Among these different damage mechanisms, broken rails and welds are the most common 49 
causes of train derailments. Common methods used to detect broken rails include using ultrasonic 50 
waves and infrared thermography. Ultrasonic inspection of the rail is performed by propagating a 51 
Rayleigh wave through the track and then measuring the reflected wave characteristics. The 52 
measured reflected ultrasonic wave and its features can allow one to detect the existence of a crack 53 
or separation (e.g., by observing changes in time-of-flight measurements). Ultrasonic methods are 54 
also commonly used for monitoring stresses in rails, for example, due to temperature effects [6], 55 
where the wave speed changes depending on stress. On the other hand, Lo et al. [7] developed a 56 
surface sensor to measure the hysteresis loop and Barkhausen effect signal for quantifying stresses in 57 
magnetic materials, such as steel railroad tracks. The data acquired was converted into an image that 58 
shows the spatial variations in magnetic properties of the structure, whereby stress variations and 59 
patterns can be derived from these magnetic properties. In contrast, infrared thermography uses 60 
specialized cameras that can convert heat into a thermal image [8]. Cooling of discontinuities in the 61 
structure (e.g., an internal crack) can occur at different rates, which results in a nonuniform thermal 62 
image that highlight the presence of potential damage. Although these methods could detect damage 63 
in railroad tracks, they are limited to near-surface damage features, assume uniform initial heating, 64 
and can be time-consuming. 65 

On the other hand, track geometry changes are the second leading cause of train derailments. 66 
The dominant railroad consists of flat-bottom steel rails supported on timber or pre-stressed concrete 67 
ties, which rest on crushed stone ballasts. These ballasts permit free drainage and adjustment of tie 68 
positions. However, the mobility of crushed stone ballasts also allows ties and rails to undesirably 69 
shift their position, thereby leading to track geometry changes or failures. Track geometry is also 70 
affected by ground elevation changes induced by environmental variations, such as ground 71 
settlement and earthquakes. Track changes are quantified by railroad track crosslevel, which 72 
measures the difference in elevation between the top surface of the two tracks (figure 1). In practice, 73 
crosslevel is measured by a bubble-type level, which is filled with water (with a bubble) and can roll 74 
along the railroad tracks [9]. The position of the bubble is at the center of the trolley if the elevation 75 
of the two tracks is the same, while any changes in track level (or crosslevel) will cause the bubble to 76 
shift towards the higher-elevation side. Although this method is simple and accurate, the bubble 77 
trolley can only be used when the track is not being operated. Continuous and simultaneous 78 
monitoring at multiple locations is also not possible.  79 

As a result of these limitations, many studies investigated alternatives and more advanced 80 
means of monitoring railroad track health. An example is the use of fiber Bragg gratings (FBG). In 81 
short, FBG is an optical fiber waveguide, and the wavelength of light that is reflected depends on the 82 
spacing of periodic variations or modulation of the refractive index within the fiber core [10]. Mi et 83 
al. [11] showed that railroad tracks can be monitored using six FBG stress and two temperature 84 
sensors installed along a 9 m portion of the track. A different example is a built-in railroad SHM 85 
system using piezoelectric lead zirconate titanate (PZT) sensors as discussed by Park et al. [12]. The 86 

 

Figure 1. Crosslevel variation between two rails is illustrated. 



Sensors 2020, 20, x FOR PEER REVIEW 3 of 14 

 

system consisted of two PZT patches operated in pitch-catch mode, with one patch used for sending 87 
and the other for receiving propagating ultrasonic waves. It was shown that holes and transverse cuts 88 
in rails could be successfully detected [12]. While these methods are promising for characterizing 89 
defects and residual stresses in individual rails, crosslevel variations between two parallel tracks 90 
cannot be monitored using these techniques.  91 

Thus, the objective of this study is to design and validate a capacitive tilt sensor for railroad 92 
crosslevel monitoring. As compared to other tilt sensors, such as electrolyte conductors, optics 93 
inductance, and resistive mercury balls, capacitive sensors are not subjected to temperature, 94 
humidity, and mechanical misalignment issues [13]. In addition, this study investigated the use of 95 
electrical time domain reflectometry (ETDR) for simultaneously interrogating multiple capacitive tilt 96 
sensors connected in a transmission line setup. Unlike conventional sensors that each require a 97 
separate data acquisition channel and associated tethered cables (which adds significant labor and 98 
costs) [14], ETDR interrogates multiple sensors using a single excitation-measurement location [15], 99 
similar to an FBG system. This study begins with a theoretical overview of ETDR. Next, the design 100 
and fabrication of the capacitive tilt sensors are discussed. Then, the experimental details of 101 
characterizing the tilt sensor’s performance and validation of ETDR tilt sensing are presented, 102 
followed by a discussion of the results obtained. The manuscript ends with a brief summary of the 103 
major findings.   104 

2. Electrical Time Domain Reflectometry Background 105 

ETDR is a specific class of time-domain reflectometry methods based on propagating a high-106 
speed electrical pulse waveform at one end of a transmission line and then detecting the 107 
characteristics of the reflected wave [16]. In general, a transmission line is an electrical conductor 108 
designed to propagate electromagnetic waves or signals [17]. It consists of an inner conductor, outer 109 
conductor, dielectric cylinder between the conductors, and a protective jacket [18]. The equivalent 110 
circuit model of a unit length transmission line is shown in Figure 2(a) [19]. The distributed electrical 111 
characteristics of a transmission line are described by its series resistance (R), series inductance (L), 112 
shunt conductance (G), and shunt capacitance (C) [20]. The characteristic impedance (Z) of the 113 
transmission line can be calculated using this simplified expression [21]: 114 

 𝑍𝑍 = �𝑅𝑅+𝑗𝑗𝑗𝑗𝑗𝑗
𝐺𝐺+𝑗𝑗𝑗𝑗𝑗𝑗

≈ �𝑗𝑗
𝑗𝑗
 (1) 115 

where j is the imaginary number, ω is angular frequency calculated by ω = 2πf, and f is frequency in 116 
Hz. At high frequencies, series resistance becomes negligible. Shunt conductance is also often 117 
assumed to be negligible for the dielectric medium in the transmission line. 118 

Consider a simple ETDR setup by operating the transmission line in open-circuit mode. One end 119 
of the transmission line is disconnected, while the other end is connected to a pulse-waveform 120 
generator and a digital oscilloscope. When the transmission line is intact, the pulse signal travels 121 
uninterrupted through the line until it reaches the end before reflecting. With a priori knowledge of 122 
the length of the transmission line (l0) and the pulse wave speed (v), the time-of-flight (Δt) for the 123 
pulse to travel through the entire intact transmission line and back can be determined. It should be 124 
mentioned that the transmission velocity of the incident wave is affected by the transmission line, 125 

 
(a) (b) 

Figure 2. The equivalent circuit models of (a) a unit length transmission line and (b) a transmission 
line connected to capacitive tilt sensor are illustrated. 
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which is approximately 0.6 to 0.9 times the velocity of light [22]. The velocity for any given system 126 
can be experimentally determined using an ETDR setup given a fixed l0 transmission line (with no 127 
defects) and by measuring the corresponding Δt.  128 
 𝑙𝑙0 = 𝑣𝑣∆𝑡𝑡

2
 (2)  129 

The term vΔt in Equation (2) is divided by 2, because the total distance traveled by the incident wave 130 
includes its forward direction and its reflected path. 131 

In fact, one of the common uses of ETDR is for localizing discontinuities or breaks in 132 
transmission lines. Any discontinuity or damage in the line would induce an impedance mismatch 133 
to cause at least a portion of the propagating wave to reflect, which occurs much sooner than when 134 
it is undamaged [15]. Similarly, ETDR can also be configured with a built-in sensing element (e.g., in 135 
the form of a parallel capacitor, C’) as shown in Figure 2(b), where stimuli-induced changes in C’ 136 
would cause impedance changes that induce a reflected signal. For these cases, the voltage magnitude 137 
of the reflected wave can be quantified by its reflection coefficient (ρ). The reflection coefficient is 138 
calculated by normalizing the voltage amplitude of the reflected pulse wave (Vr) with respect to the 139 
voltage amplitude of the incident pulse wave (Vi) [23]: 140 
 𝜌𝜌 = 𝑉𝑉𝑟𝑟

𝑉𝑉𝑖𝑖
= 𝑍𝑍1−𝑍𝑍0

𝑍𝑍1+𝑍𝑍0
 (3) 141 

where Z0 is the characteristic impedance of the transmission line, and Z1 is the characteristic 142 
impedance of the discontinuity or mismatch. If the transmission line is intact, then Z1 = Z0, the 143 
reflection coefficient is 0, which means that no reflected wave would appear. In contrast, a nonzero 144 
reflection coefficient (𝜌𝜌 ≠ 0) would occur if there is an impedance mismatch (Z1 ≠ Z0) anywhere along 145 
the transmission line [15]. Thus, the reflection coefficient and the amplitude of the reflected pulse 146 
wave can indicate the severity of damage or the response of the sensor (i.e., corresponding to the 147 
magnitude of impedance mismatch).  148 
 The simplicity of ETDR, especially when operated in open-circuit mode as shown in Figure 3(a), 149 
has motivated many researchers to adapt the technique for SHM. In the 1990s, ETDR was successfully 150 
used for geotechnical engineering applications, specifically, for soil water content measurements [24-151 
26]. Since then, ETDR has been used for monitoring civil infrastructure. For example, Miau-Bin [27] 152 
used ETDR to detect fracture in concrete structures by monitoring the deformation of a coaxial cable. 153 
Lin et al. [28] detected cracks in a photoelastic epoxy specimen using embedded ETDR sensing cables 154 
(i.e., RG-174/U coaxial cables). Yankielun et al. [29] showed that ETDR could be used for monitoring 155 
bridge scour, which was demonstrated by measuring the length of a probe embedded in soil. Bishop 156 
et al. [30] embedded a coaxial cable transmission line and verified crack monitoring in a reinforced 157 
concrete structure subjected to shaking table tests. More recently, Lee et al. [15] demonstrated that 158 

   
(a) (b) 

Figure 3. (a) The simplest ETDR experimental setup uses a waveform generator and oscilloscope 
connected to the transmission line. (b) The principle of multiple reflections is illustrated. 
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capacitive nanocomposite sensors could be coupled with ETDR for distributed strain monitoring and 159 
crack detection. 160 

Although ETDR has been shown to be very useful, particularly for monitoring the integrity of 161 
electrical transmission lines, it is prone to issues such as multiple reflections. ETDR multiple 162 
reflections are false positives, where reflected waves are induced and detected but do not correspond 163 
to any discontinuity or impedance mismatch in the line [31]. Instead, multiple reflections are the 164 
result of the incident and reflected signals traveling simultaneously along the transmission line in 165 
both directions, as is illustrated in Figure 3(b) [31]. In essence, the first true reflected wave would 166 
induce additional secondary reflections at the interrogation-measurement location that continue to 167 
propagate in the line. The occurrence of multiple reflections is related to the number and locations of 168 
impedance mismatches. 169 

In this study, commercial RG-6 coaxial cables were employed as transmission lines for ETDR 170 
testing. Capacitive tilt sensors, whose capacitance would vary depending on its tilt angle (see Section 171 
3), were coupled with the transmission line according to the equivalent circuit diagram shown in 172 
Figure 2(b). Changes in tilt (and thus capacitance) would cause impedance variations that induce a 173 
reflected signal, and the voltage amplitude of the reflected signal and reflection coefficient were used 174 
to back-calculate tilt angle at each sensor location. The RG-6 coaxial cables served to carry and 175 
transmit the input and reflected pulse signals.  176 

3. Capacitive Tilt Sensor Design 177 

3.1. Tilt Sensor Design and Operating Principles  178 

A capacitive sensor based on a parallel-plate capacitor setup was designed so that its capacitance 179 
would vary linearly with respect to its tilt angle (figure 4). A benefit of capacitive sensors is their ease 180 
in incorporating shielding against ambient electric fields, versus providing electromagnetic 181 
interference shielding for other types of sensors [13]. In general, the capacitance of a parallel-plate 182 
capacitor (Cpp) can be calculated using: 183 
 𝐶𝐶𝑝𝑝𝑝𝑝 = 𝜀𝜀𝜀𝜀

𝑑𝑑
 (4) 184 

where 𝜀𝜀 is dielectric permittivity, A is the overlapping area of the conductive parallel plate electrodes, 185 
and d is the separation distance between the two plates. 186 

 

Figure 4. (a) The null position of the capacitive tilt sensor and when it is rotated (b) counter-clockwise 
and (c) clockwise are shown. 
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The design of the capacitive tilt sensor is shown in Figure 4. The sensor consists of two 187 
concentrically oriented cylindrical inner and external components, which are completely uncoupled 188 
so that each can freely rotate with respect to one another. In Figure 4, the gray area highlights the 189 
frame of the sensor, mg refers to the total weight of the inner component with respect to its center-of-190 
gravity (C.G.), the red semicircles are the rectangular parallel-plate electrodes, and the red squares 191 
are the electrical connections for the parallel-plate capacitive sensor. The inner component is 192 
asymmetrically weighted with a low C.G. so that the component and its conductive plate remains in 193 
the same null configuration regardless of the angle of tilt (θ), as is shown in Figure 4(a). In contrast, 194 
the external component that is affixed to the target structure (e.g., rail track or ties) will tilt or rotate 195 
as shown in Figures 4(b) and 4(c) (i.e., in accordance with crosslevel variations).  196 

Figure 4 also shows that, when the sensor rotates counterclockwise, the overlapping area 197 
between the parallel conductive plates decreases, thus decreasing capacitance; the opposite is true 198 
when the sensor is tilted clockwise. This sensor design enables capacitive θ measurements from -90° 199 
to 90°, before becoming out-of-range. That said, the angles of tilt that need to be measured for 200 
monitoring crosslevel variations is much lower than this range. In fact, the maximum angle of the 201 
tilted rail should not be more than 8.2°, according to the track safety standard of the Code of Federal 202 
Regulation part 213 [32]. In other words, the dynamic range of the proposed tilt sensor meets the 203 
application requirements. 204 

3.2. Tilt Sensor Fabrication 205 

The inner component, exterior component, and the assembled capacitive tilt sensor are shown 206 
in Figure 5. Most of the capacitive tilt sensors were fabricated from polylactic acid (PLA) using a 207 
fused deposition modeling Ultimaker 3+ three-dimensional (3D) printer. The external (figure 5(a)) 208 
and internal (figure 5(b)) components of the sensor were printed separately. Component geometries 209 
were designed using Autodesk Fusion 360, and the 3D model files (in .stl format) were loaded in 210 
Ultimaker Cura 3.3 for printing. The entire width of the tilt sensor is 20 mm, while the inner diameter 211 
of the external component (figure 5(a)) is 50 mm, and the outer diameter of the inner component 212 
(figure 5(b)) is 47 mm. By mounted the external component and inner component concentrically, the 213 
distance between the inner and exterior components is fixed at 1.5 mm. As mentioned earlier, the 214 
inner component was designed to be asymmetrically weighted. This was achieved by 3D printing 215 
three open cylinders to house Tungsten weights (~ 70 g), as is shown in Figure 5(b). This allowed 216 
significant lowering of the C.G. of the inner component.  217 

Upon completion of 3D printing of the inner and exterior components, rectangular conductive 218 
copper tape strips were attached to form the parallel-plate capacitor electrodes as shown in Figures 219 
5(a) and 5(b). Multi-strand electrical wire was soldered to each of the capacitor electrodes and routed 220 

   

(a) (b) (c) 

Figure 5. The 3D-printed capacitive tilt sensor consists of an (a) external component and (b) a 
concentrically mounted inner component with tungsten weights. (c) The unpackaged and assembled 
tilt sensor with ball bearings at the interface is shown. 



Sensors 2020, 20, x FOR PEER REVIEW 7 of 14 

 

outside of the tilt sensor for easy access and for making electrical connections. Within the tilt sensor, 221 
polyvinylidene fluoride (PVDF) electrical tape were lined in between the two parallel capacitor 222 
electrodes to form the dielectric, as well as for preventing accidental electrical shorting. An NTN 223 
626ZZ ball bearing was also installed at the interface (followed by applying lubricant) between the 224 
internal and external components for reducing rotational friction during tilt. Figure 5(c) shows the 225 
uncovered but assembled picture of the capacitive tilt sensor.  226 

4. Experimental Details 227 

4.1. Characterization of Tilt Sensor Performance 228 

The performance of the 3D-printed tilt sensor was characterized by subjecting prototype sensors 229 
to different angles of tilt while simultaneously recording their capacitance (figure 6). Controlled tilt 230 
was applied by mounting a tilt sensor to a stepper motor, which was electronically controlled using 231 
a programmed Arduino board. The software-controlled motor was commanded to rotate its motor 232 
and the tilt sensor in 5° increments so that θ changed from -40° to 40°, during which capacitance was 233 
recorded using a Keysight E4980A Precision Inductance-Capacitance-Resistance (LCR) Meter. At 234 
each level of tilt, ~ 90 measurements of capacitance value were recorded and averaged. Capacitance 235 
values were obtained using an interrogation signal that was 1 Vp-p (peak-to-peak) at a frequency of 236 
100 kHz. For all tests, counterclockwise rotation of the tilt sensor corresponded to a negative angle of 237 
tilt, while clockwise rotation was in the positive direction.  238 

4.2. ETDR Multi-Sensor Testing  239 

Two sets of tests were conducted to validate coupling of ETDR with capacitive sensors for tilt 240 
monitoring. The tilt sensor was connected in parallel to RG-6 coaxial cable transmission lines using 241 
BNC connectors with alligator clips (figure 7). The first test entailed connecting two transmission 242 
lines, each 25 ft (7.62 m), to a 3D-printed capacitive tilt sensor, as illustrated in Figure 8(a). The second 243 
test employed three capacitive tilt sensors, which were each connected by 25 ft (7.62 m) transmission 244 
lines as shown in Figure 8(b). For both test setups, an Agilent 33600A Series waveform generator was 245 
connected at one end to inject a half-cycle, 10 Vp-p, 8 ns pulse width, sinusoidal signal to interrogate 246 
the transmission line. Reflected signals were recorded using a Keysight DSOX3024T digital 247 
oscilloscope (with a maximum sampling rate of 5 GSa/s and bandwidth of 200 MHz) connected at the 248 
same end as the waveform generator. Meanwhile, each capacitive tilt sensor was also connected to a 249 
stepper motor similar to the setup described in Section 4.1. Different angles of tilt ranging from -40° 250 
to 40° were applied to the sensors, while the ETDR system simultaneously interrogated the sensors 251 
and recorded the reflected wave response. In addition, the capacitance of each tilt sensor for each 252 

 
Figure 6. The tilt sensor characterization setup uses an Arduino to control a stepper motor to apply 
controlled tilt to the prototype sensor. 
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angle of tilt case was also measured using a Keysight E4980A LCR meter. All the tests were conducted 253 
at room temperature of ~ 23 °C. 254 

5. Results and Discussion  255 

5.1. Capacitive Tilt Sensor Characterization Results 256 

As mentioned in Section 4.1, the 3D-printed sensors were subjected to controlled tilt tests, while 257 
their capacitance was measured using an LCR meter. Figure 9(a) plots a representative result of the 258 
measured capacitance with respect to the angle of tilt. Each data point corresponds to the average 259 
change in capacitance, while the error bars are the standard deviations of repeated measurements. 260 
The error for each data point is too small so many error bars are barely visible (some can be seen in 261 
figure 9(a)). Figure 9(b) plots the normalized change in capacitance (∆Cnorm) of the same dataset as a 262 
function of the angle of tilt (in radians). Normalized change in capacitance was calculated by: 263 

 ∆𝐶𝐶𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = ∆𝑗𝑗
𝑗𝑗0

= 𝑗𝑗𝑖𝑖−𝑗𝑗0
𝑗𝑗0

 (5)  264 

where C0 is the capacitance when the sensor was in its null position where the angle of tilt is θ0 = 0 265 
rad, and Ci is the capacitance corresponding to an angle of tilt of θi. A linear least-squares regression 266 
line was fitted to the data in Figure 9(b). Its coefficient of determination, or R2, was found to be ~ 267 
0.998, thus indicating strong linear sensing performance. Furthermore, the sensitivity (S) of the sensor 268 
is equivalent to the slope of the linear best-fit line shown in Figure 9(b), which can be calculated using: 269 

 𝑆𝑆 = ∆𝑗𝑗𝑛𝑛
∆𝜃𝜃

= 𝑗𝑗𝑖𝑖−𝑗𝑗0
𝜃𝜃𝑖𝑖−𝜃𝜃0

 (6) 270 

For the various prototype capacitive tilt sensors fabricated, the average sensitivity was estimated to 271 
be ~ 0.13. From the results obtained, the calibration curve for these capacitive tilt sensors is: 272 

 
Figure 7. The tilt sensor is connected as part of a transmission line setup using RG-6 coaxial cables. 

 

(a) 

 
(b) 

Figure 8. The ETDR test setups consisted of connecting (a) a capacitive tilt sensor and (b) three tilt 
sensors in series by 25 ft long cables at opposite ends to form the entire transmission line. 
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 ∆𝐶𝐶𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 0.13(∆𝜃𝜃) (7) 273 
By considering the maximum deviation (or residuals) among all the measured data in Figure 9, 274 

one can also conservatively estimate the accuracy of sensor to be ~ ±0.16°, which is only ~ 2% of the 275 
maximum angle of the tilted rail as specified in the track safety standard of the Code of Federal 276 
Regulation part 213 [32]. Overall, the results presented in Figure 9 successfully validated the tilt 277 
sensing capabilities of the proposed 3D-printed sensor.  278 

5.2. ETDR with a Single Tilt Sensor  279 

Section 4.2 outlined the details of the experimental setup for the ETDR tests. Prior to testing, the 280 
electrical pulse wave speed was determined by injecting the same waveform in a 25 ft (7.62 m) 281 
transmission line. The transmission line was operated in open-circuit mode and without any 282 
capacitive tilt sensors. Figure 10(a) plots a representative voltage time history response as recorded 283 
by the digital oscilloscope. The first pulse waveform identified in Figure 10(a) corresponds to the 284 
incident signal generated by the waveform generator. This pulse was launched into the transmission 285 
line at one end of the transmission line and reflected back when the wave reached the other end of 286 
the transmission line [33]. The second waveform identified in Figure 10(a) corresponds to the 287 

 

(a) (b) 

Figure 9. (a) The capacitance response of the sensor subjected to different angles of tilt and (b) the 
corresponding normalized change in capacitance data with a linear best-fit line are plotted. 

 

(a) (b) 

Figure 10. (a) ETDR testing of an RG-6 coaxial cable transmission line was performed to determine 
the pulse speed. (b) ETDR tests with a single capacitive tilt sensor was performed, and a 
representative voltage time history response is plotted. The reflected waves are marked accordingly 
in each plot. 
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reflected wave due to open-circuit conditions. The time interval between the incident wave and the 288 
reflected wave was ~ 63 ns. An accurate calculation of the time interval was determined by comparing 289 
the difference in times between the peak of the incident wave with the peak of the reflected wave. 290 
Then, using Equation (2), the transmission velocity was calculated to be 2.419×108 m/s, which is ~ 81% 291 
of the speed of light. This value is consistent with the standard propagation velocity of commercial 292 
RG-6 coaxial cables, which has been reported to be 82% of the speed light [34]. 293 

Upon determining the pulse wave speed, the ETDR sensing characterization test involving a 294 
single tilt sensor as shown in Figure 8(a) was conducted. With the introduction of the capacitive tilt 295 
sensor in the transmission line, an impedance mismatch was created, and a portion of the energy of 296 
the incident wave would be reflected. Because the sensor was at a fixed position in the transmission 297 
line, the time-of-flight of the reflected wave remained the same for all angle-of-tilt test cases. Instead, 298 
capacitance change of the tilt sensor would induce a corresponding change in the voltage amplitude 299 
of the reflected wave due to impedance variations. Figure 10(b) plots a voltage time history recorded 300 
for the case when the sensor was tilted to 25°. Reflected wave #1 was due to the impedance mismatch 301 
between the tilt sensor and the transmission line. Reflected wave #1 was also a negative pulse due to 302 
the decrease in impedance introduced by the tilt sensor. Equation (1) indicates that impedance 303 
decreases with the square root of increasing shunt capacitance (as compared to the transmission line). 304 
The positive pulse right before Reflected wave #1 in Figure 10(b) might be caused by the use of BNC-305 
alligator clips. Regardless, the remaining signal was transmitted through the transmission line, and 306 
Reflected wave #2 was the reflection of the remnant waveform off the end of the transmission line, 307 
which was operated in open-circuit mode.  308 

The time-of-flight of the reflected waves were also investigated. The time interval between the 309 
incident wave and Reflected wave #1 was 65 ns, and the time interval between Reflected wave #1 and 310 
Reflected wave #2 was 61 ns. The distance between the start of the transmission line and the location 311 
of the tilt sensor, as well as the distance from the tilt sensor to the open-circuit transmission line, were 312 
calculated as 25.8 ft (7.84 m) and 24.2 ft (7.38 m), respectively. These length estimates of each 313 
transmission line segment matched closely with the theoretical value, which was 25 ft or 7.62 m. Thus, 314 
these results successfully validated that ETDR could be used for interrogating capacitive tilt sensors 315 
incorporated in transmission lines. Furthermore, time-of-flight measurements correctly identified the 316 
location of the tilt sensor.  317 

After repeating this test for different angles of tilt, the recorded voltage time histories could be 318 
processed to identify Reflected wave #1 and to extract its peak voltage amplitude (figure 11). The 319 
negative of voltage amplitude with respect to its null position (0° case) are plotted as a function of 320 
the angle of tilt in Figure 11(a). In addition, the capacitance of the tilt sensor was also measured using 321 
the Keysight LCR meter during testing. The change in capacitance of each angle of tilt test case with 322 

  

(a) (b) 

Figure 11. (a) The negative peak voltages of Reflected wave #1 from ETDR tests and the capacitance 
change of the tilt sensor are overlaid and plotted with respect to the angle of tilt. (b) Replotting the 
same set of data with its linear best-fit line confirmed linear tilt sensing performance. 
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respect to its null position (0° case) is also overlaid in Figure 11(a). These results indicated that the 323 
intensity of the peak voltage of the reflected wave increased in tandem with increasing (from negative 324 
to positive) angles of tilt and the sensor’s capacitance. This finding is consistent with the reflection 325 
coefficient or ρ, where Equations (1) and (2) indicate that ρ becomes more negative with decreasing 326 
impedance (i.e., increasing capacitance) of the tilt sensor. Larger absolute values of ρ mean that the 327 
voltage amplitude of Reflected wave #1 would increase as the sensor was tilted more clockwise and 328 
its capacitance increased. The value of ρ is negative due to the smaller impedance of the tilt sensor as 329 
compared to the impedance of the unit length of the transmission line. Overall, strong linear sensing 330 
performance was again confirmed by fitting a linear least-squares regression line to the data as shown 331 
in Figure 11(b), and R2 was 0.995. The results in Figure 11 validated tilt monitoring using an ETDR 332 
test setup.  333 

5.3. ETDR with Multiple Tilt Sensors 334 

One of the main benefits of ETDR is its ability to interrogate multiple electrical circuit elements 335 
and/or sensors for damage along its entire transmission line [21]. Therefore, to validate using ETDR 336 
for interrogating multiple tilt sensors with a single excitation signal, tests were performed using three 337 
capacitive tilt sensors incorporated in a transmission line (Section 4.2 and figure 8(b)). Figure 12 plots 338 
a representative voltage time history response, which shows the incident wave (similar to before), as 339 
well as multiple reflected waves, due to the three capacitive tilt sensors. Confirmation of these 340 
identified waveforms was determined by calculating their respective positions in the transmission 341 
line using time-of-flights extracted from the peak of each reflected wave. Similar to Section 5.2, 342 
Equation (2) was used, and their locations in the transmission line were found to be 25.8 ft (7.84 m), 343 
53.5 ft (16.31 m), and 78.9 ft (24.05 m). In addition, Reflected wave #4 was due to the incident wave 344 
reflecting from the open-circuit end of the transmission line, and its position was 106.6 ft (32.5 m). 345 
These experimental results matched closely with their actual positions of 25 ft (7.62 m), 50 ft (15.2 m), 346 
75 ft (22.9 m), and 100 ft (30.5 m).  347 

Next, ETDR testing proceeded with assigning a specific angle of tilt to one of the 3D-printed 348 
sensors while fixing other tilt sensors in the null position. Different conditions were tested, and a 349 
representative set of results is plotted in Figure 13. Overall, the same observations can be seen in 350 
Figure 13 as in the case of a single capacitive sensor in Figure 11(a). The negative value of change in 351 
peak voltages for each reflected wave increased in tandem with increasing clockwise tilt and change 352 
in capacitance. All three sensors also exhibited a linear relationship between voltage amplitude and 353 
angle of tilt. The coefficient of determination for Tilt Sensors #1, #2, and #3 (according to figure 13) 354 
were 0.993, 0.992, and 0.974, respectively, which again confirmed their linear tilt sensing properties.  355 

However, based on these R2 values and from Figure 13, the trend shows that tilt sensing linearity 356 
slightly deteriorated for each additional capacitive sensor added to the transmission line. Several 357 
sources of error could contribute to this observation. First, the amplitude of the reflected wave was 358 

 

Figure 12. A representative voltage time history of ETDR testing of a transmission line with three 

capacitive tilt sensors connected in parallel and in an open-circuit configuration is shown. 
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significantly reduced for each added sensor and became harder to characterize, which was due to 359 
both signal attenuation and only a portion of the input pulse energy passing through each sensor. 360 
Second, constructive and destructive interference could have occurred and disrupted the 361 
characteristic shape of the waveform, as is evident in Figure 12 (for Reflected waves #3 and #4). Last, 362 
the reduction in voltage amplitude made these signals more susceptible to noise, which reduced the 363 
accuracy of identifying the true peak voltage amplitude. These limitations suggest that there may be 364 
a theoretical maximum for the total number of tilt sensors that can be incorporated in a given 365 
transmission line (i.e., for any given ETDR hardware setup). The amplitudes of the reflected wave of 366 
the first, second, and third ETDR sensor when the tilt sensor was at its null position (0° case) were 367 
approximately -2 V, -1 V, and -0.6 V, respectively. By observing the trend of the decrease in peak 368 
voltage amplitude, it can be estimated that, using this study’s test setup, a maximum of eight tilt 369 
sensors can be connected and interrogated in a transmission line. Methods to circumvent these issues 370 
(e.g., to enhance the reflected waveforms or to include more sensors) include using a higher-371 
amplitude voltage input pulse signal and/or employing signal processing and filtering techniques. 372 
Overall, the results confirmed that ETDR was successfully used for simultaneously interrogating 373 
multiple capacitive tilt sensors in a single transmission line.  374 

6. Conclusions  375 

In this study, a new, capacitive, railroad crosslevel tilt sensor was designed and fabricated by 376 
3D-printing, which was then coupled with ETDR. As compared to many conventional SHM systems 377 
that require multiple sensing channels to acquire data from its sensors, ETDR is unique in that only 378 

  
(a) (b) 

 
(c) 

Figure 13. ETDR testing was performed using three sensors in a transmission line. The change in peak 
voltages of tilt sensors (a) #1, (b) #2, and (c) #3 for different angles of tilt are plotted. The 
corresponding sensor’s change in capacitance results are also overlaid in each plot. 



Sensors 2020, 20, x FOR PEER REVIEW 13 of 14 

 

a single data acquisition channel is needed. Sensors are connected in parallel in a transmission line, 379 
and an electrical pulse is injected to interrogate all the sensors in the line, while the recorded voltage 380 
time history captures the responses of all sensors. This study began with characterizing the capacitive 381 
sensing performance of 3D-printed prototype tilt sensors. The results showed that the sensor’s 382 
capacitance varied linearly with respect to its angle of tilt. In addition, a conservative estimate of its 383 
accuracy was found to be ±0.16°. Then, a capacitive tilt sensor was incorporated in a transmission line 384 
and subjected to ETDR testing, while the sensor was subjected to different angles of tilt. Initial tests 385 
confirmed that the time-of-flight measurements correctly identified the location of the sensor in the 386 
line. The peak voltage amplitudes of the reflected wave also varied linearly according to the angle of 387 
tilt. Last, the interrogation of multiple tilt sensors using ETDR was also successfully validated. The 388 
results showed that the angles of tilt of all three sensors were reliably measured, although sensing 389 
performance slightly deteriorated with each additional sensor connected to the transmission line. 390 
Future research will focus on improving the accuracy of the tilt sensor and demonstrating the use of 391 
more sensors in a single transmission line. Laboratory tests involving a scaled railroad track are also 392 
planned. 393 
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