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A B S T R A C T

Image-based optical methods have been widely used for noncontact structural displacement measurements, due
to their prominent advantages over conventional contact sensors. However, existing optical methods usually
require complicated and expensive imaging systems, and have difficulties to accurately measure in-plane
displacements when the optical axis is not perpendicular to surface of the object (i.e., off-axis measurement).
In this work, we develop a low-cost and portable smartphone-based optical method for accurately measuring
off-axis structural displacements. The theoretical equations of the in-plane physical displacements on the object
surface are derived based on the smartphone gyroscope data that can be used to determine the rotation matrix
between the defined world coordinate system and the camera coordinate system. Simple calibration tests
are performed to validate the accuracy of the smartphone gyroscope in detecting the rotation angles. The
effectiveness and accuracy of this method in off-axis structural displacement measurement are then verified
by two in-plane translation tests in laboratory condition. Finally, the noise from the smartphone camera is
evaluated, and the effectiveness of the proposed method in continuous displacement measurement is further
confirmed the vibration measurement of a hanging light under random wind load.

1. Introduction1

Structural displacement measurements under static and dynamic2
loads are very important data when evaluating the mechanical prop-3
erties, dynamic characteristics, current state or even safety of struc-4
tures [1–3]. For example, the measured extreme values during a test5
may indicate either an extreme load or a deficiency in the structure [4].6
Therefore, an accurate estimation of the structural displacement under7
different loading states is a prerequisite.8

In literature, both contact and non-contact sensors or techniques9
have been reported for measuring the displacement responses of var-10
ious structures. Traditional contact approaches like Linear Variable11
Differential Transformer (LVDT) and dial gauges can directly measure12
the relative displacements between the measurement points and a sta-13
tionary platform [5]. However, in many cases, the stationary platform14
may be difficult, or even impossible, to set up (for example, when the15
structure is located over a river, a road, mountainous terrains, etc.) [6].16
Indirect contact methods such as accelerometers and strain gauges can17
also be used to estimate the structural displacement, but require addi-18
tional signal processing analyses, particularly time integration. Small19
errors resulting from sensor drift and signal noise can become large20
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enough through successive integrations and greatly distort the targeted 21
displacement signals [1,7]. 22

Alternatively, non-contact approaches, such as Global Positioning 23
System (GPS) [8,9], Laser Doppler Vibrometer (LDV) [10,11], mi- 24
crowave radar interferometry [12–14], and computer-vision-based op- 25
tical techniques [1–6,15–20] have been proposed to overcome the 26
drawbacks of conventional contact sensors. Among these techniques, 27
the GPS technique is attractive for displacement monitoring, but its 28
measurement accuracy is limited (estimated between 5 and 10 mm 29
[21]). The LDV method is considered to be accurate in displacement 30
measurement, but its high cost and relatively limited working distance 31
have prevented the development of its practical applications [1]. The 32
microwave radar interferometry system allows remote displacement 33
measurements with a good resolution. However, it requires reflecting 34
surfaces to be mounted on the structure [3]. By comparison, the image- 35
based optical techniques based on optical camera and digital image 36
processing are more cost-effective and promising as they are easy to 37
install,allow remote contactless measurements, and have the capability 38
to measure the displacement of multipoints in a single shot. Espe- 39
cially in recent years, the vision-based optical techniques have become 40
very popular to measure structural displacements, and have found 41
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tremendous applications in both scientific researches and engineering1
areas [2,22].2

Usually, vision-based techniques measure the structural displace-3
ment by first tracking the displacement of the projected point on4
the image plane (the sensor plane) and then transforming the image5
displacements into physical displacements of the original point on6
the object surface through coordinate transformation. Most 2D optical7
techniques require the optical axis of the camera to be perpendicular to8
the object surface. As such, the coordinate transformation between the9
physical displacement on the object plane and the image displacement10
on the image plane can be greatly simplified, as only one constant11
scale factor needs to be calibrated. However, in many situations (such12
as outdoor field tests), it is unavoidable to tilt the optical axis of13
the camera by a certain angle in order to track the target points on14
the object surface [17]. This situation is usually referred as off-axis15
displacement measurement. Small magnitudes of camera misalignment16
angles between the image plane and object plane will cause errors17
in the measured structural displacements. To address this issue, some18
researchers (e.g., Feng et al. [3] and Pan et al. [15]) revised the simple19
coordinate transformation by only considering the pitch angle of the20
camera for the deflection displacement (gravity direction) measure-21
ment. However, if we want to accurately measure the displacement22
in two directions, the relative pitch, roll and yaw angles should all be23
considered in the coordinate transformation. Although some attempts24
have been reported to solve this problem with the aid of additional25
calibration targets [23,24], the problem still exists when measuring26
the structural displacements of large structures as using a large cal-27
ibration target is almost impossible in field tests. Of course, full 3D28
measurements may be obtained by using stereo correlation [25,26].29
However, this would require two cameras and a calibration of the30
camera parameters of the stereo-correlation configuration (calibration31
that would be difficult at the scale of large structures). Our main32
constraint is then to restrict ourselves to mono-correlation and one33
single camera to minimize the technological complexity.34

To address this issue, here we propose a low-cost and portable35
smartphone-based optical method for accurately measuring off-axis36
structural displacements. The smartphone has proven its feasibility in37
2D and 3D displacement measurements [27–31], and can provide var-38
ious sensing capabilities, including, but not limited to, digital cameras,39
graphics processing units (GPUs), and various sensors (e.g., gravity40
sensor, acceleration sensor, gyroscope, and GPS) [30]. Particularly,41
the embedded cameras present prominent advances in providing high-42
resolution and high-speed image/video features, often better than many43
conventional industrial cameras. Moreover, their powerful processors44
and memories allow for real-time processing capabilities, eliminating45
the need for additional computers to store the captured images/videos46
and perform extensive image processing [31]. In this paper, the main47
component of our system is an ubiquitous smartphone. During the48
measurement, the smartphone camera is used for recording the images49
of the test objects/structures and the relative rotation angles between50
the image plane and the object plane are determined by the built-in51
smartphone gyroscope. Finally, based on the coordinate transformation52
relationships, the structural displacements on the object surface in53
two directions can be calculated with the image displacement and the54
relative rotation angles.55

2. Smartphone-based off-axis displacement measurement56

2.1. Principle57

Fig. 1(a) shows a schematic diagram of off-axis displacement mea-58
surement using a smartphone. The main components of this system59
are a ubiquitous smartphone for imaging and determining the relative60
rotation angles between the world coordinate system (OW *XW YW ZW )61
and camera coordinate system (OC *XCYCZC ), and a laser rangefinder62
for measuring the distance from the camera to the measurement point63

(OCP ). To determine the physical displacements of a measurement 64
point P on the object surface, we need to establish the relationship 65
between its physical displacement (U ,V ) in the world coordinate sys- 66
tem and its image displacement (u, v) on the sensor plane. Here, we use 67
the classic pinhole model to simplify the smartphone camera. As shown 68
in Fig. 1(a), the relationship between a physical point P on the object 69
surface and its projection p on the sensor plane can be expressed as, 70
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where ZP is the object distance of point P in the camera coordinate 72
system, (xs, ys) are image coordinates of its projection p on sensor 73
plane, (XW , YW ,ZW ) are the 3D coordinates of point P in the world 74
coordinate system, K , R and T represent the intrinsic parameter, 75
rotation and translation matrices between the world coordinate system 76
and the camera coordinate system (will be explained in detail in the 77
next sub-sections). Note that the OW * XW YW plane of the defined 78
world coordinate system is parallel to the object surface. As such, any 79
in-plane displacement of point P on the object surface will not cause 80
out-of-plane motions in the world coordinate system (this means the 81
ZW coordinate of P is constant if point P only has a movement on the 82
object surface). 83

When point P has an in-plane movement (U ,V ) to point P ®, the 84
pinhole model for point P ® can be written as 85
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where Z®
P
is the object distance of the point P ® in the camera coordinate 87

system, (x®
s
, y

®
s
) are the image coordinates of its projection p

® on sensor 88
plane, (X®

W
, Y

®
W
,ZW ) are the 3D coordinates of point P ® in the world 89

coordinate system. Note that the Z-directional coordinate of P ® in the 90
defined world coordinate system is the same as that of P as the out-of- 91
plane motions are not considered here. The intrinsic parameter matrix 92
K , rotation matrix R and translation matrix T are also identical to 93
those before movement. By combining Eq. (1) and Eq. (2), the physical 94
displacement (U ,V ) of point P then can be calculated as, 95
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Fig. 1(b) shows the basic steps for determining the physical displace- 97
ments on the object surface. To get the values of U and V , we need to: 98
(1) calibrate the intrinsic parameter matrix K of smartphone camera, 99
determine the relative rotation matrix R between the world coordinate 100
system and camera coordinate system, and calculate the object distance 101
ZP (2) record the image before and after motion (3) search the position 102
(xs, ys) of p in the reference image and the position (x®s, y

®
s
) of p® in 103

the deformed images, evaluate the object distance Z
®
P
(4) calculate the 104

physical displacements of point P in the world coordinate system. 105

2.2. Determination of the intrinsic parameter matrix, rotation matrix and 106
scale factors 107

(1) Intrinsic parameter matrix K 108
The intrinsic parameter matrix K is used to link the pixel coor- 109

dinates of an image point with the corresponding coordinates in the 110
camera coordinate system. It is generally composed of five parameters, 111
including the focal length in x and y directions, skew factor between the 112
x and the y axes, and x and y directional coordinates of the principal 113
point. As skew factor is usually very small, thus it is neglected here. 114
Then the intrinsic parameter matrix K is expressed as, 115

K =
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Fig. 1. (a) Schematic diagram of off-axis displacement measurement using a smartphone and (b) basic steps for determining the physical displacements on the object surface.

where fx = f_dx and fy = f_dy are the focal lengths in x and y1
directions (f is the physical focal length of the lens, dx and dy are scale2
factors relating pixels to distance in both directions), Cx and Cy are3
the coordinates of the principal point on the image plane. Usually, fx4
and fy can be estimated from the known values from the manufacturer,5
and Cx and Cy can be considered as the center of the recorded images.6
However, to ensure the accuracy of the displacement measurement, a7
calibration of the intrinsic parameters before the field measurement is8
always desired. More details on the camera calibration can be found in9
Zhang’s paper [32].10

(2) Rotation matrix R11
Usually, the rotation matrix can be identified through on-site cal-12

ibration by specifying the world coordinates of a minimum of four13
targets on the object plane [23,24] or two vanishing points method [33,14
34]. However, these methods either require the precise measurement15
of the coordinates of multiple targets with respect to a fixed coordinate16
system or it is difficult to determine the position of the vanishing points.17
By comparison, the determination of the rotation matrix R through the18
smartphone built-in sensors is straightforward and simpler.19

As shown in Fig. 2(a), the smartphone is first placed near the20
object surface (keep the Y OZ or XOY plane of the smartphone parallel21
to the XW OW YW plane of the world coordinate system) to detect22
the Euler angles of the world coordinate system. As the definition of23
world coordinate system will determine the directions of the measured24
displacements, one axis of the smartphone gyroscope should be close to25
the gravity direction. After the smartphone is installed for the measure-26
ment, the gyroscope data can be used to determine the Euler angles of27
the smartphone camera coordinate system. Finally, the rotation matrix28
R can be calculated by the relative Euler angles between the world29
coordinate system and the camera coordinate system as,30
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where ↵, � and � are the relative rotation angles from the world coor-32
dinate system to the camera coordinate system (around XW , YW and33
ZW axes). Note that the definition of the camera gyroscope coordinate34
system is different from that of camera coordinate system, thus special35
attention should be paid to the estimation of the relative angles. In36
addition, the relative rotation angles can also be estimated from the37
gradienter (around X and Y ) and digital compass (around Z) inside38
the smartphone.39

(3) Scale factors 40
Except for the intrinsic parameter matrix K and rotation matrix 41

R, the object distances of a measurement point P before and after 42
movement (ZP and Z

®
P
) also need to be determined before calculating 43

the physical displacements. As shown in Fig. 1, ZP can be considered 44
as the projection of light ray OCP on the optical axis ZC of the 45
smartphone camera, and is determined as 46
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where OCP is the physical distance from the smartphone camera center 48
to the measurement point P . Generally, OCP can be directly measured 49
by a laser rangefinder before the test. 50

By comparison, a direct measurement Z®
P
of is almost impossible as 51

the measurement point P may have a continuous movement during the 52
test. To solve this problem, we revise Eq. (3) as, 53
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where an out-of-plane motion of W = �ZW was assumed on the mea-
surement point to study the effect of out-of-plane motion. By expanding
Eq. (7), we have
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where R*1 = [r11 r12 r13; r21 r22 r23; r31 r32 r33] is the inverse matrix of
the rotation matrix R. Taking out the third row of Eq. (8), we have,
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Fig. 2. Schematic diagrams of a smartphone (a) placed on the object surface to detect the Euler angles of the world coordinate system and (b) mounted on a tripod to measure
the Euler angles of camera coordinate system. (c) Relative rotation between the world coordinate system and camera coordinate system.

By solving this equation, the object distances of a measurement point
after movement is expressed as,
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when the out-of-plane motion �ZW is neglected, the object distance of
the measurement point can be simplified as,

Z
®
P
=

r31
fx

xs +
r32
fy

ys *
r31
fx

Cx *
r32
fy

Cy + r33
r31
fx

x®
s
+ r32

fy

y®
s
* r31

fx

Cx *
r32
fy

Cy + r33
ZP

=

r31
fx

�

xs * Cx

�

+ r32
fy

�

ys * Cy

�

+ r33
r31
fx

�

x®
s
* Cx

�

+ r32
fy

�

y®
s
* Cy

�

+ r33
ZP (11)

From Eq. (11), it is clear that Z®
P
can be easily calculated once the1

location of the projection after movement is tracked. This equation2
can also be used for determining the object distance of the other3
measurement points on the object surface before and after movement.4
In other words, off-axis full-field displacement measurement can be5
realized without the need of physically measuring the ZP and Z

®
P

6
for each points. It should be emphasized that this equation is only7
applicable when the measurement point does not have an out-of-plane8
motion with respect to world coordinate system or when the out-of-9
plane motions is extremely small compared with the working distance.10
The effect of the working distance will be discussed based on Eq. (10)11
and Eq. (11) in the next section.12

2.3. Target tracking using digital image correlation13

Through the above analyses, the remaining unknowns are the im-14
age coordinates of the projections before and after movement. This15
means that the displacements of single/multiple measurement points16
are needed to be accurately tracked in an image sequence. Usually,17
both feature-based and intensity-based image processing methods can18
be used for this purpose. Here we use the digital image correlation19
(DIC) method for tracking the movement of the projection on the sensor20
plane, which belongs to the intensity-based image processing method.21
As the details about this method have been well described in existing22
Refs. [35,36], the principle is briefly introduced here.23

Fig. 3 presents a schematic illustration of the principle of image24
displacement tracking using digital image correlation. The first image25
in the image sequence is selected as the reference image, while the26
other images are treated as the deformed images. A reference subset27
centered at a measurement point p(xs, ys) is chosen at the area with28
enough contrast. It should be noted that the accuracy of DIC relies29
heavily on the sum of the square of subset intensity gradients [35]. If30
the natural pattern/texture around the point of interest is not sufficient,31

artificial pattern (such as speckle pattern, tailor-made pattern, or even 32
QR pattern) should be made on the object surface. Later, the reference 33
subset is used to search its target in the deformed image. To this 34
purpose, a practical zero-mean normalized sum of squared difference 35
criterion (ZNSSD), combined with a zero-order or first-order shape 36
function, is used to quantitatively compare the similarities between 37
the reference and target subsets. By optimizing the nonlinear ZNSSD 38
criterion using an iteration algorithm, the corresponding measurement 39
point p®(x®

s
, y

®
s
) in the deformed image can be found. 40

3. Verification 41

3.1. Experiments 42

To verify the effectiveness and accuracy of the proposed off-axis dis- 43
placement measurement method, two translation tests were performed 44
in laboratory condition. Before the verification tests, it is necessary 45
to calibrate the accuracy of the smartphone gyroscope data as these 46
data determine the rotation matrix. As shown in Fig. 4(a–c), a smart- 47
phone (Mi8) was placed on a rotation stage (rotation accuracy: 1 48
degree) with its X, Y and Z axes coinciding with the rotation axis 49
of the rotation stage, respectively. For each test, the smartphone was 50
rotated from 0 to 90 degrees with an increment of 10 degrees, and 51
similar rotations were repeated three times for each test. During the 52
test, the gyroscope data (i.e., Euler angles around the three axes) 53
were recorded for each rotation. Note that the gyroscope data can be 54
obtained through a self-developed application or downloadable App 55
(e.g., GyroscopeExplorer). 56

Fig. 5(a) shows the experimental set-up for the validation tests. 57
The smartphone is equipped with two imaging lenses and two sensors. 58
During the test, only one back camera was used for image acquisition. 59
The test object is a planar plate of 200 mmù200 mm. To provide 60
sufficient contrast for the image correlation, a printed QR code was 61
pasted onto the plate. This plate was then mounted on a precision 62
translation stage with a translation accuracy of 1 micrometer, which 63
can translate along two directions by adjusting the stage configuration. 64
Finally, the whole translation stage was placed on a flat cabinet. As 65
shown in Fig. 5(a), the YW axis of the world coordinate system was 66
defined as the gravity direction, and the XW axis was set along the 67
other side of the plate. 68

During the translation test XW axis, the smartphone was first placed 69
near the translation stage with its two axes parallel to the XW and YW 70
axes of the world coordinate system. The three Euler angles of this 71
state were recorded. The smartphone was then mounted on a tripod 72
for image recording. Also, the Euler angles from the smartphone were 73
recorded in this state. The relative Euler rotation angles from the world 74
coordinate system to the camera coordinate system were determined 75
as 29.2(↵), 28.6(�) and -1(�) degrees, respectively. The distance from 76
the smartphone camera to the center of the test object was measured 77
by a laser rangefinder as 4.69 m. Before the translation, an image of 78
2016 ù 1512 pixels was captured as the reference image (as shown 79



L. Yu and G. Lubineau

Fig. 3. Schematic illustration of the principle of image displacement tracking using digital image correlation.

Fig. 4. (a–c) Experimental arrangements of the smartphone gyroscope calibration tests around different axes. (d–f) measured rotation angles as a function of the applied rotations
around different axes.

Fig. 5. (a) Experimental set-up for the validation test with an image of the motorized translation stage shown in (b) and a recorded image is shown in (c). (d) The applied
translations for each image captured in two separated tests.
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Fig. 6. The directly measured in-plane image displacements (in image coordinate system o
s
* x

s
y
s
) of the target as a function of the applied translations along (a) X

W
and (b)

Y
W
axes.

in Fig. 5(c)). Then, the plate was translated along XW direction from1
0 mm to 50 mm with an increment of 5 mm, as shown in Fig. 5(d).2
For each translation, an image was recorded. Similarly, the translation3
test along YW was performed with a set of images recorded. As the4
current popular smartphones usually have two or more cameras, one5
should be clear about which camera is used for the imaging. In addition,6
the used camera needs to be calibrated as the physical focal length7
provided by the manufacturer is sometimes not accurate enough. Here,8
we calibrated the intrinsic parameters of the smartphone camera using9
a regular calibration target with round dots before the test.10

3.2. Results11

Fig. 4(d–f) show the measured rotation angles as a function of the12
applied rotations around different axes. It is found that the measured13
rotation angles are in good agreement with the applied rotation angles.14
To quantitatively evaluate the accuracy of the gyroscope, we calculated15
the differences between the measured rotations and the applied rota-16
tions. The mean errors for each test were estimated as *0.07, *0.7017
and *0.13 degrees, respectively. Considering the possible misalignment18
between the smartphone axis and the axis of the rotation stage, these19
errors are acceptable.20

Fig. 6 shows the directly measured in-plane image displacements21
of the target as a function of the applied translations along the XW22
and YW axes, respectively. As can be clearly viewed from these figures,23
the measured image displacements either linearly increase or linearly24
decrease the applied translation displacements. Ideally, the measured v25
displacements of Fig. 6(a) and the u displacements of Fig. 6(b) should be26
zero, as the test plate was only translated along the one axis. However,27
as XW and YW axes of the world coordinate are not parallel to those28
of the camera coordinate system, the measured image displacements29
cannot be directly transformed into physical displacements by applying30
a simple magnification.31

Fig. 7(a) and (b) show the measured physical displacements (in32
world coordinate system OW * XW YW ZW ) of the target as a function33
of the applied translations along the XW and YW axes, respectively. It34
is observed that the measured U displacements are linearly increased35
with the applied translations along the XW axis, whereas the V dis-36
placements are all close to zero for each translation. When the test37
plate was translated along the YW axis, the measured U displacements38
are all equal to zero. These observations are in good agreement with39
the real situation. To better understand the accuracy of the measure-40
ments, Fig. 7(c) and (d) show the relative errors between the measured41
displacements and the applied ones as a function of the applied transla-42
tions along the XW and YW axes. As indicated in these two figures, the43

U and V displacement errors all vary around 0 mm. The mean errors 44
were estimated to be less than 0.15 mm, validating the accuracy of the 45
proposed method in the off-axis displacement measurements. 46

3.3. Effect of out-of-plane motion 47

To study the effect of the out-of-plane motion, a simulation test was 48
performed based on the above calibrated parameters and the extracted 49
image displacements from the translation test along YW axis. With 50
Eq. (10), we can calculate the real object distance (denoted as Z®(real)

P
) 51

of the measurement point after a translation of 50 mm when there 52
exist an out-of-plane motion (�ZW ) on the measurement point. If the 53
out-of-plane motion is neglected, we can estimate the object distance 54
(denoted as Z®(estimated)

P
) of the measurement point from Eq. (11). Then 55

the effect of out-of-plane motion can be revealed by comparing the 56
estimated and real object distances. Fig. 8 shows the ratio between 57
the estimated and real object distances as a function the distance from 58
camera to the measurement point when there is an out-of-plane motion 59
on the measurement point. Observations show that the ratio is almost 60
equal to 1 when the out-of-plane is very small (�ZW = 1 mm). When 61
the out-of-plane motion is increased to 10 mm, the ratio will deviate 62
from 1 if the distance is smaller than 5 m. This phenomenon will be 63
more prominent for a much larger out-of-plane motion. In conclusion, 64
the effect of out-of-plane motion are determined by the out-of-plane 65
motion and object distance, and can be approximately estimated once 66
the out-of-plane motion is measured. 67

4. Applications to continuous displacement measurements 68

4.1. Noise floor of the smartphone camera 69

Before the real tests, it is desirable to evaluate the noise floor of 70
the smartphone camera. As shown in Fig. 9, an artificial pattern (QR 71
code) was first pasted onto the door. Then, the smartphone was placed 72
right in front of the target. The distance between the smartphone and 73
the door was measured as 10.1 m. During the tests, three videos were 74
recorded by the smartphone at a speed of 30 fps with different digital 75
zooms, i.e., ù1.0, ù1.5 and ù2.0. Note that the image resolution of each 76
frame was set as 1920 ù 1080 pixels. 77

During the calculation process, two points of interest were selected 78
on the artificial pattern (P1) and a natural feature (P2), respectively. 79
By processing the recorded videos using the aforementioned target 80
tracking method, the image displacements of these two points were 81
retrieved for the three videos. Note that the subset sizes for the two 82
points were both chosen as 61 ù 61 pixels in all the three videos. 83
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Fig. 7. Measured physical displacements (in world coordinate system O
w
* X

w
Y
w
Z

w
) of the target as a function of the applied translations along (a) X

w
and (b) Y

w
axes. The

relative errors between the measured displacements and the applied ones as a function of the applied translations along (c) X
w
and (d) Y

w
axes.

Fig. 8. Ratio between the estimated and real object distances as a function the distance
from camera to the measurement point when there is an out-of-plane motion (�Z

W
)

on the measurement point.

Theoretically, the measured image displacements should be zero as no1
external load was applied. Thus, the measured displacements can be2
considered as the measurement errors. Fig. 10 shows the measured3
horizontal and vertical image displacements of P1 and P2 as a function4
of the test time in the three videos. It is observed that the image dis-5
placement errors all fluctuate around 0, ranging from 0.4 pixels to *0.46
pixels. These errors are larger than those of the conventional industrial7

camera (usually less than 0.05 pixels) [37], which may be due to the 8
relatively large camera noise in the smartphone. Also, the mean values 9
and standard deviations of these displacements were calculated and 10
shown in the figures. In addition, the displacement errors are similar 11
for the artificial pattern and natural feature. This further confirms the 12
effectiveness and applicability of the proposed method. It is noted that 13
the accuracy of displacement tracking are mainly affected by the gray 14
intensity information inside the subset and the physical stability of the 15
smartphone. 16

4.2. Swing measurement of a hanging light under random wind load 17

To validate the effectiveness of the proposed method in continuous 18
displacement measurement, the smartphone system was used to mea- 19
sure the swing displacement of a hanging light under random wind 20
load. Fig. 11(a) shows a photograph of the field measurement. As 21
shown in this figure, the test object is a light hanging on the electric 22
wire. Under the wind load, the light mainly swings up and down, and 23
left and right. Thus, the world coordinate system was defined with 24
its XW axis along the left and right direction, the YW axis along the 25
gravity direction, as shown in Fig. 11(a). Considering the structure 26
of the light and the direction of wind, it is usually observed that the 27
amplitude of the swing along the left–right direction (XW ) was larger 28
than that along the up–down direction (YW ). During the measurement, 29
the smartphone was first placed under the light with its X axis along 30
the gravity direction (with the help of the smartphone digital gradient 31
meter) and the Y direction perpendicular to the electric wire, as shown 32
in Fig. 11(b). Smartphone gyroscope data was recorded in this state. 33
As shown in Fig. 11(c), the smartphone was then moved away for 34
the measurement. Also, the smartphone gyroscope data were recorded. 35



L. Yu and G. Lubineau

Fig. 9. (a) A photo of the experimental set-up and (b) a gray image extracted from the video.

Fig. 10. (a, b) Measured horizontal and vertical image displacements of P1 as a function of the test time in the three videos. (c, d) Measured horizontal and vertical image
displacements of P2 as a function of the test time in the three videos.

These gyroscope data was then used to determine the relative rotation1
angles between the world coordinate system and camera coordinate2
system. The distance from the smartphone camera to the hanging light3
was measured as 11.43 m. Finally, a series of images of 1920 ù 10804
pixels were recorded using the smartphone at a speed of 30 fps (video5
mode). Note that the focal length, exposure and ISO were kept the same6
during the measurement.7

Fig. 12(a) shows the directly measured image displacements in the8
xs and ys directions as a function of the test time. In this figure, it9
is observed that the hanging light periodically fluctuate around 0 in10
both directions. As the wind load is random, the amplitudes of u and11
v displacements vary with the test time. Also, the amplitudes of the12
image displacements in two directions are close. By substituting the13
image coordinates of the test object, the relative rotation angles and the14
object distance into the derived equations, the physical displacements15

in XW and YW directions of the defined world coordinate system were 16
calculated and plotted in Fig. 12(b). The maximum amplitude of U 17
displacement was measured as about 15 mm and is larger than that 18
of the V displacement. Moreover, by processing the measured U and 19
V displacement histories using the Fast Fourier Transform (FFT), the 20
FFT spectra of the U and V displacement histories were obtained and 21
plotted in Fig. 12(c) and (d). 22

5. Conclusions 23

This paper presents a low-cost and portable smartphone-based 24
optical method for noncontact and off-axis structural displacement 25
measurement. Compared with existing optical methods, the proposed 26
method, which uses a smartphone, is more convenient, portable and 27
cost-effective. More importantly, this method can accurately measure 28
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Fig. 11. Field test of a hanging light: (a) a photo of the experimental arrangement, (b) the smartphone first placed under the light with its X axis along the gravity direction and
Z direction perpendicular to the electric wire, (c) the three axes of the smartphone gyroscope during the test.

Fig. 12. (a) Directly measured image displacement in x
s
and y

s
directions as a function of the test time and (b) calculated physical displacements in the X

W
and Y

W
directions

of the defined world coordinate system. FFT spectra of the (c) U and (d) V displacement histories.

the in-plane displacements in two directions on the object surface with1
the aid of the built-in gyroscope. The accuracy of the smartphone2
gyroscope in detecting the relative rotation angles was first validated3
through three calibration tests. Then, two in-plane translation tests in4
laboratory condition clearly verified the effectiveness and accuracy of5
this method in off-axis structural displacement measurement with the6
displacement error estimated as less than 0.15 mm. Additionally, the7
noise floor of the smartphone camera was evaluated by continuously8

tracking a natural and artificial pattern. Finally, the displacement 9
measurement of a hanging light under random wind load further 10
confirmed the effectiveness of the proposed method in field tests. 11

Due to the low requirements on the measurement system, the 12
proposed smartphone-based optical method shows great potentials in 13
field tests, such as multi-point deflection measurement of bridges and 14
building. Note that the accuracy of structural displacements (units: 15
mm) depends on various factors, e.g., working distance (distance from 16
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the object to the smartphone), focal length and image noise. Theoreti-1
cally, the measurement uncertainty of structural displacements (units:2
mm) will increase with the increase of the working distance as the3
focal length is usually fixed for the smartphone. However, this problem4
could be solved by using a smartphone with flexible focal length or5
attaching a telescope lens to the current smartphone camera. For the6
state-of-the-art smartphones, the focal length of the camera can vary7
over a large range and the telescope lens for smartphones can be easily8
accessible. Besides, as the maximum frame rate of the state-of-the-art9
smartphones (e.g., Samsung S9, Sony Xperia and Huawei P20) can10
reach up to 960 frames per second, it would be very valuable, in future11
work, to explore the feasibility of the proposed method in high-speed12
vibration measurement. Also, the superior computational performance13
of smartphones may make the real-time 2D displacement tracking of14
structures possible by developing an app.15
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