
Measurement 199 (2022) 111532

Available online 27 June 2022
0263-2241/© 2022 Published by Elsevier Ltd.

Noncontact cable tension force estimation using an integrated vision and 
inertial measurement system 

Zhanxiong Ma , Jaemook Choi , Hoon Sohn * 

Department of Civil and Environmental Engineering, Korea Advanced Institute of Science and Technology, Daejeon, South Korea   

A R T I C L E  I N F O   

Keywords: 
Noncontact cable force estimation 
Computer vision 
Inertial measurement unit sensor 
Data fusion 
Camera motion compensation 

A B S T R A C T   

In this study, a noncontact cable tension force estimation technique was developed using an integrated vision and 
inertial measurement system (VIS) installed at a reference point, and the movement of the VIS was explicitly 
considered. Cable displacement was first estimated by applying a proposed contour-based algorithm to the vision 
measurements. Thereafter, the movement of the VIS at the reference point was estimated from the inertial 
measurement system and was used to compensate the error in the previously estimated cable displacement. 
Finally, the cable tension force was estimated using the compensated cable displacement. The feasibility of the 
proposed technique was validated through a laboratory test on a full-scale pedestrian bridge cable and a field test 
on a single-pylon cable-stayed pedestrian bridge. Overall, the proposed technique estimated the cable tension 
forces reliably with less than 1.3% discrepancy compared to those estimated by accelerometers.   

1. Introduction 

Continuous health monitoring is essential for large-scale bridges, 
such as cable-stayed bridges and suspension bridges, and various efforts 
have been made to this end [1,2]. Cables are major load-carriers for 
these cable-supported structures. Therefore, cable tension monitoring is 
vital to prevent any catastrophic failures of cable-supported structures 
[3]. Several cable force estimation techniques have been proposed using 
load cells [4,5], strain sensors [6,7], accelerometers [8–12], electro
magnetic (EM) sensors [13,14], and eddy current sensors [15]. Note 
that, all these discrete sensors must be physically placed on each cable, 
but it may not be easy to access these cables for sensor installation. 

Several attempts were performed to develop computer vision tech
niques for the noncontact tension force estimation of multiple cables 
[16–20]. A vision camera was installed at a stationary location with 
target cables visible within the field of view (FOV) of the camera. The 
cable displacement was first estimated from vision measurements, and 
the resonance frequencies of each cable were identified from the esti
mated displacement. Thereafter, the cable tension force was estimated 
based on its relationship with the cable resonance frequencies. Although 
several computer vision algorithms were developed for displacement 
estimation [21–25], majority of them required the attachment of arti
ficial targets to the cables. Template-matching algorithms were most 
commonly used for cable displacement estimation [17,18]. However, 

the bridge cable only occupies few pixels and often featureless, resulting 
in poor robustness and incorrect matching [19]. To overcome this lim
itation, a boundary-based algorithm estimated the cable displacement 
by assuming cable boundaries as two straight lines [19]. However, this 
assumption was invalid for a wire rope cable without a protective shell. 
By placing a vision camera far away from target cables, an edge-based 
algorithm [20] assumed that each cable is a straight line within the 
FOV. However, owing to the long distance between the camera and the 
target cables, it was difficult to estimate small displacements. 

Another common issue with vision-based cable force estimation 
techniques is that the assumed stationary location, where the vision 
camera is installed, is often not fixed and indeed vibrates. This camera 
motion results in aggravated errors in the cable tension force estimation. 
A few attempts were made to compensate such camera-motion-induced 
errors. A common approach for camera motion compensation is to 
capture an additional stationary natural target within the FOV of the 
camera. Then, the camera motion can be compensated by subtracting 
the estimated camera motion from the initially captured cable 
displacement [17]. However, this approach has limitations, as illus
trated in Fig. 1 [26]. From Fig. 1, we can see that when the camera 
moves with both translation (Δz) and rotation (Δφ), the corresponding 
camera-motion-induced error becomes (Δz+Δφl1) at the target cable. 
However, the estimated camera-motion-induced error using a stationary 
natural target becomes (Δz + Δφ(l2 + l1)). Therefore, unless (1) the 
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camera has only translation (Δφ = 0) or (2) the distance between the 
camera and the target cable is identical the distance between the camera 
and the stationary target (l2 = 0), this approach will not be fully valid. 
Another issue is that because the stationary target is often far away from 
the camera in field conditions, the camera motion estimated by the 
stationary target becomes inaccurate and noisy. Another approach is to 
compensate 6-DOF camera motions using an integrated system which 
includes two vision cameras [26]. Here, the integrated system must be 
placed very close (50 mm) to an artificial stationary target. The camera 
motion-induced error can be compensated by calculating the relative 
displacement between two measurement points within the target cable 

[19]. However, the relative displacement between these two points is 
significantly smaller than the displacement of each location, further 
making it difficult to identify the cable resonance frequencies. 

This study proposes a noncontact cable tension force estimation 
technique using an integrated vision and inertial measurement system 
(VIS) installed at a vibrating reference point. A contour-based algorithm 
was proposed and applied to vision measurement to estimate an initial 
cable displacement. Then, inertial measurements were used to 
compensate the cable displacement error produced by the vibration of 
the integrated vision and inertial measurement system. Finally, the 
compensated cable displacement was used for estimating the cable 
tension force. The contribution of this study lies in the following: (1) 
noncontact cable tension force estimation using a VIS placed on a 
vibrating reference point, (2) development of a contour-based algorithm 
to estimate cable displacement, and (3) improvement of the accuracy of 
cable tension force estimation by compensating the reference point 
vibration. 

The remainder of this paper is organized as follows: Section 2 pre
sents the working principle of the proposed cable tension force estima
tion technique. The feasibility of the proposed technique was 
experimentally validated through a laboratory test on a full-scale 
pedestrian bridge cable and a field test on a single-pylon cable-stayed 
pedestrian bridge, which are detailed in Sections 3 and 4, respectively. 
The concluding remarks are provided in Section 5. 

2. Development of cable tension force estimation technique 

An overview of the proposed cable tension force estimation tech
nique is depicted in Fig. 2. A VIS, including a vision camera and an in
ertial measurement unit (IMU) sensor, was installed on a vibrating 
reference point near target cables with them visible within the FOV of 
the camera. At first, a contour-based algorithm was proposed for the 
initial cable displacement estimation from captured vision images. It 
should be noted that this initially estimated displacement includes a 
camera-motion-induced error. Thereafter, the camera motion was esti
mated from the inertial measurement and was used to compensate the 

Fig. 1. Limitation of camera motion compensation using an additional sta
tionary natural target when a camera moving with both translation (Δz) and 
rotation (Δφ). 

Fig. 2. Overview of the proposed cable tension force estimation technique.  
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camera-motion-induced error in the previously estimated initial cable 
displacement. Subsequently, the cable resonance frequency was esti
mated from the compensated cable displacement using Fourier trans
form, and finally, the cable tension force was estimated from the 
estimated cable resonance frequency using a taut string theory. The 
details are provided in the following subsections 

2.1. Contour-based initial cable displacement estimation 

The proposed contour-based algorithm for estimating the initial 
cable displacement from vision measurement is illustrated in Fig. 3. The 
first frame image was used as a reference frame, and the proposed al
gorithm estimated the relative horizontal cable displacement between 
the first and ith frames. 

At first, the size and location of the ROI were manually selected for 
the first frame so that the target cable could be captured within the ROI, 
and this ROI was maintained throughout subsequent frames (Fig. 3(a)). 
It should be noted that multiple ROIs should be selected for the simul
taneous tracking of multiple cables. Thereafter, a line segment detector 
algorithm [27] was applied to each ROI to detect lines from the cable 
with subpixel accuracy. Generally, two long straight lines are not 
detected at both boundaries of the cable, especially for a wire rope cable 
without a protective shell. Instead, several short lines are detected both 
at the boundaries and at the surface of the cable (Fig. 3(b)). Thus, a 
minimum-area rectangle, which embraces the end points of all detected 
short lines, was identified, and the rectangle was used as the cable 
contour (Fig. 3(c)). Here, the background of the cable is assumed to be 
textureless, and therefore lines are detected only from the cable. In 

general, cables of a bridge, at least partially, have sky in their back
ground, which makes this assumption valid. Note that the assumption 
was commonly used in existing studies [19,20,28]. Three features were 
extracted from the cable contour: the coordinates of the center point (xi,

zi), cable width (wi), and cable tilt angle (θi) (Fig. 3(c)). The horizontal 
cable translation at the ith frame, di, is defined as the difference of the 
center point coordinates between the first and ith frames in the hori
zontal direction (Fig. 3(d)). 

di = xi − x1 (1) 

A scale factor for converting the translation in pixels to displacement 
in units of length was computed using the cable width (wi) in pixels and 
the pre-measured cable diameter (ϕ) in units of length (Fig. 3(d)) [21]. 

αi =
wi

ϕ
(2) 

Finally, the translation was converted into displacement (ui) using 
the estimated scale factor (Fig. 3(e)): 

ui = αidi =
wi

ϕ
(xi − x1) (3) 

Considering that the true vibration direction of a cable is not purely 
horizontal, the proposed algorithm cannot track the same cable 
segment. Therefore, the estimated horizontal displacement is not equal 
to the horizontal component of the true cable displacement. However, 
the estimated horizontal displacement is proportional to the true cable 
displacement, and therefore does not affect the estimation of the cable 
modal frequency and tension force [19,20]. Fig. 3 illustrates the pro
posed technique under a large horizontal displacement and a steep tilt 

Fig. 3. Proposed contour-based initial cable displacement estimation procedure.  
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angle. The technique can also be applied to a case with a large vertical 
displacement and a small tilt angle, and to estimate the vertical 
displacement of the cable instead of the horizontal displacement. It 
should be noted that the ROI should be selected considering: (1) the 
cable segment included in ROI have relatively strong vibration, and such 
cable segments can be selected from near the central of the cable; and (2) 
the background of the cable segment included in ROI is textureless. 

2.2. Cable displacement and tension force estimation after camera motion 
compensation 

Because the camera is installed on a vibrating reference point, the 
camera itself has its own motion. Therefore, the initial cable displace
ment estimated in the previous section includes this camera-motion- 
induced error, and this error must be compensated for reliable 
displacement estimation. Fig. 4 depicts six different types of camera 
motions and their effects on the captured vision images. 

The camera sway (ux
i ) and yaw (φz

i ) produce fictitious cable move
ment in the horizontal direction (x-direction) (Δxsway+yaw,i) (Fig. 4(a) 
and (d)), 

Δxsway+yaw,i =
ux

i + φz
i Di

αi
(4)  

where Di denotes the distance between the camera and the target cable. 
The camera heave (uz

i ) and pitch (φx
i ) produce fictitious cable movement 

in the vertical direction (z-direction) (Δzheave+pitch,i) (Fig. 4(b) and (e)), 

Δzheave+pitch,i =
uz

i + φx
i Di

αi
(5) 

The camera surge (uy
i ))causes a change in the distance between the 

cable and the camera (Di), thus resulting in a change in the cable width 
(wi) (Fig. 4(c)). However, uz

i is much smaller than Di, and then its effect 
on the estimated cable displacement is ignored in this study. The camera 
roll (φy

i ) produces fictitious cable rotation (θ1 − θi), and fictitious cable 
movement in both vertical and horizontal directions (Δzroll,i and Δxroll,i, 
respectively) (Fig. 4(f) and Fig. 5), 

Δzroll,i = R{sin(β1 + φy
i ) − sin(β1) }

Δzroll,i = R{cos(β1 + φy
i ) − cos(β1) }

R =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Zo + z1)
2
+ (Xo + x1)

2
√

; β1 = atan(
Zo + z1

Xo + x1
); φy

i = θ1 − θi

(6)  

where (x1,z1) denotes the coordinates of the cable center point in the 1st 
ROI. Xo and Zo denote pixel distances between the center point of FOV 
(P) and the lower left vertex of the ROI (O) in x and z directions, 
respectively (As shown in Fig. 5). It should be noted that the fictitious 
vertical cable movement produces errors in the horizontal cable 
displacement estimation, as depicted in Fig. 6. The total error in the 
horizontal displacement estimation produced by the camera motion is 
denoted as ue

i in units of length: 

ue
i = αide

i = αi

(

Δxsway+yaw,i +Δxroll,i +
Δzheave+pitch,i + Δzroll,i

tan(θi)

)

(7) 

Then, the cable displacement after compensating camera motion 
becomes, 

ut
i = ui − ue

i

= ui − ux
i − φz

i Di − R{cos(β1) − cos(β1 + θ1

− θi) } −
uz

i + φx
i Di + R{sin(β1) − sin(β1 + θ1 − θi) }

tan(θi)
(8) 

The following relationship holds between the scale factor (αi) and the 
distance between the camera and the target (Di) [21]: 

αi =
Di

f
dpixel (9)  

where f and dpixel are the focal length and pixel size of the camera, 
respectively. Then, Di can be estimated as, 

Di =
f αi

dpixel
(10) 

Substituting Eq. (10) into Eq. (8) results in, 

ut
i = ui − ux

i − R{cos(β1) − cos(β1 + θ1

− θi) } −
uz

i + R{sin(β1) − sin(β1 + θ1 − θi) }

tan(θi)
−

(

φz
i +

φx
i

tan(θi)

)
wif

ϕdpixel

(11) 

Fig. 4. Six different types of camera motion and their effects on captured vision images: (a) sway, (b) heave, (c) surge, (d) yaw, (e) pitch, and (f) roll.  
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ux
i and uz

i were estimated from the double integration of acceleration 
measurements, and φx

i and φz
i were estimated from the single integration 

of angular velocity measurements. Because the acceleration and angular 
velocity measurements from the IMU sensor have a higher sampling rate 
than vision measurements, the estimated ux

i , uz
i , φx

i and φz
i values were 

down-sampled to match the sampling rate of vision measurements. To 
remove low-frequency drifts in the estimated ut

i , a high-pass filter with a 
cut-off frequency of 0.5 Hz was applied to ut

i and only high-frequency 
components of the cable displacement was retained. Note that a 
smaller cut-off frequency value could be used for a high-performance 
IMU sensors. 

Finally, the resonance frequencies of the cable, which are higher than 
0.5 Hz in most cases, were estimated from the frequency spectrum of the 
compensated cable displacement, and the tension force (T) of the cable 
was estimated from the measured resonance frequency based on the 

commonly used taut string theory [19], 

T = 4mL2(
fn

n
)

2 (12)  

where fn represents the natural frequency, and the measured resonance 
frequency was used to approximate fn. m and L denote the mass density 
and length of the cable, respectively. 

3. Laboratory testing of a full-scale pedestrian bridge cable 

3.1. Experimental setup 

The proposed technique was first validated via laboratory testing of 
an 11.8 m long pedestrian bridge cable (Fig. 7). The mass per unit length 
of the cable was 4.229 kg/m, and the diameter was 42.2 mm with a 

Fig. 5. Fictitious cable rotation and movement induced by the camera roll.  

Fig. 6. Error in the horizontal translation estimation induced by fictitious cable vertical movement.  
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protective shell. A smartphone (iPhone 11) was used as the VIS. An 
open-source iOS app [29] was used to record 2160 × 3840 pixel reso
lution images at 30 Hz and inertial measurements at 100 Hz. iPhone 11 
has a built-in 6-axis digital IMU sensor that integrates a 3-axis acceler
ometer and a 3-axis gyroscope. The FOV of the VIS and the selected ROI 
for the proposed technique, i.e., ROI 1, are depicted in Fig. 7(e). Camera 
calibration was performed using MATLAB Camera Calibration Toolbox to 
obtain required intrinsic parameters (f and dpixel) of the VIS. The distance 
between the VIS and the target cable was 1.5 m. The cable was manually 
excited by pulling and suddenly releasing the cable in the vertical di
rection (y-direction). The VIS was placed on a stand connected to a 
vertical shaker (ELECTRO-SEIS APS-400), and three different excita
tions were used to generate its motion: (a) Test 1: vertically vibrating the 
shaker at 1.5 Hz, (b) Test 2: manually tapping the stand along the y- 
direction, and (c) Test 3: combination of the previous two excitations. A 
MEMS accelerometer (PCB 3713E112G) with a full-scale range of ± 2 g, 
a sensitivity of 1000 mV/g, and a noise density of 10 µg/√Hz, was 
installed on the target cable for measuring reference acceleration. The 
tension force estimated from the reference acceleration measurement 
was used as the ground-truth value. The reference displacement at ROI 1 
was measured using a KAIS KL3-W400 laser displacement sensor (LDS) 
with an accuracy of 10 μm. 

Two existing cable tension force techniques were used in this study 
for the performance comparison, as listed in Table 1. The main differ
ences between the proposed method and the two existing techniques 
are: the method by which the cable displacement is estimated from 
vision measurements and the way in which the errors produced by the 

camera motion are compensated for cable displacement estimation. 
Technique I [17] estimates the cable displacement using a template- 
matching algorithm and compensates the camera-motion-induced 
error using a stationary target. Two different stationary targets (ROI 
S1 and ROI S2 in Fig. 7(e)) were separately used for camera motion 
compensation in this test, and their distances to the camera were 3.8 m 
and 1.5 m, respectively. Technique II [19] estimates the cable 
displacement using a boundary-based algorithm and reduces the 
camera-motion-induced error by calculating the relative displacement 
between two points within a target cable (ROIs 1 and 2 in Fig. 7(e)). 

3.2. Estimation results 

Fig. 8 depicts the frequency spectra of the reference acceleration 
(Fig. 8(a)) and displacement (Fig. 8(b)) measurements for test 1. The 
first and second resonance frequencies of the cable appeared at 3.117 Hz 
and 6.200 Hz, respectively. 

Figs. 9 and 10 depict the frequency spectra of cable displacements 
estimated by the three techniques before and after camera motion 
compensation for test 1, respectively. As depicted in Fig. 9, all three 
techniques identified peaks at 1.500 and 3.100 Hz based on the cable 
displacement estimated from ROI 1 before camera motion compensa
tion. The second resonance frequency of the cable was not observed 
because of its small amplitude. In this test, only the camera heave mo
tion was generated, and both the proposed technique and technique I 
successfully removed the camera-motion-induced peak at 1.500 Hz and 
estimated the first resonance frequency of the cable at 3.100 Hz after 
camera motion compensation (Fig. 10(a) and (b)). Technique 1 used ROI 

Fig. 7. Configuration of full-scale pedestrian bridge cable test: (a) cable setup, (b) VIS, i.e., iPhone 11, installed on a shaker, which is 1.5 m apart from the cable, (c) 
laser displacement sensor (LDS) placed right below the cable for the reference cable displacement measurement, (d) accelerometer installed on the cable for reference 
acceleration measurement, and (e) FOV of the camera and selected ROIs. 

Table 1 
Two existing cable tension force estimation techniques used for performance 
comparison.   

Displacement 
estimation 
algorithm 

Camera motion compensation 
algorithm 

ROIs used 

Technique I  
[17] 

Template-matching 
algorithm 

Use camera motion estimated 
from a stationary target 

ROI 1, 
ROI S1 or 
ROI S2 

Technique II 
[19] 

Boundary-based 
algorithm 

Calculate the relative 
displacement between two 
locations of a target cable 

ROI 1, 
ROI 2  Fig. 8. Frequency spectra of (a) reference acceleration measurement and (b) 

reference displacement measurement obtained from the cable for test 1. 
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S1 as the stationary target, and the scale factor was estimated using the 
actual target size in length. No meaningful resonance frequency was 
observed using technique II because the distance between ROI 1 and ROI 
2 was short (approximately 0.5 m) and their relative displacement was 
negligible, as depicted in Fig. 10(c). Because no meaningful resonance 
frequencies were obtained from technique II for all three tests in this 
laboratory testing, the corresponding results were not reported 
hereafter. 

Figs. 11 and 12 depict the frequency spectra of cable displacements 
estimated by the proposed technique and technique I before and after 
camera motion compensation for test 2, respectively. As depicted in 
Fig. 11, both techniques identified peaks at 3.117 and 3.318 Hz based on 
the cable displacement estimated from ROI 1 before camera motion 
compensation. In this test, the camera pitch was mainly generated, and 
both the proposed technique and technique I correctly estimated the first 
resonance frequency after camera motion compensation (Fig. 12(a) and 
(b)). As mentioned before, technique 1 used ROI S1 for camera motion 
compensation. 

Fig. 13 compares the reference displacement from the LDS and the 
displacements estimated by the proposed technique and technique I 
after camera motion compensation for test 3. In this test, the camera 
motion included both pitch and heave. The displacement estimated by 
the proposed technique was in good agreement with the reference 

displacement (Fig. 13(a)). Although there were a few time points where 
the huge discrepancy between the estimated and reference displacement 
values were noticeable, their influence on the frequency spectrum and 
cable tension force estimation was negligible owing to their transient 
nature. Because the distance between the camera and ROI S1 (3.8 m) 
was different from the distance between the camera and ROI 1 (1.5 m), 
technique I could not properly compensate for camera motion using ROI 
S1 as the stationary target. Therefore, a relatively large discrepancy was 
observed between the estimated and reference displacements (Fig. 13 
(b)). The performance of technique I was improved by using ROI S2 
(Fig. 13(c)) instead of ROI S1, because the camera has an identical 
distance to both ROI S2 and the target cable. 

The frequency spectra of the displacements estimated and compen
sated by the proposed technique and technique I are depicted in Fig. 14. 
The proposed technique successfully estimated the first resonance fre
quency of the cable as depicted in Fig. 14(a). Technique I identified the 
first resonance frequency at 3.1 Hz successfully using either ROI S1 or 
ROI S2 (Fig. 14(b) and (c)), but it also picked up the camera-motion- 
induced peak at 1.5 Hz when ROI S1 was used due to the difference in 
the distances from the camera to ROI S1 and ROI 1. 

The first resonance frequencies and tension forces estimated by both 
the proposed technique and technique I were compared with the 

Fig. 9. Frequency spectra of cable displacements estimated using ROI 1 for test 1: (a) the proposed technique, (b) technique I, and (c) technique II before camera 
motion compensation. 

Fig. 10. Frequency spectra of cable displacements estimated and compensated for test 1: (a) the proposed technique using ROI 1, (b) technique I using ROI 1 and ROI 
S1, and (c) technique II using ROI 1 and ROI 2. 

Fig. 11. Frequency spectra of cable displacement estimated using ROI 1 for test 
2 by (a) the proposed technique and (b) technique I before camera motion 
compensation. 

Fig. 12. Frequency spectra of the displacements estimated and compensated 
for test 2 by (a) the proposed technique using ROI 1, and (b) technique I using 
ROI 1 and ROI S1. 
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ground-truth values obtained from the reference acceleration measure
ments listed in Tables 2 and 3. The discrepancies of the proposed tech
nique with respect to the ground truth were less than 0.6% for the first 

Fig. 13. Displacements estimated and compensated by (a) the proposed technique using ROI 1, (b) technique I using ROI 1 and ROI S1, and (c) technique I using ROI 
1 and ROI S2. 

Fig. 14. Frequency spectra of the displacements estimated and compensated by (a) the proposed technique using ROI 1, (b) technique I using ROI 1 and ROI S1, and 
(c) technique I using ROI 1 and ROI S2. 

Table 2 
Comparison of first resonance frequencies of cable estimated by the proposed 
technique and technique I.  

# of 
tests 

Reference 
(Hz) 

Proposed technique Technique I 

Estimation 
(Hz) 

Difference 
(%) 

Estimation 
(Hz) 

Difference 
(%) 

Test 1  3.117  3.100 0.55 3.100 0.55 
Test 2  3.117  3.117 0 3.117 0 
Test 3  3.117  3.100 0.55 1.500 (using 

ROI S1) 
3.100 (using 
ROI S2) 

51.88 (using 
ROI S1) 
0.55 (using 
ROI S2)  

Table 3 
Comparison of cable tension forces estimated by the proposed technique and 
technique I.  

# of 
tests 

Reference 
(N) 

Proposed technique Technique I 

Estimation 
(N) 

Difference 
(%) 

Estimation 
(N) 

Difference 
(%) 

Test 
1  

22.88  22.63 1.09 22.63 1.09 

Test 
2  

22.88  22.88 0 22.88 0 

Test 
3  

22.88  22.63 1.09 5.30 (using 
ROI S1) 
22.63 (using 
ROI S2) 

76.84 (using 
ROI S1) 
1.09 (using 
ROI S2)  
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resonance frequency and 1.1% for the tension force. Technique I also 
properly estimated the first resonance frequency and the tension force 
with a similar level of accuracy compared to the proposed technique for 
tests 1 (translation only) and 2 (rotation only). However, technique I can 
properly estimate the first resonance frequency and the tension force for 
test 3 (both translation and rotation) only when the camera was placed 
at an identical distance away from both the additional stationary target 
(i.e., ROI S2) and the target cable. It should be noted that a stationary 
target is often located far from the camera under field conditions. 

4. Field test on a single-pylon cable-stayed pedestrian bridge 

4.1. Experimental setup 

The proposed technique was further validated on a single-pylon 
cable-stayed pedestrian bridge in Daejeon, South Korea (Fig. 15(a)). 
This pedestrian bridge is 65 m long in the main span and 6 m wide. The 
experimental setup is illustrated in Fig. 15(b). The VIS (iPhone 11) 
identical to the one used in the previous laboratory experiment was used 
again as a VIS, and was placed on a stand (Fig. 15(b)) to capture three 
target cables within the FOV of the camera (Fig. 15(c)). Three MEMS 
accelerometers (PCB 3713E112G) were installed on these cables sepa
rately (Fig. 15(b)) to estimate the ground truth of the cable tension force. 
Both the cables and the stand were excited by wind and pedestrians 
crossing the bridge. The wind speed was 6.8 m/s according to meteo
rological data. As depicted in Fig. 15(c), two ROIs were selected for each 
cable, i.e., ROI 1_1 and ROI 2_1 for cable 1, ROI 1_2 and ROI 2_2 for cable 
2, and ROI 1_3 and ROI 2_3 for cable 3, and ROI S was selected as the 
stationary target. All other test parameters were kept identical to those 
used in the previous laboratory test. 

4.2. Estimation results 

Fig. 16 depicts the frequency spectra of the reference acceleration 
measurements obtained from the three cables. Two resonance fre
quencies at 2.016 and 3.999 Hz for cable 1, two resonance frequencies at 
1.650 and 3.233 Hz for cable 2, and four resonance frequencies at 1.160, 
1.900, 2.879, and 3.833 Hz for cable 3 were identified. 

The frequency spectra of cable 1 displacement estimated by the three 
techniques are depicted in Figs. 17-19. As illustrated in Fig. 17(a), 18(a), 
and 19(a), all the three techniques identified peaks at 1.850, 1.883, 
1.917, 2.017, and 4.000 Hz based on the cable displacement estimated 

from ROI 1_1 before camera motion compensation. After camera motion 
compensation, the proposed technique removed the frequency peaks 
produced by the vibration of the VIS and retained only the peaks truly 
relevant to the cable vibration (two resonance frequencies at 2.017 and 
4.000 Hz). The differences between these frequency values and those 
obtained from the reference acceleration measurements were less than 
0.05%. 

Because the distance between the camera and the stationary target 
(ROI S) (approximately 65 m) was significantly longer than the distance 
between the camera and the target cable (ROI 1_1) (6 m), the camera 
motion estimated from ROI S was very noisy and it was not equal to the 
camera-motion-induced error in the estimated cable displacement. 
Thus, technique I removed the camera-motion-induced peaks at 1.883 
and 1.917 Hz, but could not eliminate the other camera-motion-induced 
peak at 1.850 Hz even after camera motion compensation. Conse
quently, without eliminating all camera-motion-induced peaks, tech
nique I produced an additional artifact resonance frequency at 1.850 Hz 
(Fig. 18(b)). In addition, the actual second resonance frequency of the 
cable at 4.000 Hz was buried under the increased noise level, as depicted 
in Fig. 18(b). 

Fig. 19(a) and (b) depict the frequency spectra of cable 1 displace
ments estimated from ROI 1_1 and ROI 2_1 using technique II, respec
tively. Fig. 19(c) shows the frequency spectrum after compensating the 
camera-motion-induced error by computing the relative displacement 
between ROI 1_1 and ROI 2_1. After displacement compensation, tech
nique II properly estimated the first resonance frequency of the cable, 
but the second resonance frequency disappeared. Negligible relative 
displacement between ROI 1_1 and ROI 2_1, which were approximately 
2 m apart from each other, resulted in the oblivion of the second reso
nance frequency from the frequency spectrum. 

The frequency spectra of cables 2 and 3 displacements estimated by 
the three techniques after camera motion compensation are shown in 
Figs. 20 and 21, respectively. The proposed technique correctly esti
mated two resonance frequencies of cable 2 (Fig. 20(a)) and four reso
nance frequencies of cable 3 (Fig. 21(a)). However, technique I could not 
fully eliminate camera-motion-induced peaks, further resulting in 
inaccurate resonance frequency estimation for both cables 2 and 3. 
(Fig. 20(b) and Fig. 21(b)). Using technique II, no meaningful resonance 
frequency was observed for cable 2 (Fig. 20(c)). Furthermore, the fre
quency peak at 1.900 Hz was mistaken as the first resonance frequency 
of cable 3 because the actual first resonance frequencies was suppressed 
from the frequency spectrum (Fig. 21(c)). 

Fig. 15. Overview of single-pylon cable-stayed pedestrian bridge test (a) overview of bridge, (b) experimental setup, and (c) the FOV of the camera and the 
selected ROIs. 
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The first resonance frequency estimated by the three techniques were 
compared with the ground-truth values obtained from the reference 
acceleration measurements listed in Table 4. The proposed technique 
estimated the first resonance frequencies properly for all the three cables 
with a discrepancy of less than 1%. Because technique I could not fully 
eliminate the camera-motion-induced error, the discrepancy between 
estimated resonance frequencies and reference values was as high as 
27%. Technique II estimated the first resonance frequency of cable 1 
correctly but could not successfully estimate the first resonance fre
quencies of cables 2 and 3. 

Finally, the differences between the cable tension forces estimated by 
the three techniques and the reference acceleration measurements are 

summarized in Table 5. The proposed technique estimated the tension 
forces for all the three cables with a difference of less than 1.3%. 
Technique I estimated the cable tension force with a large discrepancy of 
up to 47%, and technique II was able to estimate the tension force of 
cable 1 only. 

5. Conclusion 

In this study, a noncontact cable tension force estimation technique 
was developed using a VIS installed on a vibrating reference point. 
Initially, the cable displacement was estimated by applying the proposed 
contour-based algorithm to the vision images obtained from the VIS. 
Thereafter, the vibration of the VIS itself was estimated using the inertial 
measurements of the VIS and compensated for the improved displace
ment estimation. Finally, the cable tension force was estimated from the 
compensated cable displacement using taut string theory. The feasibility 
of the proposed technique for cable tension force estimation was vali
dated through a laboratory test on a full-scale pedestrian bridge cable 
and a field test on a single-pylon cable-stayed pedestrian bridge. The 
proposed technique was able to properly estimate cable tension forces 
with less than 1.3% differences compared to those estimated from the 
reference accelerometer measurements in both laboratory and field 
tests. However, there are several limitations. First, the background of a 
cable is assumed to be textureless, but the assumption may be no longer 
valid under bad weather conditions. Future work is warranted to address 
this issue. Second, this study used a smartphone as a VIS, but the 
misalignment between the IMU and camera of the smartphone and the 
optical image stabilization (OIS) system included in the camera may 
cause additional errors in the camera motion compensation. To fully 
avoid this issue, a VIS should be developed by installing an IMU sensor at 
the center of gravity of a vision camera (without any OIS system). Last, 
the distance between the VIS and the target cable was limited to 6 m in 
this study, which may not be sufficient for large-scale bridges. A follow- 
up study is warranted to advance the sensing range of the proposed 
technique. 
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